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Telomeres are dynamic structures composed of a DNA repeat, (TTAGGG)n in mammals,
and associated proteins. Located at the very ends of each chromosome, they serve to shelter the
terminus of the DNA strand and permit cellular proliferation. Telomere length, or the number of
repeats, shortens with age and is also tied to a number of physiological, environmental, genetic
and epigenetic factors. Despite significant length variation between the telomeres of different
chromosome arms, the majority of past studies have been limited to comparisons of averaged
values. This thesis presents a novel method, Component Distribution Comparison (CDC), which
allows the quantitative and comprehensive comparison of chromosome arm specific telomere
length. It is used to make comparisons between 11 somatic cell nuclear transfer (SCNT) clones,
5 presumptive induced pluripotent stem cell (iPSC) lines, 9 donors and 3 additional bovine
animals. In a subset of 4 female t(X;23) animals, X-inactivation status and the associated
telomere lengths of each X chromosome were also investigated. Overall, the chromosome arm
specific telomere length characteristics measured in reprogrammed cells were significantly more
similar to their donors than unrelated samples; however, discrepancies from complete matches
between shared genome comparisons were also noted. This appears independent from a general

elongation in telomere length in reprogrammed samples. These results suggest the telomere
length at each chromosome arm is predominantly dictated by the genome, and is also impacted
by other factors such as epigenetics or cellular history. An epigenetic and subtelomere interaction
model is described; ‘outside-in’ and ‘inside-out’ frameworks to respectively assist in
understanding telomere length determination and influence within an organism are also
proposed. Significantly longer telomeres were noted on the active X vs. the inactive X of the
t(X;23) donor animal. This divergence increased in 2 of 3 of her clones and abnormalities in Xinactivation were also noted. Together, the results of these studies demonstrate chromosome
specific telomere length and X-inactivation carry significant potential to impact SCNT and iPSC
outcomes and should be screened during reprogramming procedures. Further, they highlight the
utility of both the described CDC method and reprogramming procedures to provide insights into
telomere biology.
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Introduction
Within each mammalian cell, the linear ends of every chromosome are capped by a
telomere consisting of (TTAGGG)n DNA repeats and associated protein elements1-5 (Figures
LR-1 and C1-2). The number of repeats present, or length of each telomere, appears to be
determined by the combined interaction of subtelomeric, genetic and epigenetic elements,
physiological and environmental components and the proliferative history of the cell6-11. As a
result of these influences, chromosome arm specific telomere length varies within a general
population, but also shows characteristics specific to each animal or individual12-15. During an
epigenetic reprogramming procedure, such as cloning by somatic cell nuclear transfer (SCNT) or
induced pluripotent stem cell (iPSC) generation, the nucleus of an existing cell is used to give
rise to a new animal or population of pluripotent stem cells respectively16,17. While it is generally
accepted that mean telomere length is also increased during these procedures to a level
comparable to their natural counterparts, it is unknown if the patterns of chromosome specific
telomere lengths in the original donor cell are recapitulated in the reprogrammed cells18-20.
By virtue of their terminal position, telomeres are incompletely replicated during normal
DNA synthesis21-23. They are also liable to repeat loss through oxidative damage and
deletion24,25. As a result, telomere length generally shortens with cellular proliferation and
age9,26,27. During early embryo development and within privileged cellular compartments, such
as stem cells, a specialized enzyme capable of synthesizing de novo telomere repeats known as
telomerase is expressed to lengthen the telomeres and counteract telomere shortening28-30. The
establishment of proper telomere lengths during development and their maintenance over time is
critical to cellular and organism health31,32. Within the cell, telomere length influences cellular
behaviour and a minimum telomere length is a requirement for continued cellular proliferation3336

. A single telomere shortening to a critical length is enough to signal the cell to enter

senescence or commit apoptosis37-39. This action protects against genomic instability and
oncogenic progression by preventing chromosome fusions and limiting the possibility of
accumulating a critical load of deleterious or pro-oncogenic mutations in a given cell lineage40.
Therefore, maintenance of telomere lengths is critical for cellular and organism health.
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The same subtelomeric, genetic and epigenetic, physiological and environmental
components that give rise to chromosome specific telomere lengths can also lead to unequal rates
of shortening across different telomeres during the aging process. For example, the telomeres of
the epigenetically repressed inactive X (Xi) chromosome have been shown to lose repeats at a
significantly increased rate compared to the active X (Xa) in human females41. The use of
epigenetically reprogrammed cells to preserve genetic lineages through healthy clones, or in
regenerative medicine to replace failed tissues and organs, requires telomere lengths and
telomere programs capable of maintaining their long-term genetic and proliferative stability.
Carryover of age related telomere changes or improper reprogramming of the telomere program
at single chromosome arms could compromise this capacity. Further, these shortcomings or
alterations may not be apparent in mean telomere length measurements. Therefore, it is
necessary to compare the chromosome specific telomere lengths of reprogrammed cells to the
donor cells from which they are derived.
The following thesis investigates the comparison of chromosome specific telomere lengths
between donor and reprogrammed cells in a bovine cohort of donors, clones, presumptive
induced pluripotent stem cells, and additional unrelated animals. Metaphase quantitative
fluorescent in situ hybridization (mqFISH) was used to determine chromosome number 1 and
sex chromosome telomere lengths for all samples. A novel analysis framework, Component
Distribution Comparison (CDC) was developed to allow quantitative and comprehensive
comparison of telomere lengths between samples at the chromosome arm level. The observed
telomere lengths of reprogrammed cells were compared against their original donor and
unrelated samples using the CDC method. In a subset of animals, X-inactivation status following
SCNT and the telomere lengths of the Xa and Xi chromosomes were also examined.
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Review of the literature
Telomeres
First characterized in the late 1970s, telomeres are specialized stretches of DNA situated at
the terminal ends of linear chromosomes (Figures LR-1 and C1-2)2. Within the cell, the
telomeres shield and buffer the terminus of each DNA strand, protect from genome instability,
influence cellular behaviour and serve as critical regulators of proliferation33,40,42. Telomeres
themselves are dynamic and their length can be influenced by a number of structural, genetic,
epigenetic physiological and environmental factors6-11,35. By virtue of these roles and
relationships, telomeres are considered critical cellular components and important biomarkers
capable of providing insight into cellular and organism age and health43-46. This thesis and the
following literature review have a bovine and human focus.

Figure LR-1. A bovine quantitative fluorescence in situ hybridization (qFISH) image showing a
complete metaphase of 60 chromosomes as well as two interphase nuclei. Telomeres are
visualized using a (TTAGGG)n specific fluorescent probe (Green), with larger and brighter spots
representing longer telomeres; DNA is visualized using a DAPI counterstain (Blue). The largest
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autosome, chromosome 1, and the metacentric sex chromosomes, X and Y are marked. Note the
terminal location of the telomeres on each chromosome arm and the difficulty of differentiating
between bovine autosomes other than chromosome 1 due to their shared acrocentric
classification and similar sizes.

Physical structure
The specific components and characteristics of telomeres vary between organisms in
reasonable association with overall genetic and taxonomic relationships; however, at their core
and regardless of species, telomeres can generally be considered to consist of repetitive DNA
elements and specialized associated proteins1,5,47.

Physical structure – Telomere DNA
Across mammals, telomeric DNA is made up of multiple tandem DNA repeats with the
sequence (TTAGGG)n3,4. Non-mammals also have similar telomere repeat sequences suggesting
the importance of repeat characteristics, such as nucleotide sequence, repetitiveness and GC
content, for telomere function48,49. In humans, the length of the average telomere is typically
reported to be between 8-20 kilobases at birth, depending partly on measurement methodology,
with significant variation between individuals and in the relative length of telomeres between
chromosomes and chromosome arms12-15,26,27,50-56. These variations in telomere length at specific
chromosome arms appear to be consistent in an individual and show some conserved patterns
across larger populations12-14,53,57. For example, the chromosome 17 p-arm telomere has been
reported as generally short in humans13. Additionally, the telomeres of the short, or p-arms, of
acrocentric and small submetacentric chromosomes also tend to be shorter than those found on
the longer, q-arms, of the same chromosomes, or even in comparison to the p- and q-arms of
larger submetacentric and metacentric chromosomes55,57,58.
In cattle, the literature is more limited and variable; values between 6-30kb have been
reported for telomere length depending on animal age, tissue, breed and methodology19,59-62.
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Beyond the general trend of shorter telomeres on the p-arms of acrocentric chromosomes,
preliminary investigations of metaphase preparations did note distinct and animal specific
variations, mostly in the form of one or a few extremely bright telomere signals for particular
chromosome arms for a given animal63,64.
At their termini, telomeres maintain a 3’, G-rich single stranded overhang varying in length
from tens to hundreds of nucleotides22,65,66. This feature is critical for telomere function and
integrity; it interacts with the originating telomere strand and other telomeric components to
form T-loop, D-loop and G-quadruplex higher order structures that play important roles in
telomere structure and function5,67-70.

Physical structure – Shelterin complex
The double stranded (TTAGGG)n repeat motif is recognized by the homodimeric proteins
TRF1 (Telomere Repeat Factor 1) and TRF2 (Telomere Repeat Factor 2)71,72. The single
stranded section of the telomere is recognized and bound by the POT1 (Protection of Telomere
1) protein73. RAP1 (Repressor/Activator Protein 1) and TPP1 (TINT1/PTOP/PIP1; a
combination of the three names originally given to the same protein a combination of the three
names given to the same protein) are two stabilizing proteins that interact with TRF2 and POT1
respectively74-77. The TIN2 (TRF1- and TRF2-Interacting Nuclear Protein 2) protein in turn can
interact with TPP1, as well as TRF1 and TRF2, which allows it to act as a bridge between the
double strand associated TRF1 and TRF2 and the single strand associated TPP1+POT178,79.
Together these 6 subunits (TRF1, TRF2, POT1, RAP1, TPP1 and TIN2) are referred to as the
shelterin complex and represent the proteins most closely associated with the telomere5. The
shelterin complex acts to directly compact and stabilize the telomere structure to shelter the
terminal end of the telomere from recognition as a DNA break and from degradation by
nucleases42,80,81. As will be discussed later, shelterin also plays a role in the regulation of
telomere length and acts as an important interface between telomeres and other proteins and their
associated signalling networks within the cell82,83.
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Physical structure – Subtelomere
Directly proximal to the telomere there is a considerably larger subtelomere containing
degenerate (TTAGGG)n sequences and other repetitive DNA elements that is quite variable
between chromosomes and individuals84-87. Differences in subtelomere structure and associated
elements, particularly epigenetic marks, have been tied to changes in telomere length and are
presumed to be at least partially responsible for the patterning of telomere length at specific
chromosomes6,15,20,56,57,88-93. The variable and repetitive nature of subtelomeres complicates their
investigation and they remain comparatively poorly understood in comparison to other areas of
the genome.

Core physiology
Telomeres are dynamic structures with the potential to both shorten and lengthen; however,
maintenance of telomere length within a normal range is critically necessary for telomere
integrity and function and, by extension, normal cellular proliferation and organism health 31,94,95.
As will be discussed below, although some telomere shortening is associated with the aging
process, shortening beyond a critical minimum leads to telomere failure and the loss of cellular
proliferative capacity or genome integrity. Although not as commonly discussed or researched,
abnormally long telomeres can also be disadvantageous, particularly in relation to oncogenic
risk94.

Core physiology – Repeat loss
Limitations in semi-conservative DNA replication machinery, classically, the “End
Replication Problem”, as well as the presence and need to maintain the 3’ single stranded
overhang results in telomere shortening during replication21-23. Measurement of the number of
repeats lost solely through replication is complicated by strand specific processing and the
challenge of capturing replication loss in isolation from other telomere dynamics during
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experiments; however, in vitro estimates and mechanistic investigations from human cells
suggest the mean rate of end replication associated erosion generally lies between 30-100 base
pairs per round of division22,96. More recently, mounting evidence has suggested other telomere
characteristics, specifically their heterochromatic state, highly repetitive nature and associated
proteins and secondary structures, may also lead to larger, but also more occasional, replication
associated losses through stalled and aborted or otherwise unsuccessful replication through the
telomeres96-100.
Oxidative stress and DNA breaks also result in the loss of telomeric DNA and telomere
shortening24,25,101-105. Similar to replication, it appears telomere characteristics also pose
additional challenges in relation to DNA damage and repair, which can result in telomere repeat
loss and shortening. For example, the GGG sequence within the telomere repeat appears
particularly susceptible to oxidative damage and telomere associated proteins and chromatin
states down-regulate and modify the normal DNA damage response and repair pathways24,104,106110

. Importantly, erosion and telomere disruption due to oxidative stress represents a presumptive

mechanism by which smoking, obesity and other metabolic and environmental factors influence
telomere length46,102,111,112.

Core physiology – The critically short telomere
Upon shortening to a critical length, a telomere is no longer able to maintain its structure
and associated integrity113-115. Upon losing its integrity, the telomere is unable to hide the
terminal end of the chromosome and it is recognized as a DNA break114,116-119. In humans, an
absolute minimum length of 77 nucleotides of true telomeric DNA has been reported113.
However, it is likely telomere failure and telomere induced senescence or apoptosis occurs at a
range above this minimum and the threshold for a critical length or signalling response may also
vary across species and cell types111,113-115,120. As the critically short telomere is not actually a
suitable candidate for conventional repair, with no matching broken DNA strand, DNA repair
must not take place and is inhibited by remaining telomere-associated factors115,121. This
continued presence of an unrepaired telomere break ultimately signals the cell to enter
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senescence or commit apoptosis via the p53 pathway106,116,117,122-125. Failure to properly respond
to telomere failure by entering senescence or committing apoptosis can rapidly lead to genetic
imbalance during subsequent cellular divisions via chromosome fusions and breakage bridge
fusion cycles124,126-130.
By this mechanism, the telomeres act as hard limits on cellular proliferation and also guard
against genome instability from erosion of the terminal end of the chromosome into the genome,
or through chromosome end fusions40. From a broader perspective, the proliferative limit
imposed by the telomeres can also be seen to protect genome integrity by minimizing the
possibility of a given somatic cell lineage having sufficient opportunity to accumulate and
perpetuate a critical load of deleterious or pro-oncogenic mutations11,94,131. Importantly, as a
single critical length telomere can be sufficient to bring about senescence, apoptosis or severe
instability with continued proliferation, the shortest telomere and chromosome specific telomere
lengths are arguably more relevant than mean telomere length when assessing cellular
populations 37-39,128.

Core physiology – Repeat gain
In cells where increased or continual proliferation is required, such as stem cells, a
specialized reverse transcriptase telomerase, known as telomerase, can counteract telomere
shortening28-30,132. Using an RNA template (TERC) and a catalytic subunit (TERT), telomerase
elongates telomeres by synthesizing de novo TTAGGG repeats onto the 3’ terminal end132-137. In
mammals, this lengthening of the telomeres by telomerase is reported to occur in a number of
stages between the S and M stages of the cell cycle97,138. Telomerase access to the telomere, and
therefore its lengthening activity, is controlled by a number of factors, including shelterin
proteins and telomere conformation6,82,139. As the number and proportion of shelterin proteins
present, as well as telomere conformation, can vary from chromosome arm to chromosome arm
and in relation to telomere length, a related variation in telomerase activity at each given
chromosome arm can also be expected. There is also evidence telomerase only elongates a subset
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of telomeres during each round of cellular division in non-cancerous cells and may have a
preference for shorter telomeres56,140,141.
In humans, expression of TERT, and therefore telomerase mediated telomere elongation, is
tightly controlled and absent in the majority of adult cells28,30,142. Interestingly, a large number of
TERT splice variants have also been identified, along with roles for telomerase outside of
telomere lengthening 143-148. While these non-canonical roles for telomerase are still being
understood, associations with mitochondria and pluripotency have been reported143,146,149.
Published data on telomerase activity and expression in bovine cells is not as exhaustive, but it
appears to mirror human expression patterns in that it is limited to privileged cellular
compartments18,59,150. In comparison, the somatic cells of mice do exhibit constitutive telomere
expressions, along with exceptionally long telomeres and a significantly reduced link between
telomere shortening and organism aging in most strains; these traits represent critical differences
in murine telomere biology versus humans and cattle151-153.
In rare cases, lengthening of telomeres and the continuation of cellular division is
accomplished through an Alternative Lengthening of Telomeres (ALT) pathway154-156. This is
notably observed and associated with the approximately 10% of cancer samples that are found to
be telomerase-null157,158. The ALT mechanism of telomere lengthening itself is not completely
understood, but involves recombination-based amplification154,156,159. ALT positive cells are also
characterized by extremely heterogeneous telomere lengths, the presence of extrachromosomal
telomere repeat containing DNA, as well as degenerate telomere repeats, such as TCAGGG160162

. The epigenetic state, specifically hypomethylation, of the telomere and subtelomere have

also been associated with increased rates of recombination at the telomeres and the ALT
phenotype 156,163,164. Notably, a recombination-based mechanism potentially similar to ALT also
appears to be responsible for rapidly reprogramming telomere length in the first few cellular
divisions of the embryo following fertilization165,166.
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Core physiology – Epigenetics
The epigenome is closely intertwined with many aspects of telomere biology6,88,167. The
telomere and subtelomere are regarded as classic heterochromatic regions and are marked by
repressive epigenetic features including trimethylated H3K9 and H4K20, hypoacetylated H3 and
H4 and methylated DNA88,89,168-170. Experimental alterations in the telomere and subtelomere
epigenetic signature are associated with changes in telomere length through altered regulation of
telomerase activity or ALT and in, extreme cases, loss of telomere integrity20,80,88,89,92,93,163,170.
Observational evidence of strong links between irregular chromatin markings and telomere
dynamics in oncogenesis and other disease states further demonstrates the importance of
epigenetic regulation of the telomere and a healthy telomere and cellular phenotype6,91,164,171.
Upon integrating these reports into a comprehensive model an epigenetic telomere length
feedback loop emerges in which telomere shortening coincides with the loss of heterochromatic
features from the telomere and subtelomere, localized promotion of telomere lengthening,
followed by the reestablishment of heterochromatic marks and the repression of telomere
lengthening6,88,167. Importantly, this model and the above observations suggest a stable increase
in heterochromatic factors or the presence stubborn heterochromatic features at a given telomere
or subtelomere will ultimately result in a decrease of its telomere length.

Aging and health
Despite the presence of lengthening mechanisms, overall telomere length steadily
decreases with age in nearly all tissues9,26,27,172-175. This trend, along with their critical role in
allowing cellular proliferation has lead to the generally accepted hypothesis that telomere
mediated senescence represents a major driving force of the aging process11,125,176. In this regard,
telomere length is also considered a biological marker, analogous to a count down, with longer
telomere lengths generally representing younger and healthier cells and shorter telomere lengths
representing aged cells and exposure to unhealthy factors.
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Aging and health – Reprogramming during development
In humans and cattle, maximal telomere length for most cells and tissues appears to be
established by a succession of events during prenatal development29. Following fertilization,
there is evidence of two waves of telomere reprogramming in early embryogenesis (Figure LR2).
The first wave, during the zygotic and cleavage stages, appears to be an initial reset and
possible elongation of the telomeres by a recombination or nuclease based mechanism165,166. This
step presumably helps reduce the effects of variation in gamete telomere length differences by
ensuring a specific range of initial telomere for further development; however it may not be an
absolute reprogramming, as differences in gamete telomere lengths have been reported to carry
over through development as well177.
A second wave of telomere reprogramming, characterized by high telomerase expression
and elongation, begins at the 8-cell stage and increases through the blastocyst stage19,59,165,166,178180

. For the remainder of in utero development there then appears to be a heterogeneous, tapered

decline in telomerase expression, accompanied by the maintenance of general synchrony in
telomere length between the various tissues of the fetus51,54,181,182. Despite this general synchrony
within each fetus, considerable variation in telomere lengths between different fetuses is also
noted54.
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Figure LR-2. Simplified overview of the presumptive telomere programs and biology during
development. Adapted from183

Aging and health – Dynamics during life
After birth, a general and gradual decrease in telomere length with age is observed across
nearly all tissue types and the synchrony in telomere length between tissues also fades with
certain tissues showing increased rates of telomere attrition9,11,14,26,27,53,172,173(Figure LR-3).
Notably, peripheral blood cells show an accelerated decrease in telomere length during the first
few years of life and male reproductive cells actually show an increase in telomere length with
age177,184-188. Specific investigation into the stem cell compartments of tissues suggests they also
shorten with age, but tend to maintain longer telomeres than non-stem cells in the same
tissues131,174,175,189,190. Interestingly, while there is no apparent difference in mean telomere length
between the sexes at birth, during postnatal aging females generally show slightly slower
telomere attrition and longer average telomere lengths compared to age matched males51,53,191.
This effect is not well characterized at an experimental level, but may involve estrogen effects,
lifestyle influences, differences in immune system and physiology or combinations thereof192,193.
Together, these observations demonstrate telomere biology and normal telomere length can vary
significantly based on tissue, cellular and organismal factors and should be considered within
these contexts.

- 12 -

Figure LR-3. The general decrease in telomere length with age. The significant difference in
erosion rates between males (blue) and females (red) is also shown. Adapted from53; data from
205 human peripheral blood samples.

Aging and health – Intergenerational relationships
Twin and familial cohort studies have reported mean telomere length to be a highly
heritable trait7,177,194-199. There is some variation between studies regarding the significance and
magnitude of each parent’s influence as well as the significance of some other factors; however,
there is a clear consensus for overall heritability and considerable evidence for the existence of
both maternal and paternal heritable factors. For both maternal and paternal inheritance genomic
imprinting has been suggested as a potential mechanism7,197. Maternally, the DKC1 gene, located
on the X-chromosome and coding for a telomerase interacting protein, and mitochondrial DNA
have also been suggested as a possible factors7,196,200. Paternally, a strong correlation between
offspring telomere length and paternal age is observed as well, leading to the suggestion age
related increases in sperm telomere length are themselves inherited177,201. Irrespective of mode of
inheritance, SNP association studies have reported relationships between variants in telomereassociated factors, such as TERC, and telomere length and longevity202-205. A number of studies
have also shown evidence for the inheritance of telomere length at the chromosome arm specific
level and suggest telomere near DNA factors as a mechanism15,56,57,206.
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Aging and health – Telomere shortening and pathologies
Telomere erosion has been consistently demonstrated to limit the ability of cells to
proliferate34,36,207. Classically, the restriction posed by telomeres and telomere shortening on the
proliferative potential of the cell has been referred to as the “Hayflick Limit”208-210. Upon
reaching this limit, cells have exhausted their telomeres to a critical point and will not divide
further barring transformation, such as reactivation of telomerase or conversion to an ALT
phenotype. While a direct link between telomere imposed restrictions on proliferation and
subsequent pathology is difficult to demonstrate during normal in vivo aging, mutations
disrupting telomere or telomerase function and abnormally short telomeres are associated with
premature aging, organ failure and other disease states31,211. Most notably in humans, mutations
in the telomerase enzyme or critical telomere factors leading to decreases in telomere function
are observed in aplastic anaemia, dyskeratosis congenita bone marrow failure syndromes and
idiopathic pulmonary fibrosis phenotypes31. Investigations focused on telomere lengths within
stem cell compartments have also shown age related loss and correlation with the emergence of
age related characteristics in tissues and organ systems211,212. In animal models of human aging,
such as telomerase null mice, the onset of very short telomeres coincides with impaired organ
regeneration, earlier onset of functional age-related deficiencies and increases in chromosome
abnormalities and malignancies213-215.
This evidence has led to the generally accepted hypothesis that telomeres and telomere
driven senescence leading to exhaustion of cellular reserve and repair capacity represents a
causative factor in the aging process and age related pathologies11,125. Additionally, the
manifestation of dysfunctional and shortened telomere phenotypes in lower-turnover tissues,
such as the lung, demonstrates that telomere influence extends beyond high turnover tissues and
further underscores the importance of considering tissue specific contexts within telomere and
aging biology.
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Aging and health – Telomere length as a biomarker
The strong association between telomeres, cellular proliferative potential and age related
pathologies has resulted in the research and development of telomere length as a biomarker,
particularly in relation to biological versus chronological age, disease risk or mortality and
environmental and lifestyle influences44,46,172.
Results to date have been encouraging when investigating relationships between telomere
length and a number of individual characteristics or focal areas. In humans, core relationships
between age, gender and race have been shown with age-matched males and Caucasians
appearing to have shorter telomeres on average compared to females and other races
respectively44,46. Beyond this base, correlations between telomere length and malignancy,
obesity, glucose metabolism, cardiovascular disease, smoking and stress have been fairly
consistently demonstrated8,44,46,216-218. However, despite statistical significance, with the
exception of age, race and gender, these associations generally appear to be weaker correlations
and there are some concerns about the quality and reproducibility of some studies44,46,219. More
broadly, and more tentatively, studies have also reported links between telomere length and
variables such as health status, exercise levels, psychological adversity, meditation, cognitive
capacity, and socioeconomic and social standing 45,220-226. In relation to overall mortality, there is
clear inconsistency between studies, with some reporting relationships between short telomere
lengths and risk of death or remaining lifespan, while others reporting a failure to find
comparable significance or results44,46,219,227. For example, two twin studies found the twin with
shorter mean telomere length experienced an increased risk of mortality within the timeframe of
the study; however, a third twin study concluded there was no significant relationship between
mean telomere length and remaining lifespan228-230.
Despite notable success, there are also obvious limitations to the current utility of telomere
length as a biomarker. Due to methodological limitations and choices that will be discussed
further, the vast majority of current studies use only single telomere values, usually mean
telomere length, to represent individual participants. As each cell has two telomeres per
chromosome arm, this simplification arguably removes considerable information and power
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from comparisons and studies. Additionally, despite evidence telomere length and biology varies
between tissue and cell types, the vast majority of biomarker studies rely solely on peripheral
blood samples to determine telomere length44,46,219. Therefore, tissue differences, as well as their
relationships to measured outcomes, may be further confounding analysis and obfuscating some
of the results presented by studies to date.

Aging and health – Oncogenesis
Abnormal telomere biology has been extensively linked to oncogenesis83,123,124,126128,130,157,171,231-233

. Specifically, the evasion of senescence and telomere proliferation control by

telomerase or ALT activation is a critical step in malignancy and cellular
immortalization28,157,234. Accordingly, telomerase activity can be detected in approximately 90%
of all malignant samples and high levels of expression indicate a poor prognosis30,142,235-237. The
remaining approximately 10% of samples rely on the ALT pathway for continued telomere
extension and proliferation157,158. There is evidence shortened telomeres predispose cells for
oncogenic transformation and associations between prognosis and telomere length, telomerase
levels and ALT phenotype have also been demonstrated157,158,216,236,238-242. Functionally,
continued cellular proliferation with unstable or critically short telomeres can drive genomic
instability and potential oncogene amplification126-128,130.

Aging and health – Therapeutic targeting
The central roles of telomeres and telomerase in cellular proliferation control have made
them popular targets in anti-aging and anti-cancer research243-245. In anti-aging research, the
general aim is either to grow the telomeres by increasing telomerase activity, or to slow their
erosion by reducing their oxidative stress. While success has been reported in extending model
animal lifespans, or the replicative capacity of cultured cells, there is also notable controversy
about their true efficacy as well as significant safety concerns214,245,246. Conversely, in anti-cancer
research, the goal is the disruption of telomerase activity or of telomere integrity to the point
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where apoptosis occurs or meaningful cell division can no longer continue. In this case, one of
the unique features of telomerase and or telomeres, such as the telomere repeat motif or telomere
higher order structures, is usually targeted243,244. While not yet in routine use, a considerable
number of different strategies and compounds have shown promise and are currently in clinical
trials243,244.

Expression and signalling
Although telomeres and their influence are usually considered within a simple context of
critical length and cellular proliferation control, there is growing evidence of more complicated
relationships between the telomeres and cellular physiology. Specifically, reports have described
other distinct mechanisms whereby non-critical telomere length and biology changes can
influence cellular expression and signalling pathways35,83,88,143,212,247,248. While the possible
effects and downstream targets of these alternative mechanisms are incompletely understood,
their presence alone strongly suggests telomeres should be considered active and potentially
significant factors beyond a simplified critical length pathway.

Expression and signalling – Telomere Position Effect (TPE)
Most classically, telomere length can regulate gene expression through the “Telomere
Position Effect” (TPE)249. In brief, TPE occurs when heterochromatic marks of the telomere and
subtelomere extend proximally into the chromosome and repress the expression of genes located
there. In humans, reports of TPE are limited, however, TPE mediated expression of elements
located up to 1 Mb proximally into the chromosome have been described250,251. More recent
reports have shown the 3D looping of chromatin within the nucleus can allow telomeres and
their heterochromatic marks to influence the expression of genes up to 10 Mb proximal to the
telomere247. Importantly, as the telomeres are dynamic structures, so is TPE; as the telomeres
shorten, their associated heterochromatic features decrease and their nuclear position can alter,
resulting in the increased expression of the TPE genes in a length dependent manner. While only
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limited number of TPE genes have been identified to date in humans, the distinct clustering and
specific nuclear localization of telomeres and chromosomes within the nucleus suggests the
regulatory scope of TPE will grow and extend further into the genome as the 3D organization of
the genome becomes clearer252-256. The grouping of telomeres within nuclei has also been noted
and may factor into TPE, either by way of the potential shared regulation of genes through a
shared environment or by creating of a more stable or powerful effect than single telomeres
alone.

Expression and signalling – Telomere repeat-containing RNA (TERRA)
Telomere DNA itself was long considered to be transcriptionally silent due to its repetitive
and heterochromatic nature. This belief was overturned relatively recently with the discovery of
telomere repeat-containing RNA (TERRA) molecules257,258. Following their identification, it has
become clear TERRAs play important and multifaceted roles within telomere biology and the
telomere length regulatory framework68,167,259-262. TERRA molecules themselves are
heterogeneous in length and are transcribed by RNA Polymerase II from subtelomere promoters
and a number of different telomeres257,258,263,264. They also show distinct nuclear distribution at
different developmental and cell cycle stages and in response cellular stress, including notable Xi
and Y chromosome colocalization, and can interact directly with telomeres and telomere repeat
containing DNA, shelterin components and telomere regulatory and heterochromatin associated
factors257,258,265-267. TERRA levels have also been negatively correlated with cellular proliferative
status, telomere length, and methylation of the subtelomere and positively correlated with
recombination rate92,258,264,267. Together this evidence demonstrates TERRA plays a role in
telomere structure and also represents a critical telomere length regulator with direct connections
to both ALT and telomerase elongation and feedback loops to telomere length and epigenetic
status.
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Expression and signalling – Telomere interactome
While the shelterin complex and a number of shelterin interacting proteins have been
identified, the advent of next generation techniques, such as ChIP-seq, has facilitated a
considerably deeper and broader search of telomere, protein and nucleotide interactions. As of
2015, a total list of 516 telomere binding proteins, 1095 telomere protein-protein interactions,
142 TERRA-binding proteins and 358 telomere protein-DNA or RNA interactions has been
compiled across 86 studies in human cells268. Together this broader reach of telomeres and
telomere-associated proteins has been termed the telomere interaction network, or
interactome248,269. Although further investigation of the vast majority of these relationships is
necessary at an individual level to verify the interaction and determine potential significance, the
considerable number of interactions and targets as well as preliminary reports suggests the
existence of multiple links between telomeres and cellular signaling and regulatory
networks35,83,270. Importantly, as telomere protein composition and associations change in
relation to telomere length, it is also plausible a significant number of these new relationships
may also be sensitive to changes in telomere length 35.

Length measurement
A number of separate techniques and variations thereof have been developed and continue
to be used for telomere length measurement271-275. The variety and relevance of a considerable
number of methods can be traced in part to specific telomere features, such as repetitive
elements, multiple telomeres per nucleus and potentially meaningful chromosomal, cellular and
individual variation. These characteristics present inherent challenges and can lead to
considerable compromises during measurement depending on the strategies and techniques used.
As a result, the choice of measurement methodology and its suitability in relation to the specific
needs and goals of a study are an important consideration when investigating telomere biology.
An overview of the most notable telomere measurement techniques and variations are given
below.
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Length measurement – Terminal restriction fragment (TRF) assay
The classical method of telomere length measurement is the terminal restriction fragment
(TRF) assay, which uses southern blotting and a telomere specific probe to determine a general
telomere length distribution for each sample276. Prior to comparison between samples these
distributions are usually further simplified to single values, such as mean telomere length. As the
telomeres from all chromosomes and cells are combined into a single distribution, TRF can only
give limited insight into more detailed chromosome and cell specific telomere dynamics.
Additionally, comparisons between studies and species are complicated by variations in
subtelomere structure and TRF methodology219,271-274. Despite these drawbacks, TRF was, and to
some extent remains, a popular choice for telomere measurement particularly for large-scale
studies44,46.

Length measurement – PCR
An alternative measurement of mean telomere length can be obtained with a quantitative
PCR (qPCR) based approach277. Using specially designed primers and Real-Time PCR, it is
possible to compare the generation of telomere (T) and single copy reference gene (S)
amplification products. Changes in telomere length alter the amount of telomere template
available during amplification cycles resulting in a corresponding change in the T/S ratio. A
newer, monochrome multiplex version of this assay can improve its accuracy and
reproducibility278. Despite only offering mean telomere length values, the requirement for less
starting sample, approximately 50ng versus 3000ng for TRF, and the potential for higher
throughput and greater automation has led to its increasing popularity and broad use44,46.
Single telomere length analysis (STELA) is another PCR-based approach38. In this case,
chromosome specific subtelomere primers and specialized telomere linkers provide
measurements for individual telomeres, based on primer specificity, within the available
template DNA. While this approach gives chromosome specific data, it is limited to the few
telomeres where suitable subtelomeric primers are available and excludes any information on the
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relationships between the lengths of the different telomeres of the same cell and also combines
information from multiple cells38,56. A version of STELA using a single universal subtelomere
primer gives combined length information for all chromosomes, similar to the TRF assay279.
Also similar to TRF, STELA telomere length distributions tend to be simplified to individual
values or other partial metrics before comparisons between samples. At present, STELA is not
commonly used and is limited almost exclusively to investigations of telomere length biology
rather than association studies.

Length measurement – Flow cytometry
Flow cytometry and fluorescence in situ hybridization (FISH) can be used in combination
to make telomere measurements280,281. So-called Flow FISH facilitates the measurement of
telomere length across large numbers of cells, but also averages telomere length to a single value
for each cell. A more recent advance, chromosome Flow FISH, partially overcomes this
limitation by performing measurements on individual chromosomes282. However, not all
chromosomes can be resolved at present and any data on relationships between the telomere
lengths of different chromosomes within individual cells is not provided. The considerable
technical challenges and increased costs of Flow FISH compared to other methods of telomere
length stifled any significant adoption. In comparison, the increased information provided by
chromosome Flow FISH may tip the balance towards its own greater adoption and use.

Length measurement – quantitative FISH (qFISH)
Quantitative FISH (qFISH) involves the hybridization of a fluorescently tagged and
telomere specific probe to fixed cells either in interphase, or metaphase (mqFISH)12,283.
Interphase qFISH shares the same limitations as Flow FISH along with lower throughput and is
generally limited to use in fixed samples unsuitable for other analysis190,284. Given high quality
preparations, mqFISH allows for the simultaneous visual identification of chromosomes and
quantification of their associated telomeres within single metaphases. As a result, unlike other
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techniques, mqFISH is able to give information on the relationships between chromosome
specific telomere lengths within a single cell and represents the most detailed and comprehensive
telomere measurement technique. As metaphase preparations are central to mqFISH,
proliferating cells, such as stimulated lymphocytes or fibroblasts are needed to complete the
procedure. Despite strong positive attributes, and its role in a number of significant studies, the
need for a high level of technical expertise and significant time commitment necessary for each
individual measurement has limited the broader use of mqFISH.
During the mqFISH procedure, chromosome identification is accomplished visually by a
trained technician or researcher using DAPI counterstaining and associated chromosome
banding. In humans, all chromosomes can be identified (Figure C1-2); however, in bovine
samples reliable identification is limited to the largest chromosome, Chromosome 1, and the
metacentric sex chromosomes (Figure LR-1). Overlap in the appearance and size of the
remaining bovine autosomes precludes further discrimination.
The validity of an mqFISH procedure rests in large part on the quality and technical control
of the mqFISH procedure; poor technique can quickly compromise an entire study283,285,286. High
quality metaphase preparations are required and a specialized peptide nucleic acid (PNA) probe
must be used in place of conventional DNA probes, as it provides the specificity, robustness and
reliability necessary for quantitative measurements. Careful imaging, followed by software
analysis is used to determine the size and brightness above background for each telomere signal
is used to quantify telomere length; in short, the more repeats a telomere has, the more probe it
can bind and the brighter and larger the fluorescent signal (Figure C1-2). Biological and
technical variability necessitates the measurement of multiple metaphases for each sample.
While not critically necessary, the inclusion of a centromere specific PNA reference probe
reduces assay variation and facilitates the comparison of telomere length between different cells
and samples14. Only human specific PNA centromere probes were available for the current
studies. Similarly, calibration to a telomere signal of known length must be used to convert
mqFISH values into base pair units, but this conversion is not required for most comparisons
within experiments.
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Length measurement – Data analysis and comparison frameworks
The same inherent features that complicate telomere length measurement can also
contribute significant complexity to its analysis. In most assays the information contained in
chromosome arm, pair and cell specific telomere length relationships is simplified away on the
lab bench. The resulting analysis is therefore straightforward and does not require reconciling or
combining the multiple related values for each sample; however, in these cases the power to gain
further insight into telomere biology is also lost. For example, the TRF assay analysis only
requires comparison of a single telomere length distribution or even just a single value between
samples, but cannot give any insight into chromosome specific telomere length dynamics, and
only minimally reveals the heterogeneity of telomere length within each sample. In addition, the
loss of detail accompanying simplifications likely leads to a requirement for significantly larger
sample sizes during types of comparisons.
Using mqFISH, chromosome specific telomere length data, as well as details on the
relationships between chromosome pairs and arms is available. While previous studies have used
this information to demonstrate a number of important characteristics, these studies essentially
considered the information mqFISH provides in isolation, for example telomere 9p in sample A
versus 9p in sample B, or aggregated the data before comparisons, which leads to the exclusion
of information from the comparison despite it being present within the dataset. For example, if
the two telomere 9p values for a single metaphase are simply averaged before comparison to
another sample or metaphase, it excludes information that one value represented the paternal
chromosome and the other value the maternal chromosome in each metaphase. A framework that
allows for the information present in mqFISH to be compared in a holistic and integrated manner
between samples has never been reported. This limitation and the accompanying inability to take
better advantage of the information present in mqFISH data during inter-sample comparisons has
remained a significant obstacle to the greater use of mqFISH and a fuller realization of its
experimental and comparative potential.
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Epigenetic reprogramming
Epigenetic reprogramming is the modification of the epigenetic signature and behavioural
and transcriptional program of a cell without an accompanying alteration of its genetic code.
While this phrase was more classically used to refer to changes in cells that take place during
development, it is now most commonly used in reference to extreme techniques capable of
reverting differentiated somatic cells back to a pluripotent state, such as SCNT or iPSC
generation287-296. The amazing changes in cell type, behaviour and potential that can be
accomplished while maintaining the genome of the donor cell gives epigenetic reprogramming
procedures enormous therapeutic, conservation and research promise150,289,297-304. To this end,
SCNT is already used to preserve the genetics of high value animals301,305-307. Similarly, the
ability to generate isogeneic cells or tissues through iPSCs is ushering in a new era of
experimentation and personalized medicine with genome matched in vitro disease modeling and
drug testing298-300,308.

Somatic cell nuclear transfer (SCNT)
SCNT, or somatic cloning, involves the transfer of a donor nucleus, usually from a somatic
cell such as a fibroblast, into an enucleated oocyte17,289,290,295,301,309-311(Figure LR-4). Following
transfer, the donor oocyte erases the epigenetic signature of the donor nucleus and reprograms it
to a totipotent state289,290,293,295. The resulting embryo can then be transferred to a recipient womb
to continue development for the creation of a clone organism, or used to generate a pluripotent
stem cell line. SCNT relies on both the genomic integrity of the donor nucleus, and on the many
proteins, mRNAs and other factors present in the oocyte cytoplasm to successfully reprogram it.
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Figure LR-4. Simplified overview and comparison of the SCNT and iPSC process.

SCNT – Caveats and pitfalls
In practice, while SCNT is capable of giving rise to healthy clone offspring with normal
reproductive ability, it also remains characterized by a high rate of failure at all developmental
stages in comparison to conventional in vitro fertilization, placental and other phenotypic
abnormalities and failure to thrive at birth289,290,293,295,313-318. Evidence suggests the most
significant source of these failures is incomplete or improper epigenetic reprogramming. In
particular, it appears SCNT embryos do not manage to erase existing epigenetic marks and
establish a de novo epigenetic signature in the same manner and timeframe as non-SCNT
embryos(Figure LR-5). Most immediately, this is in turn associated with hypermethylation of
extraembryonic tissues and placental abnormalities, which are commonly noted in failed clone
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pregnancies289,293,318-321. The effects of an abnormal in utero development, such as placental
insufficiency, may be the source or a contributing factor to the abnormalities seen in born and
adult clones313,318,322. Aberrant imprinting and epigenetic status also been observed in born and
failed clones and clone embryos, further demonstrating the existence of improper reprogramming
following the SCNT procedure and its presumptive role in negative outcomes289,290,293,295,323-326.

Trophectoderm
Inner cell mass
2-cell

4-cell

8-cell

morula

blastocyst

Methylation level

1-cell

Onset of de novo methylation

Paternal genome

Maternal genome

SCNT genome

Figure LR-5. Simplified overview of epigenetic reprogramming during development in SCNT
and non-SCNT embryos. Note the increased levels of methylation in SCNT embryos (orange
line) compared to maternal (red line) paternal (blue line) and normal embryonic (black line
genomes at various stages in embryo development. Inner cell mass (solid black line) and
trophectoderm (dashed black line) go on to form the developing embryo and placenta
respectively. Adapted from293
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SCNT – Strategies to improve outcomes
In an effort to overcome these reprogramming issues, the use of epigenetic modifying
treatments prior to SCNT has been explored312,327,328. While the exact protocol varies, the general
aim of this strategy is to remove repressive features and relax the chromatin of the donor cells
prior to SCNT and therefore facilitate a more complete demethymation and reprogramming of
the donor nucleus during the SCNT procedure and subsequent development. A number of
reported treatments have successfully increased the rate of clone blastocyst formation and other
reprogramming outcomes312,327-329. However, negative and non-results, including no difference in
clone birth rate or remaining abnormal epigenetic signatures following reprogramming have also
been documented312,327,328,330.
Variation in the success of epigenetic reprogramming and SCNT procedures related to
donor cell type has also been noted289,290,293,301,312,327,328,331-334. This difference between cell types
is presumed to be a result of a general compatibility or incompatibility between their established
epigenetic and biological characteristics with those required for totipotency or desired
reprogrammed cell type, as well as inherent variation in the flexibility or inflexibility of certain
cell types towards a modification of their epigenetic state. While significant exceptions and some
controversy exists, as a general rule of thumb, the less removed a donor cell population is from
an embryonic, reproductive or pluripotentent state, the more amenable it is considered be to
epigenetic reprogramming327,332,335. This line of thought has led to serial cloning strategies where
nuclei created by an initial round of SCNT are used as donors for a second round of SCNT327. In
practice, a benefit may not be observed and the added complication and effort of a second round
of SCNT can often be seen to outweigh the potential benefits of an additional round of
reprogramming336.
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SCNT – Mitochondria
While the nuclear DNA of donor cells is preserved in the reprogrammed cells, the
mitochondria and mitochondrial genome are generally derived from the enucleated
oocyte327,331,337-339. Although mitochondrial DNA represents just a small fraction of the total
genome, there is evidence mitochondrial-nuclear genome incompatibilities may also contribute
to cloning outcomes and pathologies327,331,337-344. Most immediately, inefficient or abnormal
mitochondrial biology and metabolism can lead to an energy deficit in the developing embryo
and developmental failure340-343,345,346. Outside of an early developmental context, mitochondrial
dysfunction is also linked to poor cellular and organismal health346,347. In SCNT, such effects
generally appear to be increasingly pronounced with growing genetic or evolutionary distance
between nuclear and oocyte donors and is thought to represent a significant limiting factor in
interspecies conservation cloning305,341,344,348. However, there is also evidence that it plays a role
in the outcome of same species SCNT341,343. For example, matching nuclear donor and oocyte
donor mitochondrial haplotypes has been reported to significantly increase the rate of positive
SCNT outcomes341,342.

induced Pluripotent Stem Cells (iPSCs)
A more recent advance, iPSCs are created by artificially expressing a small set of genes or
factors in somatic cells, which, over the period of days to weeks, epigenetically reprogram them
back to a pluripotent state16,287,291,294,296,349-352. Although the iPSC reprogramming process is still
being characterized, it is clear that transient expression of the reprogramming factors can
overcome the established epigenetic signature of the cell, activate the endogenous pluripotency
program and give rise to a self-sustaining phenotype. The relative simplicity and reduced cost of
the procedure compared to both SCNT and embryonic stem cell derivation has led to its
increasing popularity as an epigenetic reprogramming procedure and experimental tool.
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iPSCs – Variability and quality
While there are now a large number of variations, the classical iPSC protocol reprograms
the target cells through the overexpression of Oct4, Sox2, Klf4, and c-Myc after delivery into the
genome by viral transduction16,349,351. These initial protocols were characterized by low
efficiencies, and concerns about increased oncogenic risk, mostly related to the use of c-Myc and
genome integrating vectors. More recent versions of the iPSC procedure include non-integrating
vectors, the omission or replacement of c-Myc and the use of alternative of supplementary
reprogramming factors352-355. Despite these advances, iPSC reprogramming is still considered
generally inefficient, with only a small percentage of the initial somatic cells giving rise to iPSC
colonies and stable cell lines in nearly all protocols. Furthermore, significant inter- and intra-procedural variation in the ability of the reprogrammed cells to pass various pluripotency tests
also remains. Together, this has led to the idea of iPSC quality, with the highest quality cells
having the phenotype most closely matching true pluripotency291,294,296,352,354,356,357. In cases or
species where it is unclear to what degree the reprogrammed colonies represent true pluripotent
cells they are generally referred to as presumptive iPSCs (piPSCs).

Telomere changes
In concert with the epigenetic reprogramming of a cell, a reprogramming of telomere
length and biology must also take place93,143,212,289,290,295,298,358,359. Specifically, telomerase must
be activated and telomere regulatory elements adjusted to ensure donor telomeres are suitably reestablished to an appropriate length and maintained. Due to the central role of telomeres, a
failure to properly reprogram the telomeres and reset their regulation will ultimately compromise
the reprogrammed cells and clones.
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Telomere changes – SCNT
While a number of studies have reported shorter telomere lengths in clones, the majority of
healthy clones appear to have mean telomere lengths that fall within the range of age matched
controls18,19,61,150,333,360-365. These observations demonstrate that the enucleated oocyte and
subsequent embryonic and fetal development are capable of generating suitable lengths from
eroded donor telomeres and establishing the telomere program. The rigorous developmental and
viability tests an embryo must overcome almost certainly contribute to this trend via the failure
of embryos and fetuses with significant epigenetic or telomere abnormalities prior to
birth289,290,294,295,304,327,352,356,366. Interestingly, differences in donor cell type and phenotype have
also been shown to influence the mean telomere lengths of the clone61,150,333,364. Together this
evidence, along with the concurrent observation of variability in SCNT outcomes with different
cell types, suggests a scenario where some aspects of the epigenetic and telomere characteristics
of donor cells can carry over into the clone animal, provided they are compatible with viability.

Telomere changes – iPSCs
In iPSC cells, research at the molecular level has demonstrated changes in telomere length
as well as subtelomere chromatin status and associated regulatory factors occur following
reprogramming and result in complex changes in telomere biology20,92,93,143,358,367-370.
Furthermore, studies in iPSC cells have demonstrated associations between mean telomere
length or regulatory status and reprogramming efficiency, continued maintenance of the
pluripotent state, proliferative capacity and overall quality of iPSCs20,92,143,358,368,370,371. These
reports are strong evidence that telomere length is functionally and intimately tied to the
epigenome of the cell and suggest telomeres can serve as an informative marker of
reprogramming outcome. The varying qualities and characteristics of individual iPSC lines may
complicate the interpretation of some telomere iPSC experiments, but may also provide a unique
opportunity to better understand and investigate aspects of telomere biology in relation to the
reprogramming process.
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X-inactivation
X-inactivation is a dosage compensation mechanism that results in the heavy epigenetic
repression and transcriptional silencing of one of the two X chromosomes in the XX female
nucleus, or of all but one X chromosome in cases of XXY or other supernumerary X
karyotypes372-380. This process is mediated by Xist, a large non-coding RNA381.

X-inactivation – Onset during development
In humans and cattle, the X-inactivation process begins early in female embryo
development with the Xist gene located in the X inactivation center (XIC) of the X
chromosome374,376. Non-coding Xist RNA molecules are among some of the earliest embryonic
transcripts and can be detected by the 2-cell stage of bovine embryo development382. While both
X chromosomes initially express Xist, by a mechanism not yet fully understood, one X is chosen
to become inactive (Xi) and retains Xist expression, while the other X chromosome ceases
expression and remains active (Xa)380,383. This choice coincides with the morula and early
blastocyst stage of development382,384. Expressed Xist transcripts spread outward from the XIC to
fully coat the Xi, which results in the recruitment of epigenetic silencing machinery,
heterochromatinization and the nearly complete transcriptional silencing of the chromosome383.
Following establishment, X-inactivation is stably inherited, with daughter cells retaining the
same Xa and Xi chromosomes. In addition to heavy epigenetic repression, the Xi is also
characterized by dense chromatin compaction and late replication during DNA synthesis, the
latter of which can be observed as early as the blastocyst stage in bovine embryos382.
Importantly, while humans appear to show random X-inactivation in both embryonic and
extraembryonic tissues, an imprinted mechanism results in the inactivation of the paternal X
chromosome in bovine placental tissues385.
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X-inactivation – Abnormal X chromosomes and skewed inactivation ratios
X-inactivation usually results in a near 1:1 ratio and a random pattern of maternal and
paternal X-inactivation throughout the body386. However, skewed X-inactivation is possible and
in cases of abnormal X chromosomes, preferential inactivation of the XIC containing
chromosome that allows the best functional balance of gene expression following silencing is
generally observed387-389. For example, in cases of balanced X;autosome translocations, the
normal X is usually found to be preferentially inactivated, as it allows the functional equivalent
of normal X dosage to be achieved within the cell and can result in a normal phenotype. In cases
where functional genetic equivalency and phenotypic normality is not achieved through either Xinactivation itself or skewing of the X-inactivation ratio then more serious phenotypes, such as
death in utero, congenital anomalies, mental retardation and gonadal dysgenesis can be
observed387,389.

X-inactivation – Telomeres, SCNT and iPSCs
Xi chromosomes are characterized by heavy histone and DNA methylation, chromatin
compaction, late replication during DNA synthesis and co-localization with accumulated
TERRA transcripts167,258,267,383. Unsurprisingly, investigation of normal human female
populations has also shown the telomeres of Xi chromosomes have unique dynamics and erode at
a significantly increased rate compared to the Xa and autosomes14,41,390. Although the cellular
outcome of this accelerated shortening has not been explicitly examined, it may be associated in
part with loss of the Xi chromosome through a nuclear exclusion mechanism and an observed
increase in X aneuploidy with age391.
In relation to epigenetic reprogramming, SCNT clone failures and pathologies have also
been associated with X-inactivation abnormalities289,293,327. For example, clones that failed to
develop to term or to thrive at birth were observed to have improper X-linked and Xist
expression in tissues and improper placental X-inactivation patterning335,385,392. At a cellular
level, abnormalities in X-inactivation can also be tied to significant changes in gene expression

- 32 -

and cellular phenotype335,392,393. Conversely, selective repression of the Xist and the Xinactivation program has been reported to improve outcomes335,392. These reports provide strong
evidence that elements of the X-inactivation program present in donor nuclei can impact and
interfere with the normal X-inactivation process during SCNT embryogenesis.
Human female embryonic stem cell and iPSC lines display varied states of X-inactivation,
generally allocated into one of three classes: I) two active X chromosomes with little or no Xist
expression, II) one active and one inactive X chromosome with Xist expression, III) one active
and one inactive X chromosome with little or no Xist expression393. Importantly, in addition to
X-inactivation status and response to conditions such as O2 levels during culture, each class is
also associated with different developmental transcriptional characteristics, and therefore
potential implications for their therapeutic and research use302,393-396. These differences and the
potential for such variation appears to be the result of derivation and culture influences and
demonstrate the importance of the X-inactivation process and its overlap with pluripotency and
differentiation and developmental programs.
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Preamble to investigation
Rationale
There is clear evidence telomere length at each chromosome arm represents a combination
of organism specific characteristics, cell type epigenetic influences, and accompanying
alterations accrued during the biological and stochastic history of the cell. Due to the function
and physiology of telomeres, the maintenance or alteration of chromosome specific telomere
length characteristics could impact long-term genetic and proliferative stability following
epigenetic reprogramming procedures and should be investigated. Observation and comparison
of telomere length patterns at the chromosome specific level in a reprogramming context is also
likely to give new insights into telomere biology and the epigenetic reprogramming process as
well as other aspects of cellular biology and phenotype through their overlapping relationships
with telomeres and telomere length. Determining if similarities in chromosome specific telomere
length patterning do indeed exist between tissue-matched donor and reprogrammed cells and are
observable with current telomere measurement techniques represents a logical starting point and
is the aim of this thesis. The development of a framework for making pattern based telomere
length comparisons that incorporate multiple telomere characteristics, which is a necessary to
test this aim, also has the potential to significantly increase the utility of telomeres as an
experimental tool and biomarker.
During the development of the analytical method, a there was a focus to capture potential
differences in the telomere lengths between chromosome pairs, or maternal and paternal
chromosomes, and also to include information on the distributions of the lengths in the
comparisons. Both of these areas have the potential to be informative during sample
comparisons, but have been poorly considered or incorporated by previous mqFISH analysis
techniques. To facilitate overall comparison between samples and sample groups without loss of
detail, there was also a need for the comparison between each individual variable to be
quantitative and made in a manner that allowed for objective aggregation to these higher
comparisons.
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The Xi chromosome displays exaggerated telomere and epigenetic characteristics and Xinactivation status is known to play an important role in reprogramming outcomes. Therefore,
the Xi and its telomeres represent a logical choice for more detailed observation and additional
analysis where permitted.
Bovine clones were chosen as a primary model due to sample availability and the clarity a
born clone provides regarding the quality and outcome of the reprogramming procedure. To
expand, born clones have successfully completed in utero development and all its associated
developmental checkpoints. Sample availability was also allowed to largely dictate the
experimental cohort, as matched donor and clone cells samples are difficult to obtain.
Additionally, the cells used were required to be low-passage to minimize potentially
confounding in vitro effects. Bovine samples were not used in Objective 1 due to an overriding
need to demonstrate proof-of-concept and the capability of the novel comparison method in
human samples for publication purposes.

Hypothesis
Matched donor and epigenetically reprogrammed cellular populations will more closely
parallel chromosome specific telomere length characteristics as compared to genetically
unrelated populations.
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Objectives & Chapters
1)

Objective: Develop a framework for the equitable and comprehensive comparison of

multiple chromosome specific telomere length characteristics between samples
Chapter title: Component Distribution Comparison: Objective and quantitative
comparison of telomere patterning

2)

Objective: Compare chromosome specific telomere length characteristics and X-

inactivation status in an t(X;23) cow, 3 of her clones and unrelated animals and clones
Chapter title: Telomere patterning and X-inactivation status in bovine clones following
somatic cell nuclear transfer and the potential implications for cellular reprogramming
therapies

3)

Objective: Compare chromosome specific telomere length characteristics in a larger

bovine cohort of normal clones, presumptive iPSC lines, donors and unrelated control animals.
Chapter title: Recapitulation of donor telomere length patterns in bovine clone offspring
and presumptive induced pluripotent stem cell populations

Descriptive overview of objectives
The aim of this thesis was the comparison of patterns in chromosome specific telomere
lengths between bovine cells before and after an epigenetic reprogramming procedure. An
analysis framework that allowed multiple chromosome specific telomere length characteristics to
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be simultaneously compared and objectively quantified had not been previously described;
however, it was needed to complete the aim of the thesis and therefore its development became
the first objective. The second objective used the developed framework, the component
distribution comparison (CDC) method, to complete a pilot study featuring a cow carrying a
balanced X;autosome t(X;a) chromosome translocation, three of her clones and three unrelated,
conventionally bred, female cows. Telomere length characteristics of the 1 and X chromosomes
were compared between each clone and the original t(X;a) animal, as well as between the three
unrelated animals and the original t(X;a) animal. A significantly closer match in telomere
patterns between the t(X;a) animal and her clones was observed suggesting telomere length
profiles are generally genome specific and conserved during the reprogramming process. The use
of an X;autosome carrier allowed for a more in depth investigation into X-inactivation and the
telomere lengths of the Xa and Xi chromosomes during the reprogramming process, which
uncovered variability and changes in these telomeres between the t(X;a) clone and donor
animals. As the second objective study only involved one reprogrammed genome, the third
objective was an expanded study of 1 and sex chromosomes telomere length characteristics in a
bovine mixed sex cohort of eight donor animals, five clones, three fetal clones, five presumptive
induced pluripotent stem cell lines and three additional unrelated animals. Using the CDC
method, reprogrammed cellular populations were compared to their original donor animal as
well as all other non-reprogrammed animals of the same sex. In this way, the reprogrammed
cellular sample was compared to one other sample with a shared genome and multiple other
samples with an unrelated genome. The results of these initial comparisons were then aggregated
into shared genome and non-shared genome groups to demonstrate the overall relationships in
telomere length characteristics between sample types.
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Chapter One

Component Distribution Comparison: Objective
and quantitative comparison of telomere patterning

Note: The contents of this chapter are currently under consideration for publication in Scientific
Reports
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Descriptive overview
Despite greater promise, the use of telomere length as a biomarker suffers from ill-suited
analysis methodologies that inefficiently utilize available data and can obfuscate results and
comparisons. Component distribution comparison is a new analysis method designed to extract
and leverage additional patterning information overlooked in current methods. In doing so, it
allows for more powerful, objective and quantitative comparisons and a new level of telomere
length research.

Main text
The ends of mammalian chromosomes are protected by telomeres consisting of TTAGGG
repeats and associated proteins. The length of these telomeres is dynamic and has demonstrated,
or putative, associations with a considerable number of cellular, physiological, genetic,
epigenetic and disease characteristics, most notably to aging and future cellular proliferative
capacity11. With 2 telomeres per chromosome per cell to draw information from, telomere length
and patterning should be a powerful biomarker. In practice, features such as homologous
chromosomes, the number of individual telomeres in a single cell and the normal variability
intrinsically present in telomere lengths adds complexity to the data that is not suitably addressed
by current analysis methods. Therefore, despite their recognized importance, and continued
targeting in anti-aging and anti-cancer research, the broader experimental and biomarker use of
telomere length has comparatively floundered.
The inefficiency of current telomere analysis methods lies in their oversimplification.
Specifically, they considerably compromise comparison and biomarker utility by either
discarding or failing to aggregate potentially informative information. For example, TRFSouthern Blotting combines all telomere lengths on the lab bench and only a single distribution
is available for comparison between samples276. Alternatively, while mqFISH allows for the
collection of comprehensive data on telomere length at the level of individual telomeres, reports
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have generally focused on the longest and shortest telomeres and fail to aggregate results to the
point of comprehensive comparisons between samples13,14,41. This lack of a robust framework for
efficiently capturing, integrating, and comparing telomere length data has greatly compromised
the full potential of mqFISH and its greater use.
To overcome this problem, we have developed a new analysis technique for telomere
length data: Component Distribution Comparison (CDC). In brief, to capture the information
present, CDC breaks the complex relationships within the data down into 3 chromosome specific
components and then objectively evaluates them in a manner that allows for the logical
aggregation of the results and quantitative comparisons between samples (Figure C1-1).
The process begins with the collection of a dataset using mqFISH, although the CDC
method could be adapted to other data sources such as chromosome flow-FISH14,282. During this
step, best practices must be followed to ensure the validity of the data and later conclusions. It is
particularly important that each metaphase be captured within a single frame and with even
illumination across the frame. Illumination and exposure timing must also be optimized for each
individual metaphase to ensure telomere and reference signals are not under or over exposed, and
the use of digital gain or any post-processing should be avoided, as it may be non-linear. A
minimum of 10 metaphases per sample should be used, although larger numbers are
recommended when possible. Normalization with a centromere reference probe is favorable;
however, if no reference probe is available, a variation of CDC analysis using fractional values
can be employed as later described. In situations where a full karyotype can not be reliably
identified using DAPI counterstaining, such as lower quality samples, or species other than
humans, CDC analysis can be carried out on the subset of identifiable chromosomes alone.
Signals should be measured from captured images using software that takes into account
background fluorescence, as well as the size of the signal and intensity of each pixel14,283. While
biological differences may exist, telomere variation between sister chromatids of metaphase
chromosomes in mqFISH appears to be more technical than biological in nature and therefore
was not included in the current CDC comparison framework. If measured separately, the values
for distinct chromatid signals should be merged. Sample, metaphase chromosome, arm and
homologue identifiers must be recorded with each raw telomere value; note that homologue
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identifiers do not consistently identify the same homologous chromosome between metaphases,
but serve to distinguish between the two homologues within a single metaphase during analysis
and data processing. A spreadsheet program combined with a dedicated statistical suite, such as
R397, is recommended for data collection and analysis.
When using a centromere reference probe, the average of the two centromere
measurements in each metaphase is used to normalize the raw telomere measurements of that
metaphase (Figure C1-1a); otherwise, without a reference probe, the raw measurements for each
telomere are normalized as necessary by converting them into a proportion of the sum of all
telomeres considered in each given metaphase and CDC component (Figure C1-1b). Optionally,
telomere measurements can be further normalized to the mean telomere value per metaphase, or
similar, to put greater focus on differences in telomere length between the chromosomes versus
overall telomere length.
During CDC analysis the complex patterning relationships between telomeres is broken
down into the following 3 components: 1) Telomere vs. telomere (TVT; Figure C1-1c; 2 values
per chromosome per metaphase). 2) Pair vs. pair (PVP; Figure C1-1d; 1 value per chromosome
pair per metaphase). 3) Arm vs. arm (AVA; Figure C1-1e; 2 values per chromosome pair per
metaphase). These components capture information related to the telomere value itself (TVT),
the relationship and differences in telomere values between each chromosome pair (PVP), and
each chromosome’s p and q arm (AVA) respectively.
Once all component distributions have been populated with the relevant values,
comparison and aggregation begins. Non-parametric Anderson–Darling (AD) tests are used to
make evaluations between each CDC component and sample pair398. The AD test is sensitive to
differences in both the range and overall shape of the CDC component distributions; every
individual value in the CDC component as well as their collective variation informs the
comparisons being made. The result of each pairwise test is an output statistic, or primary (1º)
comparison value, with larger values representing greater dissimilarity. Once all pairwise AD
test have been completed, the 1º values and their corresponding critical values can be aggregated
as appropriate for secondary (2º) or higher order comparisons and the determination of
significant differences between samples.
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The Kolmogorov–Smirnov (KS) test is similar to the AD test and can be used as an
alternative; however, only one of these tests should be used for all CDC component comparisons
in a given experiment, and specific values obtained from one test cannot be aggregated or
meaningfully compared with the other. To briefly contrast the two tests, the AD test is generally
considered to be more sensitive to differences towards the edges of the distribution, while the KS
test is more centrally sensitive. In cases of unequal metaphase numbers, the 1º values can be
weighted as appropriate to maintain equivalence during aggregation. Similarly, obtaining fairer
comparisons in studies containing both female and male samples may involve excluding specific
1º values related to the sex chromosomes and weighting the remainder.
In an experiment using a centromere reference and 10 human female samples of 25
metaphases each, there would be 94 raw measurements (92 telomere, 2 centromere) for each
metaphase, or 23,500 total observations, and each sample would be defined by 46 TVT, 23 PVP
and 23 AVA component distributions populated with 50, 25 and 50 values respectively. Full
paired comparison of all 10 samples would give a considerable 1,104 1º values; however, as
equivalent AD tests have been performed, the 1º values can be objectively and logically
aggregated to make meaningful and interpretable comparisons and conclusions between the
samples. For example, a quantitative ranking and comparison of telomere similarity can be
obtained by setting one sample as a reference, summing the relevant 92 1º values for the other 9
samples and then ordering the sums. If these 9 samples represented 3 groups of 3 samples each,
then aggregating the 276 1º values for each group gives direct and quantitative comparison
between the sample groups. Likewise, determination of chromosome pairs or telomeres with the
most and least similarity across all or a subset of samples can also be easily obtained by selecting
and aggregating the pertinent 1º values. A walkthrough example of the process from raw data to
aggregated comparisons with 3 human samples is given in Figure C1-3. While the initial setup of
the CDC framework is technically challenging and time consuming, once it has been setup and
put in place within a software environment, subsequent experiments and comparisons of samples
require comparatively less additional effort.
Assigning a measure of significance to a conclusion found by CDC analysis can be
obtained in a number of ways depending on the data and what is most appropriate in a given
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situation. Resulting 1º value distributions, and aggregations for samples and groups can be
subject to significance tests of their own. 1º values can also be filtered on the basis of individual
significance during aggregation, or the corresponding values for critical significance aggregated
along with the 1º values and used as guide for cumulative significance. Ideally, sets of reference
samples or control experiments should be included whenever possible to give context in the form
of natural distributions of CDC components and 1º values.
In conclusion, CDC analysis represents a significant improvement over current telomere
length analysis techniques. Specifically, the use of the TVT, PVP and AVA components and the
AD or KS test in the CDC method captures data from chromosome specific relationships and
distribution variation to allow for more powerful comparisons. Further, the logical aggregation of
pairwise sub-comparisons in CDC analysis makes meaningful, easy to interpret, and quantifiable
comparisons possible between samples and sample groups. Finally, the CDC analysis framework
is flexible and can be adapted to telomere data sources beyond mqFISH, or other complexly
linked multicomponent data, such protein expression levels at the different steps of a pathway.
With this new tool, the experimental and biomarker utility of telomere length has renewed
promise.
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Figures

Figure C1-1. A diagrammatic overview of the CDC analysis method for a hypothetical twosample comparison, including example calculations with (a) and without (b) centromere
reference for the TVT (c), PVP (d) and AVA (e) components. The TVT, PVP and AVA
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components capture information in the raw data related to the telomere value, or differences in
telomere values between chromosome pairs or arms respectively, and are evaluated for
differences between samples in a pairwise manner. Included log transformations simplify
interpretations of the relationships between values within the component distributions.
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Figure C1-2. Sample XY human mqFISH metaphase (A) with FITC (green) telomere signals and
Chromosome 2 reference and X centromere signals from PNA probes and DAPI (blue) DNA
stain overlaid. Inverted DAPI banding (B) is used to identify individual chromosomes and
prepare a karyotype (C) to allow for the measurement and collection of chromosome specific
telomere lengths. Overlapping chromosomes (5 and 9) have been digitally separated in this
metaphase image to facilitate karyotype placement. Green and red lines in panel C delineate each
FISH signal; p-arm telomere signals are located above the upper green line, chromosome
reference signals are located between the two red lines and q-arm telomere signals are located
below the lower green line. Quantification of individual signals is accomplished by image
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processing that takes into account their intensity above background at each pixel and assigns a
relative total value.

Note: Figure C1-3 plots A through S follow to give a simplified walkthrough example of CDC
analysis. A combined figure description is given after plot S on page 55.

6000
4000
2000
0

Fluorescence (arbitrary units)

8000

A) Raw telomere measurements

0

500

1000

1500
Index

- 48 -

2000

2500

-1
-2
-3
-5

-4

Fluorescence (arbitrary units)

0

B) Centromere normalized telomere measurements

0

500

1000

1500

2000

2500

Index

0
-1
-2
-3

Fluorescence (arbitrary units)

1

C) Mean and centromere normalized telomere measurements

0

500

1000

1500
Index

- 49 -

2000

2500

D) Sample A TVT distributions
1p | 1q

2p | 2q

3p | 3q

4p | 4q

5p | 5q

6p | 6q

7p | 7q

8p | 8q

9p | 9q

10p | 10q

11p | 11q

1p | 1q

2p | 2q

3p | 3q

4p | 4q

5p | 5q

6p | 6q

7p | 7q

8p | 8q

9p | 9q

10p | 10q

11p | 11q

12p | 12q

13p | 13q

14p | 14q

15p | 15q

16p | 16q

17p | 17q

18p | 18q

19p | 19q

20p | 20q

21p | 21q

22p | 22q

Xp | Xq

Yp | Yq

15p | 15q

16p | 16q

17p | 17q

18p | 18q

19p | 19q

20p | 20q

21p | 21q

22p | 22q

Xp | Xq

Yp | Yq

15p | 15q

16p | 16q

17p | 17q

18p | 18q

19p | 19q

20p | 20q

21p | 21q

22p | 22q

Xp | Xq

Yp | Yq

Value (arbitrary units)

1

0

-1

-2

-3

E) Sample B TVT distributions
12p | 12q

13p | 13q

14p | 14q

Value (arbitrary units)

1

0

-1

-2

F) Sample C TVT distributions
1p | 1q

2p | 2q

3p | 3q

4p | 4q

5p | 5q

6p | 6q

7p | 7q

8p | 8q

9p | 9q

10p | 10q

11p | 11q

12p | 12q

13p | 13q

Value (arbitrary units)

1

0

-1

1
-2

- 50 -

14p | 14q

Value (arbitrary units)

G) Sample A PVP distributions
1

2

3

4

5

6

7

8

9

10

1

2

3

4

5

6

7

8

9

10

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

X&Y

14

15

16

17

18

19

20

21

22

X&Y

14

15

16

17

18

19

20

21

22

X&Y

2

0

-2

-4

Value (arbitrary units)

H) Sample B PVP distributions
11

12

13

2

0

-2

I) Sample C PVP distributions
11

12

Value (arbitrary units)

2

0

-2

2
-4

- 51 -

13

J) Sample A AVA distributions
1

2

3

4

5

6

7

8

9

10

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

X

15

16

17

18

19

20

21

22

X

Y

15

16

17

18

19

20

21

22

X

Y

Value (arbitrary units)

2

0

-2

K) Sample B AVA distributions
11

12

13

14

3

Value (arbitrary units)

2

1

0

-1

-2

L) Sample C AVA distributions
1

2

3

4

5

6

7

8

9

10

11

12

Value (arbitrary units)

2

1

0

-1

-2

3
- 52 -

13

14
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Figure C1-3. Example walkthrough of the CDC method on a 1 female (Sample A) and 2 male
(Sample B, Sample C) dataset of human samples. Under strict conditions, raw measurements for
all 92 telomeres (A) and 2 reference centromere signals are compiled from 10 high quality
qFISH metaphases per sample. To allow further comparison between metaphases, the raw
telomere values (n = 920 per sample) are first normalized on a per metaphase basis using the
mean of the 2 centromere reference signals (B). When centromere reference probes are
unavailable, an alternative approach where each telomere is considered a fraction of the summed
telomere values under comparison can be used instead. To put greater focus on differences in
telomere length between the chromosomes rather than the overall telomere length differences
between metaphases and samples, a further optional normalization to the mean telomere value
(C) or similar is applied on a per metaphase basis. The relevant normalized values are used to
populate the TVT (visualized in D, E, F; 920 values per sample divided into 48 or 46
distributions for male and female samples respectively), PVP (visualized in G, H, I; 230 values
per sample divided into 23 distributions) and AVA (visualized J, K, L; 460 values per sample
divided into 24 or 23 distributions for male and females samples respectively) component
distributions for each sample. Comparisons of the populated distributions can then be completed
in a pairwise manner using either Kolmogorov–Smirnov or Anderson–Darling tests to give the 1º
comparison values for the TVT (M), PVP (N) and AVA (O) components. The current 1º value
graphs (M, N, O) were generated using a two sample Anderson–Darling test, with the 1º value
for a given pairwise comparison being equal to the test statistic, and the horizontal line denoting
statistical significance at a p = 0.05 level. The contribution to a comprehensive comparison
between samples is clearly demonstrated; 15 TVT, 5 PVP, and 12 AVA significant 1º values are
found and a number of differences are uniquely captured by a single component. In cases of
unequal metaphase numbers or chromosome complements, the relevant 1º values can be
weighted as appropriate. 1º component values can be logically aggregated to determine the
chromosomes with the greatest telomere differences between samples (P), quantification of the
total differences in telomeres between samples (Q, R), and more. Where permitted by data
availability, 2º comparisons of 1º value distributions, and similar higher order evaluations can
also be made; for example, while the aggregated 1º A:C and B:C ALL values reach a similar
total in the R graph, the value distributions (S) themselves can be compared further and
determined to be significantly different (p = 0.0337, Anderson–Darling test).
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Chapter Two

Telomere patterning and X-inactivation status in
bovine clones following somatic cell nuclear transfer
and the potential implications for cellular
reprogramming therapies
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Descriptive overview
The length of the (TTAGGG)n telomere repeat capping each chromosome arm is dynamic
and tied to chromosome, cellular and physiological characteristics, including X-inactivation. The
current study investigated the relationship between telomere length at the 1 and X chromosomes
and X-inactivation status in a t(X;23) translocation carrier cow, BO, and three of her clone
offspring using a combination of mqFISH, RBA banding and histone immunolabeling. Xinactivation was found to be normal in BO and control clones, but mosaic in the t(X;23) clones,
with between 8.0% and 18.8% of cells displaying functionally imbalanced X-inactivation.
Analysis of telomere length by Component Distribution Comparison showed the t(X;23) clones
had generally recapitulated the 1 and X telomere length characteristics of the donor BO animal
following nuclear transfer and development to term. Further specific examination of the X
chromosome revealed differences in telomere length between the active and inactive X
chromosome in the BO donor. A similar examination in her clones showed individual variation
and changes relative to BO in 2 of the 3 animals. The combined results highlight the importance
of donor and reprogrammed cell screening during epigenetic reprogramming procedures to
ensure intended reprogramming outcomes and normal biological status are achieved.

Introduction
Telomeres are regions of repetitive DNA and associated proteins located at the terminal
ends of linear chromosomes2,5. Within the cell, the telomeres buffer the genome from replication
related loss and instability, shelter free DNA ends from damage recognition machinery, protect
against unchecked cellular proliferation, and play roles in transcription control11,35,40,115. The
consensus vertebrate telomere repeat unit is (TTAGGG)n and studies in humans have found
average telomere length at birth falls between 10-20 kb in most tissues with large variation
between individuals but general synchrony between tissues of the same individual3,26,27,51. This
maximum is established through a succession of telomere reprogramming events that occur
during prenatal development and following birth the average telomere length of nearly all tissue
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types show steadily declines at tissue and cell type specific rates14,26,27,29,33,53,166,190. Bovine
telomere lengths have not been as comprehensively studied; however, mean values of between 6
and 30kb have been reported along with variations in breeds, ages, tissues and measurement
methods that closely overlap the lengths and trends observed in human studies19,59-62.
The erosion of telomere repeats is primarily attributed to incomplete replication during cell
division, as well as direct DNA damage22,24,101. Within specialized cellular compartments, stem
cells in particular, telomerase is expressed to lengthen the ends of the telomeres28,30. This reverse
transcription enzyme is composed of an RNA template (TERC) and a catalytic subunit (TERT),
and elongates telomeres by synthesizing de novo TTAGGG repeats onto their 3’ terminal
ends132,133,137. Due to the important anti-proliferative role of telomeres, telomerase activity is
tightly controlled both at the level of expression, and its ability to access telomeres on the basis
of telomere confirmation, epigenetic marks and telomere proteins82. The epigenetic signature of
the telomere and subtelomere appears to be an especially critical and dynamic component of the
telomere length regulatory network, with increases or decreases in heterochromatic marks
leading to the repression or promotion of telomere elongation respectively6.
If a telomere is allowed to shorten to a critical length, it loses its integrity and signals the
cell to commit apoptosis or enter senescence through DNA damage response pathways115.
Importantly, failure of the cell to appropriately respond to this telomere signal can result in the
loss of genomic integrity and potential oncogenic progression126,127,130. It is generally accepted
that the incomplete offset of telomere loss throughout life is an integral part of cellular aging,
and by extension, the aging of an organism as a whole11. Correlations have also been
demonstrated between telomere length and a number of physiological and environmental factors
including smoking, cardiac health and gender44,46. Changes in telomere length and telomere
associated factors are also becoming increasingly linked to cellular expression and signalling
pathways suggesting the dynamics of telomere length and biology can significantly impact the
cell in ways beyond the telomere crisis pathway35,143.
SCNT, or cloning, allows for the creation of genetically indistinct clone animals from adult
somatic donor cells301. In this process, cloned embryos are created when the cytoplasm of an
enucleated oocyte drives the global reprogramming of the donor cell epigenome from a restricted
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to an unrestricted totipotent state289,293. Concurrently, a regeneration of a normal telomere length
from the shortened donor cell telomeres and a reset of telomere length regulation must also take
place18,183,289. Produced clone embryos can be transferred to recipients for continued
development, or used to establish embryonic stem cell lines for research or potential regenerative
medicine treatments299. Improvements in understanding and protocols continue to be reported,
however, SCNT reprogramming remains characterized by a general inefficiency, with the
majority of transferred bovine clone embryos failing to successfully reach reproductive
maturity301. The average telomere length of healthy bovine clones has been reported to fall
within the normal range, and improper or incomplete epigenetic reprogramming is usually
considered to be the major source of common failure289. To our knowledge, an investigation of
telomere lengths before and after SCNT reprogramming at the level of individual chromosomes
has not been reported to date.
A critical epigenetic milestone in female embryo development is the onset of Xinactivation and the transcriptional silencing of one of the X chromosomes in the developing
cells376. The process is dictated by the Xist gene, which is transcribed to produce long, noncoding Xist transcripts and results in only a single X chromosome, the active X (Xa) remaining
transcriptionally functional in each developing cell380. Any additional X chromosomes are
inactivated, or transcriptionally silenced via epigenetic regulation to become inactive X (Xi)
chromosomes, which characterized by heavy histone and DNA methylation, chromatin
compaction and late replication during DNA synthesis383. The respective active and inactive
states of the Xa and Xi are also stably inherited by daughter cells during subsequent cellular
divisions and development. In the case of normal X chromosomes, the choice of which X
chromosome remains active in the cell appears to be random and a near 1:1 ratio of maternal
versus paternal X inactivation is normally observed throughout the body, however, if abnormal
X chromosomes are present the ratio can become skewed386,387. For example, in cells containing
balanced X;autosome translocations, normal X chromosomes are generally found to be
preferentially inactivated, as this can allows a normal or near normal genetic dosage to be
achieved overall following silencing387. The failure of female cells to achieve functionally
balanced X-inactivation is associated with detrimental effects and phenotypes, such as mental
retardation and gonadal dysgenesis and abnormal X-inactivation in clones has been linked with
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pre and perinatal death289,385,387. Inconsistencies in X-inactivation status within embryonic stem
cells lines have also been implicated as a source of significant phenotypic variability393. Previous
research has shown the telomeres of the human Xi have unique dynamics and shorten at a
significantly increased rate compared to the Xa and autosomes during the aging process41. This
difference is presumed to be a cumulative result of the Xi’s uniquely repressive epigenetic
characteristics.
The current study compares X-inactivation status and individual chromosome arm
telomere lengths for chromosomes 1 and X in a t(X;23) translocation carrier cow (BO) and three
of her SCNT clones (BC1, BC2, BC3). This t(X;autosome) carrier cow and her clones provide a
unique opportunity to investigate the effects of the SCNT procedure on telomere length and
inactivation status. The translocated t(X;23), or t(X), chromosome is larger and therefore allows
for the consistent discrimination between each X chromosomes on the basis of size in normal
metaphase preparations (Figure C2-1).

Materials and Methods

Animals and cells
Low passage samples of primary fibroblast cells obtained through conventional skin
biopsy of the animals of interest and additional unrelated animals were retrieved from liquid
nitrogen storage(Table C2-1). Thawed cells were cultured at 38.5°C, 100% humidity and 5%
CO2 in Dulbecco’s Modified Eagle’s medium (DMEM) supplemented with 0.5% Pen-Strep,
2mM L-glutamine, and either 20% or 10% Fetal Calf Serum (FCS), for the initial and any
subsequent passages respectively. 20% FCS supplementation was maintained beyond the initial
passage for BO, as it was found to allow better metaphase harvests. SCNT generation of the
BC1, BC2 and BC3 clones from the BO animal was previously accomplished and described399.
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Cytogenetic harvest and slide preparation
Standard cytogenetic harvest was used to prepare all metaphase samples and slides.
Briefly, growing cultures to be harvested were supplemented with 10µL of Colcemid in PBS
(Gibco) per mL of media, and incubated until a sufficient number of dividing cells were
observed by phase contrast microscopy (between 1 to 4 hours). Cells were then trypsinized,
resuspended in a 0.075 M KCl hypotonic solution, incubated for 25 minutes at 37°C, and then
fixed in 3:1 (methanol:glacial acetic acid) fixative. Fixative was replaced at least twice before
samples were stored at -20°C, and at least once immediately before slide making.

Determination of X inactivation status
Reverse band acridine-orange (RBA) staining of passage 5 metaphase preparations was
used as previously described to determine late replicating X chromosomes and X chromosome
inactivation status400. Briefly, cultured cells were synchronized using a thymidine block of
300µg/mL thymidine. After 16 hours, cells were released into fresh medium, and continued in
culture supplemented with 20µg/mL bromodeoxyuridine (BrdU) for 7 hours before harvest.
Slides containing suitable metaphase preparations were stained with 0.1% acridine orange
solution in Phosphate Buffered Saline at pH 7.0 for 10 minutes, rinsed, and then mounted for
microscopic analysis. Data from at least 90 metaphases was collected for each animal with late
replication status determined by comparison of the staining intensity of each X chromosome
relative to the autosomes (Figure C2-1).
H3K9me3 and H3K27me3 histone immunolabeling was used as previously described to
further confirm the X-inactivation patterns observed in the BO, BC1, BC2 and BC3 animals by
RBA banding401. An additional four female clone animals with normal phenotypes and 60,XX
karyotypes were included as controls during this assay and a minimum of 50 metaphases per
animal were scored.
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Telomere PCR
DNA was isolated from cultured BO, BC1, BC2, BC3 and the XX1 cells using the
prepGEM® Tissue kit (ZyGEM). The relative mean telomere length of each sample relative to a
control gene (ZAR1) was determined using a variation of the Cawthon quantitative telomere
PCR assay as previously described and triplicate reactions166,277. Using the BO sample as a
reference, the telomere (T) to single copy gene (S) ratio (T/S) was calculated, with T/S values of
1, <1 and >1 representing mean telomere length equal, lesser and greater than the mean telomere
length of the BO sample respectively.

mqFISH telomere measurement and comparison
mqFISH was accomplished using the Telomere Peptide Nucleic Acid (PNA) FISH
Kit/FITC (Dako). Slides containing suitable metaphase preparations were aged for 1 hour at
90°C before being processed according to manufacturer instructions. High quality FITC
(telomere) and DAPI (chromosome) metaphases images were captured from the final slides
using fluorescence microscopy and a 100X oil immersion objective, and taking care to ensure all
relevant telomere signals were within the useable dynamic range of the camera. DAPI images
and counterstaining were used to identify the 1 and X chromosomes within each metaphase. The
corresponding telomere signals in the FITC image were then analyzed using TFL-Telo version
2.2.07.0418, which determines their fluorescence values based upon the size of each signal and
its brightness above background levels283. Data from between 10 and 44 metaphases was
collected for each animal (Table C2-1).
Statistical analysis was completed using R version 3.0.3 and the Component Distribution
Comparison (CDC) method detailed in Chapter 1397. This approach breaks the complex
information contained in telomere length patterns down into telomere vs. telomere (TVT), pair
vs. pair (PVP) and arm vs. arm (AVA) components to facilitate efficient and informative
comparison. In this study, initial comparisons were made at the component level using BO as a
reference and the outputs were summed to aggregate upwards to animal and then group level
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comparisons. Overall significance at a p=0.05 level was similarly determined by comparison of
the summed critical and test statistics. Without an available bovine centromere reference probe,
the ratio variation of CDC analysis was employed. Additional comparisons specific to the
t(X;23) chromosomes were completed using Kolmogorov–Smirnov (KS) tests.

Results
Following scoring of 1,004 total RBA and immunolabeled metaphases, abnormal Xinactivation was only observed in the three t(X;23) clone animals, but not in the donor animal,
BO, or the four normal 60,XX control clones (Tables C2-2 & C2-3). Between 8.0% and 18.8%
of the cells analyzed in the t(X;23) clones displayed either atypical inactivation of the t(X;23)
chromosome, or inactivation of both X chromosomes. The results of the RBA late replication
and immunolabeling assays were in close agreement, with the BC1 clone displaying a lower
frequency of abnormal X inactivation as compared to the BC2 and BC3 clones.
Triplicate telomere PCR showed the mean telomere lengths of both the adult BO and XX1
animal were comparable, demonstrating the t(X;23) translocation did not significantly alter the
global telomere biology of the BO animal as compared to a normal XX karyotype control. All
three t(X;23) clones were also observed to have significantly increased relative mean telomere
lengths compared to the BO animal (Figure C2-2). This significant increase in telomere length
displayed by the BC1, BC2 and BC3 animals show their successful reprogramming and
elongation of the BO donor genome telomeres following SCNT.
A total of 1,456 chromosome 1 and X telomere length measurements were collected from
182 metaphases. Following the allocation of this data into the CDC components (Figure C2-3A
to D), pairwise comparison using the BO animal as a reference revealed it had a telomere pattern
statistically different from the control cows (Figure C2-3E). Further, the 1 and X chromosome
telomere lengths of the BC1, BC2 and BC3 clone animals were found to closely match those of
the donor BO animal (Figure C2-3E), demonstrating all t(X;23) clones recapitulated the original
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telomere patterning of the donor BO animal following the SCNT procedure. This result was
reconfirmed when the animals were further aggregated into genetically related (BC1, BC2, BC3)
and genetically unrelated (XX1, XX2, XX3) groups (Figure C2-3F).
Additional examination of the 396 X chromosome telomere measurements from the
t(X;23) animals revealed the t(X) chromosome of the BO, BC1 and BC3 animals had
significantly longer telomeres compared to the normal X (Figure C2-4). Furthermore, the
disparity between the normal and t(X) chromosome telomere length increased in the BC1 and
BC3 clones (Figure C2-4). A parallel analysis of the X chromosomes in the control clones was
not possible as both X chromosomes in these animals are identical in appearance.

Discussion
The current study used a t(X;23) carrier animal and three of her clone offspring to
investigate the effects of SCNT reprogramming on X-inactivation status and the telomere length
patterning of the 1 and X chromosome. Mean telomere lengths in the three t(X;23) clones
showed successful reprogramming, and their 1 and X specific chromosome telomere lengths
closely matched the donor BO animal; however, variations in telomere lengths between the
t(X;23) and normal X chromosome, as well as abnormal X-inactivation status were also
observed. To the best of our knowledge, this is the first report describing increased telomere
length on the active X chromosome in a bovine animal, and a general recapitulation of
chromosome specific telomere lengths following SCNT-mediated telomere elongation. These
results underscore the importance of donor and reprogrammed cell screening to confirm
biological status, and the requirement to considering the inactive X chromosome in epigenetic
reprogramming procedures and regenerative medicine.
Previous reports of X-inactivation in bovine, murine and porcine clones have associated
abnormalities in X-inactivation status with failure to develop in utero and aberrant gene-level
expression and regulation of the X chromosomes in placental and animal tissues335,385,392,402,403.
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The current experiments demonstrate the presence of structural X chromosome abnormalities
may further contribute to this trend, particularly in the form of functionally unbalanced and
potentially double chromosome X-inactivation clonal mosaicism in term clones. Differences in
repetitive structural elements between the X and autosome components of the t(X) likely
contribute to the levels of atypical X-inactivation in the affected cells404-406. The use of
trichostatin a, or similar epigenetically active agents may be of use in overcoming the effects of
the t(X) when cloning t(X) carrier animals; however, there is also evidence elements of the
developmental X-inactivation program are resistant to such treatments, so direct experimentation
would be necessary to test this hypothesis330,335,392. Unfortunately, with the loss of the current
t(X;23) clones shortly after birth, it is not possible to determine if their X-inactivation mosaicism
would persist or resolve with age in these animals.
The difference in telomere length observed between the Xa and Xi in the BO animal is
consistent with the previous observation of shortened Xi telomeres in middle age women and
increased divergence in an older age group41. In the current study, the BO animal, which was
sampled at 18 years, would be analogous to human middle age for bovine lifespan, but is young
in absolute comparison to the human study. Further observation of the Xa and Xi in a larger
cohort of animals would be necessary to determine if significant telomere disparity between X
chromosomes occurs during normal aging in the average cow, or if it is a characteristic limited to
specific animals.
Interpretation of differences in telomere length between the Xa and Xi in the t(X;23) clone
animals is confounded slightly by their mosaic X-inactivation status. While the results of the
RBA banding and immunolabeling assays are in close agreement about the levels of Xinactivation mosaicism present in the t(X;23) clones, there seems to be no clear trend across the
animals linking the variations in X-inactivation status to the differences in the Xa and Xi telomere
lengths observed in the t(X;23) clones. Further, the previous report describing a relationship
between X-inactivation and shortened Xi telomere lengths, significant differences between the Xa
and Xi became observable following years of inactivation. Therefore, it is unlikely the telomere
variability observed between the t(X;23) clones arose solely through the same mechanism during
in utero development. The significant increase of the disparity in two of the three clones and our
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current understanding of telomere regulatory biology and reprogramming during early embryo
development raises a more likely possibility: the additional heterochromatic marks on the donor
Xi are repressing its reprogramming relative to the donor Xa during the earliest stages of
development. Specifically, it appears telomere length is reset and potentially lengthened
immediately following fertilization by a recombination based mechanism29,166. Importantly,
neither X chromosome would normally be marked with a full inactive signature at this time and
recombination at the telomeres is known to be repressed by heterochromatic marks. Therefore, it
follows that the strong heterochromatic signature present on the donor Xi could interfere with
these steps and its recombination based reprogramming at these earliest steps. It this context, it
would be interesting to see if the telomere X chromosome patterning of clones would begin to
converge or diverge further with serial cloning or if the divergence can be exacerbated or
ameliorated through additional epigenetic modifications prior to the SCNT process or the use of
somatic donor cells with two Xa chromosomes. In addition to classical heterochromatic features,
telomere repeat containing RNAs (TERRAs) are also known to associate disproportionately with
the Xi chromosome, do not appear to be normally present in the early embryo, and may also play
a role in this effect258. Without further direct experimentation, differences already present in the
original donor cell populations used in each SCNT procedure and stochastic elements during
development also remain a possibility.
While some variation in the X chromosome telomeres was observed between the clone
animals, CDC analysis revealed the general 1 and X chromosome telomere length characteristics
of the original donor cells are also present in the clones. Although not completely understood,
individual differences in telomere length at each chromosome are well documented and appear to
be the combined product of specific genomic and chromosome elements, and the numerous
telomere-influencing factors present in a cell, such as epigenetic markings and gene
expression12,15. As cell type and genome were common, maintenance of donor-clone telomere
patterns in the t(X;23) animals would suggest close replication and re-establishment of the
numerous donor telomere regulatory factors in the clones. This result demonstrates the potential
utility of telomere patterning as a biomarker for telomere influencing factors in reprogrammed
cellular populations.
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The findings of this study underscore the importance of screening donor and
reprogrammed cells, especially in relation to X inactivation and telomere status at a chromosome
specific level. It is clear that asymptomatic and apparently healthy donors can carry chromosome
abnormalities capable of impacting the reprogramming process and the subsequent phenotypes
of the reprogrammed cells and organisms. Further, it appears the presence of an Xi in donor cells
may represent an additional and important challenge during reprogramming both in terms X
inactivation status and telomere length. Importantly, a partial reprogramming and lengthening of
specific telomeres such as those of former Xi may not be apparent in measurements of mean
telomere length or initial proliferative capacity and phenotype of the reprogrammed cells and
organism; however, they hold the potential for premature biological and health effects. The
current study used normal controls and a healthy translocation carrier of moderate age to
investigate these relationships, as well as term clones, which represent an extremely stringent
cutoff for reprogramming quality. In contrast, the use of reprogramming procedures in potential
medical context would commonly involve donors of advanced age and associated
disadvantageous genetic factors, or those already suffering from genetic disorders. Further,
reprogrammed cells harvested from SCNT blastocysts, or generated iPSC procedures are not
intrinsically subject to the same level of rigorous biological scrutiny during production as a term
clone, but are comparatively much more likely to be used in a therapeutic context. Therefore, it
is critical that testing and screening plans are developed to help understand the cutoff between
normal and abnormal variation in reprogrammed cells and are implemented without exception to
ensure patient safety and long-term treatment stability. As X chromosomes and telomeres are
both established markers and central to the reprogramming process and we recommend their
continued study and use in this regard.
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Figure C2-1. Representative late replication RBA metaphases from t(X;autosome) carrier cows
and inset cutouts of the two X chromosomes. The identifiable size disparity between normal and
translocated X can be seen along with the variation in staining intensity between the active (Xa)
and inactive X (Xi) chromosomes (A). Cases of atypical X-inactivation, where both X
chromosomes are late replicating and weakly staining (B) can also be observed.
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Table C2-1. Animal details
ID

Description

Karyotype

Age at
biopsy

qFISH

BO

Balanced X;autosome translocation carrier.
Decreased fertility but otherwise normal
phenotype.

60,X,t(X;23)*

18 years

Passage 5; 21
metaphases

BC1

SCNT clone of t(X;23) original. Born with
abnormal musculature and died within 30
minutes due to respiratory failure.

60,X,t(X;23)*

Birth

Passage 5; 30
metaphases

BC2

SCNT clone of t(X;23) original. Died 3 days
after birth with E. coli infection. Necropsy
also revealed congenital congestive heart
failure and other abnormalities.

60,X,t(X;23)*

3 days

Passage 5; 22
metaphases

BC3

SCNT clone of t(X;23) original. Died
during birth due to respiratory failure
without obvious cause.

60,X,t(X;23)*

Birth

Passage 6; 26
metaphases

XX1, XX2,
XX3

Unrelated normal control animals for
telomere patterning analysis

60,XX

5, 7, 9 years
respectively

Passage 5, 3 and
3; 29, 44 and 10
metaphases
respectively

C1, C2, C3,
C4

Normal control clone animals for
immunolabeled X-inactivation analysis

60,XX

2~4 years†

-

*Detailed cytogenetic characterization of the t(X;23) translocation and confirmation of karyotype
has been previously reported399,407. †Exact age at biopsy is unknown.

Table C2-2. X-inactivation status as determined by RBA banding.
Animal

Late replicating

Total metaphases

Normal X

t(X;23)

Both

BO

94 (100%)

-

-

94

BC1

104 (92.0%)

9 (8.0%)

-

113

BC2

95 (81.2%)

11 (9.4%)

11 (9.4%)

117

BC3

102 (84.3%)

12 (9.9%)

7 (5.8%)

121
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Table C2-3. X-inactivation status as determined by H3K9me3 and H3K27me3 histone
immunolabeling.
Animal

Epigenetically inactivated

Total metaphases

Normal X

t(X;23)

Both

BO

98 (100%)

-

-

98

BC1

67 (89.3%)

7 (9.3%)

1 (1.3%)

75

BC2

71 (84.5%)

11 (13.1%)

2 (2.4%)

84

BC3

77 (83.7%)

10 (10.9%)

5 (5.4%)

92

One X chromosome

Both X chromosomes

C1

54 (100%)

-

54

C2

50 (100%)

-

50

C3

50 (100%)

-

50

C4

56 (100%)

-

56
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2.5

*

T/S Value
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*
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Figure C2-2. Relative mean telomere length of BO, BC1, BC2, BC3 and XX1 as determined by
triplicate quantitative PCR of DNA isolated from fibroblast cell cultures. Values are expressed as
a telomere (T) to single copy gene (ZAR1; S) ratio (T/S), which has been normalized to the BO
sample; T/S values of 1, <1 and >1 represent mean telomere length is equal, lesser or greater
than the mean telomere length of the BO sample respectively. Error bars denote the standard
error of the mean, and *s represent a significant difference (p<0.05) between a sample and the
BO reference as determined by paired T-test.
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(Xt value + Xn value)

value

Figure C2-3. Chromosome 1 and X telomere length values collected by metaphase qFISH in the
t(X;23) and control animals (A). Each telomere is displayed as a dot representing its proportion
of the total value of all measured telomeres in the metaphase, and the black bar denotes the mean
value for each category. During CDC analysis this data is converted into TVT (B), PVP (C), and
AVA (D) component values for t(X;23) clone (light grey) and unrelated control (dark grey)
animals, with larger values representing greater dissimilarity as compared to BO animal. These
initial results can then be aggregated (TVT + PVP + AVA) to give totals for each animal (E) and
the clone and unrelated control groups as a whole (F). The black bars in panels B-F denote the
critical value of statistical difference (p<0.05) from BO.

0.8

*

* **

* **

Chromosome
Xt
Xn

0.6

0.4

0.2

BC

BC

BC

3

2

1

BO

Animal

Figure C2-4. Comparison of the t(X;23) translocated (Xt; dark grey circles) and normal (Xn; light
grey squares) X chromosome telomere length in the t(X;23) animals. To facilitate normalized
comparison, each point represents the total (p-arm + q-arm) telomere values of one X
chromosome as a proportion of both X chromosomes in the metaphase. Horizontal bars identify
the mean of each category. * and ** symbols denote animals with a significant difference
between the Xt and Xn telomere lengths and significant difference from the BO animal
respectively (p<0.05).
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Chapter Three

Recapitulation of donor telomere length patterns in
bovine clone offspring and presumptive induced
pluripotent stem cell populations
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Descriptive overview
Telomere length at each chromosome arm is variable within a population but also
characteristic to specific individuals and animals. The current study investigates if the 1 and sex
chromosome specific telomere length characteristics of bovine donor cells are also present in
epigenetically reprogrammed cell populations following somatic cell nuclear transfer or induced
pluripotent stem cell generation. Telomere measurements were taken using mqFISH for a bovine
cohort of 8 donors, 5 clones, 3 fetal clones, 5 piPSC lines and 3 additional unrelated animals.
Same sex comparisons of the telomere length patterns between reprogrammed cells and all donor
and additional unrelated animals were completed in a pairwise manner using the CDC method,
which takes into account the telomere length at each chromosome arm, as well as potential
relationships between chromosome pairs and arms of the same chromosomes and variations in
the distributions of these values. Pairwise comparisons with shared genomes were found to be
the most similar or second most similar telomere match in 10 out of 13 comparison sets and were
never found to have the most dissimilar telomere profiles. Aggregation of the individual pairwise
CDC results confirmed a significant difference shared genome versus unrelated comparisons at a
group level. The results of this study demonstrate the persistence of chromosome specific
telomere lengths following epigenetic reprogramming procedures and their potential utility in
monitoring and investigating telomere related characteristics in reprogrammed cellular
populations.

Introduction
The ends of mammalian telomeres are capped by (TTAGGG)n telomeric DNA repeats and
associated proteins11. The number of repeats or telomere length at each chromosome is dynamic;
oxidative damage and DNA replication leads to repeat loss and telomerase enzamatic activity or
alternative lengthening of telomere (ALT) leads to repeat gain through de novo synthesis at the
3’ telomere terminus or a recombination based mechanisms respectively22,24,97,101,154. Other
factors such as telomere associated proteins, notably shelterin, or telomere and subtelomere

- 78 -

epigenetic elements and telomere repeat containing RNAs (TERRA) are associated with the
modulation of the telomere length dynamic167,270.
Maximum telomere length in cattle and humans appears to be established through separate
recombination and telomerase mediated steps early embryo and in utero development29,166.
Following birth a steady decline in mean telomere length with age is observed in nearly all tissue
types at rates that are variable among different tissues and cell types14,26,27,51,53,175,190. This
dynamic and the need for a minimum telomere length and associated telomere integrity for
continued cellular proliferation forms the basis of the generally accepted telomere driven cellular
and organismal aging hypothesis11.
The true telomere repeats are preceded proximally by a sub-telomere consisting of
degenerate (TTAGGG)n repeats combined with other elements84. The composition of the subtelomere varies significantly between different chromosomes, and its interaction with epigenetic
elements and regulatory factors is believed to contribute significantly to telomere length
dynamics15,167,408. Further, studies of chromosome specific telomere length have demonstrated
that while there is large variation of telomere length within populations, single individuals and
animals display a chromosome specific telomere length profile, or telomere pattern12-15,53,63,64,408.
SCNT allows for the generation of new animals from single somatic donor cells and
enucleated oocytes17. Importantly, the clone offspring share the genetic makeup of their nuclear
donor. Therefore, although it suffers from poor efficiency compared to other methods of assisted
reproduction, it remains the gold standard for the perpetuation and preservation of high value and
unique animals both in conservation and livestock production programs301,348. During the cloning
procedure itself, the telomeres of the somatic cell, along with its epigenetic status, must be
reprogrammed by factors present in the enuclueated oocyte289. Some results are conflicting,
however, it appears the majority of healthy SCNT generated animals achieve a mean telomere
length comparable to age matched controls18,19,289.
Due to the complexity of SCNT, as well as associated ethical concerns, iPSC generation
has become a more popular method for the generation of pluripotent stem cells from somatic
donor cells354. In this procedure, the artificial overexpression of a small number of
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reprogramming factors drives the epigenetic reprogramming of the cells16. Similar to SCNT, the
overall reprogramming efficiency is low with current strategies; however, unlike SCNT, the
method is easily scaled upwards to overcome this restriction. In humans, generated iPSC cells
have generally been reported to have telomere length and telomerease expression comparable to
embryonic stem cell lines143. Attempts to generate iPSC lines using bovine cells have met some
success, with the creation of a number of presumptive (piPSC) lines (Bressan FF in preparation).
In a previous experiment involving a cow carrying a t(X;23) translocation and three of her
SCNT offspring, results suggested the clone animals recapitulated the 1 and X chromosome
telomere length patterning of the original donor animal (Chapter 2). While mean telomere length
in reprogrammed cellular populations is relatively well studied, chromosome arm specific
telomere length changes in reprogrammed cells represent a novel level of detail. The current
study investigates this potential relationship further in a cohort of normal SCNT cloned cows and
bulls, fetal clones, piPSC lines.

Methods

Animals, reprogramming and sample preparation
Standard biopsy and cell culture techniques were used to obtain early passage (p ≤ 6)
primary fibroblasts from donor (n=8), clone (n=5), fetal clone (n=3) and additional unrelated
(n=3) animals (details given in Table C3-1). Cloning and iPSC generation procedures (piPSC
line n=5) were completed as previously described (references given in Table C3-1). Cultures
were harvested and slides prepared using standard cytogenetic techniques. In brief, harvested
samples were treated with 10µL of Colcemid in PBS (Gibco) per mL of media, and returned to
culture for between 2 to 12 hours, based on what was observed maximize the number of dividing
cells and suitable metaphases for each culture. Fibroblasts and piPSCs were trypsinized,
resuspended in a 0.075 M KCl or 0.056M KCL and 0.024M HEPES (pH 7.4) hypotonic solution

- 80 -

respectively, before incubation for 25 minutes at 37°C, and fixation in 3:1 (methanol:glacial
acetic acid). Fixative was replaced at least twice before storage at -20°C, and at least once
immediately before slide making.

Telomere measurement
Quantitative FISH (qFISH) was carried out using the Telomere Peptide Nucleic Acid
(PNA) FISH Kit/FITC (Dako) according to manufacturer instructions, and as previously
described (Chapter 1 & 2). In brief, FITC (telomere) and DAPI (chromosome) images of suitable
metaphases were captured using fluorescence microscopy, and with care to ensure the relevant
telomere signals were not under or over exposed. Chromosomes of interest were identified using
DAPI counterstaining and their corresponding telomere signals were analyzed using TFL-Telo
version 2.2.07.0418283. Data from between 10 and 65 metaphases per sample was collected for
analysis (Table C3-1).

Analysis
Comparison of chromosome telomere lengths between samples was carried out on the
collected telomere length data (Figure C3-1) using the CDC method (Chapter 1) and R version
3.0.3397. CDC analysis captures information on differences in the telomere lengths of the
different chromosome arms, between chromosome pairs and between the arms of the same
chromosomes in components designated TVT, PVP, and AVA respectively. The value
distributions of the TVT, PVP and AVA components are compared in a pairwise manner
between each sample to give 1º values, with larger 1º values representing a greater degree of
dissimilarity. In the current experiments, 1º values were summed to make aggregate inter-sample
and group comparisons. To account for the different chromosome constitutions of male (XY) and
female (XX) animals, initial pairwise comparisons were first limited to animals of the same sex
and then the relevant 1º values for sex chromosomes were weighted during group aggregations.
Overall significance was determined by aggregating the p = 0.05 critical values along with the
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corresponding 1º values and comparing the totalled sums. The Kolmogorov–Smirnov test was
used to make the pairwise comparisons within the CDC method, and without a commercially
available bovine centromere reference probe, the ratio variation of CDC analysis was used.

Results
6,840 individual 1 and sex chromosome telomere length measurements were made and
compiled from across the 24 individual samples and their combined 855 metaphases (Table C31). CDC analysis of this data revealed the chromosome specific telomere length patterns of clone
animals and reprogrammed piPSCs more closely match those of their original donor cell
populations than unrelated samples. In 7 or 10 of 13 cases the genetic match was either the most
similar or second most similar telomere match respectively (Figure C3-2A & C3-2B). Further, in
none of the 13 comparison groups did the genetic match have the most dissimilar telomere
pattern (Figure C3-2A & C3-2B). Aggregating the values from the initial comparisons into
shared genome and unrelated genome groups, and calculating the average comparison of both
groups also reveals the same relationship between shared and non-shared genome samples
(Figure C3-2C). Within the sample sub-groups recapitulation of telomere length characteristics
appeared to be strongest in the piPSC samples, followed by the clone animals, and lastly the fetal
clones (Figure C3-2C). Interestingly, the two clones that were most significantly dissimilar, C4A
and C4B, were both generated from the same donor. General chromosome and metaphase
normality at the level of gross chromosome morphology and DAPI staining was noted for all
samples.

Discussion
The current study was designed to investigate the relationship between the chromosome
specific telomere lengths of cells before and after a SCNT or iPSC reprogramming procedure.
Reprogrammed cellular populations were found to closely recapitulate the 1 and sex
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chromosomes telomere length characteristics observed in the original donor cells. This result
demonstrates the persistence of chromosome specific telomere length characteristics through
epigenetic reprogramming events, providing insight into telomere biology, and suggesting their
potential utility in monitoring reprogrammed cellular populations.
The length of the telomere at each chromosome arm is likely determined by a combination
of subtelomeric elements, associated epigenetic elements and the proliferative, environmental
and physiological history of the cell being measured11,85,115,167. During normal conception,
genetically distinct pluripotent stem cells and animals are created by the union of two highly
specialized gametes, which themselves arise from privileged and tightly regulated germ cell
compartments292. In contrast, the original nucleus of clones and reprogrammed cells does not
undergo the preparatory steps of the normal gametogenetic process, need not originate from a
lineage or cell type intended for reproduction and is not even required to be non-senescent150.
Further, during a reprogramming procedure, the starting nucleus represents a singular cell out of
a population with stochastic and also potentially functional heterogeneity, which can lead to
founder effect scenarios when later comparing donor and reprogrammed cellular populations.
Between clone samples and iPSCs, there is the obvious difference of cell type, but the
fundamental mechanism of telomere reprogramming also differs between these reprogramming
modalities, as well as the biological hurdle of successful gestation in clones287,296. Specifically,
SCNT embryos must reset their established epigenetic programs and pass critical developmental
milestones under the comparatively strict deadlines and qualifications of normal embryo and in
utero development. They also appear to undergo a unique recombination based resetting of
telomere length during initial embryo development29,166. These innate distinctions and technical
caveats must be considered when interpreting the results of this and similar studies.
In accordance with previous studies, the current results demonstrate genetic components
are an overarching determinant of chromosome specific telomere length7,15. Despite differences
in donor age, reprogrammed cell age, reprogramming modality and cell type, animals and cell
populations that shared a genome were also observed to share chromosome specific telomere
length characteristics. Deviations that were observed in some term clones and fetal clones versus
their donors could reflect either genetic heterogeneity in the original donor cell population,
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differences in the proliferative, environmental and physiological history of the cell populations.
Although there does not appear to be a clear link between deviations in chromosome specific
telomere length and donor or clone age, the current study was not designed to directly investigate
these potential relationships and their prospective impact should be considered in future studies.
One mechanism specific to SCNT clones that may lead to additional variations in telomere
length during subsequent aging is altered cellular metabolism and ROS levels associated with
mitochondrial nuclear incompatibility342,409. Previous reports suggest somatic epigenetic marks
may affect telomere lengths during the initial telomere reprogramming process in the early
embryo and if not removed completely could alter the epigenetic regulation of telomere length in
non-donor cell types (Chapter 2). Therefore, the potential for epigenetic differences and
associated telomere length changes at the chromosomal level should be considered in future
studies even among same cell types.
Interestingly, all piPSC lines in the current study closely matched the original piPSC donor
cell population. The observed similarity may have been strengthened by the young age of the
donor at sampling and correspondingly homogeneous donor cell population. It is also possible
the length of time between the reprogramming event and sampling of the piPSCs was not
sufficient for the epigenetic differences in the reprogrammed cell to bring about changes in the
epigenetic status of subtelomere telomere length regulatory elements or manifest as observable
changes in telomere length characteristics. In contrast to SCNT samples, the piPSCs were
harvested and measured closer to the reprogramming event and after comparatively fewer rounds
of cellular division. Published reports also suggest reprogramming of telomere length during
iPSC generation is also longer and altered process compared to the rapid rebuilding of telomere
length of early embryogenesis369,370.
Beyond demonstrating the recapitulation of telomere length characteristics, the results of
the current study affirm the potential utility of chromosome specific telomere length as a
biomarker to monitor or give feedback on the characteristics of reprogrammed cells and provide
insight into the aspects of the reprogramming processes discussed above.
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Figures and tables
Table C3-1. Summary of animal and cell line characteristics
ID and
reference

Sex

Description and relationship

Age at sampling

Metaphase
count

D1
D2
D3
D4
D5
D6
D7
D8

XX
XX
XY
XY
XX
XX
XX
XY

Adult donor
Adult donor
Adult donor
Adult donor
Adult donor
Adult donor
Adult donor
Fetal donor

12 years
9 years
14 years
13 years
11 years
4 years
7 years
~50 days post-gestation

15
10
36
52
60
65
44
31

C1
C2
C3
C4A
C4B
C5
C6
C7

XX
XX
XY
XY
XY
XX
XX
XX

Clone of D1
Clone of D2
Clone of D3
Clone of D4
Clone of D4
Fetal clone of D5
Fetal clone of D6
Fetal clone of D7

3 years
18 months
Birth
4 months
4 months
60 days post-gestation
60 days post-gestation
60 days post-gestation

15
21
36
26
17
37
52
35

I1
I2
I3
I4
I5

XY
XY
XY
XY
XY

Passage <10
Passage <10
Passage <10
Passage 18
Passage 18

51
18
47
49
41

A1
A2
A3

XX
XY
XY

Presumptive iPSC line created from D8
Presumptive iPSCcells
line created from D8
Presumptive iPSCcells
line created from D8
Presumptive iPSCcells
line created from D8
Presumptive iPSCcells
line created from D8
cells
Unrelated female
Unrelated male
Unrelated male
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29
27
41

Telomere values as a proportion of measured total per metaphase
D1

C1

D2

C2

D3

C3

D5

C5

D6

C6

D7

C7

D4

C4A

C4B

A1

A2

A3

D8

I1

I2

I3

I4

I5

Proportion

0.4
0.3
0.2
0.1
0.0
0.4
0.3
0.2
0.1
0.0
0.4
0.3
0.2
0.1
0.0
0.4
0.3
0.2
0.1
0.0

Yq
Yp

Xq
Xp

1q

1p

Yq
Yp

Xq
Xp

1q

1p

Yq
Yp

Xq
Xp

1q

1p

Yq
Yp

Xq
Xp

1q

1p

Yq
Yp

Xq
Xp

1q

1p

Yq
Yp

Xq
Xp

1q

1p
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Figure C3-1. Telomere length data for all animals and cell lines. Values for the 1 and sex
chromosomes were collected by metaphase qFISH and are presented for each sample as a
proportion of the total of all measured telomeres in each metaphase. Each point represents a
single telomere and black bars denote the mean for each telomere distribution. Although these
graphs present only chromosome specific telomere lengths and do not display a number of the
more complex telomere length characteristics present in the data and considered by CDC
analysis, such as relationships between homologous chromosomes, significant differences are
still immediately discernable between samples. For example, compare the Yp and Yq values for
the C4A and I1 samples and note the obvious difference in their distribution shapes and means.
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Figure C3-2. CDC comparisons of telomere lengths between samples and sample types.
Individual columns represent pairwise same sex comparisons in panels A and B, or comparison
types in panel C. Larger values represent a greater degree of dissimilarity, same genome
comparisons are shown in dark grey and non-shared genome comparisons are shown in light
grey. Where present black bars denote the threshold for significance at the p = 0.05 level. Initial
pairwise comparisons were completed between male (A) and female (B) samples before
aggregation into sample groups (C). The ratio version of CDC analysis with Kolmogorov–
Smirnov tests was employed for comparisons and weighting of sex chromosome values was
completed prior to aggregation.
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General discussion
The purpose of this thesis was to investigate the potential preservation of telomere length
characteristics following epigenetic reprogramming procedures. To accomplish this, an objective
and comprehensive comparison framework was developed and used to analyze differences in 1
and sex chromosome specific telomere lengths between bovine donors, clones, piPSCs and
unrelated animals. X-inactivation status and associated telomere length was also investigated in a
t(X;23) animal and three of her clones. These comparisons revealed significant relationships in
telomere length characteristics between samples with shared genomes as compared to samples
with unrelated genomes. Variation from a complete telomere patterning match in shared genome
comparisons were also noted, as were abnormalities in X-chromosome inactivation in the t(X;23)
clone animals. The inherent differences of the iPSC and SCNT reprogramming process also
appear reflected in the comparisons, with piPSCs in the current experiments displaying closer
matches to their original donor cell than many of the clone animals. Together, these results
suggest the genome plays a leading role in determining chromosome specific telomere length
characteristics, but that other factors, such as epigenetics, cell type, physiology and individual
cell history are also important influences. This information can refine our understanding of
telomere biology and has potential implications for the use of reprogramming procedures and
reprogrammed cells and telomere length as a biomarker and investigative tool. Building on the
ideas presented in each individual chapter, a broader discussion of telomere biology along with
specific aspects of the current studies is given below.

A telomere’s subtelomere
The results of the current study are in agreement with genome’s strong influence on mean
telomere length and even chromosome specific telomere lengths is supported by previous
reports, including a number of twin studies7,15,206. The results of the current experiments provide
additional strong evidence that genetic factors are a major determinant of arm specific telomere
length. This new observation of strong genomic influence considered in conjunction with
previous reports and described telomere regulatory mechanisms, strongly suggests the
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subtelomere represents the genomic element fundamentally responsible for mediating
chromosome specific telomere length, with each subtelomere acting directly on its distal
telomere. Similar to telomere length, the subtelomeres are known to vary greatly by chromosome
arm and between individuals84. Further, subtelomeres also tie directly into known epigenetic and
structural regulatory mechanisms in manner that would translate subtelomeric variations into
differences in telomere length in a chromosome and arm specific manner. For example, both
epigenetic marks and shelterin components, specifically heterochromatin factors and TRF2, have
been shown to interact with the subtelomere and have identified roles in promoting or repressing
telomere length regulation6,35,82. Additionally, TERRA transcription originates within the
subtelomere and while it can also regulate telomere length in a trans manner, TERRA cis effects
are included in current models and would contribute to a subtelomere’s influence on its
telomere68,410. Therefore, at a given telomere, subtelomere variations lead to stable local
increases or decreases in telomere regulatory factors, which translate into corresponding
increases or decreases in telomere length and underlie a fundamental genetic mediation of
telomere length in a chromosome and arm specific manner.

Outside-in telomere length determination
Taking a broader approach and considering chromosome specific telomere lengths and the
current results along with other reported telomere length influences and effects, stratifications
and an ‘outside-in’ model of chromosome arm specific telomere length determination can be
proposed. In this model, the tenets of Simpson’s paradox and ecological fallacy are applied and
telomere length and regulatory interactions are considered stratified at the organismal, organ and
tissue, cellular, sub-nuclear, and subtelomere and telomere levels or hierarchies (Figure GD-1).
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Figure GD-1. A simplified overview of the factors and hierarchies or stratified levels to be
considered in relation to the biology and length of a single given telomere.

At the organism level, there are animal or individual specific genetic, environmental and
physiological factors at play, for example, obesity, hormones, immune system status and
inherited alleles and copy number variations7,46,205.
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At the organ and tissue level, epigenetic factors and cellular transcriptome come into play
and the influence of organism level factors are refined to tissue level effects; cardiac tissue being
different from fibroblasts, being different from haematopoietic stem cells27,175,190.
At the cellular level, cell history and associated stochastic events are added to the mix and
the effects of organism and tissue level influences are further refined. For example, somatic
variations arise and previous proliferative stresses or deletion events may have shortened
telomeres leading to altered epigenetic status and changes in gene expression35,101,115.
At the sub-nuclear level, potential interactions between multiple telomeres and the
presence of distinct sub-nuclear environments become considerations and modify the above
influences. As an extreme example, the pro-heterochromatic, Xist transcript and TERRA rich
sub-nuclear environment of the Xi chromosome gives its telomeres distinct dynamics compared
to other telomeres in the same cell41.
Finally at the subtelomere and telomere level, factors such as telomere length, subtelomere
structure and telomere and subtelomere epigenetic signature and associated proteins, act as a
final refiners and mediators of upper level influences and ultimately dictate the regulation and
length of each specific telomere relative to another telomere within an identical organism to subnuclear context. For example, for a given telomere, consider two different subtelomeres, one
containing additional telomere repeats and one containing only degenerate repeats. The
additional true telomere repeats of the one subtelomere can allow for the recruitment of telomere
interacting proteins such as TRF1 and TRF2 and the altered regulation of telomere length
compared to the other subtelomere.

Inside-out telomere length influence
When considering the effects and influence of telomere lengths, the opposite perspective is
taken and an ‘inside-out’ model with the same the stratified layers can be proposed. In this
model, changes in telomere lengths and their potential effects are considered first at a lower
levels and build up through each stratification to influence potential outcomes at upper levels.
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Critically, this mean a true telomere effect at an upper level must be observed to be built on
stable or irreversible telomere driven effects and outcomes at lower levels. For example, a
telomere tissue level effect requires distinct telomere effects and outcomes to occur first at the
cellular level and below. Many of the telomere effects, particularly at the lower levels, represent
telomere length feedback mechanisms and regulatory loops, leading to a cycle between the
outside-in and inside-out models, where a change in telomere length effects a change in telomere
length regulation and a push back to homeostasis. This highlights the ability of telomeres and the
characteristic of stratified layers to compensate for and adjust to telomere length dynamics and
effects at lower stratifications and minimize more serious outcomes at upper levels.
Starting at each individual telomere, changes in length lead to alterations in telomere
structure and the factors present at the subtelomere and telomere level, such as telomere and
subtelomere protein associations and epigenetic status88.
At the sub-nuclear level, possible co-localization and therefore interaction of multiple
telomeres and nuclear heterogeneity may moderate the effects of individual telomere lengths. As
a result, a given telomere’s length influence at this level must be considered within a context of
distinct sub-nuclear environments involving single telomeres on their own, or multiple telomeres
interacting in potentially additive or subtractive manners. For example, a single short telomere
alone would effect a degree of de-methylation in its subtelomere, however, a similarly short
telomere co-localized and sharing a nuclear sub-environment with a long telomere may not as
effectively influence and bring about the same degree of de-methylation of its subtelomere.
Nuclear heterogeneity may also be considered as a modifier of sub-nuclear environments and
therefore telomere length effects at this level. For example, a single telomere already associated
with a pro-heterochromatic nuclear environment irrespective of telomere length, such as the parm telomere of an acrocentric chromosome or the telomeres of the Xi, may not be as successful
in effecting the de-methylation of its subtelomere as it shortens. Beyond epigenetics, telomeres
contribute to recruit or inhibit a number of other factors. This can lead to locally down-regulated
DNA damage response and other effects115.
At the cellular level, telomere changes that build up through the telomere and sub-nuclear
moderation and stratifications can lead to changes in gene expression and cellular behaviour. The
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most extreme example would be the critically short telomere, which has lost telomere structure,
can no longer be moderated by its surrounding nuclear sub-environment and therefore signals for
apoptosis or senescence to occur through the p53 pathway115. Less extremely, shortened but noncritical telomeres can be tied to changes in gene expression, or the increased recruitment of
specific factors such as telomerase35.
Once telomere length changes and effects have an impact at the cellular level, organ and
tissue level effects can be considered. Classically, significant levels of telomere mediated
senescence and apoptosis would be expected to impact organs and tissues through a decrease in
cellular turnover and therefore functional and repair capacity11. Telomere driven instability and
loss of proliferative control at the cellular level through the acquisition of an ALT phenotype
could also lead to unchecked growth, progressing to loss of organization, structure and function
at the tissue and organ level. More subtly, the gene expression changes associated with shortened
but non-critical telomeres may lead to cellular behavioural changes that have a more minor, but
still measurable effect on tissues and organs35.
The organism level, tissue and organ level telomere effects can lead to changes in animal
or individual ability. For example, shortened telomeres can specifically compromise reproductive
potential or the ability to fight infection and can more generally be associated with an aged
phenotype11. The organism level represents the top stratification in the inside-out model and
therefore cumulative and specific telomere effects at the organism level are not considered in the
context of a higher level but on the existence of the organism itself. Importantly, not all telomere
driven tissue and organ effects are incompatible with the continued life of the organism and
others can still be compensated for by other organism systems, outside interventions or changes
in organism behaviour. For example, tumours can be removed, organs can be replaced with
transplants and organisms can adapt behaviourally and strategically to an aged phenotype.
However, the ability to compensate is also finite and telomere driven mortality at the organism
level must be considered with an increasing load of tissue and organ level telomere effects.
Ultimately, what defines a manageable versus critical load of telomere length effects at the
organism level depends of the needs of the organism to continue life and the non-telomere
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challenges it is also facing. For example, telomere driven decline in immune or cardiac function
may be critical in an infection or fight or flight context respectively, but not vice versa.

Biomarker ins and outs
The outside-in and inside-out models can be used to help interpret and potentially improve
telomere biomarker studies. Specifically, they suggest cellular and tissue and organ specific
effects are underestimated or confounding factors in current studies and also demonstrate the
challenge of linking single sample telomere lengths to complex outcomes such as morbidity. For
example, measurement of mean peripheral blood lymphocyte telomere length may capture the
broad effects of organism level influences on telomere length, but also adds tissue and cell level
variation specific to the sampled cells to the measurement, which would confound or potentially
invalidate its correlation to other tissues and cell types. The use of mean telomere lengths from
combined cells also ignores potentially fundamental cell and telomere level biology. Looking
back upwards to an organism level outcome such as morbidity, the complexity and interactions
of cell, tissue and organism stratifications and relationships are obstacles or represent a bias
towards demonstrating a correlation between the sampled cells and outcome. As the outside-in
and inside-out models demonstrate the difficulty of linking the measurement of mean peripheral
blood lymphocyte telomere length to morbidity, they can also be used to suggest potential
improved strategies. For example, morbidity is organism level outcome, involving potentially
different tissues and organs in isolation or combination. Therefore, measuring telomere length in
a sample of tissues rather than just a single cell type would increase the potential to uncover and
identify a significant relationship between telomere length and this outcome.
The current experiments focused on telomere length relationships with epigenetic factors
within the outside-in and inside-out models these factors are very close to each other and are
directly interlinked, which likely contributed to the ability to see significant relationships.
Among clones, telomere measurements were made from the same cell type in both donor and
clone cells, which would have likely minimized the effects or observations related to telomere
differences between tissues and cell types. The outside-in and inside-out models also suggest
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each telomere can experience different telomere epigenetic effects. Therefore, the measurement
of multiple telomeres and their comparison at the individual telomere level significantly
increased the power of the study compared to one involving single telomere measurements or
simplified mean telomere length comparisons. Importantly, larger experiments using mqFISH
combined with CDC analysis can allow investigation of the above interactions and frameworks
to be at each level.

Stubborn epigenetics and telomere alterations
Despite an apparent reset of telomere length in early embryogenesis, increased male
gamete telomere length, tied to paternal age, appears to lead to increases in offspring telomere
length29,166,184. During SCNT, donor cell type has also been shown to influence the mean
telomere length of the clone offspring61,361. Together these reports and the current results suggest
stubborn epigenetic factors regulating telomeres length that resist reprogramming during
development are likely responsible for telomere length carry over during embryo and in utero
development. The altered epigenetic regulation of telomeres by stubborn epigenetic elements
following reprogramming could have significant implications for the stability of the
reprogrammed cells.
To return to the example of the Xi chromosome, shortened in aged donors, failure to
reprogram its telomeres and remove any stubborn epigenetic elements related to its downregulation could result in the continued accelerated shortening of the affected telomeres and
premature telomere failures in the cells of the new clone. To this point, in the current study the
Xi of the t(X;23) animal was significantly shorter than the Xa in donor cells and this discrepancy
was found to have been significantly increased following SCNT reprogramming in 2 of her 3
clones. Importantly, as carry-over dynamics may only involve a subset of chromosomes, and
could involve lengthening as well as shortening, this type of effect may have gone unnoticed in
previous reports relying on mean or combined telomere length comparisons between clones and
normal animals. In the current studies, telomere measurements were made from the same cell
type in both donor and clone cells, which likely minimized discordant epigenetic signatures and

- 98 -

the majority of these effects. As the telomere interactome is more completely described, the
alteration of reprgrammed telomere lengths by stubborn epigenetic on the elements and potential
downstream effects of the telomere interactome should also be investigated35.

Somatic variation and the telomeres
During SCNT reprogramming single cells are selected, generally from cultures of biopsied
cells, and become the nuclear donors of new animals or embryonic stem cell lines. The aim of
reproductive cloning is often the preservation of older animals who have established their
breeding or genetic value. Similarly, therapeutic cloning to generate embryonic stem cell lines
for therapies and regenerative medicine would presumably involve older donors as well. As
such, somatic mutation load and heterogeneity are an important consideration and realistic
obstacle during epigenetic programming and the future uses of reprogrammed cells. Although
increases in telomere variability with age have not been conclusively demonstrated, it is
presumable the subtelomere and telomere regulatory elements are susceptible to mutation and a
similar associated age-related heterogeneity. The exome and much of the rest of the genome is
well covered by arrays and next generation molecular diagnostics, which facilitates their
monitoring, however, the telomeres and subtelomeres are not. Further, the complex regulation of
telomere length would confound their monitoring through indirect or prospective means
regardless of their coverage in arrays or sequencing platforms. In summary, the critical role of
telomeres in preserving genome integrity and limiting proliferation, combined with the increased
mutation load of the reprogrammed cells, makes a strong case for their monitoring following
reprogramming procedures. As they are unsuitably covered by techniques used to check for other
somatic mutations, and may also be altered through stubborn epigenetics as described above, the
direct monitoring of telomere length at the individual chromosome level, such as by CDC
comparison and mqFISH, is advisable.
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Inter-clone variation through donor oocytes
In addition to the somatic donor variation and the potential oocyte donor mitochondrial
effect mentioned briefly in Chapter 3, donor oocyte heterogeneity likely also plays a role in the
telomere and epigenetic dynamics of SCNT clones. Although poorly studied within the SCNT
field itself, donor nuclei variation in relation epigenetic and developmental competence is noted,
particularly in relation to age411,412.
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Conclusion
It is clear the telomeres and X-inactivation represent both reprogramming challenges and
important keys to the long-term cellular and genomic stability of clones and iPSCs. Therefore,
they must be monitored to ensure reprogramming outcomes. In particular, the current work
demonstrates the importance and utility of measuring and considering telomere lengths at
chromosome arm level and of the CDC method in making more comprehensive sample
comparisons. Chromosome arm specific telomere length holds significant promise to give further
insight and act as useful biomarker in epigenetically reprogrammed cellular populations and
other areas of telomere biology. Continued investigation to tie abnormal and normal phenotypes
to distinct dynamics and alterations would be especially useful in this regard. Consideration of
telomere length measurements and effects within the ‘outside-in’ and ‘inside-out’ telomere
frameworks will further facilitate this future work.
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