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Abstract

Aging is associated with an elevated cancer risk due to the cumulative genetic
mutations, cellular damage, and loss of immune cell function. Telomeres, the protective
caps at the ends of linear chromosomes, naturally shorten with age, making them a key
biomarker of the aging process. Higher levels of physical activity and exercise compared
to a sedentary lifestyle are consistently linked to enhanced telomere maintenance in
immune cells. Longer telomeres in immune cells may lead to greater anti-tumor
immunosurveillance which may underpin the reduced risk of cancers observed in more
active individuals. Telomeres are maintained by telomerase, the enzyme that can
synthesize telomere repeats. Telomerase is predominantly repressed in somatic cells and
is re-activated by cancer cells to ensure their immortality. Conversely, overexpression of
telomerase extends lifespan of animals and exercise is associated with higher levels of
telomerase activity in immune cells and other tissues. Telomerase activity is regulated by
the mRNA and protein expression of TERT, which is the rate-limiting component of
telomerase. A key mechanism of TERT mRNA and protein expression regulation is
alternative RNA splicing (AS). However, we do not currently know the transfactors that
dictate splicing choice, the impact of exercise on thymus TERT AS, the full catalogue of
TERT AS isoforms, or the function of most TERT AS isoforms. Understanding the
regulation of TERT and telomerase has implications for both aging and cancer therapies,

as upregulation of telomerase activity can slow down telomere shortening, potentially

XViii



mitigating the aging process, while inhibiting telomerase can offer a strategy to impede
cancer growth. Thus, the major objectives of my dissertation were to elucidate new
transfactors important to cancer cell TERT AS regulation, examine how exercise impacts
TERT AS regulation in the thymus, and determine the catalogue of TERT AS isoforms
and their functions. The central premise was that TERT AS exhibits distinct regulation
depending on the physiological context, and a more complete understanding of
telomerase regulation will result in novel therapies for cancer and aging. We tested this
central premise in four separate but related projects as part of my dissertation work. In
the first study, we found that a splicing factor, SF3B4, regulated TERT AS in lung cancer
cells, and when SF3B4 was reduced, it inhibited telomerase activity and cancer cell
growth, indicating a potential novel cancer therapeutic target. In the second study, we
identified lung cancer-specific TERT AS regulatory factors (U2AF2 and SRSF2). In the
third study, we observed that aging reduced thymus TERT expression and three weeks
of voluntary wheel running impacted the AS of TERT in transgenic mice expressing
human TERT. In the fourth study, we discovered a novel TERT isoform, Delta 2-4, and
determined that it does not function in telomere biology but rather protects lung cancer
cells from apoptosis. Collectively, these studies advance our understanding of telomerase
regulation, thereby offering potential implications for cancer and aging therapies, and also
establishes a fundamental basis for future studies, ultimately leading towards a more

complete understanding of telomerase regulation.
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Chapter 1 — Introduction

Primary aging is the inevitable decline in physiological resiliency that results in
increased risk of diseases, morbidity, and mortality. Over the past few years, the driving
pathways of primary aging have been identified, called the hallmarks of aging [1]. Experts
have identified 12 hallmarks in three categories: 1) primary (genomic instability, telomere
attrition, epigenetic alternations, loss of proteostasis, disabled macroautophagy); 2)
antagonistic (deregulated nutrient-sensing, mitochondrial dysfunction, cellular
senescence); and 3) integrative (stem cell exhaustion, altered intercellular
communication, chronic inflammation, dysbiosis). Secondary aging is the acceleration of
aging caused by diseases and environmental factors (including lifestyle factors of physical
activity and diet). Many of the primary aging factors listed above are impacted by
sedentary living and poor lifestyle habits resulting in accelerated aging phenotypes.
Conversely, exercise has been shown to directly impact several of the primary aging
pathways including telomere attrition, genomic stability, mitochondria, and cellular
senescence, resulting in reduced disease risk and enhanced healthy life expectancy but
not maximal lifespan. Further, these primary aging pathways are also linked to an
increased risk of cancer development as advanced age is the greatest risk factor for
cancer development. Interestingly, there is substantial overlap between the hallmarks of
aging and the hallmarks of cancer [2]. Particularly important to this thesis is the overlap

of telomere biology, mitochondria, cellular senescence, and genomic stability. The Ludlow



laboratory currently focuses on lung cancer for the following reasons: 1) it is highly age
related [3-5]; 2) telomere biology has been indicated in the diagnosis, prognosis, and
development of lung cancer [6-8]; and 3) we have made substantial progress in
understanding telomere biology in lung cancer cell lines.

Lung cancer is a leading cause of cancer-related deaths accounting for more than
1.8 million deaths per year, with poor survival rates, and limited treatment options
necessitating the development of new treatments [9]. Cancer cells are immortalized cells
that must achieve telomere maintenance to proliferate unlimitedly [10]. Telomeres are
regions of repeated DNA sequences at the end of linear chromosomes [11]. Since DNA
polymerase cannot fully replicate the lagging strand of DNA, telomere length shortens 50-
150 base pairs with each cell division [12]. When telomere length becomes critically short
(less than 5 kilobases), at the critical telomere length shelterin proteins can no longer
prevent telomere ends from being recognized as DNA double-strand breaks, a DNA
damage response will be induced, finally resulting in cessation of cell division [10]. Thus,
a telomere maintenance mechanism is necessity for unlimited cell division. To achieve
this, more than 85% of cancer cells rely on reactivation of telomerase, which can maintain
or elongate telomere length by de novo telomere synthesis [13]. Due to the reliance on
telomerase in majority of cancer cells, telomerase inhibition has emerged as a potential
cancer therapy, as inhibiting telomerase can induce cancer cell death [14]. However,
current direct telomerase inhibitors have been proven toxic and ineffective, highlighting
the need for alternative approaches. In addition to cancer, telomerase regulation takes
critical roles in aging, which is a different side of emerging problems in our current society.

In fact, aging is the number one risk factor for many chronic diseases and cancer [15].



The ability to repair damaged cells and control cell division is reduced during aging
underlying many age-related diseases [16]. An important aspect controlling the
regenerative capacity of cells is telomere length and telomerase enzyme activity.
Telomerase is active during fetal development, suppressed in most somatic tissues, and
reactivated in the majority of cancers [10]. Regarding physiological stress in telomere
biology, aging is a recognized main contributor to decreased production of naive T cells
and thymic involution [17], leading to compromised immunosurveillance against tumors
[18]. Interestingly, exercise has been linked to the upregulation of telomerase activity in
immune cells (e.g., PBMC), and individuals who maintain an active lifestyle have been
found to exhibit longer telomeres [19] and have reduced risk of development of certain
cancers [20-22]. Further, thymic output (greater numbers of mature T cells) is greater in
master’s athletes compared to healthy age-matched controls [23]. Exercise is clearly a
potent stimulus to the immune system that may combat aspects of the aging process,
however, the underlying mechanisms governing telomerase regulation in the immune
system during aging and with or without exercise remain elusive. The regulation of
telomerase with aging is critical because activation of telomerase in a physiological
context (i.e., in response to regenerative stress and to repair damage following injury or
intense/damaging exercise) is critical to maintain tissue homeostasis but telomerase must
also be suppressed to prevent cancerous growth [24]. Thus, complete understanding of
telomerase regulation is required to develop novel therapies for cancer or aging. When it
comes to telomerase regulation, the long-held paradigm in the field was that
transcriptional regulation of the telomerase reverse transcriptase gene (TERT) controlled

telomerase activity in most cell types. However, recent evidence indicates that post-



transcriptional mechanisms such as alternative splicing are equally important to the
repression or activation of telomerase coding TERT mRNAs [25]. Data from our laboratory
indicate that alternative splicing (AS) regulation of human TERT (hTERT) can be
manipulated to shift splicing from active to inactive telomerase coding TERT, so that
telomerase activity can be inhibited [26, 27]. However, the effect of such manipulations
on telomerase expressing non-cancerous cells, such as stem cells, hasn’t been tested.
In addition, focus of the studies was limited on expression of few major TERT isoforms,
although many TERT isoforms have been discovered. In fact, the alternative splicing of
hTERT results in 21 known mRNA variants [28], most of which do not have known
functions, nor do we understand how their expression and alternative splicing are
regulated. The methods and cell types utilized to date to determine the identity and
function mRNA variants of hTERT have mainly been from cancer cells leaving the
possibility for cell-type specific isoforms that have not yet been identified. Regarding
telomerase regulation in a physiological context, we recently demonstrated increased
hTERT expression and altered alternative splicing of exons 7-8 in response to a bout of
treadmill running in mouse skeletal muscle and cardiac muscle (left ventricle) [29].
However, the hTERT expression in other tissues, such as thymus or the impact of aging
on hTERT expression are currently unknown. To begin to answer these questions we
propose four aims to make significant advances in understanding alternative splicing
regulation of hTERT in different contexts, cancer and aging, with therapeutic implications.
Aim 1. To inhibit telomerase by targeting TERT AS in lung cancer cells. We
hypothesized that telomerase could be inhibited by manipulation of TERT alternative

splicing. Our approach was to analyze public cancer databases and our loss of function



screen to identify a candidate splicing factor. We identified SF3B4, a splicing factor with
high expression in cancer and was related to TERT AS. To test our hypothesis that SF3B4
was mechanistically related to TERT AS in lung cancer, we performed loss of function
studies and measured TERT AS, telomerase activity, telomere length, and clonogenicity
in non-small cell lung cancer cells. Interaction between SF3B4 and TERT sequences was
determined by RNA-protein pull down analysis.

*This research has been published in the journal Molecular Cancer Research, with
Jeongjin Kim as a co-first author [30]. Jeongjin Kim carried out Terminal Restriction
Fragment (TRF) analysis of Calu-6 DR8 deletion mutants, generation of an R script to
process The Cancer Genome Atlas (TCGA) data, Immunoblot to compare primary human
bronchial epithelial cell (HBEC) versus non-small cell lung cancer cells, SF3B4
knockdown with siRNA and rescue with siRNA resistant SF3B4 overexpression, siRNA
titration experiment, ddPCR measurement of TERT mRNA variants to determine splicing
ratio, ddTRAP to measure telomerase activity, clonogenic assay, measurement of
telomere biology (telomerase activity, alternative splicing of TERT, growth rate, and
telomere length changes) in shRNA treated Calu-6 cells, RNA pull down assay,
measurement of cancer associated splicing events in Calu-6 following knockdown of
SF3B4, and viability assays with siRNA/shRNA knockdown of SF3B4 and rescue
condition.

Aim 2. To define cancer cell specific TERT AS regulation. We hypothesize that cancer
cell specific telomerase inhibition can be achieved by defining the differences in TERT AS
regulation between cancer cells and normal telomerase expressing cells. TERT AS

regulators will be determined in induced pluripotent stem cells (iPSCs), neural progenitor



cells (NPCs), and cancer cells (Calu-6 cells). Cell type specific TERT AS regulator
candidates will be tested with siRNA knockdown.

*This research has been published in PLoS ONE with Jeongjin Kim as a co- first author
[31]. Jeongjin Kim carried out most of experiments and analyses except iPSC
differentiation into NPC, measurements of TERT mRNA variants, telomerase activity, and
telomere length in iPSC differentiation, and measurements of TERT mRNA variants and
telomerase activity in Calu-6 cells from different cell densities.

Aim 3. To determine the impact of exercise and aging on the expression profile of
hTERT mRNA variants. We hypothesize that expression of hTERT and ratio of FL
hTERT to minus beta hTERT in thymus would decrease with aging and exercise would
counteract the age-driven decrease. Our approach was to measure the expression level
and splicing ratio of A TERT mRNA variants by exons 7-8 inclusion and exclusion assays.
We collected thymus tissues from transgenic mice expressing hTERT of different ages
(young, 6 months; middle-aged, 12 months; old, 18-22 months) with or without access to
a running wheel (i.e., exercise compared to sedentary). Next, we tested our hypothesis
by collecting thymus tissues from middle-aged (16 months) transgenic mice at Pre-,
Immediately post-, or 1-hour post treadmill exercise. We measured the expression level
of the hTERT mRNA variants in thymus tissue.

Aim 4. To discover novel TERT isoforms and functions. We hypothesized that novel
TERT isoforms existed beyond the 21 previously observed isoforms, and that the novel
isoforms will have distinct functions from the full-length TERT protein. We compared
TERT full-length mRNA variant expression of induced pluripotent stem cells (iPSCs) to

lung cancer cells and identified a novel potential protein coding TERT mRNA variant,



Delta 2-4 (skips exons 2-4). We validated the mRNA expression of the TERT mRNA
variant in a panel of human cell lines and human tissues with RT-PCR in human cell lines.
We determined the role of the novel TERT isoforms in telomere biology by gain and loss
of function studies.

The primary objective of my dissertation was to attain a more comprehensive
understanding of telomerase regulation through the four distinct studies, each offering a
unique perspective (Figure 1.1). Completing this is critically important because cancer is
a leading cause of death in our aging society that urgently needs novel therapeutic

approaches for cancer while preserving physical function and quality of life with aging.
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Chapter 2 — Literature Review

2.1. Telomeres

Seminal ideas by Thomas Hunt Morgan, who hypothesized that genes were
arranged on a chromosome like beads on a string, implying a beginning and an end
[32]. Then, Hermann Muller (based on findings of Barbara McClintock [33]) observed
that x-ray induced DNA breaks behaved differently compared to the ‘free’ or natural
ends of linear chromosomes [34]. This led to the naming of the ends of linear
chromosomes as ‘telomeres’ from the Greek words for ‘end’ (telos) and ‘part’ (meros)

(reviewed by Shay and Wright 2019) [35].

2.1.1. Telomere structure and functions

Telomeres represent a unique challenge for cells in that they could be recognized
as double stranded DNA breaks and thus trigger a DNA damage response which would
halt cell growth and division. Cells have solved this “end protection problem” by utilizing
a repeat sequence (5-TTAGGG»-3’) that is bound by a specialized protein complex
called shelterin that binds to and protects the chromosome end thereby preventing
spurious recognition of the ends as broken DNA (Figure 2.1). As a result, telomeres and
shelterin protect genome from nucleolytic degradation, unnecessary recombination,

repair and interchromosomal fusion [36]. As shown in Figure 2.1, shelterin complex



TTAGGG repeats Shelterin NNSN
(~2-15kb) '

Open telomere G-overhang
(~50-300 nucleotides)

Figure 2.1. Telomere structure and shelterin complex (adapted from Lim and Cech, 2021).
Telomeric DNA consists of both double-stranded DNA and single-stranded DNA (G-overhang). 5’-
TTAGGG is the DNA telomere repeat sequence in cells of vertebrates including humans and mice.
Due to having both double and single stranded DNA, strand invasion occurs to form a displacement
loop (D-loop) and a telomere loop (T-loop). Shelterin complex comprises six proteins (RAP1, TRF2,

TRF2, TIN2, TPP1 and POT1) that binds and protects telomeres at the ends of chromosomes.

comprises six proteins: RAP1, telomeric repeat-binding factor 1 (TRF1), TRF2, TERF1-
interacting nuclear factor 2 (TIN2), protection of telomeres protein 1 (POT1) and ACD
Shelterin Complex Subunit And Telomerase Recruitment Factor (ACD also commonly
referred to as TPP1) [37]. In addition to end-protection function by binding telomere,
shelterin also provides a sensing mechanism of telomere length. TRF1 and TRF2 are
homodimers binding telomeric double strand DNA, while the POT1-TPP1 heterodimer

9



binds and caps the telomeric 3’ tail. TIN2 connects TRF1 and TRF2 dimers with POT1-
TPP1 to form the shelterin complex. RAP1 is an accessory subunit of TRF2 contributing
to telomere protection [37]. Telomeres perform a second critical function and in doing so
solve a second critical problem, which is called the “end replication problem”. Olovnikov
[38] and Watson [39] first pointed out the implications of this “end replication

problem”. Lacking a means to replicate chromosome ends, chromosomes would
shorten with each cell doubling, eventually reaching a critical point leading to cell
senescence or death. Preparing for cell division, chromosomes are replicated but the
ends of linear chromosome cannot be replicated completely during lagging strand DNA
synthesis. This is due to the placement of the final Okazaki fragment which leads to the
loss of a small piece of DNA with each cell division [40]. If coding information was found
near the near the ends of chromosomes, cell division would result in the loss of
important genetic information. Since telomeres are non-coding DNA, losing a small
piece of telomeres is not immediately consequential to the function of a cell. Therefore,
telomeres solve the end replication problem and protect the genetic/DNA coding
information in cells from loss during DNA replication and cell division. A final important
function of telomeres is in the regulation of gene expression. In human cells telomeres
help form the 3-dimensional architecture of DNA in the nuclei. Telomeres form
intrachromosomal looping structures that contact distal enhancers and repressors of
gene expression up to 10 megabases away from the telomere [41]. Therefore, telomere
shortening or changes in telomere length can have profound effects on gene expression

regulation and thus the physiology and phenotypes of cells by impacting gene

10



expression. This has been called telomere position effects over long distances or TPE-

OLD [41].

2.1.2. Telomere shortening in cell replication — The Hayflick limit

In a replicating cell, chromosomes need to be replicated and segregated into two
daughter cells. When chromosome replication occurs, telomeres shorten by 50-200
bases due to incomplete synthesis of lagging strand [42]. As a result, telomere length
has been considered to be a ‘molecular clock’ for cells that are actively replicating such
as skin cells and cells found within gastrointestinal tract and bone marrow. When a
single or small group of telomeres in a cell reach a ‘critically shortened length’, the T-
loop structure is disrupted, and the short telomeres become dysfunctional/exposed to
cellular mechanisms of damage detection and repair. This induces a DNA damage
response that triggers replicative senescence. In fact, replicative senescent cells can be
experimentally determined by observing co-localization of DNA damage response
proteins (53BP1, gammaH2AX, Rad17, ATM, and Mre11) with telomeres which is called
telomere-associated DNA damage response foci (TAFs) or telomere-induced DNA
damage foci (TIFs) [43, 44]. Replicative senescence is defined as an irreversible cellular
state where cells can no longer replicate but cells are metabolically active and continue
to secrete factors that contribute to aging that is called the senescence-associated
secretory phenotype (SASP) [45]. When telomeres are functional on the other hand,
they form a lariat-like structure called a T-loop by 3’ single strand DNA being attached to
the part of opened telomeric double strand DNA forming D-loop [46] (Figure 2.1).

Telomere repeat binding factor 2 (TERF2/TRF2; Figure 2.1) is critical in the formation of
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the T-loop structure, and when telomeres lack TRF2 chromosome end-to-end fusions
occur and cause replicative senescence. As telomeres become dysfunctional, the
replicative capacity of the cells in a tissue becomes compromised. This phase of
senescence is called the senescence stage 1 (M1) and signals the end of a cells
replicative capacity also termed the “Hayflick limit”. However, cells can escape
senescence (M1) by inactivation of pRB/p16 or p53 [10, 47]. For example, SV40 large
T-antigen can inactivate p53 and pRB leading to abrogation of apoptotic mechanisms,
resulting in escape of M1 stage and continued proliferation of cells with short and
potentially dysfunctional telomeres [48]. As cells replicate past M1 telomeres continue to
shorten. Eventually telomeres are completely eroded, and cells enter a second
senescence stage called “crisis” or senescence state 2 (M2). During crisis, cells have
very short telomeres, their chromosome ends fuse, and they exhibit genomic instability
(breakage-fusion-breakage cycles during cell replication of fused telomeres), whereby
cells undergo cell death by apoptosis [47, 49]. However, rare clones can escape crisis
and achieve immortalization with very low frequency of 3 x 10" only when the clones
can maintain their telomeres either by activation of telomerase or alternative

lengthening of telomere (ALT) [50]. This senescence process is shown in Figure 2.2.

2.1.3. Telomere maintanance mechanisms — telomerase and ALT

Telomerase is a ribonucleoprotein enzyme that can de novo synthesize 5'-
TTAGGG repeats using a reverse transcriptase enzyme activity in S phase to maintain
or elongate telomeres. Telomerase is preferentially recruited to the shortest telomeres,

as telomere length does not shorten equally across all chromosome ends but follows a
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Gaussian distribution. Telomerase consists of an RNA template component (telomerase
RNA, TERC) and a catalytic subunit telomerase reverse transcriptase (TERT) along
with several accessory proteins including the RNA binding Dyskerin complex that are
critical for its enzymatic activity [51] (Figure 2.3). Telomerase is not active in all cells at
all times and its activity is tightly regulated and depends on many factors such as
developmental stage and cell type. For example, during fetal development active
telomerase maintains telomere length while telomerase activity is silenced in most
somatic tissues. In certain types of cells such as germline cells, telomeres are
maintained unless dysregulated by genetic mutation. However, regardless of the
telomerase activity, telomere length still decreases over time in replicating cells such as
adult stem cells as shown in Figure 2.2. In addition to the telomerase mediated telomere
elongation, certain types of cells can maintain telomere length by ALT. ALT is a
telomerase independent telomere maintenance mechanism that utilizes a homologous
recombination (HR)-mediated process to maintain/elongate telomeres. Typically, cells
relying on ALT possess longer average telomere length that is also very heterogeneous

compared to cells relying on telomerase to maintain telomeres.
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Figure 2.2. Two-step hypothesis of cellular senescence and immortalization (adapted from Cong et
al., 2002).

While Germ line cells can maintain the telomere length (Y axis), telomeres of other cells shorten as cells
divide (X axis). Stem cells expressing active telomerase have slower telomere attrition rate compare to
other cells without telomerase activity. When human telomerase reverse transcriptase (hTERT) is
transduced in the telomerase negative cells, telomerase activity is elevated and telomere length can be
elongated and maintained. Cells with critically short telomeres enters first senescence stage (M1) and
abrogation of p53 can bypass this stage eventually leading to second crisis stage (M2). Rare cells can
escape crisis and achieve immortalization only when the clones can maintain their telomeres either by

activation of telomerase or alternative lengthening of telomere (ALT).

14



Telomerase
|

MHP2
TERT / MOP10
3 (@ GAR)

5|

v LALLRLRLLLLLLLL 5 TTAGGGTTAGGG
3 AAUCCC DKCY

AATCCCAATCCC

RNA matching motif L |

5
Figure 2.3. Telomerase consisting of TERT, TERC and Dyskerin complex (adapted from Muoio
et al., 2022).

Telomerase is a ribonucleoprotein complex that consists of telomerase reverse transcriptase
(TERT), telomerase RNA component (TERC, also called TR) and Dyskerin complex (DKC1, GAR,

NOP10 and NHP2). Telomerase uses RNA matching motif of TERC to bind to single-stranded

telomeric DNA and synthesizes telomeres.

2.2. Aging

While chronological aging is determined by the time which an organism has
been alive, biological aging, also referred to as physiological aging is determined by
changes in a multitude of physiological systems and cells that culminate in phenotypes
commonly associated with older individuals in a species. By definition, aging is an age-
dependent (chronological) or age-progressive decline in intrinsic physiological function,
leading to an increase in age-specific mortality rate (i.e., a decrease in survival rate) and

a decrease in age-specific reproductive rate. While chronological aging is
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straightforward to quantify (passage of time in years or other measure of time) biological
aging is much more difficult to quantify. To attempt to organize the numerous proposed
biomarkers of aging, researchers in the field have consolidated the biomarkers into
broad “hallmarks” of the aging process. There are nine hallmarks of aging: telomere
attrition, cellular senescence, stem cell exhaustion, genomic instability, epigenetic
alterations, loss of proteostasis, deregulated nutrient-sensing, mitochondrial

dysfunction, and altered intercellular communication [52].

2.2.1. Primary aging and secondary aging

Aging consists of two aspects: primary aging and secondary aging. Primary
aging is inevitable and unavoidable changes that are primarily determined by genetics.
Primary aging causes deterioration in cellular structure and biological functions
independent of environmental factors or disease in healthy individuals [53]. On the other
hand, secondary aging refers to additional age-related decline in structural and
functional changes caused by environmental factors or diseases [53]. The consequence
of slowing primary aging is an extended maximal lifespan, and one example of an
intervention is caloric restriction, as observed in rodent models. Whereas the
consequence of slower secondary aging is an increased median lifespan, and one
example of an intervention capable of increasing median life span is exercise training
[54]. Although interventions that can reverse or slow primary aging are in their beginning
phases of experimental testing [55, 56], it is well established by many decades of

evidence based recommendations that secondary aging can be slowed down with

16



individual’s efforts, such as endurance and resistance exercise training to keep

functional capacity and prevent disease [57].

2.2.2. Telomeres and telomerase in aging

Among the hallmarks of aging, telomere attrition or telomere shortening has been
widely associated with many age-related phenotypes and with other biomarkers of
biological aging. The fact that short telomeres can induce cellular senescence and stem
cell exhaustion, is associated with major diseases of aging (cardiovascular disease and
cancer), and short telomeres are related to increased risk of mortality in the oldest of
old, make it a keystone in understanding the biology of aging. Genetic knockout of
telomerase in mice results in telomere shortening leading to shortened life span, a
reduced capacity to respond to stresses such as wound healing and hematopoietic
ablation, and an increased incidence of spontaneous malignancies [58]. While mice with
hyper-long telomere showed less metabolic aging and longer lifespans [59] and
telomerase activators, such as TA-65, elongated short telomeres leading to increment of
health span of human adult and old mice without increasing cancer incidence [60].
These seminal findings make telomeres a cornerstone in understanding geroscience
and progressing towards interventions to reduce the burdens of biological aging.
Moreover, genetic diseases of short telomeres resulting in early death due to bone
marrow and lung failure underscore the importance of telomere length regulation in
aging and physiology. Telomere length also directly controls the expression of
inflammation inducing factors via the TPE-OLD mechanism mentioned earlier. For

example, ISG15, that enhances secretion of pro-inflammatory cytokines such as
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CXCL1, CXCL5, IL-1 and IL-6 [61], is upregulated with telomere shortening and
contributes to the chronic inflammatory state associated with human aging [62]. In
addition, evidence has shown that cellular senescence (including telomere induced or
replicative senescence) is accompanied by a striking increase in the secretion of 40-80
factors/proteins participating in intercellular signaling that has been termed senescence-
associated secretory phenotype (SASP). In sum, short telomeres cause and are
associated with many age-related phenotypes and the shortening of telomeres occurs in
all cells regardless of DNA and cellular replication which make understanding telomere

maintenance mechanisms fundamental in all human cells.

2.2.3. Telomeres, telomerase, and aging in different types of tissues

Healthy human cells can be largely divided into two groups based upon their
ability to divide and replicate. Cells that can replicate include labile cells and stable
cells. Labile cells (i.e. skin stem cells, hematopoietic stem cells and gastrointestinal
stem cells) are somatic cells that actively divide to replace physiological loss of cells.
Stable cells spend most of the time in the quiescent GO phase of the cell cycle and
replicate only when needed (i.e. quiescent stem cells that are activated when wound
healing is needed). Satellite cells in muscle tissues and parenchymal cells of the liver,
kidney, and pancreas are examples of stable cells. For both labile and stable replicating
cells, telomere length shortens with aging as cell division accompanies loss of telomeric
repeats and older organisms have undergone more cell divisions. In contrast,
permanent cells or post-mitotic cells are cell types that do not replicate. Especially in

long-lived mammals like humans, cells that do not divide and can live for decades are
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called long-lived post-mitotic cells (LLPMCs). Muscle fibers in skeletal muscles and
neuronal cells in the brain are examples of LLPMCs. Telomere shortening in post-mitotic
cells with aging has been controversial. Despite initial studies showing a lack of
telomere shortening in post-mitotic cells, emerging evidence now strongly supports that
telomeres indeed shorten with aging. For example, a cross-sectional analysis of post-
mortem tissues of 87 adults across the age span (19- 77 years) showed that telomeres
shortened at an equivalent rate in leukocytes, skeletal muscles, skin and subcutaneous
fat [63]. Recent evidence from a larger cross-sectional study that measured telomere
length in more than 25 tissue types from 952 human donors (6,391 unique tissue
samples) supports the hypothesis that telomere length is negatively correlated with age
in most tissues including post mitotic tissues such as brain tissue [64]. The most well-
described reason for telomere shortening regardless of cell division is oxidative damage
in cells (reviewed by Barnes et al. 2019) [65]. Post-mitotic cells mostly rely on their
intracellular capacities for repair and renewal such as autophagy, mitophagy, antioxidant
enzymes and DNA repair machinery. Due to age-dependent dysfunctional mitochondria
and the decrease in efficiency of the cellular repair mechanisms of oxidative damage,
production of reactive oxygen species (ROS) and resulting oxidative damage (stress)
increases with aging. Since telomeres (5’-TTAGGG) have a large portion of guanine
nucleotides and the guanine base is the most sensitive base to oxidative damage
inducing 8-oxoguanine (8-oxoG), telomere shortening, and telomere DNA damage can
occur via 8-oxoG related mechanisms. When the guanine rich telomeres are damaged it
must be repaired however this mechanism of repair can cause further problems. The

DNA repair enzyme OGG1 DNA glycosylase can introduce DNA single strand nicks and
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when multiple DNA single strand nicks occur on both leading strand and lagging strand
at the same time, this can lead to a double strand break (DSB) leading to shortening of
telomeres. In addition, a DNA single strand nick can be excised by a single-strand
nuclease leading to shortening of telomeres. This telomeric DSB (tDSB) can induce not
only shortening of telomere, but also permanent DNA damage response regardless to
the length of telomere in post mitotic cells. When tDSB occurs in proliferating human
cells undergoing S-phase, it can be repaired by homologous recombination (HR) [66].
However, since post mitotic cells do not undergo S-phase, thus tDSB is not repaired by
the HR mechanism in the post mitotic cells. In fact, recent evidence showed that post-
mitotic cardiomyocytes became senescent with increased persistent TAFs/TIFs (i.e.,
indicator of telomere damage) in response to aging and ROS independent to telomere
length[67]. The persistent telomeric DNA damage response is caused by inefficient
repair capacity that is fueled by shelterin protein TRF2, as TRF2 actively inhibits the
DNA damage response factors from recognizing the telomere end as a DNA break[68].
In addition to tDSB by 8-o0x0G, 8-0xoG formation can lead to telomere shortening by
another mechanism. Since TRF2 protects telomere from an enzyme called resolvase
that excises the telomere T-loop and 8-oxoG formation induces loss of shelterin protein
TRF2 binding on telomere, loss of TRF2 binding leads to telomere shortening. Lastly, a
recent study showed that telomeric 8-0xoG itself can induce premature replicative
senescence even in the absence of telomere shortening by activating ATM and ATR
signaling (ATM and ATR kinases orchestrate DNA damage response) and enriching for
markers of telomere dysfunction in replicating cells [69]. This study utilized a very

specific chemoptogenetic method to induce telomere specific DNA damage, providing
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even more strength to the idea that telomere integrity and length are important
phenotypes that are causally related to physiological aging. In summary, telomere
length shortens, and telomere induced DNA damage increases with aging across most
tissues in humans and this drives cellular senescence in both replicating and non-

replicating cells types leading to age-related phenotypes.

2.3. Cancer

2.3.1. Telomeres and telomerase in cancer

Cancer occurs when cell proliferation is dysregulated. Uncontrolled cell division
and metastasis of cancer cells to vital organs eventually leads to multiorgan failure and
death. When the cell cycle becomes dysregulated and the cells start to divide out of
control, telomere shortening can act as a potent tumor suppressor by inducing telomere
related replicative senescence if no telomere maintenance mechanism is activated,
crisis and apoptosis can occur (Figure 2.2). Since most somatic cells do not possess a
telomere maintenance mechanism, repeated cell divisions will make telomeres critically
short and deprotected. This will trigger a DNA damage response (DDR) that results in
cell cycle arrest or apoptosis. Due to this mechanism telomere shortening can be a
tumor suppressing mechanism. Besides telomere length acting as a tumor suppressive
mechanism, cells have evolved a system of proteins and cell cycle check points that
ensure cell replication occurs correctly without detrimental mutations. The proteins that
act to keep mutant cells from proliferating are called tumor suppressor genes or
proteins. One critical tumor suppressor gene is TP53 gene which mediates cell cycle

arrest and apoptosis responses in damaged cells. However, when mutations disrupt
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tumor suppressor genes, such as a mutation in the TP53 gene, the mutant cells can
bypass cell cycle arrest or apoptosis and reach the crisis stage (M2) with chromosome
instability that possibly induces more cancerous mutations on DNA. For the mutant cells
at the crisis stage (M2) to keep dividing without cellular death, the cells must achieve
telomere maintenance to become cancer cells. Cancer cells achieve telomere

maintenance by telomerase reactivation or alternative lengthening of telomere (ALT).

2.3.2. Cancer and aging

Cancer risk increases with aging. Since aging is also related to short telomeres,
the association of short telomeres and cancer has been explored. In fact, short
telomeres have been observed in most precancerous lesions and result in a higher
chance of cancer progression. Also, studies revealed a higher prevalence of cancers in
the short telomere syndromes compared to general population [70]. However
interestingly, evidence has shown that higher cancer risk was also found with longer
telomeres from observations of families with cancer predisposition as well as population
studies. This phenomenon is called the “telomere length paradox” because both short
and long telomeres are associated with a higher chance of cancer progression
(Reviewed by Aviv et al. 2017) [71]. In fact, both short and long telomeres can be
associated with higher cancer risk depending on the circumstances. When a cell has
long telomeres, it means that longer telomeres allow for more cell divisions, more
replicative and damage induced errors (i.e., mutations to somatic cell DNA) and thus a
higher mutation burden compared to shorter telomere cells which would replicative

senesce before accumulating detrimental mutations. An example is the association of
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longer telomeres in germline cells with a wide variety of cancers including melanoma
and glioma caused by common polymorphism near TERT gene (i.e., TERT promoter
mutations) which leads to a higher amount of active telomerase. In addition to human
study, mouse models have also been utilized to understand the association of telomere
length with cancer progression. Mice have longer telomeres than humans, and mouse
telomerase is active in most mouse somatic cells in contrast to human telomerase
which is inactivated in human somatic cells. By using a genetically modified mouse
model (TR knockout, lacks telomerase enzyme activity, has shorter telomeres compared
to wild type littermates), it has been revealed that mice with short telomeres having
fewer cancer incidents compared to wild type littermates [72]. The idea of underlying
mechanism is that short telomeres and lack of telomerase activity (mouse cells are now
more like human cells) prevent or block continued cell replication and thus promote
senescence and apoptosis and in effect prevent cancerous progression. However, when
TP53 gene is deleted in telomerase deficient mice that have short telomere, the mice
developed more tumors, and these neoplasms showed hallmarks of genomic instability,
including signatures of chromosome end-to-end fusions and breakage—fusion—bridge
cycles [73]. This means that short telomeres can actually accelerate cancer progression
due to chromosome instability if cell cycle arrest mechanism at M1 senescence is
impaired by mutation in tumor suppressor genes. As a result, both short telomere and
long telomeres are associated with higher chance of cancer progression. This makes
understanding telomerase regulation extremely important as too little and too much

telomerase could set up cells for cancerous progression. Thus a “goldilocks”
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phenomenon has been used to describe the amount of telomerase and telomere length

that might be ideal for healthy outcomes as one ages.

2.4. Genetic diseases

2.4.1. Telomeres and telomerase in genetic diseases

Loss of telomerase activity during fetal development due to mutations in several
important telomerase regulatory genes results in inheritance of short telomeres. Since
many different genes (15 genes identified to date [70]) result in inheritance of short
telomeres, the field calls these diseases the “short telomere syndromes” and there is a
spectrum of phenotypes associated with different mutations. Short telomere syndromes
show mostly autosomal dominant inheritance, meaning mutation on one of
chromosomes from one of parents is sufficient to cause the syndrome (e.g.,
haploinsufficient). Mutations causing short telomere syndrome have been found in most
of genes forming the telomerase complex such as TERT, TR, Dyskerin, NAF1, NHP2,
NOP10, and shelterin complex protein TIN2 (encoded by TINF2), TPP1, and other
genes for telomerase assembly, telomere helicase, TR 3’ end maturation and TR
deadenylation. Since short telomeres induce cellular replicative senescence, patients
with short telomere syndrome have a larger portion of senescent cells compared to
healthy people. The reduction of replicative capacity is deleterious for tissues that
require higher turnover rate such as skin and bone marrow and this can lead to the
phenotypes characteristic of these diseases. For example, dyskeratosis congenita (DC)
that is caused by germline mutations in telomere biology genes and characterized by

very short telomeres and cancer-prone inherited bone marrow failure syndrome [74]. On
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the other hand, short telomeres in cells that occasionally divide also cause diseases.
For example, observation derived from the human genetic studies shows that lung is
vulnerable to the short telomere syndromes leading to pulmonary fibrosis despite its
slow turnover (few times each year). In fact, patients with DC show premature mortality
and the main causes of mortality are bone marrow failure/immunodeficiency (60—-70%),
pulmonary complications (10-15%) and malignancy (10%) [75]. The timing when
telomere shortening emerges also matters in short telomere syndromes as children and
young adults develop disease in high-turnover tissues such as the bone marrow while
adults generally develop disease in slow-turn over tissues such as lung and liver [70].
With strong cause and effect relationships to aging, cancer and genetic disease,
understanding how telomere length is regulated mainly through telomerase regulation is
critical to making biomedical advances in this field (i.e., if one wants to manipulate

telomerase to elongate or shorten telomeres therapeutically).

2.5. Telomerase requlation

The expression pattern of telomerase is that during early fetal development,
telomerase is active, but upon tissue specialization (between 12-20 weeks of
development) tissues turn off telomerase. The shutting off of telomerase is thought to be
controlled through transcriptional mechanism but recent evidence below indicates that
alternative splicing is also involved. The shutting off of telomerase allows for somatic
cell telomere shortening to provide a replication clock and to aid in tumor suppression
as discussed above. However, in cancer cells telomerase is turned back on through a

variety of mechanisms discussed in detail below. The expression pattern (cancer
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specificity) and the idea that most somatic cells do not require telomerase activity to
survive lead to many attempts to inhibit telomerase as a nearly universal cancer
therapy. However direct targeting of telomerase enzyme activity has failed for the
following reasons: 1) the long lag phase is required for cancer cells to have critically
short telomere after telomerase inhibition and 2) only a few hTERT molecules are
required for cancer cells to survive but complete inhibition of TERT expression is hard to
be achieved [76]. In contrast to inhibition of telomerase, several groups have attempted
to activate telomerase therapeutically in regenerative and aging medicine such as TA-65
from Telomerase Activation Sciences (TA Sciences). However, this has failed because
of non-significant telomere lengthening effects from using drugs due to lacking
understanding of underpinning mechanisms for telomerase activation [77]. To test the
promise of telomerase more fully as a therapeutic target a deeper understanding of its
regulation is required to develop new and novel therapeutic approaches for both

regenerative/aging medicine and cancer.

2.5.1. Transcriptional regulation of TERT

Telomerase is a low abundant ribonucleoprotein enzyme consisting of two core
subunits: a protein subunit telomerase reverse transcriptase (TERT) and telomerase
RNA component (TR). The number of telomerase holoenzymes was estimated as only
~35 ([78]) or ~250 ([79]) per cell and for comparison purposes another ribonucleoprotein
complex U1 is estimated as 1 x 108[80]. In humans, the mRNA expression of the

catalytic subunit TERT has been considered as a major telomerase activity limiting
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component because overexpression of TERT but not TR can increase telomerase
activity in human cells. In addition, the estimated number of TERT protein was ~400 per
cell which was lower than the number of estimated hTR that was ~1000 per cell [79].
This also points out a disconnect between TERT molecules and the number of
assembled telomerases which points to the potential for off telomere TERT functions
(i.e., non-canonical TERT functions). Because most cancer types rely on reactivation of
telomerase to maintain telomere length to keep dividing, telomerase activity regulatory
mechanisms have been studied mostly in cancer cells. Since TERT expression is the
major telomerase activity limiting factor, telomerase studies in cancer have focused on
TERT gene expression regulation that is largely divided into transcriptional regulation
and post-transcriptional regulation. Transcriptional regulation refers to how the number
of pre-messenger and messenger RNAs that are produced in a specific cell type are
regulated. Commonly studied mechanisms related to transcriptional regulation are
promoter binding transcription factors, chromosomal rearrangements, and epigenetic
modifications. TERT core promoter consists of 260 basepairs containing GC boxes that
bind the zinc finger transcription factor SP1 that upregulates TERT transcription and E-
boxes that bind both transcriptional enhancers and repressors [81]. In addition to SP1,
c-MYC and HIF-1a (HIF: Hypoxia Induced Factor) are also transcription factors that are
known to be bound to TERT promoter and upregulate transcription of TERT.
Interestingly, these transcription factors are also regulated by exercise. For instance,
HIF-1a is known to mediate adaptive responses to oxidative stress by nuclear
translocation and regulation of gene expression [82]. Also, c-MYC and STAT3 are

known to be upregulated by exercise [83, 84]. SP1 has been also found to be enriched
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in the promoter regions of exercise-responsive genes [85] and these support the
activation of TERT transcription induced by exercise. When TERT promoter is mutated,
it can lead to reactivation of telomerase in cancer by increment of TERT transcription.
For example, recurrent somatic mutation in the TERT promoter is found in cancer of
central nervous system (43%), bladder (59%), thyroid (follicular cell derived, 10%) and
skin (melanoma, 29%) [86] whereas promoter mutation is less frequently found in
cancer of lung, stomach, ovary, uterus, kidney and prostate (Kidney [86]; others [87]).
The two most common TERT promoter mutation found in cancer are C>T transitions at
transcription start site also referred as C228T and C250T mutation. This mutation
induces an 11-base pair nucleotide fragment that provides a new consensus binding
site for E-twenty-six (ETS) transcription factors [88]. TERT promoter mutation can be
cooperated with mutations on other genes such as BRAF, FGFR3 and IDH. For
example, mutation on BRAF results in activation of mitogen-activated protein kinase
(MAPK) and/or phosphatidylinositol 3-kinase-serine threonine protein kinase (PI3K-
AKT) pathway leading to upregulation of ETS system that eventually accelerates TERT
expression [89]. However, when one considers the overall number of tumors with TERT
promoter mutations compared to those without (lung, breast, prostate, colon and
pancreas have very small incidence of activating TERT promoter mutations) the overall
mechanisms of TERT activation in cancer cells are still poorly understood. Next,
chromosomal rearrangement refers to a type of mutation that results in alteration of
chromosome structure. This involves amplification of the TERT gene and
rearrangement of cis-elements enhancers. In fact, increased TERT gene copy humber

(amplification) was observed in certain types of tumor cell lines and primary tumors
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including lung tumors, cervical tumors, breast carcinomas and neuroblastomas [90].
From systematic analysis, 65% of TERT promotor structural variants were predicted to
be related to repositioning of enhancer elements that activate TERT transcription [91].
However, no experimental evidence to date indicates that these rearrangement lead to
increased TERT mRNA expression or telomerase activity. Lastly, epigenetic modification
includes DNA methylation and histone modification. Regarding DNA methylation, two
regions near TERT gene have been identified: core (proximal) promoter region near
TERT promoter and TERT hypermethlyated oncological region (THOR) that is located
distal to the transcription start site of TERT composed of 52 CpG islands [92]. In
contrast to common premise that DNA methylation represses gene expression,
hypermethylation on these regions have been observed and correlated with increased
TERT expression in patients with pediatric brain tumors [93], pancreatic cancer [94] and
medullary thyroid carcinoma [95]. When it comes to histone modification, histone
acetylation and deacetylation was shown to be a common underlying feature to regulate
TERT expression in human cells [96, 97]. Also, TERT gene was found to be a direct
target of the histone methyltransferase SMYD3 [98]. Lastly, chromatin remodeling has
been known to modulate telomerase expression in human cancer cells[99]. Although the
production of TERT pre-mRNA level can be regulated by the described transcriptional
regulation, it does not result in the production of telomerase active TERT without being
properly spliced, exported to the nucleus, translated, the TERT protein returned to the
nucleus and complexed with the telomerase RNA component and other accessory

proteins of the telomerase holoenzyme. The most proximal level of regulation of TERT
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gene expression following transcription is the splicing of the pre-mRNA to messenger

RNA (mRNA).

2.5.2. Alternative splicing regulation of TERT

Splicing of genes occurs on newly transcribed pre-RNAs of genes. When a gene
is transcribed into a pre-mRNA the exons or coding sequences are separated by non-
coding sequences called introns and the transcripts must be processed (spliced) to
generate a protein coding unit. To form a mature messenger RNA (mRNA) the introns
must be removed or spliced out and the exons joined together in a process called
splicing. The central components of splicing in pre-mRNAs are the splice sites, which
include the 5" and 3' splice sites and the branch point sequence. These sites collectively
mark the boundaries between exons and introns and guide the removal of introns and
ligation of exons governed by the splicing machinery, including the spliceosome
complex. The spliceosome is a megadalton enzyme complex that is very dynamic and is
an energetically dependent to undergo intron excision and exon ligation. The
spliceosome consists of a family of small nuclear RNA proteins, splice factors, and RNA
binding proteins that dictate splicing choice (i.e., inclusion or exclusion of certain exons
and introns). Splicing can be categorized as either constitutive, where all exons are
joined in a fixed order, or alternative, a process that produces diverse mature mRNAs
from a single pre-mRNA. In a sense, alternative splicing is a mechanism that can
achieve tight regulation of functional isoform levels in cells and can generate proteome
diversity, both within cells, in response to external cues (heat, hypoxia, nutrients, etc.)

and between tissues (generation of tissue specific isoforms). Alternative splicing events
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are further categorized into alternative 5’ splice site (i.e., alternative 5' splice sites are
selected), alternative 3’ splice site (i.e., alternative 3' splice sites are selected), cassette
exon (i.e., one or more exons are either included or excluded in the mature mRNA),
mutually exclusive exons (i.e., exons that are mutually exclusive), and retained intron
(i.e., intron is not fully excised and remains part of the mature mRNA) (Figure 2.4;
[100]). Once all the exons are joined together, the mature mRNA can be exported from
the nucleus and translated into protein in the cytosolic ribosomes. The regulation of
splicing primarily involves two main components: cis-acting elements (cis-elements) and
trans-acting factors (transfactors). Cis-element is an RNA sequence that is located in
either exons or introns of pre-mRNAs and recruit transfactors to regulate splicing.
Transfactor is a type of regulatory protein or molecule that plays a role in the control of
splicing decisions. These transfactors interact with the cis-elements within the pre-
mMRNA to influence splice site selection and the inclusion or exclusion of specific exons.
Specifically, transfactors can include various types of RNA-binding proteins and other
molecules that bind to specific cis-elements, such as exonic splicing enhancers (ESEs)
and exonic splicing silencers (ESSs), as well as intronic splicing enhancers (ISEs) and
intronic splicing silencers (ISSs). By binding to these cis-elements, transfactors can
either promote or inhibit the splicing of adjacent exons, thereby regulating alternative

splicing patterns and ultimately determining the composition of the mature mRNA [100].
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Figure 2.4. A Schematic of constitutive and alternative splicing (adapted from Dvinge, 2018).

During constitutive splicing, introns are removed, and all exons are put together in an order. Alternative
splicing is divided into categories: Alternative 5’ splice site, Alternative 3’ splice site, Cassette exon,

Mutually exclusive exons, and Retained intron.

Both constitutive and alternative splicing can occur co-transcriptionally or post-
transcriptionally. What dictates whether an intron is spliced out co-or post
transcriptionally is currently unknown but could be due to a variety of mechanisms
including DNA methylation, chromatin marks, RNA polymerase |l pausing, RNA
polymerase |l speed, promoter elements, intron length, splice site strength, RNA

secondary structure, and transcriptional rate [101]. No specific data exists to date on
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whether TERT is co- or post-transcriptionally spliced. However, our pilot data based on
BruChase-Seq using bromouridine (Bru) showed that TERT RNA still contains introns
2,4,11 and 14 after 6 hours of transcription, and this indicates that TERT is post-
transcriptionally spliced. From recent work, it is suggested that the majority of the TERT
RNA is sequestered in the nucleus preventing its translation into protein as a novel
regulatory mechanism. Specifically, it has been shown that when TERT mRNA/pre-
mMRNAs retain intron 11 (11th intron) the RNAs are sequestered in nucleus and only
exported out to cytoplasm at mitotic phase once intron 11 is spliced out [102]. This
mechanism provides an elegant model for the regulation of full-length TERT splicing
and control of telomerase activity, but it does not explain why cells would alternatively
splice TERT to so many additional isoforms besides intron 11 retention.

When it comes to genes and their RNA isoforms, the full-length isoform of a gene
is commonly the longest protein coding form and most abundant transcript, but this is
not always the case as some genes have other isoforms (transcripts) that are more
abundant. When splicing occurs in this process, the exons are not always joined
together in the same order and this process is called alternative RNA splicing (AS).
Specifically, AS can produce different isoforms from a single gene by removing/putting
introns/exons in different ways that are catalyzed by the spliceosome and many RNA
binding proteins. For example, some exons can be removed to form a mRNA (exon
skipping) or some introns can be remained in a MRNA (intron retention). As a result, AS
can expand the protein coding capacity of the genome as one gene can form several
proteins with similar or even opposing (dominant-negative) functions. AS can also help

regulate the amount of full-length mMRNAs by coupling AS to non-sense mediated decay
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(AS-NMD). The most common AS events are exon skipping, intron retentions,
alternative 5’ and 3’ splicing sites, and mutually exclusive exons. AS generates
proteome diversity as nearly 95% of human genes undergo alternative splicing [103].
Since AS functions to control the abundance of protein coding isoforms and to regulate
the function of resulting isoforms, it plays a very important role in phenotypes and tissue
specific isoform expression and the TERT gene is an examples of this type of
regulation. During fetal development, high telomerase activity is suppressed as
development and tissue specification (i.e., differentiation) proceeds. As a result, most
somatic cells lack telomerase activity. Underlying mechanisms are supported by a
seminal study carried out by Ulaner et al. [104] showing that telomerase activity during
the development is regulated by both transcriptional and post transcriptional gene
regulatory mechanisms. During development of human heart, TERT transcription
became undetectable around 11-13 weeks (transcriptional regulation), whereas
alternative splicing extinguished telomerase activity but that TERT transcripts were still
produced around 17 weeks in fetal kidney development (post transcriptional
regulation)[104]. These human fetal tissue development data indicate that TERT AS
splicing is a regulated and non-random process to control telomerase activity in cells
and tissues. Regarding telomerase activity, AS of TERT pre-mRNA impacts the amount
of telomerase active TERT. TERT is a 16 exon 15 intron gene and only full-length TERT
or TERT with all 16 exons in sequence can go on to generate TERT proteins that can

form active telomerase (Figure 2.5) [25].
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Figure 2.5. A cartoon of hTERT gene and alternatively spliced isoforms (adapted from Slusher et
al., 2020).

Human TERT (hTERT) gene consists of 16 exons with 15 introns and alternative splicing produces
different isoforms. Only full-length (FL) TERT (UCSCID:UC003jcb) can synthesize telomere repeats and
other isoforms with skipped exons cannot. Reverse transcriptase (RT) domain includes exon 4 to 13.
The most dominant AS event is skipping of exons 7 and 8 which is indicated by red colored box. Some
isoforms are degraded by nonsense mediated decay (NMD), or inhibit active telomerase by competing
for telomerase RNA component (TR or TERC) and acting as a dominant negative (DN) telomerase.
Alpha refers to 36 nucleotides at the 5’ end of exon 6, beta refers to exons 7 and 8, and gamma refers to

exon 11.

AS of TERT is known to produce up to 21 different AS isoforms, some with
known functions and others with unknown functions. TERT has several critical protein
domains where AS could impact the ability of TERT transcripts to form telomerase (TEN
(telomerase N-terminus domain), TRBD (Telomerase RNA binding domain), RT (reverse
transcriptase domain) and CT (C-terminus domain) shown in Figure 2.6) [28]. For
instance, the initial cloning of TERT revealed several truncated mRNAs with splicing of
the reverse transcriptase (RT) domain of TERT. The RT domain of TERT consists of

exons 4-13 and known TERT isoforms with AS events in this domain have shown to
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impair telomerase activity. For example, minus alpha (-a or Aa) TERT mRNA variant
that lacks the first 36 nucleotides of exon 6 is translated to an inactive telomerase and
inhibits telomerase by competition with FL TERT for TR molecules and thus resulting in
telomere shortening when expressed for sufficient duration in cultured cells [105, 106].
In addition, it was suggested that minus gamma (-y or Ay) that lacks exon 11 may have
dominant negative effects (reducing telomerase activity) [107]. On the contrary to minus
alpha and gamma TERT isoform that are still in-frame after exon skipping (See asterisk
in Figure 2.6), some alternative splicing events can induce frame shifting and premature
stop codons resulting in lack of telomerase activity. For instance, the most abundant
TERT exon skipping event occurs at exons 7-8 forming a frameshifted and truncated
TERT isoform called minus beta (- or AB) which is either degraded by AS-NMD or a
small amount is translated and acts as a dominant-negative telomerase. In fact, Ulaner
et al. [104] showed that during fetal kidney development exons 7-8 are skipped from
week 17-18 along with the loss of telomerase activity. Another example of frame shifted
TERT isoform is shown by Penev et al. [108] that exon 2 is skipped that induces two
tandem premature stop codons in exon 3 during stem cell differentiation as a
developmental switch to aid in repressing telomerase activity in differentiated somatic
cells (A2 in Figure 2.6). Why there is such extensive alternative splicing of a low

abundant gene like TERT is an open question.
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Figure 2.6. 21 TERT AS isoforms. (Asterisks indicate stop codon; Hrdlickova et al., 2012).

hTERT gene has critical protein domains including Telomerase Essential N-terminal domain (TEN),
Telomerase RNA Binding Domain (TRBD), Reverse Transcriptase domain (RT), and C-Terminal
Extension (CTE). AS events (exon skipping and intron retention) result in different isoforms and 21
TERT isoforms are depicted in the figure. AS events also induce frame shifting and premature stop

codon which is marked as asterisk.

2.5.3. Alternative splicing of TERT in aging

Limited evidence has explored how aging could impact the expression and AS of
TERT. In general, it is thought that TERT expression is decreased with age [109] and
that this is likely a cancer protective mechanism. However recent evidence from an in
vitro aging model indicated that [110], TERT transcript levels increased with advancing

passages (a proxy for aging) but none of the transcripts contained the RT domain of

37



TERT and did not form telomerase active TERTs. No studies to date have performed an
analysis of in vitro aged cells or cells/tissue from aged organisms to characterize the
TERT AS isoforms that are expressed. This leaves a gap in our knowledge about how
telomerase activity is repressed in near senescent cells and tissues. This question
would be important to answer considering that if a pre-senescent cell were to splice

TERT to FL it could progress to an immortal cancer cell.

2.5.4. Alternative function of full-length TERT

Since the canonical function of TERT is to form telomerase and synthesize
telomere repeats, other functions of TERT proteins are considered as “alternative
functions” or “non-canonical functions” of TERT. The alternative roles of full-length TERT
protein that have been identified to date are involved in the modulation of mitochondrial
function, to enhance cell proliferation and to participate in key signaling pathways such
as Wnt/beta-catenin pathway. Specifically, 10-20% of full-length TERT protein has been
shown to be localized to mitochondria and its nuclear export is induced by oxidative
stress followed by phosphorylation of tyrosine 707 of TERT by Src kinase family [111]. It
has been also found that mitochondrial full-length TERT binds to and protects
mitochondrial DNA, which might help to maintain proper electron transport chain
function. Also, mitochondrial TERT inhibits endogenous ROS production [112] and
apoptosis[113]. Another supporting evidence is that overexpression of Tert in mouse

using adeno-associated virus (AAV)-mediated gene therapy and in human iPSC derived
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cardiomyocyte altered mitochondrial morphology and dynamics to protect

heart/cardiomyocytes from ROS generated by doxorubicin treatment [114].

2.5.5. Alternative function of TERT alternative splicing isoforms

Besides the non-canonical functions of full-length TERT protein, a few of the AS
isoforms of TERT have been shown to be functional outside of telomere biology. Among
the 16 exons of TERT, exons 4-13 are translated into the reverse transcriptase (RT)
domain. The TERT isoforms that have manipulated RT domain such as the B-deletion
isoform (AR or - B) lacking exons 7 and 8, the a-deletion isoform (Aa or -a) lacking the
first 36 nucleotides of exon 6, and A4-13 isoform lacking exons 4 to 13 have been
studied for alternative splicing and alternative functions of TERT. In a study by Dean
Betts group, inhibition of Aa or AR isoforms in human embryonic stem cells (hESC)
promoted spontaneous hESC differentiation and showed that TERT isoform switching is
associated with stem cell’s pluripotency and differentiation [115]. In a study by the
Blackburn group, when a cDNA for the 3-deletion isoform was overexpressed in HelLa
cells B-deletion protein was detected despite the cDNA containing a premature stop
codon and it is expected to undergo nonsense mediated decay. The expressed [3-
deletion protein was localized to nucleus and mitochondria and protected breast cancer
cells from cisplatin-induced apoptosis assumedly by inhibited endogenous telomerase
activity [116].

Another isoform of TERT, A4-13 has been studied for alternative functions TERT
isoforms. This isoform was chosen for study because it was expressed in telomerase

negative cells and tissues and was in the original open reading frame, making it likely to
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form a truncated TERT protein. Hrdlickova et al., found that the A4-13 isoform was
detected in both telomerase positive and negative human cells and overexpression of
the A4-13 isoform induced elevated proliferation rates in several cell types by
stimulation of Wnt signaling pathway [28]. They used a TERT antibody targeting the c-
terminus of TERT and confirmed protein expression after overexpression of the isoform
in Saos2 and U208, that are two cancer cell lines without telomerase activity. They also
observed reduction of proliferation by transfection of delta 4-13 targeting siRNAs in
U20S. These data indicate that AS of TERT plays several functional roles: 1) to
regulate the amount of FL TERT to regulate telomerase activity; 2) to generate
dominant-negative proteins to regulate telomerase and telomere length; and 3) to

generate proteins with functions outside of telomere biology.

2.5.6. Mouse model to study telomerase regulation

Mouse models have been used to study telomerase regulation and to
compensate for limited accessibility of human tissues and cells. In contrast to human
somatic tissues that express undetectable or low levels of telomerase and TERT, Mus
musculus, mice used in research laboratories have wide range of somatic tissues
expressing robust levels of telomerase activity and TERT [117]. Mouse cells have longer
telomeres than human cells and telomere attrition is not a major cause of cellular
senescence [118]. Also, mouse cells are more prone to transform to cancer than human
cells at least in part due to longer telomeres and constitutive TERT expression and

telomerase activity [119, 120]. To understand the underlying mechanisms of species-
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specific telomerase regulation, a hTERT-BAC (Bacterial Artificial Chromosome) mouse
model which expresses the complete human TERT gene in mouse cells was generated
[121]. The BAC clone contains the ~ 54-kb hTERT gene including an 11-kb upstream
region, all of the exons and introns, and 1.2-kb downstream region. By measuring the
expression level of mouse Tert (mTert) and hTERT, it was confirmed that expression of
hTERT in the transgenic mouse is repressed and mimics hTERT expression patterns in
human cells. They also compared the promoter sequences of two species to find
regulatory cis-element differences. They found non-conserved GC-box in the human
proximal promoter of TERT that were absent in the mouse Tert proximal promoter.
Specifically, they then induced mutations on the hTERT promoter and mTert promoter
including GC-boxes (putative Sp1 sites), putative E2F-binding sites, canonical and
noncanonical E-boxes, putative Ets-binding sites, and putative binding sites for a zinc-
finger repressor CTCF and identify the non-conserved GC-box located at —31 to —24 in
the hTERT promoter as the human-specific repressive element. They concluded that
the cis-elements on the human promoter were repressors of TERT transcription that
were lacking from the mouse promoter leading to higher mTert mMRNA expression and
thus telomerase activity in the mouse somatic cells [121]. One drawback of the
transgenic mouse model is that telomerase activity was unable to be explored because
hTERT cannot be assembled into mouse telomerase due to its incompatibility with other
mouse telomerase components such as mouse TR. Nonetheless, the hTERT-BAC
construct includes all exons and intron sequences and this makes the mouse model
applicable to study regulation of TERT such as alternative splicing. Additional studies

have utilized transgenic models expressing mTert in human cells or chimeric
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mTert/hTERT (interchange of hTERT promoter with mTert promoter, and human introns
2 and 6 added into the mouse Tert genomic locus) in both human cells and mouse cells
[122, 123] and shown the importance of genomic context, not only the promoter, in
regulating TERT expression. However, alternative splicing regulation of TERT was not

studied in the transgenic mouse model until our recent publication.

2.6. Telomeres and telomerase in exercise

This section (2.6) is adopted from a non-final version of an article published in
final form in Exercise and Sport Sciences Reviews, with Jeongjin Kim as the first author
[19].

2.6.1. Telomeres in exercise

Two seminal studies pointed out that moderately active adults across the age-
span tended to have longer telomeres [124, 125]. Cherkas et al. 2008 measured
leukocyte telomere length and collected self-reported physical activity levels in a large
cohort of individuals, including twins. These data indicated a positive linear relation
between telomere length and physical activity level [125]. Similarly, Ludlow et al. 2008
reported a positive linear relation between peripheral blood mononuclear cells (PBMC)
telomere length and exercise energy expenditure up to moderate levels of physical
activity [124]. However, a subgroup of self-identified as “Master’s Athletes” that
performed greater than 8 hours per week of exercise had shorter telomeres compared

to age-matched moderately active participants [124]. This observation led to the
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conclusion that the relation between exercise and immune cell telomere length could
have an “inverted U” shape, meaning there appears to be a “Goldilocks level” of
physical activity/exercise that results in telomere maintenance; too much and too little
exercise result in accelerated telomere shortening. Several other reports have
replicated this “inverted U” finding [126], while others have observed a linear
relationship between exercise amount [127, 128], while other reports have not observed
a relation [129, 130]. These inconsistent results point to the need for more carefully
controlled studies and the need for standardized reporting of exercise variables and
telomere length measurements. A potential explanation for these discrepant results
could be recall bias of physical activity, degraded DNA samples, and other physiological
or psychological variables that were not statistically controlled for such as psychological
stress or cortisol levels [131].

Beyond survey-based physical activity research presented above, the gold-
standard measure of physical fithess, maximal oxygen consumption (VO2max) has been
associated with telomere length in several studies. For instance, measuring telomere
length between athletes and non-athletes finds a positive association between VO2zmax
and telomere length. Endurance trained athletes who have a greater VO2zmax have been
observed to have longer telomeres compared to age-matched controls in a variety of
human tissues (skeletal muscle [132] and leukocytes [133, 134]). Implementing an
endurance exercise training program has also been observed to increase VO2max and
maintain telomere length as well in a variety of human tissues (leukocytes [135, 136]
and skeletal muscle [137]). On the other hand, two other studies have found no

association between VO2max and leukocytes telomere length [138, 139]. Several factors
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could have led to these mixed findings such as the training age (how many years of
training), biological age of the subjects, the intensity of the training (elite performance
versus health and fitness), the tissue type analyzed (i.e., immune cells versus skeletal
muscle), and telomere length measurement techniques employed (PCR, southern blot,
fluorescence in situ hybridization). Nonetheless, several meta-analyses of telomere
length and exercise related variables have recently been published [129, 130, 140,
141], highlighting that there appears to be a moderately strong relationship between
exercise and telomere length. Considering that one or a few very short telomeres lead
to cellular senescence, new methods that measure the quantity of shortest telomeres
could produce additional insights. In summary, current literature supports that exercise
most likely attenuates age-related telomere shortening, but the exact dose of exercise
and impacted tissues need further elucidation and research. Additionally, more
functional outcomes such as cellular senescence markers (beta-galactosidase, p53,
p21 and p16 expression, TAFs/TIFs) [142], indicators of DNA damage, expression of
DNA repair proteins/enzymes, and their associations with telomere length and exercise
should be documented.

Following up on the epidemiological/cross-sectional study in humans [124],
Ludlow et al. evaluated the impact of long-term exercise (44 weeks) on telomere
dynamics in a wild-derived short telomere mouse model (CAST/EiJ) over the course of
one year [143]. Telomere length was measured in skeletal muscle (gastrocnemius),
cardiac muscle (ventricles), and liver from three groups of mice; sedentary young (8
weeks of age), sedentary older (52 weeks of age) and older active mice (52 weeks of

age with access to running wheel). Liver, heart, and skeletal muscle were examined for
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telomere length. In both liver and cardiac muscle, it was observed that one-year-old
sedentary mice had the shortest telomere length and that the one-year-old exercised
mice were not different from the sedentary young animals. In contrast in skeletal
muscle, the young animals and the sedentary one-year old animals had similar telomere
lengths, while the one-year-old exercise group exhibited significant telomere shortening,
indicating a tissue-specific response to the exercise stimulus. Similar to these
observations, Collins et al. 2003 observed overtrained athletes had shorter skeletal
muscle telomeres compared to age-and-training matched healthy athletes [144]. In a
follow up study by the same group in healthy athletes, training volume and years spent
training were also associated with shorter skeletal muscle telomeres [145]. These
authors speculated that the shorter telomeres in the more active individuals could be
due to the addition of muscle fiber nuclei with shorter telomeres following satellite cell
replication to repair exercise-induced muscle fiber injuries [146]. Alternatively, rather
than satellite cell replication, which is unlikely to occur in response to voluntary wheel
running [147] or typical endurance running training in humans, exercise-induced
oxidative stress could have impacted telomere length and telomere dynamics in the
skeletal muscles. Ludlow et al. followed this rationale because the nucleotide guanine
(G), which telomeres are rich in (TTAGGG), is very sensitive to oxidative damage
forming 8-oxoguanine (8-oxoG). Oxidized guanine has been shown to accumulate in
telomeric regions, is associated with induction of cellular senescence phenotypes, and
increases in aging humans [69, 148]. When a common oxidizing agent (hydrogen
peroxide) was treated isolated flexor digitorum brevis muscle fibers with for five days

and subsequently analyzed telomere length, oxidant-induced telomere shortening was
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observed in muscle fibers from both mouse strains, and it was partially rescued by the
antioxidant N-acetyl-cysteine [149]. These data indicate that telomere damage-induced
shortening could occur by exercise-induced oxidative stress rather than a cell replicative
mechanism for telomere shortening in post-mitotic muscle fibers. It is important to
highlight several recent lines of evidence that indicate the importance of telomeres in
senescence of long-lived post-mitotic cells such as skeletal muscle [150] and cardiac

muscle [151].

2.6.2. Telomerase activity regulation in exercise

Measuring telomerase activity can provide interesting insights about exercise and
mechanistic insights into how exercise may delay or prevent telomere shortening. Many
of the initial telomere biology and exercise reports focused mainly on telomere length
and did not measure telomerase activity, most likely since measuring telomerase activity
is challenging due to its low abundance in adult somatic cells and problematic PCR-
based techniques. However, certain adult cell types, such as immune cells (i.e., T cells)
can express TERT and telomerase when physiologically perturbed [152]. There is also
strong evidence that exercise is a potent immune perturbation resulting in immune cell
proliferation [153]. In fact, previous studies have indicated increased telomerase activity
in immune cells following exercise interventions. In 2009, Werner et al. showed that
older athletes had higher levels of PBMC telomerase activity compared to both young
and aged sedentary controls, while similar telomerase activity to younger athletes [154].
More recently, Werner et. al., 2019 showed that both acute aerobic exercise and aerobic

exercise training increased telomerase activity in immune cells of study participants
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[136]. However, whether the telomerase activity is upregulated transiently after exercise
or basal telomerase activity becomes chronically higher in trained individuals even in
resting state remains still unclear because the studies referenced above either were
specifically designed to measure the acute effects of exercise or did not report the
conditions under which the cell samples were collected. Meaning it is unknown if the
participants could have exercised within a short period of time prior to the sample
collections. Similarly in humans, Hagman et al. first illustrated that regular exercise
training (soccer) significantly increased telomerase activity in mononuclear cells of
young athletes compared to the age-matched sedentary cohort [155]. When telomerase
activity was measured by Ludlow et al. in PBMCs from older adults with a wide variety
of physical activity levels, it was similar between sedentary and more physically active
older individuals [124], in contrast to the above data. A recent meta-analysis and
systematic review was performed on this topic by Denham and Sellami and indicated
that both acute exercise and long-term exercise training increase telomerase activity in
various tissues of mammals [156]. However, having constantly increased levels of
telomerase activity in cells may not be beneficial. For instance, if a cell has a checkpoint
mutation or other precancerous lesion having unregulated telomerase activity could
promote cancerous formation. Telomerase activity needs to be tightly regulated in an
on-off fashion to restrain uncontrolled proliferation. This type of telomerase regulation is
observed in antigen-stimulated immune cells [152], thus it is important to understand if
telomerase regulation (i.e., ability to turn telomerase on and off again) is improved with

exercise or not, not just whether telomerase activity is higher or lower.
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2.6.3. TERT expression by acute aerobic exercise and aerobic exercise training
Changes in TERT mRNA levels following exercise have been documented by
several groups. Ludlow et al. previously documented that 44 weeks of exercise training
in mice (CAST/EiJ mice) induced an increase of mouse telomerase reverse
transcriptase (mTert) mMRNA levels in skeletal muscles when compared to sedentary
animals [143]. In a subsequent study, the same group found that an acute bout of
treadmill exercise (~60 - 70% of maximal speed) elicited an increase in mTert MRNA
levels, concurrent with an increase of telomerase enzyme activity in the hearts of female
C57BL/6 mice [157]. Studies by Werner et al. similarly indicated that three weeks of
voluntary wheel running was sufficient to increase protein levels of mouse TERT in
rodent mononuclear cells, aortic endothelial cells, aortas, and cardiac tissue [154, 158].
Werner’s team further showed that endothelial nitric oxide synthase and insulin-like
growth factor-1 signaling were important for the exercise induction of mouse TERT
protein expression and telomerase activity. Since these studies, several groups have
utilized human peripheral blood mononuclear cells (PBMCs) and determined that an

acute bout of aerobic exercise increased human TERT mRNA expression [159, 160].

2.6.4. Exercise effects on TERT alternative splicing isoforms

The post-transcriptional regulation of mTert is different than hTERT. Sayed et al.
recently utilized long-read RNA sequencing of targeted amplicons (PCR-targeted TERT
amplification) to compare the AS isoforms of TERT in human cancer cells (HelLa)
against mouse immortal cells (NIH 3T3) [27]. The findings of targeted long-read

sequencing analysis revealed, for the first time, that the majority (>85%) of mTert
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transcripts were spliced to the telomerase activity-coding FL mTert, while most hTERT
transcripts were AS to non-telomerase-coding hTERTs (>60%). These differences in
mouse and human TERT regulation force researchers to carefully interpret their results
from exercise interventions on TERT and telomerase when investigating both
cells/tissues for either humans or rodents.

To study hTERT expression, AS, and regulation in tissues difficult to obtain from
humans, a transgenic mouse model can be used as the mouse model expresses the
human TERT gene (hTERT) including the 5’ and 3’ regulatory sequences, exons and
introns [121]. This mouse model, commonly referred to as the hTERT bacterial artificial
chromosome (hTERT-BAC) mouse, served as an in vivo model to study the gene
expression regulation of hTERT in tissues following environmental exposures.
Importantly, this mouse model recapitulated the expression pattern of hnTERT as
observed in human tissues (i.e., repression of h"TERT in somatic cells besides the testis
and thymus) [29, 121]. Also, the splicing patterns of hTERT were preserved indicating
that the mouse splicing machinery recognized the human gene-splicing elements like
the human splicing machinery does. However, several limitations should be mentioned
with this mouse model. First, A TERT proteins cannot form active telomerase complexes
with mouse telomerase RNA [161], thus no telomerase activity changes will be formed
by changes in hTERT expression in the mouse tissues/cells. Second, telomere length
regulation still occurs by endogenous mouse Tert (mTert) and mouse telomerase,
limiting our ability to measure telomere length changes by interventions.

Recently, Slusher et al. utilized the hTERT-BAC mouse model and performed an

aerobic (treadmill running) exercise to begin understanding how exercise impacts AS of
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hTERT mRNAs [29]. The mice ran on a treadmill for 30 minutes at 60% maximum
speed and tissues were collected immediately following, 1-, 24-, 48-, and 72-hours
following the exercise bout (i.e., in recovery) and compared to control animals that were
exposed to a motionless treadmill for 30-minutes and tissues immediately harvested. FL
hTERT (exons 7/8 included) and minus beta TERT (skipping of exons 7/8 indicated by
6/9 junction primers) were measured by RT-PCR in skeletal muscle, cardiac muscle,
and the brain. In comparison to the no exercise condition, an overall increase in hTERT
mMRNA was observed at 1-hour post-exercise in the skeletal muscle samples. Splicing
ratios were also altered in the skeletal muscle with a significant increase in FL during
recovery (72-hours). In contrast, the cardiac muscle (left ventricle), had a different AS
pattern but a similar increase in hTERT transcripts. The percentage of FL hTERT coding
transcripts in comparison to total hTERT decreased in recovery from exercise (1-, 24-,
and 48-hours). Minimal changes were observed in the brain, but this does not rule out
that specific regions of the brain may be better targets for future analysis (i.e.,
hippocampus, nucleus acumbens, or caudate). These tissue-specific responses led to
the hypothesis that hTERT and its isoforms likely play specific roles in certain tissues
and contexts. While further research will be needed to elucidate the functions of these
TERT isoforms in cardiac versus skeletal muscle, these data support the hypothesis

that TERT and telomerase are a part of the exercise induced adaptations.

2.6.5. Impact of exercise on shelterin
Another area of exercise and telomere biology that has been investigated is how

shelterin components are impacted by exercise. Werner et al. 2008 first documented
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that exercise (voluntary wheel running for three weeks) impacted Terf1 (TRF1) and
Terf2 (TRF2) shelterin mRNA and protein expression in cardiac tissues [158]. Ludlow et
al. followed this up with tissues collected from one-year-old mice, which underwent 48
hours of exercise washout following 44 weeks of voluntary wheel running [143]. In this
research study, expression of shelterin components was analyzed at the mRNA and
protein levels (for Terf1 (TRF1) and Terf2 (TRF2)) in skeletal muscles, liver, and cardiac
muscle (left ventricle). In the liver tissue, a few changes in the expression of shelterin
components was observed indicating that neither age nor exercise had a striking impact
on this tissue. In cardiac muscle, however, shelterin changes were more pronounced,
while age overall resulted in reduced shelterin expression that was attenuated in
exercised animals. This indicates that exercise (voluntary wheel running) results in
favorable remodeling of telomere biology, likely resulting in part of the exercise-induced
cardioprotective phenotype. In the skeletal muscle, muscle-specific effects were
observed between the extensor digitorum longus (EDL) and plantaris muscle for
expression of Terf1 (TRF1) and Terf2 (TRF2). The plantaris muscle from older
sedentary animals had increased expression of TRF1 compared to the older exercised
animals and young animals, while minimal changes in TRF1 levels were observed in the
EDL. Interestingly, overexpression of TRF1 in dividing cells results in progressive
telomere shortening [162]. Therefore, exercise may help maintain telomeres by
attenuating an age-related increase in TRF1 protein.

To study the initial signaling mechanisms that could be driving the adaptive process
associated with changes in telomere biology induced by exercise, Ludlow et al. utilized

an acute exercise model in mice, specifically a bout of treadmill running followed by
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analysis of tissues in recovery from exercise to explore how these two variables impacted
expression of shelterin components [157]. Ludlow et al. investigated shelterin expression
in three groups of mice; a sedentary control group, and two groups that underwent an
intensity controlled (60% of maximal running speed on the treadmill) 30-minute bout of
exercise and had tissues collected either immediately following exercise or 1-hour post
exercise [157]. Terfl mRNA levels were significantly reduced immediately following
exercise in the plantaris muscle, recapitulating training-induced effects. In addition,
increased p38 MAPK activation (phosphorylation) was correlated with changes in Terf1
MRNA levels. When C2C12 mouse myotubes were treated with calcium ionophore, it
resulted in increased p38MAPK phosphorylation and reduced levels of Terf1T mRNAs,
recapitulating exercise phenotypes. These results support that the increased intracellular
calcium-associated with muscle contractions during exercise results in increased
activation (phosphorylation) of p38 MAPK and reduced mRNA levels of Terf1 in rodent
skeletal muscle. In the hearts of these same mice, Ludlow et al. measured shelterin
protein levels and mRNA levels of DNA repair and response genes (Chk2 and Ku80/Xrcc)b)
[157]. In contrast to skeletal muscle, increased TRF1 and TRF2 protein and mRNA levels,
greater expression of DNA-repair and -response genes (Chk2 and Ku80/Xrcc5) and
greater protein content of phosphorylated p38 MAPK were observed at immediately post-
exercise compared with both controls and 1-hour post-exercise animals [157]. These data
provide insights into how physiological stressors remodel the heart tissue and how an
early adaptive response mediated by exercise may be maintaining telomere length and/or

stabilize the heart genome through the upregulation of telomere-protective genes.
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Chapter 3 — Intronic Cis-Element DR8 in hTERT Is Bound by Splicing Factor

SF3B4 and Regulates hTERT Splicing in Non-Small Cell Lung Cancer

Slusher, A. L., Kim, J. J., Ribick, M., Pollens-Voigt, J., Bankhead Ill, A., Palmbos, P. L.,
& Ludlow, A. T. (2022). Intronic Cis-Element DR8 in hTERT Is Bound by Splicing Factor
SF3B4 and Regulates hTERT Splicing in Non—-Small Cell Lung Cancer. Molecular

Cancer Research, 20(10), 1574-1588.

3.1. Abstract

Splicing of the hTERT gene to produce the full length (FL) transcript is necessary
for telomerase enzyme activity and telomere-dependent cellular immortality in the
majority of human tumors, including non-small cell lung cancer (NSCLC) cells. However,
the molecular machinery to splice hTERT to the FL isoform remains mostly unknown.
Previously we reported that an intron 8 cis-element termed ‘direct repeat 8 (DR8)
promotes FL hTERT splicing, telomerase and telomere length maintenance when bound
by NOVA1 and PTBP1 in NSCLC cells. However, some NSCLC cells and patient tumor
samples lack NOVA1 expression. This leaves a gap in knowledge about the splicing
factors and cis-elements that promote telomerase in the NOVA1 negative context. We
report that DR8 indeed regulates FL hTERT splicing in the NOVA1 negative and positive
lung cancer contexts. We identified splicing factor 3b subunit 4 (SF3B4) as an RNA

trans-factor whose expression is increased in lung adenocarcinoma (LUAD) tumors
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compared to adjacent normal tissue and predicts poor LUAD patient survival. In contrast
to normal lung epithelial cells, which continued to grow with partial reductions of SF3B4
protein, SF3B4 knockdown reduced hTERT splicing, telomerase activity, telomere
length, and cell growth in lung cancer cells. SF3B4 was also demonstrated to bind the
DRS8 region of hTERT pre-mRNA in both NOVA1 negative and positive NSCLC cells.
These findings provide evidence that DR8 is a critical binding hub for trans-factors to
regulate FL hTERT splicing in NSCLC cells. These studies help define mechanisms of
gene regulation important to the generation of telomerase activity during

carcinogenesis.
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3.2. Introduction

Telomeres (5’-TTAGGGn) cap the ends of linear chromosomes [11] and shorten
by 50-200-nucleotides with each cell division [12, 163, 164]. This “end replication
problem” is partially compensated by the telomerase enzyme [165]. Telomerase activity
is repressed during human development and in adult somatic cells [13, 166], which
leads to progressive telomere shortening. Telomere shortening and replicative
senescence serve as key barriers to prevent somatic cell progression to malignant
cancer cells [167-169].

A telomere maintenance strategy must be adapted for cancer cells to become
immortal. The majority of human cancers (~85%) including lung cancers, reactivate the
telomerase enzyme to maintain short telomeres in cancer cells [13, 170, 171].
Telomerase is a near universal target for cancer therapeutic strategies. Despite intense
efforts to develop telomerase inhibitors, such therapies are not currently available. The
telomerase enzyme consists of the telomerase RNA template (hTERC), the protein
catalytic subunit telomerase reverse transcriptase (hTERT), and numerous accessory
proteins [78, 172, 173]. Quantitative analysis demonstrates that telomerase-positive
cells express between 11,000 and 112,000 hTERC RNA molecules and between 1 and
30 hTERT mRNA molecules per cell [174, 175]. Although both A TERC and hTERT
mMRNA levels increase in cancer cells [174], hTERT is commonly identified as the rate-
limiting component of active telomerase in cancer cells [176]. These findings highlight
the importance of hTERT as a potential target to attenuate cancer progression and

survival.
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The majority of research on hTERT expression in cancer cells has focused on
transcriptional regulation [93, 177, 178]. However, our laboratory and others have
shown that additional RNA-processing mechanisms, such as alternative RNA splicing,
provide another level of regulatory control contributing to hTERT expression and
telomerase reactivation [26, 27, 102, 108, 179]. The hTERT gene contains 16 exons
that must all be present in sequence to produce the full length (FL), catalytically active
transcript necessary to generate telomerase activity [179]. The FL isoform represents
the minority of the transcriptional output of hATERT [174] as the majority of hTERT
transcripts are alternatively spliced. The major alternative splicing variant (ASV) is the
minus [ isoform which skips exons 7 and 8 of the reverse transcriptase (RT)-domain.
While alternative RNA splicing is tightly regulated during embryonic development and in
adult somatic cells, cancer is associated with aberrant splicing [180]. Underscoring the
importance of understanding hTERT alternative splicing regulation is the recent data
that alternatively spliced isoforms of hTERT exist in normal cells and help repress the
production of the FL isoform by shunting transcripts to be degraded or towards low
abundant isoforms lacking telomerase activity [28, 108]. Thus, stem cells and normal
cells appear to have regulated hTERT expression and alternative RNA splicing (AS)
while hTERT expression and AS is dysregulated in cancer. Therefore, understanding
the regulation and dysregulation of A TERT may reveal new telomerase inhibitor
development opportunities.

The hTERT gene contains an intronic cis-element located within intron 8 termed
direct repeat 8 (DR8) that is essential for the regulation of A TERT FL splicing [27, 181].

Our group recently discovered that the RNA-binding protein NOVA1 binds to DR8 and
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recruits the polypyrimidine-tract binding protein 1 (PTBP1) to DR8 to promote FL hTERT
splicing, telomerase enzyme activity, telomere length maintenance, and sustain the
growth and survival of non-small cell lung cancer (NSCLC) [26, 27]. In the present study,
we utilize TCGA lung adenocarcinoma (LUAD) patient data to show that hTERT is
expressed in both matched tumor adjacent normal tissue and in tumor samples. Our data
indicate that tumor adjacent normal samples lack FL hTERT expression, but that FL
hTERT is expressed at significantly higher levels in the tumor samples. These data
highlight the importance of splicing regulation changes in addition to transcriptional
mechanisms that result in FL hTERT specifically in cancer cells. In addition, we
demonstrate that CRISPR-mediated DR8 deletion in vitro reduces FL hTERT splicing,
attenuates telomerase activity, shortens telomere length, and attenuates cell growth in
Calu6 (a NOVA1 negative NSCLC cell line). Finally, we identified splicing factor 3b subunit
4 (SF3B4) as an RNA binding protein upregulated in NSCLC patient tumor samples in the
TCGA LUAD cohort, and that increased SF3B4 expression is associated with poor
survival outcomes compared to lower expressing tumor samples. We demonstrate that
SF3B4 also binds to the DR8 region of hTERT pre-mRNA in H1299 and Calu6 NSCLC
cells, and that SF3B4 knockdown reduces FL hTERT splicing and telomerase enzyme

activity in a NOVA1 independent fashion.
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3.3. Materials and Methods

3.3.1. Plasmids

As previously performed [26], we deleted hTERT DR8 by using guide RNAs
flanking DR8 (pre-DR8 guide—5"-ATCTGCTTGCGTTGACTCGC-3' and post DR8: 5'-
TTATTTTCGGGAAGCGCTAT-3') and cloned these guides into PX458 [182], which
were a gift from Feng Zhang (Addgene plasmid # 48138; http://n2t.net/addgene:48138;
RRID:Addgene_48138). To express hTERT (pBABE lox-hTERT-lox — puro,
RRID:Addgene_111380), retrovirus was made by co-transfecting 5 ug of proviral hnTERT
plasmid and 2 ug of packaging plasmids pMD2.G and pCMV-VSV-G
(RRID:Addgene_8454) using Lipofectamine 3000 (Invitrogen, Carlsbad, CA) into 293T
cells (RRID:CVCL_0063). For the rescue experiment, siRNA resistant (resistant to all
three siRNAs used in this study, cDNA was codon optimized) SF3B4 plasmid with Flag
tag on C-terminus was designed and generated by GeneArt Gene Synthesis
(Invitrogen) based on the SF3B4 mRNA sequence (NM_005805.5) and inserted into
pcDNA3.1+ mammalian expression vector. To generate an empty control vector for our
experiments, SF3B4 was excised with restriction enzymes (BamHI and Xhol) and
standard procedures were used to ligate and clone the resulting empty (lacking the

SF3B4 ORF) pcDNA 3.1+ FLAG plasmid.

3.3.2. Cell Culture and Cell Lines
NSCLC cell lines (A549 (RRID:CVCL_0023), Calu6 (RRID:CVCL_0236), Calu6
with stable hTERT expression (derived in laboratory) and NCI-H1299

(RRID:CVCL_0060)) were maintained in culture at 37°C in 5% CO2 in 4:1
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DMEM:Medium 199 supplemented with 10% cosmic calf serum (HyClone, Logan, UT).
All unmodified cell lines were obtained from American Type Culture Collection (ATCC,
Manassas, VA). Human bronchial epithelial (HBEC, primary ATCC - PCS-300-010) and
HBEC3-KT cells (ATCC - CRL-4051, RRID:CVCL_X491) were maintained in bronchial
epithelial growth media (ATCC - PCS-300-030) supplemented with a bronchial epithelial
cell growth kit (ATCC - PCS-300-040) on collagen coated plates (porcine gelatin,

Sigma). Cell line identity was verified by the vendor (ATCC).

3.3.3. Animals

Crl:NU(NCr)-Foxn1™ athymic nude mice (~4-6 weeks old, RRID:RGD_5508395)
were purchased from Charles River (Wilmington, MA). All animal experiments were
approved by the University of Michigan Institutional Animal Care and Use Committee

(IACUC) and conducted as per the institutional guidelines.

3.3.4. Xenograft

Single cell clones from the H1299 NSCLC cell line with either YCAY to YAAY
mutations or full deletion of the DR8 region within intron 8 of the hTERT gene using
CRISPR/Cas9 were utilized [26]. Cells were cultured and a total of 1.0 108 cells in 100
ML of 1x PBS were injected subcutaneously into both hind flanks of athymic NRC nu/nu
mice (2 injections per mouse). Body mass and tumor volumes were monitored by digital
scale and caliper, respectively, twice weekly. Tumor volume was calculated according to

the following formula: volume = (width? x length)/2. Three types of control clones were
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used: Control clone 1 = H1299 parental cells; control clone 2 = Single cell sorted clone;

control clone 3 = Cas9-no guide vector transfected and sorted wild-type clone.

3.3.5. RT-Droplet Digital PCR

RNA was extracted using RNeasy® Plus Mini Kit (Qiagen, Hilden, Germany) then
cDNA synthesized using SuperScript IV First-Strand cDNA Synthesis System
(Invitrogen,). All cDNAs were diluted to 1:4 using nuclease-free water and stored at
—-20 °C until analysis of hTERT and SF3B4 expression levels (Supplemental Table 3.1)
by droplet digital PCR (ddPCR; Bio-Rad, Hercules, CA). For hTERT alternative splice
variant analyses, diluted cDNAs were used within 48 hours of production in ddPCR
reactions. Total hTERT gene expression levels were determined by summing the absolute
quantification of the exon 7-8 containing transcripts plus exon 7-8 skipping transcripts
(determined by exon 6-9 junction RT-ddPCR). Full length and alternatively spliced hTERT
percentages were determined according to the following formulas: Percent Potential FL
= Exon 7-8 containing transcript / Total transcript; Percent alternatively spliced = 100 —
Percent Potential FL. Absolute values of hTERT transcripts containing exons 7/8 or exons

6/9 (minus B) as determined by ddPCR are shown in supplemental figures.

3.3.6. Droplet Digital TRAP Assay for Telomerase Activity

Quantification of telomerase enzyme activity was determined by the droplet digital
TRAP assay [183, 184]. In brief, a 1.0-10° cell pellet was lysed in NP-40 lysis buffer,
diluted to a final concentration of 1.25 -10° cells/uL, and 1 uL added to an extension

reaction (50 cell equivalents per uL) for 60 min followed by a 5 min heat inactivation of
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telomerase at 95°C. An aliquot (2 uL) of extension products containing an equivalent of
100 cells was amplified in a droplet digital PCR for 40 cycles. Droplet fluorescence
intensity and number were read and counted on the QX200 Droplet Reader (Bio-Rad).

Data were calculated to represent telomerase extension products per cell equivalent.

3.3.7. Terminal Restriction Fragment Assay for Telomere Length Analysis

The average length of telomeres (terminal restriction fragment lengths) was
measured as previously described [185] with the following modifications: A DIG-labeled
DNA molecular weight marker |l ladder was loaded on either side of the samples (Millipore
Sigma, St. Louis, MO). DNA was transferred to Hybond-N+ membranes (GE Healthcare,
Piscataway, NJ) using overnight transfers. The membrane was briefly air-dried and DNA
was fixed by UV-crosslinking. Membranes were then probed for telomeres using a
digoxigenin (DIG)-labeled telomere probe, detected with a horseradish peroxidase-linked
anti-DIG  antibody (Cat no. 11093274910; Roche, Basel, Switzerland,
RRID:AB_2734716), exposed with CDP-star (Cat no. 11759051001; Roche), and imaged

(Chemidoc XRS + Molecular Imager, Bio-Rad).

3.3.8. Genome-Editing and Engineering (CRISPR/Cas9)

H1299 DR8 mutant and DR8 deletion cell lines were previously generated and
described [26]. Two guide RNAs were designed to delete hTERT DR8 (pre-DR8 guide:
5-ATCTGCTTGCGTTGACTCGC-3'; post-DR8 guide: 5'-TTATTTTCGGGAAGCGCTAT-
3'). Guide RNAs were cloned into PX458 (Plasmid #48138: pSpCas9[BB]-2A-GFP;

Addgene, Watertown, MA). Cells were simultaneously transfected with two guide RNAs
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using Lipofectamine 3000 (ThermoFisher Scientific, Waltham, MA) and flow sorted into
individual wells of a 96-well plate 48 hours post transfection for the top 5% green
fluorescent protein (GFP)-positive cells. Wells with growing single cell clones were
scaled up stepwise to a six-well plate then a 10 cm dish upon reaching confluence.
Finally, cells were collected for DNA extraction and genotype analysis of CRISPR
mutation validation using PCR with primers designed to identify the presence or deletion
of the 480-bp sequence containing DR8 of hTERT (Supplemental Table 3.1). Sanger
sequencing was also utilized to verify that recombination occurred between two hTERT

alleles and not a different sequence within the genome.

3.3.9. Transient siRNA and Rescue Experiments

Cell lines were plated at a density of 2.5-10° cells (Calué TERT OE), 3.0 -10°
cells (Calu6), or 4.0 -10° cells (A549, H1299, HBEC-3KT, and primary HBEC) per well in
a 6-well plate for 24 hours. Cells were then transfected for 48 (A549) or 72 hours
(Calue, H1299, Calu6é TERT OE, HBEC-3KT, and primary HBEC) with 10 nM of either
non-silencing controls (sc-37007) or a pool of three siRNAs targeting SF3B4 (sc-38313;
sense RNA sequences — 1) 5'-CUGAGAUUGAUGAGAAGUU-3', 2) 5'-
CAGGCAACUCCAAAGGUUA-3', 3) 5'-GUCCUAUCACCGUAUCUUA-3'"; Santa Cruz
Biotechnology, Dallas, TX) prepared with Opti-MEM (Gibco, Carlsbad, CA) and
RNAimax (Invitrogen). For rescue experiments, siRNAs were transfected for 24 hours
using RNAIi max and then plasmids (either siRNA resistant plasmid or empty control

vector) were transfected with lipofectamine 3000 (ThermoFisher Scientific, Waltham,
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MA) and incubated for 48 hours. Finally, cells were washed, trypsinized, counted, and

pelleted for RNA extraction, western blot analysis, and telomerase activity.

3.3.10. Alamar Blue Assay

Cells were plated for the siRNA/rescue experiment, and prior to cell collection,
cells were incubated with Alamar blue reagent (1x) for two hours. Media was collected,
plated into 96 well plate, and read on a plate reader (Molecular Devices SpectraMax

iD3) at 545 nM excitation and 590 nM emission.

3.3.11. Western Blot Analysis

Total protein lysates were extracted from tissue culture cells using Laemmli buffer
(Bio-Rad) and boiled for 10 mins at 95°C. Prepared lysates were resolved by SDS-
polyacrylamide gel electrophoresis, transferred to polyvinylidene fluoride membranes,
and detected with a rabbit polyclonal antibody for SF3B4 (Cat. No. ab157117; Abcam,
Cambridge, UK) diluted 1:1000 in 5% non-fat dry milk. Protein loading was determined
with stain free total protein blots (Stain free gels, Bio-Rad) or with a mouse monoclonal
antibody for B-Actin (Cat. No. 3700; Cell Signaling Technology, RRID:AB_2242334)

diluted 1:20000 in 5% BSA (Cat. No. BP1600-100; Fisher Scientific).

3.3.12. Colony Formation Assay
Cell were treated as described above for either siRNA transfections or rescue
experiments. After 24 hours of siRNA and/or plasmid treatments, cells were trypsinized,

counted, and plated in triplicate at three different densities (500, 1000 and 200 cells per
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well in a 6 well plate) for each condition. Media was changed every four days, and once
visible clones were present, they were fixed and stained with Crystal violet. Plates were

imaged and the number of colonies were counted by ColonyCountJ [186].

3.3.13. Stable Cell Line Generation

Stable cell lines with shorthair pin RNAs (shRNA; pGIPZ (RRID:Addgene_121488),
Horizon Discovery) were generated for Calu6 and HBEC-3KT cells. Lentivirus was
generated for non-silencing scramble control and three shRNAs targeting SF3B4
(shRNA 1 — 5-GCCCTCTCCCTCAGTAAAT; shRNA2 - 5'-
ACAGGCAACTCCAAAGGTT, shRNA3 — 5-CTGACTATGCCATTAAGAT). Lentivirus
was generated by transfecting 293T cells (RRID:CVCL_0063) with shRNA plasmid, and
helper plasmids (psPAX, pMD). Viral supernatants were collected, and target cells
(HBEC-3KTs and Calu6) were infected. Following infection, cells were treated with
puromycin and populations of stably selected cells were cultured and analyzed in
subsequent experiments. All selected cells were GFP positive, and shRNA induced

knockdown was confirmed by western blot analysis.

3.3.14. In vitro Transcription and RNA Pulldown with Desthiobiotinylated 3’-end
Labeled RNA Baits

Complementary single stranded oligonucleotides (24-nt) containing a T7
promoter sequence at the 5' end were designed to include the predicted
(GTGTGA/GUGUGA; DNA/RNA) or mutated (TTTTTT/UUUUUU; DNA/RNA) SF3B4

binding motif located within the DR8 region of hTERT gene. Complementary oligos
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were dissolved in annealing buffer (10 mM Tris ph 7.5 — 8.0; 50 mM NaCl; 1 mM EDTA;
Sigma-Aldrich, St. Louis, MO, USA), heat annealed at 95°C for 5 minutes, cooled to
room temperature slowly, and then in vitro transcribed (MEGAshortscript T7
Transcription Kit, Invitrogen; Carlsbad, CA, USA). A 45 min DNase step was performed
prior to RNA purification with an RNA affinity column (RNeasy minelute, Qiagen). RNA
was 3' end labeled with desthiobiotin and ethanol precipitated (Pierce RNA 3' end
desthiobiotinylation Kit, Invitrogen). Cell lysates were prepared according to
manufacturer’s instructions (Pierce Magnetic RNA-protein Pulldown Kit; Thermo
Scientific), precleared with empty streptavidin beads for 60 minutes at 4°C with
continuous rotation, and then exposed to RNA containing beads overnight at 4°C with
continuous rotation. Following two washes, RNA-interacting proteins were eluted from
the beads with a biotin containing elution buffer (30 uL) for 30 minutes at 37°C on a
shaker, boiled at 95°C for 10 minutes in 2x Laemmli buffer containing B-
mercaptoethanol, and stored at -20°C until RNA-protein complexes were immunoblotted

as described above to determine the interaction of SF3B4 to DRS.

3.3.15. Bioinformatics and Statistical Analyses

TCGA LUAD RNA-Sequencing paired-end read data was downloaded from the
GDC data portal after obtaining dbGaP NIH controlled-access. The data/analyses
presented in the current publication are based on the use of study data downloaded
from the dbGaP web site, under phs000178.v10.p8
(phs000001.v1.p1/https://www.ncbi.nim.nih.gov/projects/gap/cgi-

bin/study.cgi?study_id=phs000001.v3.p1). Patient clinical metadata was sourced from
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the GDAC Firehose [187]. Unique tumor samples were selected per patient by ordering
patient barcodes alphanumerically and selecting the first. Reads were mapped and
quantified to GRCh38 using Salmon (RRID:SCR_017036) v0.11.3 with sequence, GC,
and position bias correction parameters turned on [188]. Refgene gene and transcript
annotations were sourced from the UCSC genome browser (RRID:SCR_005780)
6/5/2017 [189]. Transcripts per kilobase million (TPM) values were upper quartile
normalized across LUAD patients.

Statistical data analysis and visualizations were generated using the R statistical
programming language [190]. Cox regression and log-rank tests were used to quantify
the association of gene or isoform expression with patient survival [191]. Cox
proportional hazards regression was performed using gene/isoform expression as a
continuous variable. To construct Kaplan Meier (KM) plots, patient cohorts were
stratified into high and low gene/isoform expression groups by evaluating five
thresholds: 10th, 25th, 50th, 75th, and 90th percentile of patient cohort expression. A
log-rank test was used to quantify the significance of differences between patient
groups. Unless otherwise noted, Student’s t-tests were used to determine statistically
significant differences between group means. Statistical significance being defined as a

p-value < 0.05.
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3.4. Results

3.4.1. FL hTERT Splicing is Associated with Decreased Lung Cancer Patient
Survival

The complete hTERT gene consists of 16 exons and 15 introns. All 16 exons
must be present in full to produce the catalytically active telomerase enzyme (Figure
3.1A). Exons 7 and 8, highlighted in red, represent a key splicing event that results in
the production of the catalytically active FL hTERT transcript (exon 7-8 containing) or
the catalytically inactive minus 3 ASV (exon 7-8 skipping). In contrast to DR8, the direct
repeat 6 (DR6) and variable number tandem repeat 6.1 (VNTR6.1) sequences within
intron 6 of hNTERT pre-mRNA are integral in regulating the major hTERT alternative
splicing isoform minus Beta (Figure 3.1A) [181].

To determine the frequency and distribution of common hTERT splice variants
within NSCLC (Figures 3.1B and C), we utilized publicly available RNA-sequencing data
from the TCGA splice variant database (TSVdb) for both LUAD and lung squamous cell
carcinoma (LUSC) patient samples [192]. The percentage of FL hTERT transcripts are
~24% for LUAD and ~21% for LUSC, whereas minus 3 containing ASVs comprise
~70% and ~64% of transcripts for LUAD and LUSC, respectively (Figure 3.1C). The
remaining (< ~10-15%) hTERT ASVs are specific to the minus a (a 36-nt deletion at the
5' end of exon 6 resulting from a cryptic splice site) and minus y (exon 11 skipping)
variants within the RT-domain that may act as dominant-negative telomerase inhibitors
but are expressed at extremely low levels in lung cancers (Figures 3.1 B and C) [105-
107]. These data confirm that the FL hTERT isoform is a minor isoform compared to

alternatively spliced isoforms of hTERT.
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To examine hTERT expression and alternative RNA splicing in NSCLC patients
(n =503), TCGA LUAD patient data was utilized to determine if h"TERT is expressed in
tumor adjacent (normal) samples (Figure 3.1D). The expression of hTERT at the gene
level and FL hTERT transcript level (uc003jcb, NM_198253) were compared in matched
patient samples (normal and tumor [n = 12]). As expected, both tumor adjacent normal
and tumor samples expressed hTERT, and expression was significantly greater in tumor
compared to tumor adjacent normal samples (p = 0.005; Figure 3.1D). Additionally, FL
hTERT (uc003jcb, NM_198253) expression was expressed exclusively in the tumor
samples (p < 0.001; Figure 3.1E). The relationship between hTERT gene expression
(total) and expression of FL hTERT with LUAD patient survival was also explored, and
modest associations were observed for FL hTERT and overall survival at several
thresholds (Supplemental Figures 3.1A-J). These data indicate that increases in
transcription and changes in post-transcriptional regulation of h"TERT leads to
telomerase enzyme activity in lung cancer and support the observations that elevated
FL hTERT expression and telomerase enzyme activity in lung cancers are associated

with significant reductions in patient survival outcomes following surgery [7, 193].

3.4.2. DR8 Cis-Element Mutation or Deletion Prevents NSCLC Growth in a
Xenograft Model

Our laboratory recently utilized CRISPR/Cas9 to delete a 480-nt fragment or
mutate a cluster of seven NOVA1 YCAY binding sites (YCAY to YAAY mutations) within
the DR8 region of hTERT in the H1299 NSCLC cell line (Figure 3.1F) [26]. Compared to

H1299 control clones (H1299 parental, single cell sorted, and Cas9-no guide vector
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transfected and sorted wild-type clones), DR8 deletion clones exhibited reduced FL
hTERT expression, a significant reduction in telomerase activity (Supplemental Figures
3.1K and L), and progressive telomere shortening in vitro [26].

We previously observed that several of these clones died in culture while others
survived, including one of the deletion lines and one of the mutation lines used in this
study, despite progressive telomere shortening [26]. While it would be an expected
result that an hTERT knockout line would not form tumors in vivo, these lines were not
hTERT null but rather hTERT low. Therefore, xenografts were performed to determine if
the pressures of an in vivo environment could drive the DR8 manipulated and low
telomerase cells into crisis. Wild-type control H1299 cell lines containing DR8 (n = 3 cell
lines [1. parental/population control, 2. single cell sorted and expanded as in the
CRISPR clones, and 3. Cas9-no guide transfected and sorted]), H1299 clones with DR8
YCAY to YAAY mutations (n = 3 independent cell lines), and H1299 clones with
complete DR8 deletions (n = 2 independent cell lines) were injected into both hind
flanks of female athymic nude mice (3 mice per clone; 2 injections per mouse) [26].
Body weight was not different in any of the groups (Supplemental Figure 3.1M).
However, tumor growth rates were significantly attenuated in the H1299 DR8 mutation
clones and completely absent in H1299 DR8 deletion clones compared to mice injected
with H1299 control clones (Figure 3.1G). These results suggest that the presence of the
intronic cis-element DR8 confers a tumor growth and survival advantage in vivo that
likely results from the ability of the H1299 control clones with wild-type hTERT DR8
being able to maintain telomeres while clones with DR8 mutations or deletion lack a

stable and robust telomere maintenance system.
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3.4.3. DR8 Deletion Alters hTERT Splicing in NOVA1 Negative Cells

Previously we observed that DR8 was important in H1299 cells which express
PTBP1 and NOVA1 [26, 27]. While the majority of NSCLC cell lines express NOVA1, we
sought to determine if NOVA1 was expressed in tumor patient samples. NOVA1
expression was analyzed by TCGA RNA seq. data (downloaded from Protein Atlas) and
observed that 11% (55 of 500 tumors) had RNA seq. fragments per kilobase of
transcript per million (FPKM) values greater than 1 FPKM for NOVA1 mRNA. The vast
majority of the LUAD patient tumors had FPKM values less than 1 (89%, 445 of 500)
with 19.4% having undetectable levels of NOVA1 mRNA, indicating that NOVA1 is not
typically expressed in LUAD patient samples. This finding makes it important to
understand telomerase regulation in the NOVA1 negative context. Thus, we aimed to
determine whether or not DR8 was important in NSCLC cell lines lacking NOVA1
expression, such as Calu6 cells which may be more similar to the vast majority of lung
cancer patient tumors [26]. A 480-nt fragment containing the DR8 region of hTERT was
deleted using two CRISPR guide RNAs in Calu6. Four Calu6 clones had on-target
deletion of the DR8 (Table 3.1; Supplemental Figures 3.2A and B). Cellular growth rates
were attenuated in each DR8 deletion clone (Supplemental Figure 3.2C), with the Del. 1
and Del. 4 clones failing to grow beyond ~30 and 35 population doublings, respectively.
DRS8 deletion clones also exhibited significantly lower exon 7-8 containing hTERT
transcript levels compared to population controls (Supplemental Figure 3.2D), and this
promotion of exon 7-8 skipping resulted in an hTERT splicing shift from FL towards the

minus B ASV and a significant reduction in telomerase enzyme activity compared to
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Calu6 population controls (Figures 3.1H and I; Supplemental Figure 3.2E and F).
Similarly, the Del. 2 clone exhibited very modest shortening of telomeres (Figure 3.1J).
Over a period of 17 population doublings (PD; 51 PDs vs 68 PDs), telomeres shortened
about 0.5kb (from ~2.0 kb to ~1.5 kb) at a rate of 29.4 bp per division, which is
increased compared to wild-type (WT) cells that maintained telomere length. Therefore,
the remaining amount of telomerase in this clone was not sufficient to fully maintain
telomeres. Of note, despite reducing hTERT gene expression, FL splicing, and
telomerase enzyme activity, telomere length appeared to be maintained in the Del. 3
clone (Supplemental Figure 3.2G). It is possible that Del. 3 represents a rare clone in
which the reduced FL hTERT mRNA, and small amount of telomerase enzyme activity
remained sufficient to maintain the very short telomeres throughout the investigation
period.

To test the hypothesis that short telomeres in these cancer cell lines precluded
the cloning efficiency, hTERT was overexpressed in Calu6 cells prior to DR8 deletion
using CRISPR/Cas9. Exogenous overexpression of hTERT resulted in a 4.3-fold
increase in the number of heterozygous clones and a 1.75-fold increase in the number
of successful DR8 deletion clones compared to the DR8 deletion experiment described
above (Supplemental Table 3.2; Supplemental Figure 3.2H), indicating that a significant
number of DR8 deletion clones die in culture due to telomere shortening prior to being
genotyped. These data also indicate that rare clones can emerge with alternative (non-
DR8) mechanisms of promoting FL hTERT and telomerase activity, but that most of the
cells in the culture depend on DR8 to generate sufficient FL hTERT and telomerase

activity.
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Figure 3.1. FL hTERT expression in lung cancers is regulated by an intronic element in hTERT

(DR8) and deletion/mutation of this element prevents tumor growth in vivo.
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A. Cartoon of the complete hTERT gene (5p15.33) and important alternative splicing cis-elements. B.
Isoforms of hTERT identified from TCGA LUAD RNA sequencing of patient tumor samples. The skipping
of exons 7-8 (minus B) is indicated by the red box. C. hTERT FL and alternative splicing variants
observed in LUAD and LUSC patients. D. hTERT gene expression determined via TCGA LUAD RNA seq.
in matched tumor adjacent (normal tissue) compared to tumor samples (solid tumors; n = 12 pairs). E.
Expression of FL hTERT isoform (UC003jcb) in tumor samples compared to normal tissue as determined
by TCGA LUAD RNA seq. data. F. Cartoon of hTERT CRISPR/Cas9 deletion strategy to remove intronic
cis-element DR8. A two-guide strategy was used to delete a 480-nucleotide region in intron 8 of h\TERT
that contains DR8. G. Tumor growth rates are significantly attenuated in mice injected with H1299
mutation clones and completely absent in mice injected with H1299 DRS8 deletion clones compared to
mice injected with H1299 control clones. H. hTERT splicing ratio in Calu6 cells with DR8 deleted
compared to controls (n = 3 clones [Del. 2, 3, and 4] measured in biological duplicates). I. Calu6
telomerase enzyme activity measured by ddTRAP in control and DR8 deleted lines (n = 3 clones [Del. 2,
3, and 4] measured in biological duplicates). J. Terminal restriction fragment length Southern blotting
determination of telomere length in Calu6 parental, wild-type controls (early and late population doubling)
and Del. 2 early and late population doublings. The *, ** and *** indicate statistical significance by
Student’s t-test at p < 0.05. Supplemental data associated with this figure can be found in Supplemental
Figures 3.1 and 2. Abbreviations: DN: dominant negative; LUAD: lung adenocarcinoma; LUSC: lung
squamous cell carcinoma; NMD: nonsense mediated decay; PD: population doublings; TCGA: The

Cancer Genome Atlas. VNTR: variable number tandem repeats
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Cell Line Plated Clones — 6-Well Plate - 10 cm Dish - Genotyped

Calu6 384 43 23 Wild Types 7
Heterozygous 6
Deletions 4

Table 3.1. DR8 CRISPR/Cas9 Clone Progression

3.4.4. SF3B4 in NSCLC Cells Promotes FL hTERT Splicing

To identify potential trans-acting factors that interact with DR8 and manipulate
hTERT splicing, we analyzed our previously performed hTERT splicing minigene loss of
function (siRNA) screen [26]. The entire SF3B spliceosomal complex was significantly
related to changes in FL hTERT splicing ratios in our minigene screen (Figure 3.2A).
Since the SF3B complex is a seven-protein complex, a single target gene was
determined by analyzing LUAD patient survival and expression differences for each
SF3B protein between matched normal and tumor samples. The majority of SF3B
complex members were overexpressed in patient tumor samples compared to normal
(paired t-test: all p < 0.05; Supplemental Table 3.3), and survival analysis revealed that
SF3B2, SF3B4, SF3B6 and PHF5A were significantly associated with reduced patient
survival at various thresholds (Supplemental Table 3.3). To further narrow down our
candidate gene list, SF3B4 was identified as having the largest difference in mMRNA
expression between normal and patient samples (Supplemental Table 3.3). SF3B4 is a
U2 pre-mRNA spliceosomal protein that aids in normal splicing processes due to its
recognition of an intron’s branch point [194]. The predicted SF3B4 binding motif is 5’-
GUGUGA [195], and in silico analysis demonstrates that the SF3B4 binding motif is

located at the 3' end of DR8 in hTERT. SF3B4 gene expression levels are increased 2-
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fold in solid primary tumors of LUAD patients compared to matched normal adjacent
tissue controls (n = 58; t(114) = 8.840, p < 0.001), and associated with reduced survival
outcomes in LUAD patients (n = 503; Log-Rank test: p = 0.009, Hazard Ratio 1.4 (1.1-
1.8) at 10t percentile; Figures 3.2B and C). Additional thresholds were tested and
generally trended towards reduced survival association with varying significance
(Supplemental Figures 3.3A-D). Consistent with these findings, SF3B4 protein
expression was shown to be significantly elevated in NSCLC cell lines compared to

primary HBECs (Figure 3.2D and E).
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Figure 3.2. Higher SF3B4 expression in lung cancer stratifies normal versus diseased tissue and

is related to poorer patient survival in the TCGA cohort.
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A. hTERT minigene data showing SF3B complex genes regulate FL hTERT. B. Log2-transformed (RSEM
values) SF3B4 gene expression levels (n = 58 matched patient samples). C. Greater levels of SF3B4
gene expression are significantly associated with lower overall survival outcomes in LUAD patients (10"
percentile threshold; n = 503 patients). D. SF3B4 protein expression is higher in lung cancer cell lines
compared to normal lung cells (primary human bronchial epithelial cells (HBECs). E. Western blot
quantification of SF3B4 relative to beta actin protein levels in lung cancer cells and normalized to normal
lung cells (primary HBECs; n = 3 for each cell line). Student’s t-test set at * p < 0.05 for significance
compared to normal tissue controls (B). The * indicates significant (p < 0.05) log rank (LR) test of the
Hazard ratios between high and low expression groups at different thresholds (C). Following one-way
analysis of variance (ANOVA), uncorrected Fisher’s LSD test was carried out to compare lung cancer
cells to normal lung cells (E; ** p < 0.01; *** p < 0.001; **** p < 0.0001). Data are presented as means +
standard deviations where applicable. Supplemental data associated with this figure can be found in

Supplemental Figure 3.3. Abbreviations: LUAD: lung adenocarcinoma.
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To confirm the impact of SF3B4 on hTERT splicing in NSCLC cell lines, H1299,
Calu6, and A549 cells were transfected with siRNAs (pool of 3 siRNAs, 10 nM) targeting
SF3B4; achieving =2 85% knockdown efficiency for each cell line (Figures 3.3A and B).
Transient SF3B4 knockdown significantly decreased the percentage of potential FL
hTERT transcripts relative to the minus 3 ASV (all lines p < 0.05) and reduced
telomerase activity (Calu6 and H1299 p < 0.05, A549 p = 0.067) across NSCLC cell
lines compared to siRNA control treated cells (Figures 3.3C and D, Supplemental
Figures 3.4A-C). Next, we aimed to determine the minimal dose of SF3B4 siRNA
necessary to impact hTERT splicing levels and cell viability. In addition to the 10 nM
siRNA concentration previously tested, a dilution series ranging from 5 nM down to 0.1
nM was performed. Significant SF3B4 knockdown was achieved after transient (72
hours) treatment at the 10, 5, and 1 nM concentrations in Calu6 cells (Figure 3.3E).
Likewise, a significant reduction in cell viability was observed in Calu6 cells following
72-hour siRNA treatment at 10, 5, 1, and 0.5 nM concentrations (Supplemental Figure
3.4D). In addition to 10 nM treatments (shown in Figure 3.3D), 5 nM and 1 nM siRNA
concentrations significantly reduced FL hTERT splicing percentage compared to control
treatments (Figure 3.3F, p < 0.05; Supplemental Figure 3.4E).

SF3B4 is a constitutive splicing factor, and its depletion may impact many
splicing events in cancer cells. To rule out generalized splicing effects following SF3B4
depletion, we measured several cancer-related splicing events in Calué and H1299
cells (Supplemental Figures 3.4F and G). Specifically, the PKM1 (mutually exclusive
exon 9-10 switching), PKM2 (cancer related isoform with mutually exclusive exon 9-11

switching) and PKM exons 5-6 (internal expression control of PKM) were measured
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[196]. In addition, NUMB (exon 9 splicing event; inclusion is associated with certain
cancers) [197, 198], and Bcl-xL/Bcl-xS (two alternative &’ splice sites downstream of
exon 2 in Bcl-x pre-mRNA; Bcl-xL is antiapoptotic and related to lung cancer cell
survival) [199] were measured. Housekeeping gene TATA-binding protein (TBP) was
also included as a loading control [200]. Knockdown of SF3B4 at siRNA concentrations
of 10 nM and 5 nM did not significantly impact splicing of these genes within Calu6 and
H1299 NSCLC lines, suggesting that the observed altered hTERT splicing events are

unlikely to be caused by generalized splicing effects induced by SF3B4 depletion.
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Figure 3.3. SF3B4 knockdown reduces FL hTERT and telomerase activity in NSCLC cell lines.
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A. SF3B4 protein by western blot and B. quantitative mRNA expression by ddPCR following a 72-hour
transfection of H1299, Calu6, and A549 NSCLC cell lines with a control siRNA or siRNAs targeting
SF3B4 (10 nM, n = 6 for each cell line). C. Transient SF3B4 knockdown significantly reduced telomerase
enzyme activity in H1299, Calu6, and A549 NSCLC cells (determined by ddTRAP; n = 3 biological
replicates per cell line). D. Transient siRNA induced SF3B4 knockdown significantly shifted hTERT gene
expression from potential FL, exon 7-8 containing transcripts, to alternatively spliced, exon 7-8 skipping
ASVs in H1299, Calu6, and A549 NSCLC cells (determined by ddPCR; n = 3 biological replicates per cell
line). E. Titration of siRNA dose results in differential SF3B4 protein knockdown in Calu6 cells following
72-hours treatment (n = 3 biological replicates per siRNA concentration). F. Dose dependent hTERT
splicing shift in response to a 72-hour siRNA treatment against SF3B4 in Calu6 cells (n = 3 biological
replicates per concentration). Student’s t-test set at * p < 0.05 for significance compared to siRNA control
conditions. For siRNA titration assay (E and F), ANOVA with uncorrected Fisher’s LSD for post hoc
comparisons of treatments was used to compare siRNA treated conditions to siControl (* p <0.05; ** p <
0.01). Data are presented as means * standard deviations where applicable. Supplemental data

associated with this figure can be found in Supplemental Figure 3.4.
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3.4.5. Ectopic Expression of SF3B4 and hTERT Rescue SF3B4 Depletion
Phenotypes in Calu6 Cells

To rule out potential off target effects from siRNA treatment, an siRNA resistant
SF3B4 construct with a Flag tag on the C-terminus (SF3B4-Flag) was expressed in
SF3B4 depleted Calu6 cells. Exogenous SF3B4 expression was confirmed by western
blotting using c-terminus SF3B4 and Flag antibodies (Figure 3.4B). The reduction of the
percentage of potential FL hTERT transcripts (relative to the minus  ASV; p < 0.01)
and telomerase activity (p < 0.01) in response to siSF3B4 were rescued by SF3B4-Flag
expression (Figures 3.4A and C; Supplemental Figure 3.5A). Cell viability measured by
Alamar blue assay was also rescued by SF3B4-Flag expression (p < 0.01, Figure 3.4D).

Since we determined that SF3B4 siRNAs were on-target for h\TERT, we
performed colony formation assays to study the effect of SF3B4 depletion on
proliferation of Calu6 cells. SF3B4 depletion in Calu6 WT reduced the number of
colonies dramatically compared to control treated cells (p < 0.01; Figures 3.4E and F).
In addition, we evaluated whether TERT expression was sufficient to rescue the impact
of SF3B4 knockdown on proliferation. Using Calu6 cells with stable TERT
overexpression (Calu6 TERT OE), we found that TERT overexpression rescued colony
formation of Calu6 cells with SF3B4 depletion (Figures 3.4E and F). These data indicate
that TERT can partially rescue the effects of SF3B4 on viability and colony formation
ability, providing evidence of a direct effect of SF3B4 on TERT. Since the TERT cDNA
does not depend on SF3B4 to be spliced to full-length TERT to generate telomerase,
these data indicate the observed effects are likely mediated by telomerase active TERT

(or full length TERT).
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Since SF3B4 is an essential splicing factor (DepMap data), it is also important to
understand the impact of SF3B4 knockdown on viability in primary HBEC cells. Other
TERT overexpressing cell lines (Calu6 TERT OE and HBEC-3KT) were utilized to test
the impact of SF3B4 depletion in the context of TERT expression. Knockdown of SF3B4
was confirmed by western blotting in the primary HBECs and TERT overexpressing cell
lines and a statistically significant knockdown was achieved compared to control cells
for all lines (greater than 50%; all p < 0 .05; Supplemental Figures 3.5B-D). Reduction of
SF3B4 transcripts was also confirmed by ddPCR in the primary HBECs (Supplemental
Figure 3.5E). As expected, the amount of hTERT transcripts and telomerase activity
were very low and unaffected by SF3B4 depletion in primary HBECs (Supplemental
Figures 3.5F and G). Among the four cell lines (Calu6 WT, Calu6 TERT OE, HBEC-3KT
and primary HBEC), only WT Calu6 cells showed significantly reduced cell viability
measured by Alamar blue (20% reduction compared to siRNA control Calu6é WT,; p <
0.05; Supplemental Figure 3.5H) or trypan blue (only HBEC-3KT; Supplemental Figure
3.51). These data indicate that partial reduction of SF3B4 in primary HBECs or TERT
overexpressing cells is tolerable (the cells survive and continue to proliferate), but that
cancer cells that depend on higher rates of cell turnover for survival more strongly
depend on SF3B4 to promote FL hTERT splicing and telomerase activity for

proliferation and survival.
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A. siRNA resistant SF3B4 (SF3B4-Flag) expression rescues hTERT splicing shift caused by SF3B4
knockdown (ddPCR determined hTERT splicing isoform levels in upper panel, n = 5). B. Western blot of
SF3B4 C-terminus endogenous antibody and Flag tag antibody. C. Telomerase activity is rescued by
siRNA resistant SF3B4 over expression (n = 5). D. Cell viability determined by Alamar blue assay is
rescued by siRNA resistant SF3B4 over expression (n = 5). E and F. TERT overexpression rescues the
number of colonies in SF3B4 depleted Calu6 cells (n = 9). E. Representative image of the colony
formation assay. F. Quantification of the number of colonies relative to scrambled siRNA (siControl)
treated Calu6 WT cells. For multiple group comparisons (A, C, D and F) p-value was calculated using
one-way ANOVA with Tukey’s multiple comparison test compared to every other condition. When p <
0.05 to every other condition, it is grouped and indicated by an alphabet (a,b or c). Otherwise, it is
denoted by asterisk (D; *** p < 0.001). Data are presented as means * standard deviations where
applicable. Abbreviations: CE: siControl + Empty control vector; SE: siSF3B4 + Empty control vector; Crp:
siControl + SF3B4-Flag plasmid; Srp: siSF3B4 + SF3B4-Flag plasmid; Calu6 WT: Calu6 wild-type cell
line; Calu6 TERT OE: Calu6 TERT overexpression cell line. Supplemental data associated with this figure

can be found in Supplemental Figure 3.5.
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3.4.6. Long-Term Reduction of SF3B4 in Cancer Cells Altered Growth and
Telomerase

To test for progressive changes in telomere length, growth, A TERT expression,
and telomerase activity, stable cell lines expressing shRNAs to SF3B4 (three different
shRNASs) or control (scrambled shRNA) in HBEC-3KT (normal cell control) and Calu6
cells were generated. In HBEC-3KTs, SF3B4 knockdown was between 40 and 50%
compared to non-silencing scramble control cells (all p < 0.01 compared to scrambled
shRNA control; Figure 3.5A). Cell growth rates were measured and no significant
differences between any of the shRNAs were observed (Figure 3.5B). Calu6 cells with
stable reductions in SF3B4 using the same shRNAs were also generated. SF3B4
protein levels were measured in cells across several population doublings post selection
and shown to be significantly reduced compared to the scrambled controls
(representative western blot image shows early post selection knockdown, average
reduction in SF3B4 was as follows, shRNA 1 = 20% KD, shRNA 2 =41% KD, and
shRNA 3 40% KD; all p < 0.05; Figure 3.5C). In contrast to stable knockdown observed
in shRNA 1, knockdown efficiency in shRNA 2 (44% to 32%) and shRNA 3 (42% to
33%) decreased from early to late passages (Supplemental Figures 3.6A and B).
Nonetheless, growth rates across all of these stable cell lines were slowed over the
course of 35 days compared to control shRNA cells (Figure 3.5D). Next, we measured
telomerase enzyme activity and observed reductions in telomerase enzyme activity (all
p < 0.01; Figure 3.5E), which was confirmed by significantly reduced splicing of FL
hTERT levels (all p < 0.05; Figure 3.5F; Supplemental Figure 3.6C). Similar to the

fluctuation in SF3B4 knockdown levels, changes in FL hTERT and telomerase activity
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were observed throughout the experiment (Supplemental Figures 3.6D and E). In
shRNA 1 cells, FL hTERT increased by midway through the experiment and exhibited
significantly higher telomerase activity by the end of the experiment compared to cells
measured during the middle phase. This could indicate that a rare clone emerged and
took over the population that was resistant to knockdown of SF3B4 and found an
alternative way to generate high levels of telomerase. In shRNA lines 2 and 3, FL
hTERT and telomerase progressively increasing through the time of investigation.
Finally, we analyzed early and late passage cells for changes in telomere length and
observed two different phenotypes (Figure 3.5G). In the control cell line (ShRNA
scramble), telomeres were maintained overtime in culture (0.2 kb reduction over 40
population doublings or a shortening rate of 10 bp per doubling). In SF3B4 shRNA 1,
modest telomere shortening was observed (0.6 kb over 29 population doublings or a
shortening rate of 20.7 bp per doubling), whereas in shRNAs 2 and 3 cells, telomeres
were elongated (~ 0.2 kb over 29 and 28 population doublings, respectively) over time
in culture despite extremely low hTERT gene expression levels and telomerase activity
at the beginning of the culture. A potential explanation could be that the initial selection
of clones that could grow with SF3B4 knockdown resulted in a population of clones with
very short telomeres, low telomerase, and slow growth. For example, very slow growth
and low viability of shRNA 2 cells was observed initially, but overtime, growth rates and
viability increased to suggest a shift in the dominant clones within the population
(Supplemental Figure 3.6F). However, this result could also arise from a rare clone with
poor or no knockdown of SF3B4 and higher telomerase/longer telomeres that was

mixed in with the selected population, a hypothesis supported by the observed shift in
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knockdown efficiency overtime (Supplemental Figures 3.6A and B). Under this scenario,
this clone could have become dominant and took over the culture population with the
short telomere cells dying off in culture. In shRNA 3 treated cells, high viability was
initially observed, but by mid-phase, the viability of the culture began to suffer, followed
by higher viability at the late phase (Supplemental Figure 3.6F). We hypothesize that
similar to shRNA 2, a new dominant set of clones might have emerged from the pool of
selected cells that had longer telomeres, higher telomerase/FL hTERT, and were more
resistant to knockdown of SF3B4 (Figure 3.5 and Supplemental Figure 3.6). These data
highlight the heterogeneity of cancer cell lines and further point out that the selective
pressures associated with reduced telomerase activity induced by manipulation of
hTERT alternative splicing factors such as SF3B4 could result in rare surviving clones
with the ability to re-grow their telomeres. This will be important to consider as we move
towards determining if targeting telomerase via alternative RNA splicing is a viable

therapeutic target.
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Figure 3.5. SF3B4 depletion differentially impacts normal lung cell growth compared to cancer

cells and shortens telomeres in telomerase positive lung cancer cells.
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A. Western blot image and quantification of sShRNA induced SF3B4 knockdown in human bronchial
epithelial cells (HBEC3-KT; n = 3 for each shRNA line). B. HBEC-3KT growth curves (population
doublings) in SF3B4 shRNA stable cell lines. C. Western blot image (representative image of early
passage cells) and quantification of shRNA induced SF3B4 knockdown in Calu6 cells (n = 12 for each
shRNA line). D. Calu6 growth curve (population doublings) in SF3B4 shRNA stable cell lines. E.
Telomerase enzyme active determined by ddTRAP (n = 3 for each shRNA line, early passage cells
shown). F. hTERT splicing determined by ddPCR shifted significantly in shRNA cell lines (n = 3 for each
shRNA cell line). G. Terminal restriction fragment length Southern blotting analysis (representative image,
blot was repeated twice with similar results). Following one-way analysis of variance (ANOVA),
uncorrected Fisher’'s LSD test was carried out to compare treatment means to scramble Control (Scr CTL,
*p <0.05, ** p<0.01, ™ p <0.001, *** p <0.0001). Data are presented as means + standard deviations

where applicable. Supplemental data associated with this figure can be found in Supplemental Figure 3.6.
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3.4.7. SF3B4 Binds DR8 in NSCLC Cells and Promotes FL hTERT Splicing

To determine whether or not SF3B4 binds to DR8, a short (24-nt) RNA bait was
generated that spans the 5-GUGUGA binding motif within the DR8 region (3' end) of
hTERT pre-mRNA (Figure 3.6A). H1299 and Calu6 protein lysates were incubated with
the desthiobiotinylated 3’-end labeled RNA baits attached to streptavidin beads and the
enrichment of SF3B4 bound to DR8 was confirmed by western blot analysis (Figures
3.6B-E, Supplemental Figures 3.7A and B). In addition, an RNA bait with a mutated
binding motif 5’-UUUUUU was utilized to prevent the interaction of SF3B4 with DRS.
Indeed, a significant reduction of SF3B4 binding to the DR8 region within the hTERT
gene was confirmed in both H1299 and Calu6é NSCLC cell lines with mutations to the
SF3B4 binding motif. Combining all data, we propose a working model that SF3B4
binds to DR8 to promote FL hTERT splicing, telomerase enzyme activity and cancer cell

growth and survival in NSCLC cell lines (Figure 3.6F).
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A hTERT exons, DR8 sequence, and RNA affinity substrates

5’GGCTTGAGTGCAGTGGCGCGATCTCAACTCACTGCAACCTCCG
CCTCCCGGGTTCCAGCATTTCTCCTGCCTCAGCCTCCCGAGCAG
CTGAGATTACAGGCACCCACCCCCTGCGCCTGGCTAATTTTTGTAT
TTTTAGTAGAGAGGGGTTTTTGCCATGTTGGCCAGGCTGGTCTCG
AACTCCTGACCTCAGGTGATCCACCCACCTCGGCCTCCCAAAGT
GCTGGGATTACAGGTGTGAGCCATCACGCCCAGCCG-3

*SF3B4 binding motif is underlined and highlighted
*RNA bait sequence is underlined

DR8 5 -xxxGUGUGAXxxx- 3’
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Figure 3.6. SF3B4 binds DR8 hTERT sequences in RNA pull down assay.
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A. Cartoon schematic displaying the predicted SF3B4 binding motif within the DR8 region (3' end) of
hTERT pre-mRNA (DNA sequence is shown). The mutated SF3B4 binding motif (highlighted) is included
as a control bait. RNA bait sequence underlined. B and C. Representative western blot images
demonstrating significant enrichment of SF3B4 protein bound to a 24-nt RNA bait containing the
predicted SF3B4 binding motif located at the 3' end of DR8. D and E. Graphical depiction of SF3B4
protein enrichment bound to wild-type and mutated RNA baits (n = 3). Band intensities are normalized to
the WT bait containing the SF3B4 binding motif. An empty bead control was also included. F. Working
model cartoon for SF3B4 action at hTERT DR8. Student’s t-test set at p < 0.05 for significance compared
to empty bead controls that did not have RNA oligonucleotides attached (indicated by *). Data are
presented as means * standard deviations where applicable. Supplemental data associated with this

Figure are found in Supplemental Figure 3.7.
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3.5. Discussion

A thorough understanding of FL hTERT splicing regulation is vital to elucidating
the mechanisms leading to cancer cell telomerase reactivation and cellular immortality.
Consistent with hTERT splice variant expression patterns across 31 cancer types [25],
FL hTERT comprises about 21% and 24% of total hTERT transcripts in patients with
NSCLC (LUAD and LUSC, respectively). Increased levels of FL hTERT, but not total
hTERT gene expression (increased gene level read counts), is predictive of adverse
survival outcomes in LUAD patients. These findings suggest that in addition to
transcriptional regulation of hTERT, alternative RNA splicing is a critically important
regulatory mechanism that enables NSCLC cells to “fine-tune” the amount of FL hTERT
to produce the “correct” amount of telomerase enzyme necessary to either prevent the
shortening of telomeres, which would lead to the loss of replicative immortality, or to
prevent runaway telomere lengthening that has been shown to induce genomic
instability and reduce survival [201].

Alternative RNA splicing involves both cis- and trans-acting RNA binding proteins
to regulate exon inclusion and exclusion within the final protein coding isoform. To
determine the functional role of several deep intronic cis-elements in hTERT splicing,
Wong et al. [181] utilized an hATERT minigene and we previously demonstrated that DR8
manipulation (mutation or deletion) within H1299 cells shift h"TERT splicing from FL to
minus B ASV, reduces telomerase, and progressively shortens telomeres [26]. In the
present study, we further demonstrate that DR8 is also critical for promoting H1299
growth and survival in a xenograft model, as mice injected with H1299 cells containing

DR8 mutations or deletions failed to form tumors up to seven weeks post injection (1 out
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of 30). We further demonstrate that DR8 appears to be a universal intronic cis-element
vital for the regulation of FL hTERT splicing across NSCLC cells lines, as
CRISPR/Cas9-mediated DR8 deletion in Calué NSCLC cells inhibited cellular growth
and survival by shifting in hTERT splicing to ASVs, reducing telomerase enzyme activity,
and shortening telomeres. Confirming these results, rescue experiments achieved by
the overexpression of A TERT in Calu6 cells promoted significantly greater clonal
survival following DR8 deletion by CRISPR/Cas9 (Supplemental Table 3.2). These
results demonstrate that the DR8 region is vital for promoting FL hTERT and telomerase
enzyme activity, which in turn, enables cancer cells to maintain their already shortened
telomeres necessary for continued proliferation.

It is important to note that changes in FL hTERT splicing percentage can result
from various combinations of altered steady-state FL and/or alternatively spliced
transcript levels and that some of the hTERT isoforms not directly measured by our
assays are dominant-negative inhibitors of telomerase. For example, minus (3 is thought
to be targeted for degradation by the NMD pathway, and thus, concentrations are
potentially higher than measured. Minus 3 maybe a dominant-negative inhibitor of
telomerase [116]. In addition, the presence of the minus a, minus y, and INS3 and INS4
ASVs (isoforms that retain portions of intron 14) are likely to be included within exon 7
and 8 containing transcripts. Thus, their likely inclusion contributes to an overestimation
of total FL hTERT. Although the minus a, minus y, INS3, and INS4 ASVs account for a
small percentage of total hTERT, they act as dominant-negative telomerase inhibitors
and help to explain how slight decreases in FL hTERT splicing percentages contribute

to decreases in telomerase enzyme activity.
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The recruitment of frans-acting RNA binding proteins that bind to hTERT DR8
dictates hTERT splicing choice. To determine which splicing factors might be binding
DR8 we analyzed our previous screening data and observed that reduction in all seven
members of the SF3B spliceosome complex resulted in increased hTERT alternative
splicing (Figure 3.2A). Through TCGA patient data analysis (Figure 3.2B-C,
Supplemental Figure 3.3, and Supplemental Table 3.3), we narrowed down our
candidates to SF3B4 as an essential splicing factor involved in branchpoint recognition,
activation of the splicing reaction, and intron removal [202]. Recent studies have shown
that SF3B4 overexpression promotes tumorigenesis in hepatocellular carcinoma,
whereas SF3B4 knockdown inhibits hepatocellular carcinoma (HCC) proliferation and
metastasis [203]. Consistent with these findings, we demonstrate that transient
knockdown of SF3B4 shifts hTERT splicing from FL towards the minus 3 ASV and
reduces telomerase enzyme activity across three NSCLC cells lines analyzed (Figures
3.3C and D). We also demonstrated in rescue experiments that the phenotypes of
SF3B4 depletion are directly related to A TERT and are not caused by off target effect of
siRNA treatment (Figure 3.4). SF3B4 was further shown to bind the 3’ end of DR8 to
promote the inclusion of exons 7 and 8 into the hTERT mRNA, and thus, the formation
of FL hTERT and telomerase activity in the absence (e.g., Calu6 cells) and presence of
NOVA1 (e.g., H1299 cells; Figure 3.6). This is interesting since our previous data
demonstrated that the 5’ end of DR8 was bound by NOVA1/PTBP1 [26]. Understanding
the role SF3B4 plays in cell biology and telomere length regulation is an important step

in determining if this protein or protein complex could be a viable cancer therapy target.
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Since SF3B4 is an essential gene and homozygous knockout of SF3B4 is lethal
during embryogenesis, but the heterozygous animals survive to adulthood [204], it is
important to test how normal human lung cells would respond to knockdown of SF3B4
in culture. To this end, we first demonstrate that hTERT transcripts and telomerase
activity of normal lung cell (primary HBECs), are not affected by SF3B4 depletion
(Supplemental Figures 3.5F and G). We also show that primary HBEC viability is not
significantly impacted by SF3B4 knockdown (Supplemental Figure 3.5H). In contrast,
SF3B4 knockdown in Calu6 cells significantly reduced viability (Figure 3.4D,
Supplemental Figures 3.4D and 5H) and clonogenic growth compared to control cells
(Calu6 in Figures 3.4E and F). On the other hand, viability (HBEC-3KT and Calu6 TERT
OE) and clonogenic growth (Calu6é TERT OE) was rescued by ectopic TERT expression
(Figures 3.4E and F, Supplemental Figures 3.5H and I). Thus, there appears to be a
survival difference or an ability to tolerate or compensate for reduced SF3B4 in normal
lung cells, compared to rapidly dividing, telomerase expressing lung cancer cells, such
as Calu6. Our stable cell lines with knockdown of SF3B4 demonstrate the heterogeneity
of Calu6 cells in response to the selective pressure of reduced SF3B4 protein levels.
The selection pressure of SF3B4 knockdown in shRNA 2 and 3 was likely strong and
only rare very short telomere, low telomerase clones were able to survive and
proliferate. This emergence of rare clones could have re-elongated their telomeres
(Figure 3.5G). Thus, it is likely that rare clones within the Calu6 cell line that can survive
the strong selective pressure of SF3B4 depletion were studied.

The present investigation helps to further elucidate the splicing code involved in

the generation of FL ATERT in NSCLC. More importantly, the DR8 region serves as a
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binding hub for RNA-binding proteins, including SF3B4, NOVA1, and PTBP1. Our data
highlight that manipulation of essential splicing factors such as SF3B4 can manipulate
telomerase activity and hTERT alternative splicing. Further they point out that rare
resistant clones can emerge from depletion of essential splicing factors that can
maintain and even elongate their telomeres. Thus, more precise strategies need to be
developed to force alternative splicing of h"TERT pre-mRNA towards catalytically
inactive variants that reduce telomerase enzyme activity, shorten telomere length, and
prevent long term NSCLC cancer cell growth and survival. Furthermore, the emergence
of rare, resistant clones must be overcome before this type of therapeutic approach can

move forward towards clinical relevance.
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Chapter 4 — Dynamics of TERT Regulation via Alternative Splicing in Stem Cells

and Cancer Cells

Kim, J. J., Sayed, M. E., Ahn, A,, Slusher, A. L., Ying, J. Y., & Ludlow, A. T. (2023).
Dynamics of TERT regulation via alternative splicing in stem cells and cancer cells. Plos

one, 18(8), e0289327.

4.1. Abstract

Part of the regulation of telomerase activity includes the alternative splicing (AS)
of the catalytic subunit telomerase reverse transcriptase (TERT). Although a therapeutic
window for telomerase/TERT inhibition exists between cancer cells and somatic cells,
stem cells express TERT and rely on telomerase activity for physiological replacement
of cells. Therefore, identifying differences in TERT regulation between stem cells and
cancer cells is essential for developing telomerase inhibition-based cancer therapies
that reduce damage to stem cells. In this study, we measured TERT splice variant
expression and telomerase activity in induced pluripotent stem cells (iPSCs), neural
progenitor cells (NPCs), and non-small cell lung cancer cells (NSCLC, Calu-6 cells). We
observed that a NOVA1-PTBP1-PTBP2 axis regulates TERT alternative splicing (AS) in
iPSCs and their differentiation into NPCs. We also found that splice-switching of TERT,
which regulates telomerase activity, is induced by different cell densities in stem cells

but not cancer cells. Lastly, we identified cell type-specific splicing factors that regulate
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TERT AS. Overall, our findings represent an important step forward in understanding

the regulation of TERT AS in stem cells and cancer cells.
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4.2. Introduction

Telomeres are a repeated DNA sequence (5-TTAGGGnN-3’) at the ends of linear
chromosomes [11]. During DNA replication the lagging strand of telomeric DNA is not
fully copied resulting in telomere shortening with each cell division [12]. After many cell
divisions, a critically shortened telomere length is reached by a subset of telomeres
resulting in a DNA damage response at chromosome ends and cell cycle withdraw (i.e.,
the induction of cellular senescence). This barrier to replication is important in somatic
cells because it acts as a potent tumor suppressive mechanism preventing continued
cell growth of damaged or mutant cells [205]. However, in stem cells, improper telomere
maintenance results in aging-related phenotypes and telomeropathies [206]. In certain
cell types, an enzyme, telomerase, can maintain or even elongate the shortest
telomeres resulting in continued cell divisions [165]. Stem cells possess telomerase
activity to maintain chromosome ends so that normal physiological cell replacement can
occur [207]. In a sense this is regulated telomerase activity. However, cancer cells must
overcome telomere shortening to keep proliferating and 85% of cancer cells rely on the
reactivation of telomerase to maintain telomere length [13]. We refer to this type of
telomerase as dysregulated telomerase activity. Additionally, most somatic cells lack
detectable telomerase activity [166]. The expression pattern of telomerase activity, off in
most somatic cells but on in most cancer cells, has led to telomerase inhibition being
sought after as a potential cancer therapeutic option [208]. While some success on this
front has been made, additional biochemical information about telomerase regulation

will lead to better and more efficacious therapeutic options.
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Telomerase is a ribonucleoprotein enzyme minimally consisting of two parts:
telomerase reverse transcriptase (TERT) and telomerase RNA component (TERC or
TR) [78]. Telomerase activity is regulated by transcriptional and post-transcriptional
regulation [26, 28, 108, 110, 116, 181]. One aspect of post-transcriptional regulation is
alternative splicing (AS) of TERT. AS is a post-transcriptional mechanism that enhances
proteome diversity by generating multiple isoforms of the same transcriptional unit or
pre-mRNA [103, 209]. TERT is a gene that consists of 16 exons with 15 introns, in
which only the full-length (FL) TERT can be translated to form active telomerase with all
16 exons [179]. Regulation of telomerase by AS has been reported in various contexts.
For instance, during fetal kidney development, both FL TERT (exons 7/8 including
TERT) and minus beta TERT (exons 7/8 excluding TERT) are co-expressed in early
stages, but FL TERT is not expressed in later stages leading to loss of telomerase
activity [104]. Minus beta TERT, despite there being a frame shift and a premature
termination codon in frame in exon 10, has also been reported to form a protein and to
have dominant-negative effects in certain cancer cells [116]. Additionally, minus beta
TERT has also been observed to protect breast cancer cells from chemotherapeutic
insults [210]. In embryonic stem cell differentiation, exon 2 is spliced out (Del2 TERT)
when cells are differentiated to fibroblasts resulting in loss of FL TERT and telomerase
activity [108]. In addition to the role that AS plays in turning off telomerase activity-
coding FL TERT, isoforms generated by AS have different functions. Minus alpha (exon
6 partial exclusion) TERT is a dominant-negative isoform by sequestering TERC from
FL TERT [106]. It has been proposed that minus gamma (exon 11 exclusion) TERT has

dominant-negative effects on telomerase activity [107]. INS3 (159 bp insertion of intron
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14 at the end of exon 14) and INS4 (600 bp insertion of the entire intron 14) are also
dominant-negative isoforms of telomerase [211]. Delta 4-13 (exons 4-13 exclusion) was
shown to stimulate cell proliferation seemingly by interacting with WNT/beta-catenin
pathway [28]. Moreover, intron 11 retention appeared to be the driving force for nuclear
detention of unspliced TERT mRNAs and to regulate telomerase activity to only dividing
cells [102].

Measurement of TERT splice variants by RT-PCR is a challenge that must be
addressed. Short fragment PCR detects exon splicing events quantitatively, but the
detection and quantification of full-length intact mMRNA splice variants (5’ mRNA cap to
poly A tail) remains difficult to do. Further, most PCR methods that detect TERT, capture
multiple splice variants rather than a single splice variant. For instance, the assay we
use to quantify exons 7/8 including TERT captures more than just FL TERT. This assay
also detects other TERT splice variants such as intron 11 retention, minus and plus
gamma, minus alpha, INS3 and INS4. However, it should be noted that the exons 7/8
assay is moderately correlated to telomerase enzyme activity [26]. The best estimates
of the number of molecules per cell of telomerase coding TERT mRNA indicate that FL
TERT is a minor splice variant and the majority of the transcripts are alternatively
spliced to either degraded, dominant-negative, or splice variants with unknown functions
[174]. Despite the difficulties of measuring TERT splice variants, we can very carefully
quantify specific exon events (exons 7/8, exons 6/9, etc.) and we call the exons 7/8
including TERT, “potential full-length TERT" due to the correlation with telomerase
enzyme activity measures. We also measure minus beta TERT using an assay that

detects the novel exon junction made between exons 6 and 9, which we refer to as
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exons 6/9 minus beta or exons 7/8 exclusion. While our assays only detect single exon
events, they do not rule out the significance of full-length mRNAs with multiple
combinations of these events together. Using these assays, we explore the regulatory
mechanisms of TERT AS (i.e., inclusion of exons 7/8 or exclusion of exons 7/8) in
multiple contexts (i.e., differentiation to specific cell types, specific tumor types and
under different growth stresses) as they remain elusive.

In this study, we set out to identify regulated and dysregulated TERT splice
variant expression as a means to identify a potential cancer therapeutic window. We
first determined if the TERT AS was regulated by NOVA1-PTBP1-PTBP2 axis, during
stem cell differentiation into neural progenitor cells, and indeed observe it was. We
previously identified in cancer cells that TERT AS was regulated by NOVA1-PTBP1-
PTBP2 axis [26, 27]. Next, we made a serendipitous observation that stem cell density
impacted TERT splice variant expression but that cancer cells did not seem to utilize
this mechanism. Finally, based on public database analysis, correlational analysis, and
experimental observations, we identified splicing factors (SFs) that may have cell type-

specific roles in TERT AS regulation and telomerase activity.
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4.3. Materials and methods

4.3.1. Cell culture and cell lines
Calu-6 cells (RRID:CVCL_0236) were cultured at 37 °C in 5% CO2 in 4:1
DMEM:Medium 199 containing 10% calf serum (HyClone, Logan, UT). Cell lines were

obtained as a kind gift from Drs. John Minna and Adi Gazdar.

4.3.2. iPSC culture and NPC differentiation protocol

Cellartis® Human iPSC Lines from Takara (ChiPSC22, Cat. No. Y00320) were
cultured with strict adherence to manufacturer’s protocols and manuals. Cellartis® DEF-
CS 500 (Y30017) culture system was employed to maintain iPSC cultures (thawing,
passages, media changes and cryopreservation).

Generation and culturing of Neural Progenitor Cells (NPCs) was achieved with
the STEMdiff® Neural System from STEMCELL Technologies. Briefly, STEMdiff®
SMAD:i Neural Induction kit (Cat. No. 08581) was used to treat iPSC in culture
according to manufacturer’s protocol that generates CNS-type NPCs. Following
induction, NPC cultures were maintained with STEMdiff® Neural Progenitor Medium
system (Cat. No. 05833). We performed the induction and selection according to the
“monolayer culture protocol”. We considered Day 10 post-NPC induction as early-stage
NPCs and day 29 as late-stage NPCs. Pellets were collected and population doublings
were determined post-differentiation (~Day 15-20).

4.3.3. Transient siRNA experiments

iPSCs were plated in 6-well plates (450,000 cells per well) and were transfected

with non-silencing controls (Santa Cruz Biotechnology, sc-37007) or a pool of siRNAs

targeting (Santa Cruz Biotechnology, PTBP1 sc-38280, NOVA1 sc-42142, PTBP2 sc-
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78824, SRSF2 sc-38317, U2AF2 sc-37667, and HNRNPM sc-38286). The iPSCs and
Calu-6 cells were plated 24 h prior to transfections and transfection complexes were
prepared with 10 nM of siRNAs using Opti-MEM (Gibco) and RNAi max (Invitrogen)
following the manufacturer's procedures. Following 72 h of exposure to siRNAs, cells

were washed, trypsinized, counted and pelleted for downstream assays.

4.3.4. Cell density experiments

iPSCs were plated on 6-well plates with 6 different cell densities: 250,000 cells;
400,000 cells; 500,000 cells; 750,000 cells; 1,000,000 cells; and 1,500,000 cells. Calu-6
cells were plated on 10-cm plates with three different cell densities: 816,000 cells;
1,600,000 cells; and 3,200,000 cells. After 48 hours, cell pellets were collected for

analysis.

4.3.5. Western blot analysis

Cell pellets were collected and lysed in 40 pL of lysis buffer (NP40 based buffer)
per 1 x 108 cells. Total protein lysates were further treated with 40 pL of 2 x Laemmli
buffer (Bio-Rad) and boiled for 10 mins at 95 °C. Each protein lysate was loaded onto a
polyvinylidene fluoride (PVDF) membrane by equal volume. Each blot was probed for
beta-actin and based upon beta-actin band densitometry, lysate loading volumes were
adjusted for all subsequent target protein westerns. Prepared lysates were resolved by
SDS-polyacrylamide gel electrophoresis, transferred to PVDF membranes, and
detected with antibodies for NOVA1 (rabbit monoclonal [EPR13847], Abcam, ab183024,
1:1000 dilution in 5% NFDM), PTBP1 (rabbit monoclonal [EPR9048B], Abcam,
ab133734, 1:10,000 dilution in 5% NFDM), PTBP2 (Abcam, EPR9891, ab154853,

1:1000 dilution in 5% NFDM), SRSF2 (rabbit polyclonal [EPR12238], Abcam, ab204916,
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1:1000 in 5% BSA), U2AF2 (rabbit polyclonal, Sigma-Aldrich, HPA041943, 1:1000 in
5% BSA), SRPK1 (rabbit polyclonal, Abcam, ab90527, 1:1000 in 5% BSA), CDC40
(rabbit monoclonal [EPR12539], Abcam, ab175924, 1:1000 in 5% BSA), HNRNPA1
(mouse monoclonal [9H10], Sigma-Aldrich, R4528, 1:1000 in 5% BSA), HNRNPA2B1
(mouse monoclonal [DP3B3], Abcam, ab6102, 1:1000 in 5% BSA), HNRNPCL1 (rabbit
polyclonal, Abcam, ab129762, 1:1000 in 5% BSA), HNRNPH/HNRNPH1 (rabbit
polyclonal [50-249], Acris Antibodies, AP19044PU-N, 1:2000 in 5% BSA), and HNRNPM
(mouse monoclonal [1D8], Thermo Fisher Scientific, MA1-34981, 1:1000 in 5% BSA).
Protein loading was determined with antibodies against histone H3 (Anti-Histone H3
antibody produced in rabbit, HO164; Sigma) for Figure 4.1, and beta-actin (mouse
monoclonal [BH10D10], Cell Signaling Technology, 3700, 1:1000 in 5% BSA) and
GAPDH (rabbit monoclonal [14C10], Cell Signaling Technology, 2118, 1:1000 in 5%
BSA) for the rest experiments. Blots were imaged with Bio-Rad ChemiDoc XRS+
Molecular Imager and quantified with Bio-Rad Image Lab software. Normalized splicing
factor (SF) protein expression levels were used for correlational assays (Figure 4.5 and
Supplemental Figure 4.4). Once all lysates were probed for target genes, stripped
membranes were probed for beta-actin or GAPDH to confirm equal loading. Values from
the loading control blots were averaged and used to normalize the target protein
quantification. These normalized protein expression values were expressed relative to
the 400,000-cell density condition to generate the final values analyzed in the

correlations.
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4.3.6. Droplet digital TRAP assay (telomerase activity)

Droplet digital telomerase repeated amplification protocol (ddTRAP) assay was
performed as described in Ludlow et al. [212]. Briefly, cells were lysed, diluted, and
added to the extension reactions for 60 min followed by a 5-min heat inactivation of
telomerase at 95 °C. An aliquot of the extension product was amplified in a droplet
digital PCR (ddPCR) for 40 cycles. Fluorescence intensity was measured, and droplets
were counted on the droplet reader (QX200, Bio-Rad). Data was then calculated to

represent telomerase extension products per cell equivalent or normalized.

4.3.7. Reverse transcription-ddPCR

RNA was extracted from frozen cell pellets using RNeasy® Plus Universal Mini
Kit (Qiagen, 73404) according to manufacturer’s protocol. For TERT splicing analyses
we used SuperScript IV First-Strand Synthesis System (Thermo Fisher) to generate
cDNAs and used within 48 hours of production in ddPCR measures. 1 ug of RNA was
used to synthesize cDNAs. All cDNAs were diluted to 1:4 (20 pyL of cDNA + 60 uL
nuclease-free water) before use and stored at -20 °C. Primer sequences to target TERT
splice variants (potential FL, minus beta, minus alpha, INS3, and INS4) and methods for
calculating percent spliced TERT transcripts are from Ludlow et al. [26]. Total amount of
TERT transcript was estimated by summing transcript level of exons 7/8 including
(potential FL) and excluding (minus beta) TERT. Primers to measure intron 11 retention
and intron 14 retention of TERT are from Dumbovi¢ et al. [102]. Primers to target minus
gamma are Forward: 5-ACATGGAGAACAAGCTGTTTGCG-3’ targeting exon 9 and
Reverse: 5-CGGGCATAGCTGAGGAAGGT-3' targeting exons 10/12 junction. Primers

to target plus gamma are Forward: 5-ACATGGAGAACAAGCTGTTTGCG-3’ targeting
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exon 9 and Reverse: 5-GGAAGTTCACCACTGTCTTCCGC-3’ targeting exon 11.
Primers to measure Del2 TERT are Forward: 5'-
TACCGCGAGGTGCTGCCGCTGGCCACGTTC-3’ targeting exon 1 and Reverse: 5'-
CAGGATCTCCTCACGCAGCA-3’ targeting exon 3. To quantify skipping of TERT exon
2 (Del2 TERT) we used two separate PCR reactions with 5' hydrolysis probes targeting
either the exons 1/3 junction to detect Del2: 5' 6-FAM-
TCCTTCCGC/ZEN/CAGGGGTTGGCTGTG/blackhole quencher or a probe targeting
exon 2: 5' HEX-CAGCCGAAG/ZEN/TCTGCCGTTGCCCAAGA/black hole quencher.
Primer validations using 2x EmeraldAmp® MAX HS PCR Master Mix (TaKaRa, RR330)
are included in supporting information (S1 File in [31]). cDNAs for OCT4, NANOG, NES,
and SOX1 were generated using iScript Advanced (Bio-Rad) and used in the same
manner as mentioned above for TERT (except cDNAs for quantification of OCT4 and

NANOG which cDNAs were diluted 1:50).

4.3.8. Telomere length analysis

The average length of telomeres (terminal restriction fragment lengths) was
measured as described in Mender and Shay’s study [185] with the following
modifications: DNA was transferred to Hybond-N+ membranes (GE Healthcare,
Piscataway, NJ) using overnight gravity transfer. The membrane was briefly air-dried
and DNA was fixed by UV-crosslinking. Membranes were then probed for telomeres
using a digoxigenin (DIG)-labeled telomere probe generated in-house [213] detected
with a horseradish peroxidase-linked anti-DIG antibody (Roche, Cat. No. 11093274910),
and exposed with CDP-star (Roche, Cat. No. 11759051001) and were imaged with Bio-

Rad ChemiDoc XRS+ Molecular Imager.
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4.3.9. Bioinformatics and statistical analyses

Unless otherwise noted, one-way ANOVA with uncorrected Fisher’s LSD for post
hoc comparisons were used to determine statistical significance between experimental
groups. For bioinformatics analysis, RSEM values of each gene from 58 patients were
downloaded from The Splicing variant Database [192] and Log2-transformed to
generate box plots. Paired Student’s ¢ test was used for two group comparisons (normal
tissue versus solid tumor in Figure 4.4 and Supplemental Figure 4.3). Pearson’s
correlations were utilized to examine the relationship of two factors (Supplemental
Figure 4.2, ratio of exons 7/8 including TERT vs telomerase activity; Figure 4.5 and

Supplemental Figure 4.4, ratio of exons 7/8 including TERT and expression levels of SF

proteins). Statistical significance was defined as a p value < 0.05.
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4.4. Results

4.4.1. NOVA1-PTBP1-PTBP2 axis regulates TERT exons 7/8 alternative splicing
during differentiation of induced pluripotent stem cells to neural progenitor cells.
Sayed et al. [27] previously elucidated an alternative splicing (AS) regulatory
mechanism of TERT by a NOVA1-PTBP1-PTBP2 axis in NSCLC cells. Briefly, NOVA1
recruits PTBP1 to DR8 (cis-element of TERT located in intron 8, direct repeat 8 (DR8))
to promote full-length (FL) TERT production. When PTBP1 is reduced, PTBP2 becomes
abundant due to reciprocal regulation of PTBP2 by PTBP1 (PTBP1 represses
expression of PTBP2 in non-neuronal tissues [214]). Then NOVA1 recruits PTBP2 to
DRS8 instead of PTBP1 to induce exon skipping of TERT resulting in reduced FL TERT
splicing and reduced telomerase activity. We investigated whether this TERT AS
regulatory mechanism is conserved during differentiation of induced pluripotent stem
cells (iPSCs) to neural progenitor cells (NPCs) because NOVA1 and PTBP2 are highly
expressed in neuronal cells [215-217]. Differentiation of iPSC to NPC was confirmed by
loss of stem cell pluripotency markers (OCT4 and NANOG) and increased NPC
markers (SOX1 and NES) using immunocytochemistry (Supplemental Figure 4.1A) and
RT-PCR (Supplemental Figures 4.1B-E). Differentiation increased NOVA1 as expected,
PTBP1 expression decreased, and PTBP2 expression increased in NPCs compared to
iPSCs (Figure 4.1A). We observed fewer exons 7/8 including (potential FL) TERT
transcripts with higher expression of NOVA1 and PTBP2 (Figure 4.1B). In addition, both
total TERT expression (Supplemental Figure 4.1F) and telomerase activity decreased
during differentiation (Figure 4.1C and Supplemental Figure 4.1G). We also measured

Del2 TERT during differentiation and observed a significant increase in Del2
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(Supplemental Figure 4.1H). Next, we measured telomere length using terminal
restriction fragment (TRF) analysis from the first day of differentiation until ~40
population doublings of NPCs. While iPSCs were able to maintain their telomeres at
around 18 kb, telomere length started to shorten as they progressed into the NPC
lineage (Figure 4.1D). To mechanistically confirm that the NOVA1-PTBP1-PTBP2 axis
regulates TERT AS in iPSCs, loss-of-function (siRNA) experiments were performed. We
confirmed siRNA knockdown efficiency by western blotting, indicating robust reduction
in target protein levels (Figure 4.1E, Supplemental Figures 4.11-K). When NOVA1 is
reduced by 80%, PTBP1 expression also significantly decreased by 39% (Supplemental
Figures 4.11 and J). When PTBP1 was reduced by 82%, PTBP2 expression significantly
increased by 6.5-fold compared to control-treated iPSCs, as expected (Supplemental
Figures 4.1J and K) [214]. When PTBP2 is reduced by 84%, NOVA1 and PTBP1
expressions also significantly decreased by 42% and 47%, respectively (Supplemental
Figures 4.11-K). When treated with PTBP1- or NOVA1-targeting siRNAs, the ratio and
transcript level of potential FL TERT (exons 7/8 including TERT) were also significantly
reduced compared to control-treated cells (Figure 4.1F, Supplemental Figure 4.1L).
Only PTBP1 knockdown resulted in significantly reduced telomerase activity compared
to control-treated iPSCs (Figure 4.1G). On the other hand, we did not observe
significant changes of TERT or telomerase when PTBP2 was knocked down (Figures
4.1F and G, Supplemental Figures 4.1L and M). In summary, these results support that
the NOVA1-PTBP1-PTBP2 axis regulates TERT AS in iPSCs and during differentiation

of iPSCs to NPCs.
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Figure 4.1. NOVA1-PTBP1-PTBP2 axis regulates TERT splice variant expression in differentiation
of induced pluripotent stem cell (iPSC) to neural progenitor cell (NPC).

A) Western blot of NOVA1, PTBP1 and PTBP2 in iPSC differentiation into NPC. H3 protein expression
was used as a loading control for western blots. B) Reduction of exons 7/8 including TERT splice variant
expression during differentiation compared to iPSCs (day 0) (determined by ddPCR; n = 3 biological
replicates per condition). C) Reduction of telomerase activity during differentiation compared to iPSCs
(day 0) (determined by ddTRAP; n = 3 biological replicates per condition). D) Terminal restriction fragment
(TRF) Southern blot analysis displaying telomere lengths in iPSC at day 0 through NPCs PD 42.6. First
and last lanes are molecular weight markers used to determine the sizes of TRFs in samples during the
differentiation time course. iPSC was fully differentiated into NPC by day 10. E) Western blot image of
siRNA-induced NOVA1, PTBP1 and PTBP2 knockdown in human iPSC. F) Transient siRNA-induced
knockdown of NOVA1 and PTBP1, but not PTBP2, significantly shifted TERT gene expression from
potential FL TERT (exons 7/8 included) to alternatively spliced minus beta TERT (exons 7/8 excluded) in

iPSCs (determined by ddPCR; n = 5 biological replicates per condition). G) Transient knockdown of
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PTBP1, not NOVA1 nor PTBP2, significantly reduced telomerase enzyme activity in iPSCs (determined
by ddTRAP; n = 5 biological replicates per condition). One-way ANOVA with uncorrected Fisher’s LSD for
post hoc comparisons of treatments were used to compare Day 10 and Day 29 with Day 0 (B, C) and
siRNA-treated conditions with siControl (F, G; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001).

Data are presented as means +* standard deviations where applicable.
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4.4.2. Impact of iPSC cell density on expression of TERT splice variants.

Understanding the regulation of TERT's reverse transcriptase domain (exons 4-
13) is important for understanding the generation of telomerase active TERT. Therefore,
in the following experiments, we focused on alternative splicing within this region. While
we were testing different cell seeding densities of iPSCs for siRNA knockdown
experiments, we noticed that the ratio of exons 7/8 including TERT appeared to change
depending on cell density. We hypothesized that higher cell density resulted in higher
percentage of exons 7/8 including TERT. To test our hypothesis, we seeded different
numbers of iPSCs and collected 48 hours after (Figure 4.2A). Although the amount of
total TERT transcripts (sum of exons 7/8 inclusion (potential FL) and exons 7/8
exclusion (minus beta)) did not change significantly (Figure 4.2B), the ratio of exons 7/8
including TERT increased along with cell density (Figure 4.2C). With higher cell
density, telomerase activity was also increased and positively correlated to the ratio of
exons 7/8 including TERT (Figure 4.2D, Supplemental Figure 4.2H), supporting that the
increase of exons 7/8 including TERT transcripts represents increased production of FL
TERT transcripts (i.e., telomerase coding TERT). We also measured other known TERT
splice variants that include exons 7/8 such as minus alpha (exon 6 partial exclusion),
INS3, INS4, minus gamma (exon 11 exclusion), plus gamma (exon 11 inclusion), intron
11 retention, and intron 14 retention to rule out changes in other splice variants
explaining our observations. Expression of the tested splice variants that also contain
exons 7/8 were not impacted significantly by cell density (Supplemental Figures 4.2A-
G). In summary, these data suggest that alternative splicing regulation of exons 7/8

skipping in iPSC is impacted by cell density. Higher cell densities induce higher
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expression of FL TERT resulting in higher telomerase activity without an increase in

total TERT expression.
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Figure 4.2. Impact of iPSC cell density on expression of TERT splice variants.

A) Representative phase contrast micrograph, 24 hours after seeding. The number of seeded iPSCs are
indicated. Scale bar for image is 1000 yum. B and C) TERT gene expression is shifted from alternatively
spliced, exons 7/8 excluding TERT (minus beta), to exons 7/8 including TERT (potential FL) with higher
iPSCs density (determined by ddPCR; n = 4 biological replicates per condition). Transcript copies per 1
ng RNA input (B) and splicing ratio (C) were quantified. D) Telomerase activity significantly increased with
higher iPSC density compared to lowest cell density condition (determined by ddTRAP; n = 4 biological
replicates per condition). One-way ANOVA was performed to compare total amount of TERT
including/excluding exons 7/8 (B), ratio of exons 7/8 including TERT splice variants (C), and telomerase

activity (D) of all conditions (****, P < 0.0001). Data are presented as means * standard deviations where

applicable.
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4.4.3. Impact of Calu-6 cell density on expression of TERT splice variants.

Next, we aimed to determine if cell density impacted cancer cell TERT splice
variant expression similar to iPSCs. To test our hypothesis, we seeded different
numbers of Calu-6 lung cancer cells and collected 48 hours after (Figure 4.3A). We
observed significant reduction in both exons 7/8 including and excluding TERT
transcripts (Figures 4.3B and C) while we did not observe significant changes in the
splicing ratio of exons 7/8 (Figure 4.3D). Next, we measured the same TERT splice
variants that we measured in iPSCs, and all splice variants were decreased in the
medium and high-density conditions compared to the low-density condition (Figures
4.3E-K). Telomerase activity was significantly reduced in medium density compared to
low-density, but low- and high-density were not significantly different from each other
(Figure 4.3L). Clearly, overall TERT transcripts decreased with an increased cell density
in Calu-6 cells. Also, higher cell density resulted in reduction of telomerase activity in

Calu-6 cells, which is opposite to our observations in iPSCs.
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Figure 4.3. Impact of Calu-6 cell density on expression of TERT splice variants.
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A) Representative phase contrast micrograph images 24 hours after seeding. The number of seeded
Calu-6 cells are indicated. Scale bar for image is 1000 um. B,C, and E-K) Expression of TERT splice
variants are reduced with higher cell density. Potential FL (B), minus beta (C), minus alpha (E), INS3 (F),
INS4 (G), minus gamma (H), plus gamma (1), intron 11 retention (J), and intron 14 retention (K) transcripts
were quantified (determined by ddPCR; n = 6 biological replicates per condition). D) Exons 7/8 alternative
splicing ratio did not change significantly in different cell densities. L) Telomerase activity in different cell
densities (determined by ddTRAP; n = 6 biological replicates per condition). One-way ANOVA with
uncorrected Fisher’s LSD for post hoc comparisons were used to compare medium (Med) and high-
density (High) conditions with low-density (Low) condition (B-L; ns, P > 0.05; *, P < 0.05; **, P < 0.01; ***,

P < 0.001; **** P < 0.0001). Data are presented as means + standard deviations where applicable.
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4.4.4. Identification of candidate splicing factors that potentially regulate TERT
splice variant expression differently between iPSCs and lung cancer cells.

We utilized our TERT minigene loss-of-function (siRNA) screening data in HelLa
cells from Ludlow et al. [26] and publicly available TCGA (The Cancer Genome Atlas)
data from LUAD (lung adenocarcinoma) patients [192] to select candidates regulating
TERT AS for further study. Briefly, Ludlow et al. [26] measured the ratio of luciferase
expression that indicated inclusion or exclusion of exons 7/8 from a TERT reporter
minigene after siRNA knockdown of splicing factors in HeLa cells to find
enhancers/repressors of telomerase. From the minigene data, we selected three SFs
(SRSF2, U2AF2, and CDC40) that promoted FL TERT production more than 2-fold and
had predicted binding sites in the TERT gene between exons 5-9. We also selected two
SFs (HNRNPA1 and HNRNPM) because they promoted minus beta TERT production
more than 2-fold and have predicted binding sites in the TERT gene between exons 5-9
(Figure 4.4A). We also included four additional splicing regulatory genes (HNRNPA2B1,
HNRNPH1, HNRNPCL1, and SRPK1) because they are either related to cancer in
general or have been associated with telomere biology (HNRNPA2B1: [218];
HNRNPH1: [219]; HNRNPCL1: [220]; SRPK1: [221]).

The TCGA data provides gene expression levels (RSEM values from RNA-Seq)
from tumor tissues and tumor-adjacent normal tissues of LUAD patients. Since we
recently published that only TCGA LUAD tumor samples express FL TERT and tumor
adjacent normal tissues do not express FL TERT [30], we surmised that highly
expressed splicing factors would be related to the re-emergence of FL TERT in the

cancerous tissue. Using this logic we investigated the expression of the minigene-
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selected SFs in the paired-normal-tumor-samples from the TCGA data (Figures 4.4B-F).
Among the selected SFs, we identified five SFs that had significantly increased
expression in the tumor samples compared to normal tissues (SRSF2 (P < 0.01),
U2AF2 (P < 0.01), HNRNPA2B1 (P < 0.01), SRPK1 (P < 0.01), and HNRNPA1 (P <
0.01), Figures 4.4B-F). Four SFs were not significantly different between matched
normal and tumor samples (CDC40, HNRNPH1, HNRNPCL1, and HNRNPM,
Supplemental Figures 4.3A-D). We used these data as the foundation for an antibody
expression screen of the same proteins in our cell density experiments with the iPSCs
as a means to identify SFs that regulate TERT differently or similarly between stem and

cancer cells.
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Figure 4.4. Analysis of TERT AS minigene loss-of-function screen and patient tumor expression
profiles of splicing factors identifies top candidate SF related to TERT splicing in lung cancer
cells.

A) TERT minigene data of selected SFs showing effect of SF knockdown on TERT exons 7/8 splicing in
Hela cells [26]. B-F) Log2-transformed RSEM values of SFs gene-expression levels (n = 58 matched
LUAD patient samples). SRSF2 (B), U2AF2 (C), HNRNPA2B1 (D), SRPK1 (E), and HNRNPA1 (F) are
significantly upregulated in tumor tissues from LUAD patients compared to tumor-adjacent normal tissues.
Paired Student’s t test set at P < 0.05 for significance compared with normal tissue controls (B-F; ** P <
0.01; *** P < 0.001; **** P < 0.0001). In the box plots, the lower boundary of the box indicates the 25th
percentile, a line within the box marks the median and the higher boundary of the box indicates the 75th
percentile. Whiskers above and below the box indicate the 10th and 90th percentiles. Points above and

below the whiskers indicate data outside the 10th and 90th percentiles.
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4.4.5. Impact of iPSC cell density on SF expression of TERT regulating candidate
SFs.

Since TERT AS was significantly altered in the iPSC cell density experiment, we
surmised that SFs that correlated with changes in potential FL TERT would potentially
regulate TERT AS in stem cells. We measured protein levels of the nine SFs (SRSF2,
U2AF2, CDC40, HNRNPA1, HNRNPM, HNRNPA2B1, HNRNPH1, HNRNPCL1, and
SRPK1) in the iPSCs cell density experiment. Using SF protein level data and the TERT
MRNA splice variant expression data we carried out correlational analysis to reveal
potential relationships between percentage of exons 7/8 including TERT and SFs.
Expression level of six splicing factors (HNRNPA2B1, HNRNPCL1, HNRNPH,
HNRNPM, SRSF2, and SRPK1) showed significant positive correlations with the
percentage of exons 7/8 inclusion (potential FL TERT, Pearson’s correlation r = 0.5747,
P =0.0033; r=0.4992, P =0.013; r= 0.6230, P = 0.0011; r= 0.5589, P = 0.0045; r =
0.6651, P =0.0004; r=0.6597, P = 0.0005, respectively; Figures 4.5A-F), whereas
three splicing factors (HNRNPA1, U2AF2, and CDC40) did not show significant
correlation (Supplemental Figures 4.4A-C).

Based on the TERT minigene study in HelLa cells, TCGA data in LUAD patients,
and iPSC data, we classified the SFs into either FL TERT-promoting (green color),
minus beta TERT-promoting (red color), or non-effector (no color) to summarize their
predicted behavior in iPSCs and cancer cells (Supplemental Table 4.1). From this table,
we selected HNRNPM as a stem cell-specific FL TERT promoter because it was only
related to FL TERT expression in stem cells; SRSF2 as a FL TERT promoter in both

stem cells and cancer cells because it was related to FL TERT expression in all three
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data sets; and U2AF2 as a cancer cell specific FL TERT promoter because it was only
related to FL TERT expression in the minigene and TCGA data (yellow color highlighted
in Supplemental Table 4.1). We also investigated correlation between the percentage of
exons 7/8 including TERT and three RNA binding proteins: PTBP1, NOVA1, and
PTBP2. However, we could not find correlation in different cell densities (Supplemental

Figures 4.4E-G).
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Figure 4.5. Impact of iPSC cell density on SF expression of TERT AS candidate SFs.

A-F) Western blots of splicing factors and correlation analyses in different iPSC density. Top are

representative images and bottom are scatter plots showing correlations between housekeeping gene-

normalized SF expression levels and percentage of TERT exons 7/8 inclusion (n = 4 biological replicates

per condition). Antibodies targeting HNRNPA2B1 (A), HNRNPCL1 (B), HNRNPH (C), HNRNPM (D),

SRSF2 (E), and SRPK1 (F) were used for the western blots. 95% Confidence bands, Pearson’s

correlation coefficient (r) and p values are shown. For the correlation analysis, 24 data points are included

(six conditions x four replicates).
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4.4.6. Knockdown of candidate splicing factors (SFs) in cancer cells (Calu-6)
results in expected shifts in TERT AS.

Based on our candidate selection process, three SFs are expected to be FL
TERT promoters (HNRNPM in iPSCs; SRSF2 in both iPSCs and cancer cells; U2AF2 in
cancer cells). To confirm our predictions, we performed loss-of-function (siRNA) studies
in Calu-6 lung cancer cells. Knockdown by siRNAs of each splicing factor in Calu-6 cells
was confirmed by western blotting (Figures 4.6A-C). When HNRNPM expression was
reduced, the ratio of exons 7/8 including TERT to exons 7/8 excluding TERT expression
did not change significantly compared to control-treated cells, matching our predictions
(Figure 4.6D). When expression of SRSF2 or U2AF2 was reduced, the ratio of exons
7/8 including TERT to exons 7/8 excluding TERT was reduced, indicating a reduction in
FL TERT expression (Figure 4.6D). These outcomes of TERT AS also matched our
predictions that SRSF2 and U2AF2 were FL TERT promoters in cancer cells, while
HNRNPM would not impact splicing of TERT exons 7/8. The absolute expression of
exons 7/8 including TERT transcripts were reduced with knockdown of all SFs
compared to the scramble siRNA-treated cells (Supplemental Figure 4.5A). Exons 7/8
excluding TERT transcripts were significantly reduced in HNRNPM and SRSF2
knockdown cells, while U2AF2 cells had similar expression levels compared to controls
(Supplemental Figure 4.5B). When compared to the scramble siRNA-treated cells,
telomerase activity was significantly reduced by knockdown of all splicing factors
(Supplemental Figure 4.5C). This indicates that HNRNPM knockdown was indirectly
reducing TERT expression, while SRSF2 or U2AF2 knockdown was likely more directly

shifting TERT splice variant expression ratio, resulting in reduced telomerase activity.
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When protein expression levels of the three SFs were compared in iPSCs to NPCs,
SRSF2 expression increased significantly whereas HNRNPM or U2AF2 expression did

not change significantly (Supplemental Figures 4.5D-F).
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Figure 4.6. Knockdown of candidate splicing factors (SFs) in cancer cells (Calu-6) resulted in
expected shifts in TERT splice variant expression.

A-C) Knockdown of HNRNPM (A), SRSF2 (B), and U2AF2 (C) was confirmed by western blot.
Representative images of selected SFs and beta-actin (loading control) (top panel). Knockdown was
quantified by normalization with beta-actin then expressed relative to siRNA control (n = 6 biological
replicates per condition; bottom panel). D) TERT splice variant expression ratio of exons 7/8 inclusion
(potential FL) to exons 7/8 exclusion (minus beta) was reduced by knockdown of SRSF2 and U2AF2, not
HNRNPM (determined by ddPCR; n = 6 biological replicates per condition). Student’s t test setat P <
0.05 for significance compared with siRNA-treated conditions with siControl (A-C; **, P < 0.01; *** P <

0.001; **** P < 0.0001). One-way ANOVA with uncorrected Fisher’s LSD for post hoc comparisons of
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siRNA treatments were used to compare siRNA-treated conditions with siControl (D; ***, P < 0.001; ****,

P < 0.0001). Data are presented as means * standard deviations where applicable.
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4.5. Discussion

Understanding the precise control and regulation of telomerase activity is critical
to both cancer and regenerative biology. Recent evidence from our laboratory and
others has pointed out that in addition to transcriptional regulation, post-transcription
mechanisms such as alternative RNA splicing are critical to the generation of
telomerase-active TERT. Specifically, TERT pre-mRNAs are alternatively spliced to form
various splice variants and only full-length TERT with all 16 exons can be translated into
active telomerase (Figure 4.7A). On the other hand, other splice variants (such as
minus beta TERT) are degraded by nonsense-mediated decay or translated into
inactive telomerase that cannot synthesize telomeres [25]. In this research, we
confirmed that TERT AS is regulated by the NOVA1-PTBP1-PTBP2 axis in iPSCs and
iPSC differentiation into NPC. Next, we determined that TERT AS is impacted by cell
density in stem cells (iPSCs) but not in cancer cells (Calu-6). Lastly, we identified
splicing factors that are predicted to impact TERT splice variant expression only in
cancer cells, only in stem cells, or in both cell types. Overall, our findings indicate that
we may be able to decipher a regulated TERT AS code that controls telomerase in stem
cells, and that cancer cells probably use several different codes to induce FL TERT and
telomerase via alternative RNA splicing factor expression.

NOVA1 and PTBP2 are brain- and neural-specific splicing factors that help
determine neural cell fate, while PTBP1 is a more ubiquitous splicing factor. While
PTBP1 and PTBP2 share overlapping target genes, they also have separate targets
and may induce opposite effects on shared target genes [222]. We have previously

shown that when PTBP1 is knocked down, FL TERT and telomerase levels are reduced
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in non-small cell lung cancer (NSCLC) cells [27]. Specifically, we determined that
PTBP1 interacts with NOVA1 to promote FL TERT and telomerase activity in lung
cancer cells. However, when PTBP1 was knocked down in lung cancer cells, PTBP2
levels went up to compensate for reduced PTBP1 levels, and PTBP2 interacts with
NOVA1 [223] and resulted in reduced FL TERT and telomerase. When we differentiated
stem cells into NPCs we also observed increased NOVA1, increased PTBP2, reduced
PTBP1, and reduced TERT. The amount of total TERT transcripts, the amount and
percentage of exons 7/8 including TERT (FL TERT), and telomerase activity decreased
with the differentiation (iPSC differentiation in Figure 4.7B), mimicking what we
observed in NSCLC cells when PTBP1 was knocked down. We then tested this
observation in loss-of-function studies in stem cells. We were able to replicate that when
PTBP1 is reduced, PTPB2 is increased and likely interacts with NOVA1 to repress
TERT and telomerase activity. In addition to PTBP1 knockdown, we also knocked down
NOVA1 and PTBP2 by siRNA treatment in iPSCs. Compared to PTBP1 knockdown
result that replicates our previous study in cancer cells [27], NOVA1 knockdown did not
result in significant reduction of telomerase activity in iPSCs despite the significant
reduction of NOVA1 expression level. It only resulted in the reduction of the amount and
percentage of exons 7/8 including TERT. When NOVA1 was knocked down, PTBP1
level also decreased significantly (~39%) whereas PTBP2 level did not change
significantly. Considering the abundance of PTBP1 and NOVA1 in iPSCs, the reduction
of exons 7/8 including TERT is likely to be mainly associated with PTBP1 reduction
induced by indirect effects from NOVA1 knockdown. It also can be interpreted that either

1) reduced level of NOVA1 expression is still sufficient to recruit PTBP1 to promote FL
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TERT or 2) NOVA1 does not affect the recruitment of PTBP1 in iPSCs. Further studies
(e.g., overexpression of NOVA1 in iPSCs) are needed to confirm the recruitment of
PTBP1 by NOVA1 in iPSCs. Overall the importance of PTBP1 regarding TERT AS in
iPSCs remains. When PTBP2 was knocked down, it resulted in non-significant changes
in telomerase activity or TERT AS. In addition to the decrease in PTBP2 expression
level, expression levels of NOVA1 and PTBP1 were also modestly reduced by PTBP2
knockdown. No reduction in exons 7/8 including TERT was observed despite the
significant reduction of NOVA1 and PTBP1 expression, likely due to there being enough
PTBP1 and NOVA1 protein remaining to maintain FL TERT expression levels. This
indicates that there is likely a threshold of PTBP1 or NOVA1 reduction that must be
reached before FL TERT is impacted. Despite the challenges of data interpretation due
to apparent interdependent protein expression between NOVA1-PTBP1-PTBP2 the
following conclusions can be still made: 1) a threshold of exons 7/8 including TERT
reduction is needed to result in significant telomerase activity reduction. 2) PTBP1 is a
major FL TERT promoter in iPSCs. 3) The increase in NOVA1 and PTBP2 with neuronal
cell lineage differentiation is likely a strong cell fate determining mechanism that results
in repressed TERT in neural tissues of humans (left panel in Figure 4.7C).

When we were empirically determining the cell density to seed stem cells at for
siRNA loss-of-function studies, we noted that FL TERT splice variant expression tended
to track with cell density. Indeed, when we tested different densities, we observed a
striking switching in splice variant expression from mostly minus beta (exons 7/8
excluded) to mostly potential FL TERT (exons 7/8 included) with little changes in total

TERT transcripts of the reverse transcriptase domain (exons 4-13) (iPSC density in
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Figure 4.7B). Next, we wanted to confirm if this cell density dependent switch in splicing
was conserved in lung cancer cells. We observed reduced TERT total transcripts with
little to no switching in splice variant expression in higher cell density of Calu-6 lung
cancer cells (Calu-6 density Figure 4.7B). These data indicate that regulation of TERT
expression in stem cells may rely more heavily on TERT splice variant ratios compared
to the lung cancer cells that relies more on transcriptional regulation to promote or
repress TERT. This observation should be tested in more cancer cell lines to determine
a general versus cell line specific phenomenon.

Next, we wanted to build upon the idea that there is a regulated TERT splicing
code in stem cells and a dysregulated TERT splicing code in cancer cells. To do this we
utilized our previously published TERT minigene splicing factor loss-of-function screen
[26], TCGA public RNA-Seq data of splicing factor expression, and an antibody screen
of TERT related splicing factors in stem cells. Of the nine splicing factors that we
screened to be potential TERT regulatory factors, we observed that five splicing factors
were related to TERT expression in lung cancer patient samples. Then we counter
screened all nine factors in our stem cell density model by measuring their protein
expression and correlated TERT expression to splicing factor expression. This analysis
revealed that six splicing factors were correlated with FL TERT expression. The
combination of these analyses revealed stem cell- and cancer cell-specific TERT
regulatory factors (Supplemental Table 4.1). Based on our current (Figure 4.1) and
previous observations, we also investigated the correlation between TERT expression
and NOVA1, PTBP1, and PTBP2. However, the expression of these TERT AS

regulators was not correlated to the expression of TERT in different stem cell densities.
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This indicates that the shifting of TERT AS in different cell density is not dictated by the
NOVA1-PTBP1-PTBP2 axis.

Based on our screening data we next wanted to test our predictions of TERT cell
type-specific regulators. We performed loss-of-function experiments in Calu-6 lung
cancer cells. Our data revealed that our methods accurately predicted splicing factors
that would impact TERT splice variant expression ratios in cancer cells (right panel in
Figure 4.7C). To investigate whether the three splicing factors (HNRNPM, SRSF2,
U2AF2) regulate TERT AS in stem cell differentiation into NPC, we compared protein
expression levels of the splicing factors in iPSCs and NPCs. However, differentiation did
not induce significant changes in the expression levels of HNRNPM and U2AF2.
Moreover, increased SRSF2 expression in NPC indicates that SRSF2 is unlikely a FL
TERT-promoting splicing factor in NPC. In addition to the three splicing factors we
tested, other splicing factors and RNA binding proteins that requlate TERT alternative
splicing have been identified by other studies. In studies using cancer cells, splicing of
the TERT reverse transcriptase domain has been focused on because of its importance
in telomerase activity [25, 30]. In stem cells, it was shown that skipping of TERT exon 2
is a developmental switch for TERT expression and is regulated by the splicing co-factor
SON [108]. Finding conserved or different TERT AS regulation in multiple cell and tissue
types will result in the identification of therapeutic approaches by which specific
manipulation of telomerase activity can be achieved in certain cell types (e.g., cancer
cells versus stem cells). For example, we recently published that knockdown of SF3B4
induces reduction of FL TERT in NSCLC cells resulting in decreased telomerase

activity, cell viability, and proliferation of cancer cells [30]. Conversely, when SF3B4 was
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knocked down in non-cancerous cells (human bronchial epithelial cells, HBECs) it did
not reduce viability or proliferation of cells proposing a new approach for cancer cell
specific therapy.

These data point out that TERT AS is regulated by both tissue specific and
general RNA binding proteins. By prediction and or empirical identification of where
these RNA binding proteins interact with their motifs on the TERT pre-mRNAs, we might
be able to develop antisense oligonucleotide (ASO) type drugs to block the binding of
the RNA binding proteins to switch the splicing of TERT from telomerase coding TERT
to degraded or dominant-negative type TERTs. Indeed, research has already pointed
out that SRSF2 binding is predicted at the intron 6/exon 7 boundary and groups have
targeted this region using ASOs to induce minus beta splicing [224]. Further, we and
others have utilized the binding motif of NOVA1 in direct repeat 8 to develop ASOs as
well [26, 181, 225]. As we continue to elucidate the RNA binding proteins of TERT we
will identify additional and potentially more potent motifs to target with splicing switching
ASOs aimed at reducing telomerase activity for anticancer purposes. A provocative idea
would be to target FL TERT repressor motifs with ASOs to promote FL TERT splicing
and increase telomerase activity for regenerative medicine purposes.

Our data are not without limitations. Since we only tested a single stem cell line
and a single cancer cell line, our data should therefore be interpreted with caution, and
further research including additional cell lines should be performed to see if our
predictions and models hold. Moreover, although we measured multiple TERT splice
variants in this study, we did not measure all known TERT splice variants. To date, 21

TERT splice variants have been identified [28] and determining expression levels of all
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different splice variants is extremely challenging. Measurement of other known TERT
splice variants or novel splice variants in different cell types will provide insights to fully
understand TERT AS regulation. Another limitation of this study is that we did not
perform the siRNA loss-of-function studies in the stem cells. Since our laboratory is
mainly focused on inhibition of telomerase activity as a cancer therapeutic approach, we
focused on dysregulated telomerase in this research. For future research, identification
of the TERT splicing code should be performed as well as functional outcomes
(telomerase activity, telomere length, cell survival, etc.) in different cell types that are
characterized by regulated (i.e., stem cells) or dysregulated (i.e., cancer cells)
alternative splicing.

Overall, our data represent an advance in our understanding of TERT regulation
in stem cells and cancer cells. We utilized a novel model to investigate TERT splicing
regulation in stem cells and contrasted this with associations of SFs in cancer cells. Our
data revealed that certain SFs are dysregulated in cancer and do not seem to play a
role in TERT regulation in stem cells. These data and subsequent studies may reveal a
splicing factor(s) or their binding site(s) that could be targeted with small molecule drugs
or antisense oligonucleotides, respectively, to reduce telomerase activity in cancer cells

and promote durable cancer remissions.
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Figure 4.7. Working model figure describing splicing events of TERT observed in this study.

A) Alternative splicing of TERT pre-mRNA produces splice variants. Only full-length TERT with all 16
exons can be translated into active telomerase. When exons are spliced out (e.g., exclusion of exons 7-8
in red box), transcripts are degraded or form inactive telomerase. B) TERT expression and telomerase
activity in three different contexts (iPSC differentiation into NPC, increase in iPSC density, and Calu-6 cell
density). Increase (red arrow) or decrease (blue arrow) or no change (—) are indicated for total TERT

transcripts (FL TERT (7/8 included) plus minus beta TERT (7/8 excluded); ®+®), absolute amount of FL
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TERT transcript (7/8 included, @), percentage of FL TERT transcripts compared to total (®/(®+®@)), and
telomerase activity. C) (Left panel) TERT AS regulators in iPSC differentiation into NPC or in calu-6 cells.
PTBP1 promotes FL TERT in iPSCs whereas NOVA1 and PTBP2 promote minus beta TERT in NPCs.
(Right panel) Three splicing factors were selected as cell type specific FL TERT-promoting candidates
(HNRNPM in iPSCs; SRSF2 in both iPSCs and cancer cells; U2AF2 in cancer cells). TERT AS in Calu-6
cells was not affected by HNRNPM knockdown. On the other hand, SRSF2 or U2AF2 knockdown
significantly reduced the amount and percentage of FL TERT (7/8 included). This figure was created with

BioRender.com.
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Chapter 5 — Effect of Aging and Exercise on hTERT Expression in Thymus Tissue

of hTERT Transgenic Bacterial Artificial Chromosome Mice

5.1. Abstract
Introduction: Telomere shortening occurs with aging due to telomerase insufficiency
and exercise interventions can upregulate telomerase activity. The impact of aging and

exercise on hTERT alternative splicing (AS) in the thymus is unknown.

Purpose: This study aimed to examine hTERT AS in response to aging and exercise

in thymus tissue.

Methods: Transgenic mice expressing the human TERT (hTERT) called hTERT-BAC
(bacterial artificial chromosome) mice were utilized in two different exercise models. For
the first model, the mice were divided into three different groups depending on their age
(young (6 months), middle-aged (12 months), and old (18-22 months)) and further
assigned into either an individual sedentary cage (no wheel access) or an individual
exercise cage (wheel access) for three weeks prior to thymus tissue excision. For the
second exercise model, the thymus tissues from middle-aged mice (16 months) were
excised before (Pre, n = 5), immediately post (IPE, n = 5), and 1-hour post (1h-Post, n =
5) treadmill running (30 min at 60% maximum speed). Exons 7/8 containing hTERT and
the "minus beta" (-B) hTERT AS variant (exons 7 and 8 skipping) were quantified by

droplet digital reverse transcription-polymerase chain reaction.



Results: The amount of hTERT transcripts decreased with aging (r =-0.7511, p <
0.0001) and three weeks of voluntary wheel running did not counteract this reduction.
The ratio of exons 7/8 containing hTERT increased with aging (r = 0.3669, p = 0.0423)
but three weeks of voluntary wheel running attenuated this aging-driven effect (r =
0.2013, p = 0.4719). 30 minutes of acute treadmill exercise did not induce and

significant changes in thymus hTERT expression or AS variant ratio (p > 0.05).

Conclusions: Thymic hTERT expression is reduced with aging. We speculated that
this reduction could be a primary aging effect since exercise did not counteract the
reduction of expression. We also showed that the increased percentage of exons 7/8
containing hTERT transcripts during sedentary aging is attenuated by exercise

indicating that hTERT AS regulation is impacted by secondary aging as well as primary

aging.
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5.2. Introduction

Aging is a complex and inevitable process that occurs throughout an organism’s
life. Aging consists of both chronological aging and biological aging, each with distinct
characteristics. Chronological aging is the straightforward measurement of an
organism's age in years, starting from birth. However, it does not necessarily reflect the
individual's physical or physiological state accurately. In contrast, biological aging refers
to the gradual deterioration of an organism's cells, tissues, and organs over time
resulting in decline in physical and mental function, increase in risk of diseases, and
ultimately death. This type of aging is influenced by a combination of genetic,
environmental, and lifestyle factors, such as diet, exercise, and exposure to toxins.
Biological aging is governed by two major aging process: primary aging and secondary
aging. Primary aging is a collection of processes leading to loss of physiological
resilience that are determined by an individual’s genetics. Secondary aging is the
collection of age-related processes that enhance the risk of disease and can be slowed
down with lifestyle factors such as diet and exercise [57].

At a cellular level, the accumulation of senescent cells is a part of an organism’s
aging. Many factors can induce cellular senescence, such as epigenetic factors,
mitochondrial dysfunction, DNA damage, proteostatic dysfunction, nutrient signaling
dysfunction, and telomere erosion or telomere DNA damage signaling. Among these
factors, telomere induced senescence plays a significant role in aging [226]. Telomeres
are regions of repeated 5’-TTAGGG-3’ DNA sequences at each end of chromosomes
[11]. The major function of telomeres is to prevent the ends of chromosomes from being

recognized as DNA double strand breaks [227]. By preventing DNA damage signaling at
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chromosome ends, this prevents fusions of the chromosome ends by non-homologous
end joining DNA repair mechanism thus preserving genomic stability [36]. However,
telomere length shortens with cell division due to the inability of DNA polymerase to fully
replicate the lagging strand of DNA [12]. When one or a subset of telomeres become
critically short by repeated cell divisions, a DNA damage response will be triggered, and
cells will become replicatively senescent [10]. Since the number of cell divisions in
multicellular organisms will accumulate during aging, populations of senescent cells will
increase overtime resulting in aging-related phenotypes [226]. However, some cells
(i.e., male germline cells, adult stem cells, activated immune cells, etc.) can slow down
telomere shortening with the expression of the enzyme telomerase.

Telomerase is a ribonucleoprotein enzyme that can elongate or maintain
telomeres by de novo telomere synthesis [228]. Telomerase consists of an enzyme
subunit TERT (telomerase reverse transcriptase), RNA component TERC (Telomerase
RNA component, also known as TR), and accessary proteins. In human cells, TERT
expression is the rate limiting factor of the telomerase complex [35, 78]. For this reason,
the transcriptional level of TERT has been studied as a key regulatory mechanism of
telomerase activity. In addition to transcriptional regulation, post-transcriptional
regulation such as alternative splicing (AS) of TERT also regulates telomerase activity.
The human TERT (hTERT) gene has 16 exons and 15 introns and the hTERT pre-
MRNAs undergo RNA splicing to form hTERT full-length (FL) mRNA with all 16 exons
with four functional domains (TEN: telomerase N-terminal; TRBD: telomerase RNA-
binding domain; RT: reverse transcriptase; CTE: C-terminal extension) or alternatively

spliced hTERT mRNA variants (Figure 5.1) [25, 229]. Since all four functional domains
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are required for telomerase to be able to synthesize telomeres, only FL A TERT mRNA
can be translated into active telomerase (Figure 5.1) [179]. In contrast, alternatively
spliced minus beta (-B) hTERT lacking exons 7-8 for example, cannot form active
telomerase and is expected to be degraded by nonsense-mediated decay or to form a
truncated hTERT protein with dominant-negative function [106, 174]. Since FL hTERT
and minus beta hTERT have been shown to be the most abundant A TERT mRNA

variants [116], we focused on splicing of hTERT exons 7/8 in this study.

human TERT - Chr 5:5p15.33; 42 kilobases

( Alternative splicing ]

Full-length human TERT mRNA

TEN TRBD RT CTE
. AN AN . Translation
- =
! = 1 g 11 16 « Active telomerase
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—  decay (NMD)
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=
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Figure 5.1. Cartoon of alternative splicing regulation of human TERT (hTERT) genes.
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hTERT consists of 16 exon genes (colored box with numbers) and 15 introns (solid black line between
exons). After transcription of hTERT gene, pre-mRNA undergo alternative splicing to form mature mRNA.
Two main mRNA variants are depicted: full-length hTERT with all 16 exons and minus beta hTERT
lacking exons 7-8 (highlighted in red). Four functional domains (TEN: telomerase N-terminal; TRBD:
telomerase RNA-binding domain; RT: reverse transcriptase; CTE: C-terminal extension). Stop codon is
located in exon 16 of full-length hTERT. Minus beta hTERT has premature stop codon in exon 10,
induced by frameshifting from exons 7-8 skipping. Only full-length hTERT can be translated into active
telomerase, whereas minus beta hTERT is predicted to be degraded by nonsense-mediated decay or
translated to form dominant negative hTERT that may inhibit telomerase activity. This figure was created

with BioRender.com.

In this study, we utilized transgenic mice expressing the human TERT (hTERT)
gene, called hTERT-BAC mice (Bacterial Artificial Chromosome), to study the effect of
aging and exercise on hTERT expression in thymus [121]. Our rationale for using
transgenic mice is that the regulation of mouse Tert is different from the regulation of
human TERT, especially AS regulation of TERT [29]. For example, more than 85% of
mouse Tert is FL Tert, whereas about 40% of human TERT is FL hTERT [27]. We chose
to study thymus because a large portion of previous studies of telomerase and hTERT
regulation was performed with immune cells (especially T cells) and the thymus is the
organ that matures T cells [19]. Previous research has indicated that thymus tissues
[230, 231] and thymocytes [232] from humans express robust levels of ATERT and have
telomerase activity, making studying hTERT expression regulation in this tissue more
accessible compared to other tissues such as skeletal muscle. When telomerase
activity was measured in PBMCs, telomerase activity progressively declined with age up
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to 40 years of age whereby it reached a low but steady level [233]. However, this study
used very few younger samples and should be interpreted cautiously. Thus, much is left
to be understood about hTERT expression and telomerase regulation in immune
tissues. Since immune tissues play an important role in aging biology (inflammation,
antitumor protection), it is important to understand telomerase regulation with aging and
how a healthy lifestyle factor may be able to intervene on any changes observed. Since
alternative splicing regulation of h"TERT has not been investigated in previous studies
focusing on immune cells and aging, we collected thymus from hTERT-BAC mice to
study hTERT AS regulation. In addition to the above rationale, we chose thymus to
study the impact of aging on hTERT regulation because thymus is known to involute
with aging. We were interested in hTERT expression during aging of the thymus and if
exercise could counteract any observed expression or splicing changes. We
hypothesized that expression of h"TERT and ratio of FL hATERT to minus beta hTERT
would decrease with aging and exercise would counteract the age-driven decrease. To
test our hypothesis, we measured the expression level of exons 7/8 containing hTERT
(potential FL hTERT) and minus beta hTERT in thymus tissues from hTERT-BAC mice
of different ages, and mice that exercised or not. In fact, we found that A TERT
expression (including both potential FL A TERT and minus beta hTERT) was reduced by
aging regardless of exercise. In the case of hTERT AS, contrary to our hypothesis, we
observed an increase in the ratio of potential FL hTERT with aging, and exercise
appeared to attenuate this age-driven effect. Our results support that h"TERT expression

decreases likely due to primary aging and exercise cannot counteract the decrease of
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hTERT expression in thymus, whereas hTERT AS is dysregulated with likely due to

secondary aging and exercise counteracted this dysregulation.
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5.3. Materials and Methods

5.3.1. Animals

All animal experiments were approved by the University of Michigan Institutional
Animal Care and Use Committee (IACUC) and conducted as per the institutional
guidelines. C57BL/6-Tg(TERT)C10Hode/J (~ 8-weeks old) were purchased from The
Jackson Laboratory (Bar Harbor, ME, USA). The transgenic hTERT+ founder mice were
housed at 25°C on a 12:12-h light-dark cycle, fed ad libitum laboratory mouse chow
(Prolab RMH 3000, 5P00, LabDiet by Purina, Nestlé, Vevey, Switzerland), and given
free access to water. Following a 2-week acclimation period, breeding pairs were
established for the hTERT-BAC mouse colony that maintain the C57BL/6 background
and express the hTERT gene [121]. Following each litter, pups were weaned after three
weeks, and PCR genotyping was carried out using tail DNA (KAPA Biosystems,
Wilmington, MA, USA). hTERT-BAC mice that were hTERT+ were confirmed from
extracted tail DNA using transgene hTERT (F: 5-GGAAGGCAGGAGGCTCTTGG-3’; R:
5-TGCACACACTTGTGCCCTTGC-3’; 431-bp) and control primer pairs (F: 5’-
CAAATGTTGCTTGTCTGGTG-3’; R: 5-GTCAGTCGAGTGCACAGTTT-3’; 200-bp) in
EmeraldAmp MAX PCR Master Mix (Takara Bio, Mountain View, CA, USA) on a C1000
Touch Thermal Cycler (Bio-Rad Laboratories, Hercules, CA, USA) under the following
conditions: heat activation at 98°C for 5 minutes, followed by 35 cycles of denaturation
at 95°C for 10 seconds, annealing at 60°C for 30 seconds, and an extension at 72°C for
1 minute. A final extension step at 72°C for 5 minutes was also performed. The results

were confirmed on a 1.2% agarose gel.
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5.3.2. Voluntary wheel running protocol

Confirmed hTERT+ transgenic male and female hTERT-BAC mice were divided
into three different groups depending on their age (young (6 months)/middle-aged (12
months)/old (18-22 months)) and further assigned into either an individual sedentary
cage (no wheel access) or an individual exercise cage (wheel access). The exercise
cage was equipped with a low-profile wireless running wheel (ENV-047, MED
Associates, Fairfax, VT). The number of wheel revolutions were obtained by a wireless
device USB hub (DIG-807, MED Associates, Fairfax, VT) and running distance was
calculated with wheel analysis software (SOF-861, MED Associates, Fairfax, VT). Body
mass and food consumption were measured weekly. Animals had access to running
wheels until immediately before their tissues were sampled 3 hours prior to the
beginning of dark cycle (animals were maintained on a 12:12 hour light: dark cycle with

lights on at 6am and lights off at 6pm).

5.3.3. Treadmill Acclimation and Exercise Testing Protocol

Confirmed hTERT+ transgenic male and female hTERT-BAC mice were aged to
69-weeks before undergoing a 10-day treadmill acclimation protocol as previously
described [29, 143, 157]. In brief, the treadmill was set at a 7% incline for all treadmill
sessions and mice were introduced to gradual increases in speed during each session
on the treadmill. Mice were motivated to run by prodding with a bristled brush. Forty-
eight hours after the last acclimation session, each mouse completed an incremental
exercise test to determine their peak treadmill running speed. The peak treadmill

running speed test was initiated with each mouse being placed on a motionless
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treadmill for 2 minutes before increasing the belt speed to 5 meters per minute for
minutes 2 through 5. At minute 5, the treadmill speed was increased at a consistent
pace of 1 meter per minute until the running ability of each mouse was impaired
(determined by the animal’s refusal to run even when provoked for = 30 seconds). The
final speed at which the mouse refused to run was recorded as the peak treadmill

running speed.

5.3.4. Acute Treadmill Exercise Protocol

Forty-eight hours after peak treadmill running speed test, the mice were exposed
to 30 minutes of submaximal treadmill running at 60% of their peak speed. Mice were
separated into three experimental groups (n = 5 per group; number of males is indicated
in Table 5.2). The no exercise resting control group (Pre, n = 5) were exposed to a
motionless treadmill for 30 minutes before being euthanized for tissue processing. This
is important as the rodents might have developed a stress response associated with the
treadmill resulting from the maximal speed test only 48-hours prior, and the exposure to
the motionless treadmill would serve to control for any potential physiological responses
that would otherwise confound subsequent measures. The remaining 10 mice
underwent a 30-min treadmill exercise bout and were euthanized either immediately
following acute treadmill exercise (IPE: Immediately post exercise, n = 5) or at 1 hour

into recovery from the exercise bout (1h-Post, n = 5).
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5.3.5. Cell and Tissue Processing

Thymus tissues were dissected and flash frozen in liquid nitrogen for future
analysis from hTERT-BAC mice. Prior to analysis for specific biomolecules, tissues were
minced with a razor blade on ice. The minced samples were either processed

immediately or stored at —80°C until further analysis.

5.3.6. Droplet Digital reverse transcription PCR

Thymus tissue RNA was extracted using QlAzol and RNeasy® Universal Mini Kit
(Qiagen, Hilden, Germany). Isolated RNA was quantified by spectrophotometry using a
NanoDrop 2000 and cDNA was synthesized using SuperScript IV First-Strand cDNA
Synthesis System primed with oligo dT and random hexamers at a 1:1 ratio (Invitrogen,
Carlsbad, CA). All cDNAs were diluted 1:4 using nuclease-free water and stored at
-20 °C until analysis of hTERT expression levels quantitatively by RT-droplet digital
PCR (ddPCR).

Species specific primers (i.e., human) were utilized for total h\TERT gene
quantification by RT-ddPCR. Total hTERT gene expression levels were determined by
summing the absolute quantification of the potential FL, exons 7/8 containing transcripts
(determined by PCR of exons 7/8 — Forward primer exon 7: 5'-
ACAGTTCGTGGCTCACCTG-3’; Reverse primer exon 8: 5'-
GCGTAGGAAGACGTCGAAGA-3’; universal probe #52 [Roche; Basal, Switzerland] in
exon 8) plus the minus beta (-), exon 7-8 skipping ASV (determined by PCR of exon
6-9 containing transcripts — Forward primer exon 6/9 junction: 5’-

CAAGAGCCACGTCCTACGTC-3’; Reverse primer exon 10: 5’-
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CAAGAAATCATCCACCAAACG-3’; universal probe #58 [Roche; Basal, Switzerland] in
exon 9; 28). The summation of exon 7/8 containing and exon 7—-8 skipping transcripts
has been shown to account for = 95% of total hTERT, suggesting that this strategy
should provide a good estimate of total cellular hTERT transcripts [25]. It is possible that
exon 7/8 containing transcripts, such as the minus a (skipping of the first 36 nucleotides
at the 5’ end of exon 6) and minus y (exon 11 skipping) transcripts that yields hTERT
catalytically inactive, could be included in this analysis. However, these transcripts
account for < 5% of total hTERT [25]. A 2 pL sample of cDNA (equivalent to 25ng of
RNA input) was combined with primers and probe sets, and 2x ddPCR Supermix for
Probes (Bio-Rad Laboratories) in a 20 pL final volume mix. Droplets were generated
using 70 uL of Droplet Generation Qil for Probes using the QX200 Droplet Generator
(Bio-Rad Laboratories). Generated droplets were loaded into a 96-well plate and
amplified under the following thermocycling conditions: initial denaturation at 95° for 10
minutes, followed by 40 cycles of denaturation at 94°C for 30 seconds and annealing at
60°C for 1 minute. A final enzyme denaturation step at 98°C for 5 minutes was also
performed. Droplets were analyzed using the QX200 Droplet Reader and QuantaSoft
software systems, respectively (Bio-Rad Laboratories). Full length and alternatively
spliced hTERT percentages were determined as previously described [27] and
according to the following formulas: Percent Potential FL = Exon 7/8 containing
transcript / Total transcript (total transcripts = exon 7/8 containing transcripts + exon 7-8

lacking transcripts); Percent alternatively spliced = 100 — Percent Potential FL.
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5.3.7. Statistical Analyses

For the voluntary wheel running study (Figure 5.2 and Figure 5.3), a two-way
ANOVA and Pearson’s correlations were utilized to evaluate the effects of exercise and
aging on the total amount of potential full-length hTERT, minus beta hTERT and total
hTERT (potential full-length + minus beta) transcripts, and ratio of potential full-length
hTERT transcripts. For the two-way ANOVA, post hoc comparisons were performed
(Tukey’s multiple comparison) when the interaction between age and exercise or the
effect of age was statistically significant (p-value < 0.05). When a significant effect of
age was found, main age effect was evaluated by a simple main effect analysis. When a
significant effect of exercise was observed, post hoc comparisons were not conducted
because there were only two conditions for the exercise variable (sedentary or
exercise), and the main effect already encompasses the relevant comparisons. When a
significant interaction between age and exercise was found, each group was compared
to all the other groups. For Pearson’s correlations, relationships of two factors (Figure
5.3, absolute amount of hTERT transcripts or ratio of potential full-length hTERT vs Age)
were evaluated and correlation coefficient (r) and p-value were calculated.

For the acute treadmill study (Figure 5.4), a one-way ANOVA was performed to
compare the total amount of potential full-length hTERT, minus beta hTERT, and total
hTERT (potential full-length + minus beta) transcripts, and ratio of potential full-length

hTERT transcripts. Statistical significance was defined as a p-value < 0.05.
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5.4. Results

5.4.1. Effect of exercise and aging on hTERT AS regulation in thymus from
hTERT-BAC mice.

To study the effect of exercise and aging on hTERT expression, we divided
hTERT-BAC male and female mice into three different age groups. Average ages were
6 months for the young group, 15 months for the middle-aged group, and 22-23 months
for the old group (Table 5.1). For the exercise intervention, we provided mice in the
exercise group with an individual running wheel for three weeks because previous
studies have shown that telomerase activity, mouse Tert expression, and telomerase
regulating genes in cardiac tissue and circulating leukocytes were significantly changed
by three weeks of voluntary wheel running intervention [154, 158]. A two-way ANOVA
was performed to analyze the effect of age and exercise on the phenotypes (Table 5.1).
As expected, age from three groups were significantly different (p < 0.0001). Neither
significant effect of age nor exercise was found from food consumption or final body
weight of groups, supporting that all groups consumed similar amount of food and
weighed similar compared to the other groups, respectively. When running distances in
exercise group were compared to each other by a one-way ANOVA, no significant
difference was found (p = 0.0659) although average daily running distance was similar
between young and middle-aged mice and was four times higher than the daily running

distance of old mice (Table 5.1).
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Table 5.1 - Animal Weights and Other Phenotypes

Phenotype Sedentary Exercise p values

Young  Middle-aged Old Young  Middle-aged Old Interaction Ade Exercise
(n=8; 3M5F) (n=4; 4F)} (n=4; 2M2F)|(n=7; 2M5F) (n=4; 1M3F) (n=4; 2M2F) 9
Age (Months) 6(1.2) 14.8 (1) 22.3(15) | 61(1.3) 153(1.3) 235(2.8) 0.7040 <0.0001 01777
Food consumption per
day (g/day) 27(0.3) 3.2(0.5) 2.9(0.5) 25(0.3) 25(0.3) 31(0.2) 0.0618 0.0576 0.1140
Final body weight (g) | 30.1(5.2) 33.5(3.4) 31.5(25) | 279(54) 325(24) 345(3.3) 0.3928 0.0539 0.95638
Distance per day 24558 2584.0 B616.7

(m/day) 0 0 0 (1713.0)  (1689.6)  (521.3) NA NA 0.0659

Note : Data are presented as mean (SD). A two-way ANOVA was used to calculate p-values, except for
running distance per day (m/day), for which a one-way ANOVA was used. Significant p-values (<0.05) are
bolded. The numbers of male and female mice are represented using the letters 'M' or 'F' followed by the
respective counts.

After identifying characteristics of our mice from different age and exercise
groups, we quantitatively measured the absolute amount of total hTERT transcripts
(potential full-length (FL) hTERT + minus beta hTERT; Figure 5.2A), potential FL hTERT
(Figure 5.2B), and minus beta hTERT (Figure 5.2C). Then we converted the quantified
values into the ratio of potential FL A TERT and minus beta hTERT (Figure 5.2D)
showing the percentage of exons 7-8 skipping. To determine the effect of age and
exercise, a two-way ANOVA was performed for the amount of total A”TERT (FL + minus
beta), potential FL hTERT, minus beta hTERT, and ratio of potential FL hTERT (Table
5.2). The two-way ANOVA revealed that there were statistically significant interactions
between the effects of age and exercise on the absolute amount of minus beta TERT
(F(2, 25) = 3.559, p = 0.0436) and ratio of potential FL TERT (F(2, 25) = 3.624, p =
0.0415). Simple main effects analysis showed that age had a statistically significant
effect on absolute amount of total h"TERT (p < 0.0001), potential FL hTERT (p <

0.0001), minus beta hTERT (p < 0.0001), and ratio of potential FL hTERT (p = 0.0289).
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This supports that age is the major driver of expression hTERT. In addition, the simple
main effects analysis showed that exercise had a statistically significant effect on
absolute amount of minus beta hTERT (p = 0.0441). Since effect of exercise was
determined by a comparison of two combined groups (three sedentary groups vs three
exercise groups), the result suggested that the expression of minus beta decreased with
exercise intervention (Figure 5.2C). To further understand the effect of age and
exercise, post hoc comparisons were performed. It confirmed that young mice
expressed significantly higher total A TERT and potential FL hTERT in thymus compared
to middle-aged or old mice (Supplemental Table 5.1). Notably, although young mice
expressed significantly higher minus beta hTERT compared to middle-aged or old mice,
exercise significantly reduced expression of minus beta hTERT in young mice (Figure
5.2C). When ratio of potential FL hTERT was evaluated by post hoc comparisons,
significant differences were found from comparisons between sedentary groups (Figure

5.2D).
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Figure 5.2. Effect of exercise and aging on hTERT AS regulation in thymus from hTERT-BAC mice.

A-C. Absolute amount of total hATERT (A; potential full-length + minus beta), potential full-length hNTERT

(B), and minus beta hTERT (C) transcripts in 6 different conditions. D. Ratio of potential full-length hnTERT

(exons 7/8 containing hTERT) and minus beta hTERT (with exons 6/9 junction) transcripts in 6 different

conditions. ddPCR assay was used to determine the amount of transcripts (n = indicated in Table 5.1). A
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two-way ANOVA was performed to evaluate the effect of age and exercise on total amount of total hTERT
(potential full-length + minus beta), potential full-length hATERT, and minus beta hTERT. Post hoc
comparisons of total h"TERT (A) and potential full-length hTERT (B) showed only young mice (grouped as
“a”) had significantly higher (p < 0.0001) total hTERT and potential full-length hTERT transcripts than the
other age groups (grouped as “b”). Post hoc comparisons of minus beta hTERT (C) revealed that
sedentary-young mice (grouped as “a@”) had significantly higher (p < 0.01) minus beta hTERT transcripts
than all the other groups and exercised-young mice (grouped as “b”) had significantly higher (p < 0.05)
minus beta hTERT transcripts than all the other groups (grouped as “c”) except sedentary-middle-aged
mice (p = 0.1026; grouped as “bc”). Post hoc comparisons of potential full-length hTERT ratio (D) showed
significantly different ratio from two comparisons (¥, p < 0.05). Statistical analysis results are in Table 5.2

and Supplemental Table 5.1.

Table 5.2 — Statistical analysis (ANOVA table) from Figure 5.2

F {DFn, DFd) p values
Values | ) A . .
r}__t?;czt;)}n F {2?35} Fx(?tcé%? Interaction Age Exercise
Absolute amount of total hTERT]
(Potential FL + Minus beta) 2.016 34.59 3.025 0.1543 <0.0001 0.0943
N
@  |Absolute amount of potential FL
5 RTERT 1.160 27.96 1773 0.3298 <0.0001 0.1950
x
Absolute amount ofminus beta| 3 559 37.47 4.495 00436  <0.0001  0.0441
=2}
~J
u;" Ratio of exons 7-8 splicing 3.624 4095 1241 0.0415 0.0289 0.2760
=15
=

Note : A two-way ANOVA was used for statistical analysis (F: F-statistic; DFn: Degrees of freedom for the
numerator; DFd: Degrees of freedom for the denominator). Significant p-values (p < 0.05) are bolded.
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5.4.2. Aging dictates TERT expression and effect of aging on TERT AS regulation
depends on exercise

Since we observed a decrease in hTERT expression with aging regardless of
exercise, and changes in hTERT AS ratio with aging only from sedentary mice, we
carried out correlation analyses between age with absolute amount of total hnTERT or
splicing ratio of hTERT exons 7/8. As expected, expression of total hTERT transcripts
showed significant negative correlation with age when all mice were used (Figure 5.3A),
only sedentary groups were used (Figure 5.3B), and only exercise groups were used
(Figure 5.3C). These correlation analyses clearly support that h"TERT expression is
downregulated with aging regardless of exercise. On the other hand, when it comes to
hTERT alternative splicing, percentage of potential FL hTERT showed significant
positive correlation with age when all mice were used (r = 0.3669, p = 0.0423; Figure
5.3D). Although neither of correlation analysis using only sedentary group nor only
exercise group showed statistically significant correlation, correlation from sedentary
group showed stronger positive correlation (r = 0.4878, p = 0.0552) compared to
exercise group (r=0.2013, p = 0.4719). This result supports the idea that TERT splicing
is shifted towards inclusion of exons 7/8 with aging, but exercise counteracts the effect

of aging.
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(A,B,C) Scatter plots showing correlations between Age (weeks; x-axis) and absolute amount of total
hTERT (potential full-length + minus beta) transcripts (y-axis) in all mice (A; n = 31), sedentary mice (B; n
= 16), and exercised mice (C; n = 15). (D,E,F) Scatter plots showing correlations between Age (weeks; x-
axis) and percentage of hTERT exons 7/8 inclusion (y-axis) in all mice (D; n = 31), sedentary mice (E; n =
16), and exercised mice (F; n = 15). 95% Confidence bands, Pearson’s correlation coefficient (r) and p

values are shown.

5.4.3. Neither hTERT expression nor AS is impacted by acute treadmill exercise in
thymus from hTERT-BAC mice

Next, we wanted to test the impact of acute exercise in older mice on hTERT
MRNA expression and AS. To do this, we compared three groups of middle-aged
hTERT-BAC mice exposed to a single bout of treadmill running. Since all mice were
aged until 69 weeks in sedentary condition, we hypothesized that the acute treadmill
exercise would induce significant changes in hTERT expression. We compared
maximum running speeds and body weights to the other groups, and statistical analysis
showed no significant difference between the groups supporting that the mice were
equally well distributed into the groups (Table 5.3). From collected thymus tissues from
pre-, immediately post- and 1-hour post-exercise conditions, we did not observe
statistical significance between any groups for hnTERT expression (Figure 5.4A). Also,
we did not find significant differences in TERT AS with acute exercise intervention

(Figure 5.4B).
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Table 5.3 — Animal Weights and Other Phenotypes of 71-week-old hTERT-BAC mice

Phenotype Exercise p values

Pre Immediately Post 1-hour post

(n=5; 2M3F) (n=5; 1M4F) (n=5; 1M4F)
Max speed (m/min) 228(3.4) 231 (2.5) 234(3.2) 09531
Body weight (g) 30.0 (3.4) 29.0 (2.0) 280 (3.7) 0.6138

Note : Data are presented as mean (SD). p values were calculated by one way ANOVA.
The numbers of male and female mice are represented using the letters 'M' or 'F' followed
by the respective counts.
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Figure 5.4. hTERT AS regulation by acute treadmill exercise in thymus from hTERT-BAC mice.

A. Absolute amount of potential full-length h”TERT and minus beta hTERT transcripts in pre-, immediately
post-, and 1-hour post-exercise (n = 5 per condition). B. Ratio of potential full-length h"TERT and minus
beta hTERT transcripts in pre-, immediately post-, and 1-hour post-exercise (n = 5 per condition). One-
way ANOVA was performed to compare total amount of potential full-length A”TERT, minus beta hTERT
and total hTERT (potential full-length + minus beta) transcripts (A) and ratio of potential full-length hTERT

transcripts (B) in all conditions, however statistical significance was not found (p > 0.05).
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5.5. Discussion

Understanding the regulation of telomerase in aging and determining lifestyle
factors that can impact telomere maintenance in a variety of tissues and organs is
critical to developing novel healthy life expectancy-extending strategies. Previous
studies have shown that exercise can robustly increase hTERT gene expression and
telomerase activity and maintains or slows telomere shortening in immune cells, cardiac
tissues, endothelial cells, and skeletal muscle [19]. Specifically, three weeks of voluntary
wheel running upregulated mouse Tert expression and mouse telomerase activity in left
ventricle [158] and aorta [154] from eight-week-old male C57/BI6 mice. Our group has
recently observed that acute treadmill exercise induced changes in TERT AS in
gastrocnemius, left ventricle, and brain from 8-week-old hTERT-BAC mice [29]. In the
present study, we used the same mouse model to determine the impact of age and
exercise on hTERT expression and splicing ratio. Unexpectedly, the absolute amount of
total hTERT and exons 7/8 containing hTERT (potential FL hTERT) transcripts did not
change significantly by three weeks of voluntary wheel running regardless of age in
thymus tissue. Instead, the expression of minus beta hTERT significantly decreased by
exercise intervention (determined by a simple main effect analysis). From post hoc
comparisons, a significant reduction of minus beta hTERT by exercise was found in
young mice. This was an unexpected result because the previous studies using three
weeks of voluntary wheel running observed increases in telomerase activity and mouse
Tert gene expression in cardiac muscle and circulating leukocytes from wildtype

C57/Bl6 mice [154, 158]. The impact of exercise on the thymus is underexplored but
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could have important impacts on immunosenescence. Overall, our data indicate that the

impact of age and exercise on TERT expression and AS are tissue specific.

AGE: When the effect of aging on hTERT expression was investigated, we
observed a major reduction in hATERT transcripts in the thymus. We speculate that the
reduction of hTERT expression in the thymus is likely to be driven by primary aging
factors. To determine if primary aging is indeed responsible for reduced hTERT
expression additional experimental data would be needed utilizing a known intervention
that slows primary aging, such as caloric restriction. The thymus is known to involute
with aging which results in lower naive T-cell production [17]. The reduction of A TERT
expression with aging could be related to age-related thymic involution. The loss of
hTERT expression in the thymus could be due to the de-methylation of the hTERT
promoter since methylation of the hTERT promoter upregulates transcription of the
hTERT gene [92-95], or it could be changes in epigenetics such as histone modification
that represses expression of hTERT [96, 97]. Also, since animal transcriptomes undergo
extensive remodeling during aging [52], altered transfactor expression with aging could
be a reason for the reduction of A TERT expression (i.e., decrease in hTERT
transcription activators or increase in hTERT transcription repressors [234]).
Interestingly, we found that alternative splicing of hTERT, specifically the ratio of exons
7/8 containing hTERT tended to increase with aging, and the effect of aging was
stronger in thymus from sedentary mice. Since regulation of RNA processing has been
known to be disrupted by aging [235], hTERT alternative splicing also could be

dysregulated by aging resulting in higher percentage of exons 7/8 inclusion.
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EXERCISE: Previous studies of exercise and indirect indicators of thymus output
have indicated that humans with long exposure to cycling activity [23] or with higher VO2
peak values [236] have greater numbers of naive T cells and fewer senescent T cells
compared to individuals that are less active or have lower VO2 peak, respectively,
indirectly indicating greater thymic function. Direct investigations of the impact of
exercise on thymus tissues are sparse in the literature and mainly indirect methods
have been utilized such as those in references above [23, 236, 237]). In our study, three
weeks of voluntary wheel running was observed to decrease minus beta hTERT in
young mice (Figure 5.2C). However, neither absolute amount of total hTERT, potential
FL hTERT, nor ratio of hTERT variants changed significantly with exercise in young
mice. We speculate that this could support increased telomerase activity in thymus with
exercise if the reduction of minus beta hTERT results in less inhibition of telomerase
activity (minus beta hTERT is a dominant-negative telomerase). In addition, the
increase in exons 7/8 inclusion ratio observed with sedentary aging was counteracted
by exercise training (three weeks of voluntary wheel running — Figure 5.3D-F). We
speculate that exercise may repress changes in the alternative splicing machinery that
could have caused the increase in the ratio of exons 7/8 containing hTERT to minus
beta hTERT, as supported by previous research [29, 238]. In addition to three weeks of
voluntary wheel running, we used acute treadmill exercise to study the response of
hTERT AS in middle-aged hTERT-BAC mice. Although we did not find significant
changes in any of our measurements (total hTERT, potential full-length A TERT, minus
beta hTERT, and ratio of potential full-length hTERT), we were able to observe similar

hTERT expression patterns compared to our previous study based on the same
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exercise intervention but with much younger mice [29]. In our previous study, hTERT
MRNA expression increased at immediately post exercise and went back down then
decreased even further than sedentary resting condition in recovery phase in
gastrocnemius and left ventricle. This pattern was observed in thymus from middle-aged
mice (Figure 5.4A). Regarding hTERT AS ratio, it is hard to interpret the changes of the
ratio because of very small differences between the groups.

TRIIM: A recent clinical trial, TRIIM (Thymus Regeneration, Immunorestoration,
and Insulin Mitigation), in humans indicated that thymus involution can be reversed by
treatment with growth hormone (GH), metformin and DHEA [239]. Age-related changes
in GH levels and insulin resistance could be related to thymic involution, declining
immune system function, and reduced hTERT expression. Interestingly, GH has been
observed to increase hTERT expression in various tissues and cells [158, 240]. Further,
certain types of exercise are known to increase GH concentration in blood [241], which
could impact thymus aging and involution. With our voluntary wheel running model,
which is unlikely to be a potent enough metabolic stress to induce significant GH levels,
may explain why we did not see changes in our aged animals. Exercise also maintains
insulin sensitivity, similar to treatments with DHEA and metformin, mimicking aspects of
the TRIIM trial intervention. Further the treadmill running may not have been intense
enough to induce GH in our mice and thus induce changes in hTERT expression levels.
Future experiments would be needed to test if GH treatment or TRIIM trial-like
treatments in hTERT-BAC mice could increase thymus hTERT expression, insulin

sensitivity, T cell h\TERT expression, and reverse or slow immunosenescence.
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Limitations: We used mixed sex cohort, which limited our ability to detect sex
differences. We used two types of exercise intervention: one is three weeks of voluntary
wheel running, and the other is acute treadmill exercise at 60% of maximum speed that
could have been insufficient to induce increase in GH secretion. In our aging model, we
observed hTERT expression decreased with aging. However, we did not identify the
underlying mechanisms; one potential mechanism is epigenetic changes of the hTERT
promoter. In addition, we did not measure changes in expression of any transcription
factors or splicing factors. With transcriptomics analyses, transfactors driving age-
related hTERT expression reductions would be determined. We did not identify the
hTERT transcripts that increased with aging and were repressed by exercise that
contained exons 7/8 such as minus gamma, INS3 or INS4. Lastly, although we
speculated whether the changes effect of hTERT expression was driven by either
primary aging or secondary aging based on the effect of exercise, exercise does not
alter all aspects of secondary aging and lack of an exercise does not necessarily
indicate that it is driven by primary aging. Thus, other types of interventions, such as
caloric restriction, should be used to determine whether the changes of h\TERT
expression was driven by primary aging, secondary aging, or both. Future work should

clarify these important questions.

Overall, our data revealed the age-driven reduction of thymic hTERT expression and this
reduction is likely to be caused by primary aging since exercise did not counteract the
reduction of expression. We also showed that the increased expression of potential full-

length hTERT during sedentary aging is attenuated by exercise indicating that h TERT
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expression is impacted by secondary aging as well. Despite these findings, future studies
are required to identify the underlying mechanisms and functions of these changes in

TERT expression.
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Chapter 6 — Discovery and Characterization of a Novel Telomerase Alternative
Splicing Isoform That Protects Lung Cancer Cells From Chemotherapy Induced

Cell Death

6.1. Abstract

All cancer cells must adopt a telomere maintenance mechanism to achieve
replicative immortality. Most human cancer cells utilize the enzyme telomerase to
maintain telomeres. Alternative splicing of TERT regulates the amount and function of
telomerase, however many alternative splicing isoforms of TERT have unknown
functions. Here we used single molecule long read sequencing of TERT and observed
45 TERT mRNA variants including 13 known and 32 novel variants. Among the variants,
TERT Delta 2-4, which lacks exons 2-4 but retains the original protein domains and
open reading frame, was selected for the further functional studies. We find that induced
pluripotent stem cells and cancer cells express higher levels of TERT Delta 2-4
compared to primary human bronchial epithelial cells. Neither overexpression nor
knockdown of TERT Delta 2-4 induced changes in telomerase activity, growth rate or
telomere length. Instead, overexpression of TERT Delta 2-4 enhanced clonogenicity
and resistance to cisplatin-induced apoptosis of both telomerase expressing cancer
cells (Calu-6) and telomerase deficient cancer cells (U-2 OS). Knockdown of TERT
Delta 2-4 reduced clonogenicity and resistance to cisplatin of Calu-6 cells. Our results
suggest that TERT Delta 2-4 is a cancer cell specific isoform of TERT that enhances
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cells’ resistance to intrinsic apoptosis. Overall, we suggest TERT Delta 2-4 as a novel

therapeutic target to improve cancer drug efficiency.
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6.2. Introduction

Telomerase is a ribonucleoprotein enzyme composed of a protein subunit TERT
(Telomerase reverse transcriptase), RNA template TERC (Telomerase RNA component;
also called TR), and accessary proteins [78]. The primary function of telomerase is to
maintain or elongate telomeres by de novo telomere synthesis [228]. TERT has four
functional domains (N-terminal extension, TEN, DNA binding; RNA binding domain,
TRBD binds TERC RNA; reverse transcriptase domain, RT, enzyme activity; C-terminal
extension, CTE, DNA binding) and all four are required for telomerase to be able to
synthesize telomere repeats [229, 242]. Three localization signals are embedded in
TERT's exons: mitochondrial targeting signal (MTS) in exon 1 [243], nuclear localization
signal (NLS) in exon 2 [244], and nuclear export signal (NES) in exon 12 [245] (Figure
6.1A). These signals play important roles in dictating the function of TERT proteins in

different cell types and under different physiological conditions.

TERT is a 16-exon gene that when spliced to full-length TERT (FL TERT)
generates active telomerase [179]. However, TERT pre-mRNAs undergo alternative
splicing (AS) and can form TERT mRNA variants in addition to full-length TERT [25].
Previously studied TERT mRNA variants are minus beta (exons 7-8 skipping), minus
alpha (use of a cryptic splice site skipping 36 nucleotides at the 5’ end of exon 6),
minus gamma (exon 11 skipping), INS3 (159 bp insertion of intron 14 (622-781) at the
end of exon 14 followed by a stop codon), INS4 (600 bp insertion of the entire intron 14,
followed by a stop codon), Del2 (exon 2 skipping), and delta 4-13 (exons 4-13 skipping).

Although these alternatively spliced TERT isoforms cannot form active telomerase,
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different functions of the isoforms have been studied. For example, minus beta TERT
has been reported to be translated into protein and inhibit telomerase activity (dominant-
negative effect) in certain cancer cells, despite a premature termination codon (PTC) in
exon 10 induced by frameshifting [116]. In addition, overexpression of minus beta TERT
resulted in protection of breast cancer cells from chemotherapeutic insults [210]. Minus
alpha TERT has also been observed to act as a dominant-negative telomerase [106].
Splicing outside of the exons 5-9 such as minus gamma [107], INS3, and INS4 [211]
also generate dominant-negative TERT isoforms. TERT exon 2 spicing event produces
TERT Del2 mRNA variant which has two tandem PTCs in exon 3 when exon 2 is
skipped, has been reported as a developmental switch to limit telomerase activity by
reducing the number of pre-mRNAs that can splice to FL TERT when embryonic stem
cells are differentiated into fibroblasts [108]. Delta 4-13 TERT was shown to interact with
the WNT/beta-catenin pathway to promote cell proliferation in telomerase negative
human fibroblasts [28]. In addition to these seven isoforms/variants, there are 14
additional TERT mRNA variants have been reported for a total of 21 mRNA variants
[28]. TERT AS not only produces TERT mRNA variants and protein isoforms, but also
regulates subcellular localization of TERT mRNAs. It has been observed that retained
introns (e.g., intron 11 and intron 14) sequestered TERT pre-mRNAs in the nucleus but
during mitosis these retained introns are spliced out to form FL TERT and the mRNA is
exported to the cytoplasm for translation [102]. Despite the literature presented above,
the functions of many TERT isoforms still remain unknown. Another limitation from
previous studies is the lack of single molecule techniques detecting multiple splicing

events on individual mMRNA molecules. For example, although exon splicing events
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(e.g., exon 2, exons 7-8, and exon 11) can be detected individually by RT-PCR, whether
all these splicing events occurs on the one same mRNA or on three independent
mMRNAs is unknown. Thus, different methods are required to capture the full catalogue
of TERT mRNA variants. Further, technological advancements have increased the
throughput of full-length single molecule sequencing allowing for multiple cell lines to be
profiled at once compared to the single cell lines that have been used in the past to
study TERT alternative splicing variants [28, 108]. By deciphering the catalogue of
TERT mRNA variants across various cell types and determining the functions of TERT
protein isoforms, it may allow us to determine a means to target TERT specifically in
cancer cells while sparing TERT functions in normal adult stem cells and other TERT

positive cell types.

To begin to catalogue TERT mRNA variants, we used single molecule long-read
RNA sequencing with TERT specific sequencing libraries from four telomerase positive
human cell lines. As a result, we discovered 45 variants including 13 known and 32
novel TERT mRNA variants. Among the variants, we chose one newly identified TERT
mMRNA lacking exons 2-4 (we call TERT Delta 2-4) that maintained the original open
reading frame of TERT, was specifically expressed in lung cancer cells, and identified
the function of the isoform based on loss of function and gain of function approaches.
We identified that TERT Delta 2-4 isoform functions to promote colony formation and

protect cells from apoptosis inducing chemotherapy (cisplatin).
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6.3. Materials and Methods

6.3.1. MinlON TERT Sequencing Library Preparation and Sequencing

Total RNA was extracted (Qiazol) from four human cell lines (iPSCs CHiPs 22
Takara, H1299, Calu-6, A549) that utilize telomerase enzyme activity to maintain
telomeres and cellular immortality. Triplicate first strand cDNAs were synthesized with 2
Mg of RNA input with oligo dT priming to capture potential protein coding transcripts
using SuperScript IV First-Strand Synthesis System (Thermo Fisher). Following cDNA
synthesis, cDNAs were amplified with a forward primer that contained the ONT library
preparation sequence SSP plus TERT Exon 1 (5-TTTCTG TTG GTG CTGATATTG C
CGGCCACCCCCGCGATG, (TERT sequence is italicized)) and a reverse primer that
contained the ONT library preparation sequence VNP plus TERT Exon 16 (5'-ACT TGC
CTG TCG CTC TAT CTT CT GGGCGGGTGGCCATCAGT, (TERT sequence is
italicized)) for a total 30 cycles. Following confirmation of successful amplification via
agarose gel, bands in the 2.5 kb — 4 kb range (upper bands; upper TERT) and bands
below 2.5 kb to 0.5 kb (lower bands; lower TERT) were excised and purified via gel
extraction (Qiagen). Next, size binned fractions were amplified with ONT bar coded
primers 1-12 (4 cells lines by 3 replicates by 2 size bins) for 20 cycles and then excess
primers were removed via Ampure XP beads. Following clean up, library preparation
was completed by rapid adaptor addition and quantification (agarose gel and qubit
DNA) to ensure equal loading. Following flow cells were primed and loaded. Each size
bin was sequenced on its own flow cell (R9.4.1). Data was generated for each run using
the most up-to-date methods and protocols available at the time of sequencing. The

Mk1C MinlON device was used for data acquisition. Sequencing was performed with
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the standard 72 h sequencing protocol run on the MinlON Mk1C, using the MinKNOW
software (v 3.3.2). From lower TERT, 21.8 million reads were obtained and 16.4 million
reads passed from all 12 samples. From upper TERT, 14.1 million reads were obtained
and 12.2 million reads were passed from all 12 samples. Base-calling from read event
data was performed by Guppy (v 3.1.5). Fastq files which were classified as pass by the

MinKNOW software were subsequently processed and analyzed.

6.3.2. Bioinformatics Analyses of TERT Sequencing Library

Passed fastq files were aligned to human genome (GRCh38.p13) using
minimap2 (v 2.14; [246, 247]) in SAM MD-tag aware mode. Generated sam files were
aligned with SAMtools (v 1.13; [248] ) followed by transcriptClean (v 2.0.2; [249]) for
correction of read microindels (< 5 bp), mismatches, and noncanonical splice junctions
(< 5 bp). Read annotation was performed with TALON (v 5.0; [250]), using the human
Gencode v.38 reference annotation gtf with minimum alignment identity = 0.5 and
coverage = 0.5. Identified transcripts were subsequently filtered using a minimum count
threshold of N = 35 reads in K=2 samples. Based on the quantification, Swan (v 2.0;
[251]) was used to further process the data. First, Swan report was generated to screen
transcript model. Second, all transcripts were manually binned based on the
appearance of their transcript model (visual inspection of inclusion or exclusion of
introns or exons). Third, sequences from all transcripts were obtained and confirmed
that transcripts were binned correctly. Based on the binned transcripts, count number
(from TALON abundance) of transcripts in the same bin were aggregated and a

heatmap was generated using log2-transforemd values. Analyses of the data were
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performed using python (v 3.9) and R studio (v 2022.07.01; [252]) with the reshape2
package (v1.4.4;[253]), dplyr package (v 1.0.6; [254]), and ggplot2 package (v 3.3.6;

[255]).

6.3.3. Cell Culture and Cell Lines

Cellartis® Human iPSC Lines from Takara (ChiPSC22, Cat. No. Y00320) were
cultured with strict adherence to manufacturer’s protocols and manuals. Cellartis® DEF-
CS 500 (Y30017) culture system was employed to maintain iPSC cultures (thawing,
passages, media changes and cryopreservation). NSCLC cell lines (A549
(RRID:CVCL_0023), Calu6 (RRID:CVCL_0236), NCI-H1299 (RRID:CVCL_0060), and
NCI-H920 (RRID:CVCL_1599)) and Human Bone Osteosarcoma Epithelial Cells (U-2
OS (RRID:CVCL_0042)) were maintained in culture at 37°C in 5% CO2 in 4:1
DMEM:Medium 199 supplemented with 10% cosmic calf serum (HyClone, Logan, UT).
All unmodified cell lines were obtained from American Type Culture Collection (ATCC,
Manassas, VA). Human bronchial epithelial cells (HBEC, primary ATCC - PCS-300-010)
were maintained in bronchial epithelial growth media (ATCC - PCS-300-030)
supplemented with a bronchial epithelial cell growth kit (ATCC - PCS-300-040) on
collagen coated plates (porcine gelatin, Millipore Sigma). Cell line identity was verified
by the vendor (ATCC). All cell lines were confirmed to be myocoplasma free at the start
of the culture and several clean vials were frozen back for subsequent use (e-Myco kit,
Bulldog-Bio) and no further testing was completed. Cells were continuously cultured for
70 passages or up to three months’ time, whichever occurred first, at which point a new

mycoplasma free vial was obtained, thawed and cultured.
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6.3.4. Plasmid

A codon-optimized Delta 2-4 construct was generated by GeneArt Gene
Synthesis (Invitrogen) based on the TERT mRNA sequence (NM_198253.3). The Delta
2-4 was initially inserted in pDONR221 donor vector, then cloned into pLenti6.2-
3xFLAG-V5-ccdB plasmid by Gateway cloning LR recombination reaction (Cat no.
11791019, Invitrogen™) to produce 3xFLAG-V5-Delta 2-4 plasmid. pLenti6.2-3xFLAG-
V5-ccdB was a gift from Susan Lindquist & Mikko Taipale (Addgene plasmid # 87072 ;

http://n2t.net/addgene:87072 ; RRID:Addgene_87072; [256])

6.3.5. Stable Cell Line Generation

Stable cell lines expressing Flag-V5-Delta 2-4 were generated for Calu-6 and U-2
OS cells. Lentivirus was produced by transfecting 293T cells (RRID:CVCL_0063) with
either pLenti6.2-3xFLAG-V5-ccdB (Control empty vector) or 3xFLAG-V5-Delta 2-4
plasmid, and helper plasmids (psPAX, pMD). Viral supernatants were collected, and
target cells (Calu-6 and U-2 OS) were infected. Following 24 hours of infection, and 24
hours of recovery, cells were treated with Blasticidin (Cat no. R210-01, Gibco) and
populations of stably selected cells were cultured and analyzed in subsequent
experiments. Expression of 3xFLAG-V5-Delta 2-4 was confirmed by western blot

analysis (Figure 6.2D).
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6.3.6. Transient siRNA experiments

Calu-6 cells were plated in 6-well plates (300,000 cells per well) and were
transfected with non-silencing controls (Santa Cruz Biotechnology, sc-37007) or siRNAs
targeting TERT exons 1/5 junction (IDT Integrated DNA Technologies, siD2-4 (12:12):
5'- UCCUUCCGCCAGGCCGAGCGUCUC-3', siD2-4 (8:16): 5'-
UCCGCCAGGCCGAGCGUCUCACCU-3', siD2-4 (16:8): 5'-
CCCCUCCUUCCGCCAGGCCGAGCG-3'). Calu-6 cells were plated 24 h prior to
transfections and transfection complexes were prepared with siRNAs using Opti-MEM
(Gibco) and RNAIi max (Invitrogen) following the manufacturer's procedures. Final
concentration of siRNAs were 10 nM. Following either 48-or-72 hours of exposure to

siRNAs, cells were washed, trypsinized, counted and pelleted for downstream assays.

6.3.7. Reverse transcription-ddPCR

RNA was extracted from frozen cell pellets using RNeasy® Plus Universal Mini
Kit (Qiagen, 73404) according to manufacturer’s protocol. We used SuperScript IV First-
Strand Synthesis System (Thermo Fisher) to generate cDNAs and used within 48 hours
of production in ddPCR measures. 1 ug of RNA was used to synthesize cDNAs. Al
cDNAs were diluted 1:4 (20 pL of cDNA + 60 uL nuclease-free water) before use and
stored at -20 °C. Primer sequences to target TERT splice variants (potential FL and
minus beta) and methods for calculating percent spliced TERT transcripts are from
Ludlow et al. [26]. Primers to measure SRSF3 PTC+ and SRSF3 PTC- are from Kano et

al. [257]. Primers to measure intron 11 retention and intron 14 retention of TERT are
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from Dumbovi¢ et al. [102]. Primers to measure TERT transcript with exons 3 to 5 are
Forward: 5’- CCGGAAGAGTGTCTGGAGCAAGTTGCAAAGC-3’ targeting exon 3 and
Reverse: 5- ACCCTCGAGGTGAGACGCTCGGC-3’ targeting exon 5. For SRSF3
PTC+, SRSF3 PTC-, intron 11 retention, intron 14 retention, and TERT with exons 3 to
5, EvaGreen Supermix (Cat no. 186-4034, BIORAD) was used and
annealing/elongation temperature at 60 °C for a minute.

For the delta 2-4 assays, primers to target TERT total delta 2-4 (Delta 2-4 and
delta 2-4/ delta 7-8) are Forward: 5- CAGTGCCTGGTGTGCGTG-3’ targeting exon 1
and Reverse: 5- ACGCTGAACAGTGCCTTCAC-3' targeting exon 5. Primers to target
Delta 2-4 are Forward: 5’- CAGTGCCTGGTGTGCGTG -3’ targeting exon 1 (same as
total delta 2-4) and Reverse: 5- GCTGGAGGTCTGTCAAGGTAGAG -3’ targeting exon
7. To quantify skipping of TERT exons 1/5 junction we used ' hydrolysis probes: 5'-6-
FAM/TTCCGCCAGGCCGAGCGTCT/3BHQ_1/-3'. For the delta 2-4 assays, primer
concentration was 900 nM and probe concentration was 250 nM. Optimized PCR
thermal cycling specifically for delta 2-4 assays is: an initial incubation at 95°C for 10
min, 45 cycles of 1 min at 94°C and 2 min at 64.1°C, followed by a final incubation at
98°C for 5 min and holding at 12°C until reading time. The amplification signals were
read using the QX200™ Droplet Reader and analyzed using its associated QuantaSoft

software (Bio-Rad).

6.3.8. Cloning method to identify TERT mRNA variants
Using oligo dT primed cDNAs from A549 cells (total RNA input 2 pg, Superscript

V), PCR was performed with TERT exon 1 (5-CGGCCACCCCCGCGATG-3’) and exon
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16 (5-GGGCGGGTGGCCATCAGT-3’) targeting primers with a high-yield and high-
fidelity polymerase (Advantage® GC 2 PCR Kit, Cat. No. 639120, TaKaRa). The PCR
products were TA cloned into TOPO™ TA and transformation was performed using TOP
10 E.coli (Termo Fisher). We use EcoRI to do digest plasmids from colonies to identify
clones shorter than FL TERT. Then we used M13 F and M13 R to sequence from both

ends which captured the complete Delta 2-4 sequence.

6.3.9. Nucleus and Cytoplasm fragmentation

Triplicates of Calu-6 cells were used to obtain cytoplasmic RNA and nuclear RNA
fractions using PARIS™ Kit (Cat no. AM1921, Invitrogen™). Following RNA extraction,
TURBO DNA-free™ Kit (Cat no. AM1907, Invitrogen™) was used to remove trace DNA

contamination.

6.3.10. Gel-based PCR

Cytoplasmic and nuclear localization of MALAT1 and GAPDH were measured by
gel-based PCR using 2 uL of cDNA (equivalent to 25 ng of RNA input) and 2x
EmeraldAmp® MAX HS PCR Master Mix (Cat no. RR330, TaKaRa). Primers to target
MALAT1 were Forward: 5- GAATTGCGTCATTTAAAGCCTAGTT-3’ and Reverse: 5'-
GTTTCATCCTACCACTCCCAATTAAT-3'. Primers to target GAPDH were Forward: 5'-
AGCCACATCGCTCAGACAC-3 and Reverse: 5-GCCCAATACGACCAAATCC -3'.
Annealing temperature was 60 °C for 30 seconds for both targets, and cycle numbers

were 12 for MALAT1 and 18 for GAPDH.
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6.3.11. Droplet Digital TRAP Assay for Telomerase Activity

Quantification of telomerase enzyme activity was determined by the droplet digital
TRAP assay [183, 184]. In brief, a 1.0 x 10° cell pellet was lysed in 40 pL of NP-40 lysis
buffer, diluted to a final concentration of 1.25 x 103 cells/uL, and 2 pL added to an
extension reaction (50 cell equivalents per uL) for 60 min followed by a 5 min heat
inactivation of telomerase at 95°C. An aliquot (2 uL) of extension products containing an
equivalent of 100 cells was amplified in a droplet digital PCR for 40 cycles. Droplet
fluorescence intensity and number were read and counted on the QX200 Droplet Reader
(Bio-Rad). Data were calculated to represent telomerase extension products per cell

equivalent.

6.3.12. Terminal Restriction Fragment Assay for Telomere Length Analysis

The average length of telomeres (terminal restriction fragment lengths) was
measured as previously described [185] with the following modifications: A DIG-labeled
DNA molecular weight marker Il ladder was loaded on either side of the samples (Millipore
Sigma, St. Louis, MO). DNA was transferred to Hybond-N+ membranes (GE Healthcare,
Piscataway, NJ) using overnight transfers. The membrane was briefly air-dried and DNA
was fixed by UV-crosslinking. Membranes were then probed for telomeres using a
digoxigenin (DIG)-labeled telomere probe, detected with a horseradish peroxidase-linked
anti-DIG  antibody (Cat no. 11093274910; Roche, Basel, Switzerland,
RRID:AB_2734716), exposed with CDP-star (Cat no. 11759051001; Roche), and imaged

(Chemidoc XRS + Molecular Imager, Bio-Rad).
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6.3.13. Clonogenic Assay

Calu-6 and U-2 OS cells with or without TERT Delta 2-4 overexpression were
used for clonogenic assays. siRNA was treated in duplicate only for Calu-6 cells as
described above (10 nM siRNA). After 24 hours of siRNA and treatments, cells were
trypsinized, counted, and plated in triplicate at densities of 100 cells resulting in 6
replicates for each condition. Media was changed every four days, and once clearly
visible clones were present (~11 days), they were fixed and stained with Crystal violet.
Plates were imaged (Chemidoc XRS + Molecular Imager, Bio-Rad) and the number of

colonies were counted by ColonyCountJ [186].

6.3.14. Alamar Blue cell viability Assay

To determine the viability of cells with overexpression of Delta 2-4, RNAi and
cisplatin treatment, we used Alamar blue assays. In TERT Delta 2-4 expressing U-2 OS
and Calu-6 cells, 1.0 x 10 cells were plated on 96-well plates in 180 pL of growth
media. Immediately after plating the cells, 20 pL of either PBS (vehicle) or cisplatin (Cat.
No. 232120-50MG, Millipore Sigma) dissolved in PBS were treated with 6 different
concentrations (U-2 OS: 6.25-4.69-3.52-2.64-1.98-0.39 pg/mL; Calu-6: 100-25-6.25-
1.56-0.39-0.1 ug/mL). After 44 hours of treatment exposure, 20 uL of 10X Alamar blue
was added to the media. After 4 hours of incubation, the fluorescence of each well was
determined on a plate reader (Molecular Devices SpectraMax iD3) at 545 nM excitation

and 590 nM emission. Values from cisplatin treated cells were divided by averaged
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values from PBS treated of cells (same cell line) to calculate percentage of alive cells
(with the vehicle condition assumed to be 100% viable).

For siRNA/rescue experiment in Calu-6, reverse transfection was performed
[258]. Transfection complexes were prepared with siRNAs (siD2-4 (8:16)) using Opti-
MEM (Gibco) and RNAi max (Invitrogen) following the manufacturer’s procedures and
20 uL of the complex was plated in 96-well plate and incubated for 20 minutes. 1.0 x 10*
cells were plated on each well in 160 pL of growth media, followed by 20 uL of either
PBS or cisplatin (1.59 pg/mL) dissolved in PBS. Final concentration of sSiRNA was 30
nM in 200 pL. After 44 hours, 20 pL of 10X Alamar blue (Cat. No. DAL1025,
Invitrogen™) was added. After 4 hours of incubation, the fluorescence of each well was
determined on a plate reader (Molecular Devices SpectraMax iD3) at 545 nM excitation

and 590 nM emission. Viability was calculated as describe above.

6.3.15. Western Blot Analysis

Cell pellets (1 x 10° cells) were collected and lysed in 100 uL of lysis buffer
(NP40 based buffer — 10 mM Tris-HCI pH 8.0, 1mM MgClz, 1mM EDTA, 1% NP-40, 0.25
mM Sodium deoxycholate, 10% Glycerol, 150 mM NaCl, 0.036% 2-mercapto ethanol,
0.2 mM). Total protein lysates were further treated with 100 uL of 2 x Laemmli buffer
(Bio-Rad) and boiled for 10 mins at 95°C. Each protein lysate was loaded by equal
volume and resolved by SDS-polyacrylamide gel electrophoresis, transferred to

polyvinylidene fluoride (PVDF) membranes, and detected with antibodies for TERT
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(rabbit monoclonal, Y182, Cat. No. ab32020, Abcam, 1:1000 dilution in 5% BSA), FLAG
(rabbit monoclonal, D6W5B, Cat. No. 14973, Cell Signaling, 1:1,000 dilution in 5%
BSA), and V5 (mouse monoclonal, SV5-Pk1, Cat. No. R960-25, 1:1000 dilution in 5%
BSA). Protein loading was determined with antibodies against beta-actin (mouse
monoclonal [BH10D10], 3700, Cell Signaling Technology, 1:1000 in 5% BSA). Blots
were imaged with Bio-Rad ChemiDoc XRS+ Molecular Imager and quantified with Bio-

Rad Image Lab software.

6.3.16. Growth Curve — Population Doubling (PD)

To track and compare growth rates of stable cells lines of control vector and
TERT Delta 2-4 overexpressing cells, population doublings were calculated based on
the formula below. PD values were started from 10 doublings, after 2 weeks of
blasticidin selection and PD values were calculated accumulatively per subculture
based on the formula: new PD = (LOG([the number of trypsinized cells]/[the number of

previously plated cells])/0.3)+ [the number of previous PD].

6.3.17. Statistical analysis

For TERT transcript subcellular localization experiment (Figure 6.1G) and siRNA
testing experiments (Supplemental Figure 6.4B-D), one-way ANOVA with uncorrected
Fisher’'s LSD for post hoc comparisons were used to determine statistical significance
between experimental groups. For knockdown and rescue experiments (Figure 6.3D

and E; Supplemental Figure 6.5D and E), p-value was calculated using one-way
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ANOVA with Tukey’s multiple comparison test compared to every other condition. When
a p-value from a comparison between two groups was p < 0.05, the two groups were
assigned different letters of the alphabet (i.e., a vs. b). When the p-value was p = 0.05,
two groups were assigned to the same letter (a vs. a). To compare two conditions,

unpaired two-tailed t-test was used to calculate p-values.
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6.4. Results

6.4.1. Long-read sequencing identifies the catalogue of TERT mRNA variants.

To capture the TERT mRNA variant expression profile, TERT specific sequencing
libraries were prepared from four different types of cells: human induced pluripotent
stem cells (iPSCs), and three non-small cell lung cancer (NSCLC) cells (A549, Calu-6,
and H1299). Then single molecule long-read RNA sequencing was performed on an
Oxford Nanopore Technology (ONT) MinlON Mk1C (Figure 6.1B). We observed 45
TERT mRNA variants and generated a heatmap to show log2-transformed expression
levels in the four cell lines (Supplemental Figure 6.1). In addition to the heatmap,
characteristics of the TERT isoforms were determined such as the open reading frame
(ORF), premature termination codon (PTC), novelty, and transcript model (exons and
introns) (Supplemental Figure 6.2). Among the discovered TERT mRNA variants, we
focused on relatively more abundant variants according to the heatmap (Supplemental
Figure 6.1). Most of the abundant TERT variants were known mRNAs, such as delta 2
TERT (also known as Del2 which lacks exon 2), delta 2 excluding exons 7-8 (delta
2/delta 7-8), FL TERT (full-length with all 16 exons), delta 7-8 TERT (known as minus
beta, skipping of exons 7-8), and delta 5’E6 TERT (known as minus alpha, use of a
cryptic splice site in exon 6 that removes that first 36 nucleotides of exon 6) (Figure
6.1C and D). However, we also discovered a relatively abundant novel TERT splicing
event: delta 2-4 TERT that lacks exons 2-4 (Figure 6.1C and D). We observed two
abundant delta 2-4 mRNA variants. One that has an exons 2-4 skipping event that
included exons 7/8 and retained the original protein domains and open reading frame

(referred to herein as Delta 2-4, note the capital D); and a second one with exons 2-4
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skipping was also observed to be combined with the beta deletion (exons 7-8 skipping
event; delta 2-4/delta 7-8 in Figure 6.1C and D). We also identified Delta 2-4 isoform
from an independent approach based on traditional cDNA cloning. Delta 2-4 was
identified in several clones by restriction enzyme digests and validated by Sanger
sequencing, supporting our findings from the long-read RNA sequencing (Figure 6.1E).
To quantitatively measure the expression level of delta 2-4 mRNA variants, we
developed two droplet digital PCR (ddPCR) assays. One assay detects “total delta 2-4”
which includes quantification of Delta 2-4 (with exons 7/8) and delta 2-4 /delta 7-8
(without exons 7/8) by using TERT exon 1 and exon 5 targeting primers. The second
assay detects only Delta 2-4 by using TERT exon 1 and exon 7 targeting primers
(Supplemental Figure 6.3A). An exon 1/5 junction targeting 5’hydrolysis probe was used
for both assays to make the assays specific to the exons 2-4 skipping event. We applied
the assays to quantify delta 2-4 expression in a cell panel, and the results showed that
total delta 2-4 (including both Delta 2-4 and delta 2-4/ delta 7-8) expression was higher
than Delta 2-4 expression in the cell panel as expected, supporting the validity of our
new assays (Figure 6.1F). iPSCs showed the highest total delta 2-4 and Delta 2-4
expression compared to the other cell lines, followed by A549, Calu-6, H1299, H920,
and HBEC (human bronchial epithelial cell). The detection of total delta 2-4 or Delta 2-4
in HBECs was very minimal. Based on our observations we conclude that lung cancer
cells and telomerase positive iPSCs express a novel TERT isoform called Delta 2-4 that
retains the original open reading frame and potentially codes for a new protein and that
HBECs that lack telomerase activity do not express Delta 2-4 isoform making Delta 2-4

isoform a developmental and cancer specific TERT isoform.

185



Next, we wanted to determine if TERT Delta 2-4 codes for a novel protein. Since
antibodies to TERT are difficult to work with and the low abundance of TERT proteins
make protein detection challenging, we needed to take several complimentary
approaches to indirectly provide evidence of TERT Delta 2-4 protein coding capacity.
Since previous reports have indicated that the majority of TERT mRNAs are
sequestered in the nucleus, we considered the cellular localization of TERT delta 2-4
mRNAs. Additionally, our rationale was that RNA transcripts that are to be translated
into proteins, should have higher cytoplasmic localization ratio than transcripts that lack
protein coding capacity and are expected to be degraded by RNA decay mechanisms.
We separated Calu-6 cells into nuclear or cytoplasmic fractions, extracted RNAs, and
produced cDNAs with oligo dT priming (Figure 6.1G; Supplemental Figure 6.3B). We
measured MALAT1, which is a nuclear non-coding RNA (as a control for nuclear RNA
fractionation validity), GAPDH (as a control for cytoplasmic RNA fractionation validity),
total delta 2-4 (Delta 2-4 and delta 2-4 /delta 7-8), Delta 2-4, potential FL (exons 7-8
containing TERT), minus beta (exons 7-8 excluding TERT), i11 (intron 11 retained
TERT), and i14 (intron 14 retained TERT). We observed that TERT mRNA variants
except i11 and i14 had significantly higher cytoplasmic localization ratio compared to
MALAT1. When compared to GAPDH, which is protein-coding gene, total delta 2-4,
potential FL, minus beta, i11, and i14 TERT mRNA variants had significantly lower
cytoplasmic localization ratios. As shown in Dumbovic et al. [102], intron 11 or 14
retained TERT transcripts were mostly localized in nucleus. Despite the protein coding
capacity of full-length TERT (active telomerase), potential FL TERT still had lower

cytoplasmic localization ratio than GAPDH or Delta 2-4. This is because expression of
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potential FL is determined by measuring expression of TERT exons 7/8. Although exons
718 containing TERT transcripts measured in cytoplasm are likely to be the FL TERT
mRNA, other non-full-length exons 7/8 containing TERT mRNA variants (e.g., minus
gamma, INS3, INS4, Del2, i11 or i14 retained TERT transcripts in nucleus) are also
detected in the nuclear fraction. Total delta 2-4 includes both Delta 2-4 and delta 2-4
/delta 7-8, and delta 2-4 /delta 7-8 contains premature termination codon (PTC) in exon
10 so it is expected to be degraded by non-sense mediated decay in the cytoplasm.
Thus, we hypothesized that degradation of delta 2-4 /delta 7-8 would result in lower
cytoplasmic localization ratio of total delta 2-4 compared to Delta 2-4, and this was
confirmed by our observations (Fig 1G). To further support the protein coding capacity
of Delta 2-4, we also carried out a non-sense mediated decay inhibition assay.
Knockdown of SMG1 resulted in a significant increase in a PTC containing transcript of
SRSF3 (control for validity of assay) as expected [257]. However, Delta 2-4 did not
increase (i.e., remained at steady state levels) when SMG1 was knocked down

compared to control (Figure 6.1H) suggesting that Delta 2-4 likely forms a protein.
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Figure 6.1. Long-read sequencing pipeline to discover novel TERT Delta 2-4 isoform and

validation of Delta 2-4 expression.
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A. Cartoon of full-length TERT exons. Four functional domains (TEN: telomerase N-terminal; TRBD:
telomerase RNA-binding domain; RT: reverse transcriptase; CTE: C-terminal extension) and three localization
signals (MTS: mitochondrial-targeting signal in exon 1; NLS: nuclear localization signal in exon2; NES: nuclear
export signal in exon 12) are shown. B. Long-read sequencing pipeline to discover novel TERT isoforms. Four
cell lines: induced pluripotent stem cells (iPSCs), Calu-6, A549, and H1299 were pelleted from three biological
replicates and RNA was extracted from each pellet. First cDNA strand was synthesized with oligo dT using
superscript 4, followed by PCR with gene specific primer (GSP; TERT exons targeting primers) tailed with SSP
or VNP (SSP-Exon 1 or VNP-Exon 16). After purification of TERT specific cDNA library, ONT (Oxford nanopore
technology) barcodes and rapid 1D sequencing adapters were attached sequentially. Samples were loaded into
MinlON Mk1C and generated raw sequence files were processed by bioinformatics pipeline consisting of
minimap2, TranscriptClean, TALON, SWAN, and R. C. Heatmap showing expression levels of relatively
abundant TERT isoforms. Numeric values are Log2-transformed TPM values and colors indicate expression
level. Cancer average is averaged value of A549, Calu-6, and H1299. D. Transcript models of the isoform (Left
to right: 5’ to 3’). Boxes indicate exons and solid lines between exons indicate introns. E. Sanger Sequencing
result confirmed TERT exon 2-4 splicing event. F. TERT Delta 2-4 expression levels in cell panels (determined
by ddPCR; n = 3 biological replicates per condition). Total D2-4 indicates total TERT Delta 2-4 including delta 2-
4 and delta2-4/ delta 7-8, and D2-4 indicates TERT Delta 2-4 with exon 7/8 (determined by ddPCR; n =3
biological replicates per condition). G. Percentage of localization between cytoplasm and nucleus was
determined for nuclear non-coding RNA MALAT1, GAPDH, and TERT isoforms. Total Delta 2-4: Delta 2-4 and
Delta 2-4/ Delta 7-8; Delta 2-4: Delta 2-4 with exons 7/8; Potential FL: exons 7/8 including TERT; Minus beta:
exons 6/9 junction containing TERT; i11: intron 11 retained TERT; i14: intron 14 retained TERT (TERT mRNA
variants: determined by ddPCR; MALAT1 and GAPDH: determined by gel-based PCR; n = 3 biological
replicates). Unpaired t-test was performed to compare TERT mRNA variants’ percentage of localization
compared to MALAT1 or GAPDH. ($$$$: p < 0.0001 compared to MALAT1; ****: p < 0.0001 and *: p < 0.05
compared to GAPDH) H. SMG1 knockdown indirectly indicates that Delta 2-4 TERT is likely translated into a
protein. H1299 cells were treated with either 10nM of siRNA control or siRNA targeting SMG1. Droplet digital
PCR was used to measure gene expression of TERT Delta 2-4 including exons 7/8. As a positive control that
our non-sense mediated decay manipulation worked, we measured SRSF3 containing a premature termination

codon that is known to regulate levels of SRSF3. Three independent replicates were performed.
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6.4.2. Impact of Delta 2-4 on growth rate, telomere length and telomerase activity.

Having partially established the protein capacity of TERT Delta 2-4 mRNA, we
were interested in determining the functional role of this new protein isoform. To identify
the function of the Delta 2-4 isoform, we performed loss of function studies using
custom designed siRNAs. First, three siRNAs (siD2-4 (12:12), siD2-4 (8:16), and siD2-4
(16:8)) targeting different regions of TERT exons 1/5 junction and mixture of the same
three siRNAs (siD2-4 (mix)) were tested (Supplemental Figure 6.4A). Our goal of this
experiment was to find an siRNA that specifically reduces Delta 2-4 while leaving the
remainder of TERT mRNA variants at or near steady state expression levels. Following
72 hours of siRNA treatment, TERT Delta 2-4 expression was significantly reduced by
siD2-4 (12:12) and siD2-4 (8:16) treatment compared to control (scrambled siRNA)
treated Calu-6 cells (Supplemental Figure 6.4C). During the same treatment, total TERT
delta 2-4 was not significantly reduced by any siRNAs (Supplemental Figure 6.4B). This
supports that Delta 2-4 was targeted with siRNAs better than delta 2-4/ delta 7-8 likely
due to higher cytoplasmic localization of Delta 2-4 than delta 2-4/ delta 7-8 (Figure
6.1G). The expression level of TERT transcripts containing exons 3-5 was measured to
determine if total TERT transcripts without exons 1/5 junctions were reduced by exons
1/5 junction targeting siRNAs (i.e., off-target). We found that siD2-4 (12:12) significantly
reduced the expression level of TERT exons 3-5 containing transcripts indicating that
this siRNA was not suitable for further study (Supplemental Figure 6.4D), while siD2-4
(8:16) did not reduce the expression level of TERT transcripts containing exons 3-5. As
a result, siD2-4 (8:16) was selected for further siRNA experiments. With 48 hours of

siRNA treatment in Calu-6 cells, we observed statistically significant 25% reduction of
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total delta 2-4 (Delta 2-4 and delta 2-4/ delta 7-8) and 50% reduction of Delta 2-4 were
achieved by siD2-4 (8:16) suggesting that siRNA targeted mostly Delta 2-4 rather than
delta 2-4/ delta 7-8, without affecting exons 3-5 containing TERT transcripts in
comparison to control treated Calu-6 cells (Figure 6.2A and B, Supplemental Figure
6.4E). Despite the reduction of TERT Delta 2-4 expression, telomerase activity, growth
rate, and cell viability did not change after 48 hours of siD2-4 (8:16) treatment in
comparison to control (Figure 6.2C, Supplemental Figure 6.4F and G). These data
indicate that Delta 2-4 is not necessary for telomerase to be active or for cell
proliferation when other TERT isoforms are expressed.

Having established a loss of function model we next tested gain of function by
expressing Delta 2-4. We performed gain of function studies by establishing TERT Delta
2-4 expressing cell lines. We generated a codon optimized Delta 2-4 construct so that it
would have good expression in mammalian cells, and it would also be siRNA resistant
for rescue experiments. To avoid endogenous TERT antibody issues [79], we added two
N-terminal tags, FLAG and V5 tags allowing for reliable detection of the exogenously
expressed Delta 2-4 protein (Supplemental Figure 6.4H). N-terminal tags do not impact
TERT function as shown in previous studies [259-262]. Stable cell lines were
successfully established in two different cell types (Calu-6 and U-2 OS) and expression
of ectopic TERT Delta 2-4 was confirmed by antibodies targeting C-terminus of TERT
(TERT Y182 antibody) and tags (FLAG and V5 antibodies) (Figure 6.2D). The use of
these two cells lines allowed us to test telomerase dependent phenotypes and
telomerase independent phenotypes. Calu-6 cell is telomerase expressing human non-

small cell lung cancer cell line. It was used to determine the function of TERT delta 2-4
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in the presence of telomerase and other TERT isoforms, such as inhibition of
telomerase activity via dominant-negative actions. U-2 OS cell is telomerase deficient
human bone osteosarcoma epithelial cell line relying on alternative lengthening of
telomere (ALT) mechanisms to maintain its telomeres. We used U-2 OS to identify
functions of TERT Delta 2-4 independent to other telomerase or TERT isoforms.
Overexpression of TERT Delta 2-4 did not affect telomerase activity in Calu-6 cells, and
telomerase activity was not detected from TERT Delta 2-4 expressing U-2 OS cells, as
expected (Figure 6.2E). In addition, expression of TERT Delta 2-4 did not change
growth rate for over 50 days for both Calu-6 or U-2 OS, despite 50 and 30 population
doublings (PDs), respectively, from the end of stable cell line selection (Supplemental
Figure 6.41). Lastly, telomere length did not change in either cell line during our growth
period as determined by terminal restriction fragment (TRF) analysis (Figure 6.2F and
G). Overall, the functional studies based on loss of function and gain of function
approaches showed that TERT Delta 2-4 functions are likely not related to telomerase

activity, growth rate or telomere length.
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Figure 6.2. Impact of TERT Delta 2-4 isoform on growth rate, telomere length, and telomerase

activity.
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A. Total TERT Delta 2-4 (Delta 2-4 and Delta 2-4/ Delta 7-8) was measured following 48 hours after
siRNA treatment (determined by ddPCR; n = 6 biological replicates). B. TERT Delta 2-4 expression level
was measured following 48 hours after siRNA treatment (determined by ddPCR; n = 6 biological
replicates). C. Telomerase activity did not change with TERT Delta 2-4 knockdown (48 hours) in Calu-6
cells. Telomerase activity was determined by ddTRAP (n = 6 biological replicates per condition). D. Flag-
V5-Delta 2-4 expression was confirmed by TERT Y182 antibody, V5 antibody, and Flag antibody in Calu-6
cells (left) and U-2 OS cells (right). Beta-actin was loading control. E. Telomerase activity did not change
with TERT Delta 2-4 overexpression in Calu-6 cells. Telomerase activity was determined by ddTRAP (n =
11 biological replicates per condition). F and G. Telomere length did not change with TERT Delta 2-4

overexpression in Calu-6 (F) and U-2 OS (G) (determined by terminal restriction fragment (TRF) assay).
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6.4.3. Impact of Delta 2-4 on clonogenicity and resistance to cisplatin.

To continue to explore the functional roles of TERT Delta 2-4 isoform, we
hypothesized that since this isoform lacks the typical TERT nuclear localization signal
(exon 2) and the telomerase RNA-binding (TRBD) domain due to skipping of exons 2-4
(Figure 6.1A), but still possess mitochondrial targeting signal (MTS; in exon 1) and other
functional domains, it could be functioning in the mitochondria in some capacity. Since
mitochondrial localization of TERT is known to protect cells from apoptosis and it is
independent to telomerase RNA template (TR, also known as TERC) [263, 264], we
hypothesized that TERT Delta 2-4 would make cells more resistant to apoptosis by
protection of mitochondrial DNA. We used a classic assay of apoptosis resistance, the
clonogenic assay, to test our hypothesis. In fact, we observed that expression of TERT
Delta 2-4 enhanced clonogenicity (47% increased total area; 30% increased average
size; 16% increased number of colonies) in comparison to empty vector expressing U-2
OS cells (Total area of colonies = Average size of colonies x Number of colonies). This
observation supports the idea that the enhancement of clonogenicity by Delta 2-4
overexpression is telomerase independent (Figure 6.3A and B, Supplemental Figure
6.5A and B). When TERT Delta 2-4 is expressed in Calu-6 cells, clonogenicity was also
enhanced (72% increased total area; 42% increased average size; 18% increased
number of colonies) compared to empty vector expressing cells. In addition, sSiRNA
targeting TERT Delta 2-4 (siDelta2-4) treatment reduced clonogenicity (46% decreased
total area; 18% decreased average size; 36% decreased number of colonies) and it was

rescued by siRNA resistant Delta 2-4 expression (Supplemental Figure 6.5C) supporting
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that the reduced clonogenicity by siRNA targeting TERT Delta 2-4 was on-target (Figure
6.3C and D, Supplemental Figure 6.5D, E).

In a follow up experiment, we tested the impact of cisplatin, a common lung
cancer chemotherapy, on our gain of function cells. Cisplatin, which is a platinum-based
chemotherapeutic, binds to DNA and induces DNA damage resulting in mitochondria-
mediated intrinsic apoptosis of cells [265]. Thus, we hypothesized that overexpression
of TERT Delta 2-4 would enhance the cells’ resistance to cisplatin treatment in
comparison to control. We first tested various concentrations of cisplatin with serial
dilutions of drug in TERT Delta 2-4 expressing U-2 OS and Calu-6 cells. Supporting our
hypothesis, expression of TERT Delta 2-4 indeed enhanced cells’ resistance to cisplatin
in both U-2 OS (25% enhanced at cisplatin concentration 4.69 ug/mL) and Calu-6 (31%
enhanced at cisplatin concentration 1.56 ug/mL) cells (Supplemental Figure 6.5F and
G). In a rescue experiment, Calu-6 cells with TERT Delta 2-4 knockdown were 26%
more sensitive to cisplatin treatment, whereas cells with ectopic expression of TERT
Delta 2-4 were 40% more resistant to cisplatin treatment (Figure 6.3E). Moreover,
reduced resistance to cisplatin by siRNA knockdown was rescued by siRNA resistant
TERT Delta 2-4 expression, supporting that the effect of siRNA knockdown on reduced
resistance to cisplatin was an on-target effect of siRNA treatment. Overall, reduced
clonogenicity and resistance to cisplatin treatment by TERT Delta 2-4 knockdown and
increased clonogenicity and resistance to cisplatin treatment by TERT Delta 2-4
overexpression support our hypothesis: TERT Delta 2-4 enhances cells’ resistance to

intrinsic apoptosis.
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Figure 6.3. Impact of TERT Delta 2-4 isoform on clonogenicity and resistance to cisplatin.

A and B. Overexpression Delta 2-4 in telomerase deficient cell U-2 OS enhanced clonogenicity.
Representative image (A) and quantified graph (B) are shown. C and D. Knockdown of TERT Delta 2-4
reduced clonogenicity in telomerase positive cells Calu-6, whereas overexpression of TERT Delta 2-4
enhanced clonogenicity in Calu-6. Knockdown effect was rescued by siRNA resistant Delta 2-4
overexpression. Representative image (C) and quantified graph (D) are shown. E. Calu-6 cells became
more sensitive to cisplatin treatment (1.59 ug/mL, 48 hours) by TERT Delta 2-4 knockdown and more
resistant by TERT Delta 2-4 overexpression. Knockdown effect was rescued by siRNA resistant Delta 2-4

overexpression.
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6.5. Discussion

Increased telomerase activity is associated with greater than 85% of human
cancers, including lung cancers [13]. Significant advances have been made in
understanding of telomerase composition, biogenesis, trafficking, and regulation.
However, fundamental questions remain about the alternative splicing isoforms
separation of function from FL TERT that codes for active telomerase and maintains
telomeres in cancer cells. Further, several reports have indicated off-telomere functions
of FL TERT that appear to be difficult to interpret because many of these functions have
been observed only in the ectopically expressed TERT context. Due to the low
abundance and tight regulation of FL TERT mRNA levels, it appears unlikely that FL
TERT functions as both a telomere maintaining telomerase and a TERC independent
mitochondrial protective enzyme. We hypothesized that alternative splicing isoforms of
TERT perform most or all of the non-telomere functions that have been ascribed to
overexpressed FL TERT. Here we report the catalogue of TERT mRNA variants from
four cells lines. In particular, we focused on a novel TERT isoform that we called TERT
Delta 2-4. Based on our experimental data we determined that Delta 2-4 does not
function in telomere biology but ascribed its function to protecting cells from apoptosis,
likely via mitochondrial protection. These results shift the paradigm in the field from the
idea that mitochondrial TERT is FL TERT to a new idea that mitochondrial TERT is an
alternative splicing isoform: Delta 2-4. This new model supports the idea that FL TERT
is low abundant and only functions in telomere synthesis via active telomerase and that
alternative splicing of TERT creates functional isoforms that aid in cancer development.

This final point is critical because our data suggests that Delta 2-4 is cancer specific and
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thus, we may be able to target Delta 2-4 in cancer cells while sparing the function of FL

TERT in adult somatic tissues that express functionally relevant levels of TERT.

Previous reports have identified TERT alternative splicing isoforms from a
variety of cell types [28, 108, 175, 179, 266]. These studies utilized either traditional
cDNA cloning followed by Sanger sequencing to identify AS variants or short read RNA
sequencing following by mathematical reconstruction of isoforms based on overlapping
reads and probability modeling [108]. While these methods are valid and do identify
some transcript variants, newer and more advanced sequencing modalities allow for
richer investigation of the transcript landscape of TERT in cells. To directly investigate
full length cDNA molecules which might contain multiple splicing events in combination
we chose to use single molecule long read sequencing. This technology avoids
potential bias of short read sequencing in the mathematical modeling of isoforms.
Among long read sequencing technologies, we used Oxford Nanopore Technologies
MinlON MK1C. While other technologies (e.g., Pacific Biosciences Iso-Seq) allow for
robust long read sequencing, the flexibility, reduced cost, and ability to rapidly test
multiple different library preparations in the laboratory lead to our decision to use the
MinlON MK1C. The flexibility of the MinlON allowed us to optimize a library preparation
for a low abundant and extensively spliced gene such as TERT. TERT is low abundant
gene that is expressed only 1-40 transcript copies in a cell [267]. To ensure robust
detection of TERT we prepared TERT specific sequencing libraries using gene specific
primers targeting exon 1 and 16. We discovered 32 TERT mRNA transcripts that have

not been reported previously to our knowledge.
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We focused on TERT Delta 2-4 because of its abundance and potential to code
for a new protein isoform with potentially new functions in cell biology. Exons 2 to 4 are
mainly translated into telomerase RNA template binding domain (TRBD in Figure 6.1A)
and skipping of these exons does not induce a premature stop codon. Since exon 1
contains a mitochondrial targeting signal (MTS), Delta 2-4 is likely to be localized to
mitochondria. In fact, localization of TERT protein in the mitochondria and the roles of
mitochondria localized TERT have been reported by previous studies. In 2004, Santos
et al.[243] first determined that MTS was in TERT exon 1 and confirmed that
overexpressed TERT localized to the mitochondria by immunocytochemistry and
immunoblot of mitochondrial fractions from epithelial cell lines and fibroblasts from
humans. To date, the main paradigm of mitochondrial TERT has focused on the
shuttling of full-length TERT from the nucleus to the cytoplasm or mitochondria induced
by certain stresses (e.g., oxidative stress) [113, 243, 264, 268-273]. However, we
suggest that due to the low abundance of FL TERT (i.e., not enough molecules to be
able to perform nuclear functions and mitochondrial functions at the same time),
mitochondrial TERT is more likely an alternative splicing isoform of TERT. Delta 2-4 is
an ideal candidate because it lacks the TRBD, and retains the RT domain and the MTS.
We confirmed that Delta 2-4 expression enhances cells’ clonogenicity, which is an
indicator of resistance to apoptosis. Since intrinsic apoptosis is mediated by the
mitochondria this evidence provides support for our hypothesis that Delta 2-4 is the

mitochondrial TERT.
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Our results showed that Calu-6 cells with Delta 2-4 reduction were 26 percent
more sensitive to cisplatin treatment. This supports the idea that higher cancer drug
efficiency can be achieved by reduction of Delta 2-4 expression. As we only tested
cisplatin and there are other drugs that robustly induce intrinsic mitochondrial regulated
apoptosis (such as Raptinal, Staurosproine, or Bcl-2 inhibitor HA14-1 [274]), testing
other drugs while simultaneously reducing TERT Delta 2-4 expression may result in
more significant improvements in drug efficiency. Also, the siRNA treatment method we
used can be improved. Although we already tested three different sequence of siRNAs,
different oligonucleotide chemistries (e.g., RNase H inducing modified DNA nucleotide
Gapmers) or different sequences of targeting the exon 1/5 junction can be tested to
achieve better knockdown. In addition, different mRNA targeting methods, such as
CRISPR/cas7-11, may improve efficiency of reducing TERT Delta 2-4 and thus
achieving more significant sensitization of cancer cells. A different angle of manipulating
TERT Delta 2-4 expression would be to increase Delta 2-4 expression to improve
fitness of normal cells. For example, a previous study has shown that overexpression of
full-length TERT with additional mitochondria targeting signal (mitoTERT) in
cardiomyocytes improved the fitness of cells [275]. We hypothesize that overexpression
of TERT Delta 2-4 would improve the fitness of cardiomyocytes as much as mitoTERT
or even better than mitoTERT because mitoTERT still contains nuclear localization
signal in exon 2 that is not present in Delta 2-4 so that Delta 2-4 could have even

greater mitochondrial localization.
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Our study is not without limitations. First of all, when we prepared the TERT
specific sequencing library, we used PCR which may have skewed the expression
levels shown in the heatmap (Supplemental Figure 6.1). Thus, validation of TERT
transcripts must be done before performing the functional studies for novel TERT
isoforms. Another limitation is that TERT transcripts that do not contain exons 1 or 16
were not included in our list of isoforms because we used exons 1 and 16 targeting
primers. However, we were looking for mRNA variants that retained the original open
reading frame and coded for proteins. Although we discovered many TERT isoforms in
induced pluripotent stem cells and three non-small cell lung cancer cells, further
discovery may be made by using different types of cells, such as embryonic stem cells,
somatic cells, adult stem cells, and cells from other types of cancers. We showed robust
expression of TERT Delta 2-4 mRNA by long-read sequencing, sanger sequencing, and
ddPCR assays. However, we were not able to show endogenous protein expression of
Delta 2-4 isoform due to the low efficiency of TERT antibodies [79]. Also, we did not
provide direct evidence of interaction between Delta 2-4 and mitochondria or

mitochondrial localization of Delta 2-4.

In conclusion, we show that TERT Delta 2-4 has functions outside of telomere
synthesis, that are to enhance clonogenicity of cells and to make lung cancer cells more
resistant to cisplatin treatment. Implications of our data are 1) follow-up studies for
different TERT isoforms can be performed based on newly discovered TERT isoforms 2)
better cancer drug efficiency could be achieved by targeting specifically TERT Delta 2-4

that is likely to have less toxicity compared to targeting FL TERT isoform, and 3) better
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mitochondrial protective effect against ROS may be achieved by overexpression of
TERT Delta 2-4. Overall, our study not only provides a steppingstone to study functions
of novel TERT isoforms, but also suggests a novel therapeutic target to either improve

cancer drug efficiency or increase the fithess of normal cells.
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Chapter 7 — Conclusion and Potential Future Directions

The focus of my dissertation was the alternative splicing (AS) regulation of TERT
and the functional outcomes of TERT AS isoforms. The goal of this research was to
decipher the regulatory mechanisms of telomerase in different contexts including
exercise to treat aspects of cancer and aging. All four studies included in the
dissertation were performed with this aim in mind: to understand TERT AS, but each
study has unique conclusions, limitations, and potential future directions.

In the first study, TERT AS regulation of SF3B4 was studied in non-small cell
lung cancer (NSCLC) cells. We chose NSCLC cells because TERT AS was
dysregulated in tumor tissues from lung cancer patients. We selected SF3B4 as a
potential full-length (FL) TERT promoting transfactor based on TERT minigene
screening [26], and TCGA data showing upregulated SF3B4 expression in tumor tissues
from lung cancer patients. Our model shows that SF3B4 binds to DR8 to promote the
production of FL TERT resulting in higher telomerase activity in NSCLC cells, thus
telomerase activity and growth of NSCLC cells can be inhibited by targeting SF3B4 to
shift splicing away from FL TERT. Another important point of the study is that viability of
primary HBEC was not reduced with SF3B4 knockdown although SF3B4 is a general
splicing factor and likely to be essential in normal cells as well. The results suggested
that SF3B4 is a potential cancer therapeutic target. These data implicate the SF3B

complex as being a key part of lung cancer survival. However, we only suggested
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SF3B4 as a potential cancer therapeutic target and did not directly inhibit SF3B4 to
confirm the idea. In fact, there are already clinical trials underway using SF3B inhibiting
molecules to treat cancers [276, 277]. A key future direction would be to test these
molecules (spliceostatin, E7107, pladienolide B, herboxidiene, etc.) to shift TERT
splicing towards non-telomerase coding transcripts, reduce telomerase, shorten
telomeres, and kill lung cancer cells. Next, these compounds could be used with
standard of care lung cancer treatments to test for additive and synergistic effects.

In the second study, telomerase regulation was examined in various contexts.
From iPSC to NPC differentiation model, we confirmed that TERT AS regulating
NOVA1-PTBP1-PTBP2 axis, which was identified in NSCLC cells [27], is conserved in
the differentiation process. From the iPSC density model, we found that telomerase
activity was mainly regulated by TERT AS in different iPSC densities. We predicted
stem cell specific FL TERT promoting splicing factors based on correlation analyses. To
identify cancer specific FL TERT promoting splicing factors, we utilized our TERT
minigene screening data [26] and public TCGA data from lung cancer patients. Based
on siRNA knockdown in Calu-6 cells, we validated predictions in Calu-6 cells. The
results also supported that cell type specific TERT AS regulating mechanisms exist.
Despite these important findings, our study still has limitations and additional studies will
make our findings more meaningful. First of all, even though we found that telomerase
activity increased with higher cell density and that TERT AS mainly governed the
increase telomerase activity, we did not find the underlying mechanisms. We
hypothesize that nutrition deprivation (reduced glucose or amino acids per cell in the

media due to high density of cells) or increased acidity (i.e., lactate and H+ ions) of the
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media could drive the TERT AS switching. We could test this by subjecting cell cultures
to controlled conditions of reduced glucose or amino acids and altered pH levels in the
media. An alternative hypothesis is that higher cell density might recreate conditions
similar to when stem cells require maximal telomere elongation during population
expansion before differentiation. To investigate this, we could measure the expression of
stem cell proliferation markers, conduct cell cycle analysis, and assess changes in
telomere length in cell cultures exposed to different cell densities. If the underlying
mechanisms of the observed changes in TERT AS in higher iPSC density are defined, it
will result in not only further understanding of telomerase regulation in developmental
processes, but also understanding of telomerase regulation under certain physiological
stress (e.g., exercise interventions). For instance, if lactate in the media is responsible
for the shift in splicing of TERT towards FL, this information could lead to experiments
testing the hypothesis that lactate induced by exercise could shift the splicing of TERT
toward FL TERT during and following exercise in specific cell types and tissues (i.e.,
immune cells or vascular tissues). Second, we examined expression levels of limited
number of splicing factors to figure out TERT AS regulating transfactors. To overcome,
high-throughput approaches could be used to determine the splicing factors that
regulate FL TERT splicing in the iPSC density model. For example, CRISPR knockout
screen in the iPSC cell density model could determine additional TERT AS regulators.
The discovered TERT AS regulating candidate genes could then be tested in both stem
cells and cancer cells and confirmed as cell type specific TERT AS regulators.

Ultimately this would lead to more precise understanding of TERT splicing regulation in
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stem cells and cancer cells, potentially identifying therapeutic targets for regenerative
medicine and/or cancer therapy purposes.

In the third study, we measured expression of human TERT transcripts in
thymus from human TERT expressing transgenic hTERT-BAC mice in three different
age groups (young/middle-aged/old) with or without access to a running wheel for three
weeks. Our results showed that A TERT expression declined with aging and three weeks
of voluntary wheel running did not counteract age-driven decline, supporting primary
aging mechanisms (i.e., epigenetic changes) as the cause of the decline of h\TERT
expression. However, we did not examine any potential underpinning mechanisms for
the reduction of hTERT expression. For instance, we did not measure any expression
levels of transcription factors that are potentially related to age-driven reduction of
hTERT expression. Also, we did not measure any epigenetics markers such as histone
modification or A TERT promoter methylation. A logical extension to overcome the
limitations would be to test the hypothesis that changes in transcription factor
expression or epigenetic changes in the histone or DNA methylation of the hTERT
promoter resulted in the repression of hTERT transcription with aging. Expression of
transcription factors that are known to regulate hTERT transcription could be measured
in different age groups to identify key players regulating hTERT transcription during
aging. To determine how age impacts promoter epigenetics of A TERT we could
measure DNA methylation changes and changes in histone activation and repressive
marks that would help elucidate causes of the repressed hTERT transcripts. When it
comes to hTERT AS, three weeks of voluntary wheel running counteracted the increase

in percentage of exons 7/8 containing hTERT transcripts with aging, supporting that
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secondary aging drives the increase in exons 7/8 containing hTERT transcripts.
Although our data support that the decrease in hTERT expression and changes in
hTERT AS are primarily regulated by primary aging and secondary aging, respectively, it
cannot be assured solely by the effect of exercise. To support our conclusion, other
factors affecting aging such as caloric restriction, which is well known to slow primary
biological aging, should be performed to determine whether hTERT expression and
hTERT AS are regulated by primary aging or secondary aging. When it comes to
hTERT mRNA variants, we defined the exons 7/8 containing hTERT transcript as a
potential FL hTERT because FL hTERT is relatively abundant isoform compared to
alternatively spliced isoforms. However, the limitation was that the hTERT isoform
expression profile has never been examined in thymus and more studies are needed to
identify the source transcripts of the increased exons 7/8 containing hTERT transcripts
with aging. One immediate next step would be to measure additional hTERT transcripts
that contain exons 7/8 such as such as minus gamma, INS3, INS4, Delta 2-4, or delta 2
or some combination of these. We hypothesize that the increase in exon 7/8 containing
transcripts was not due to FL hTERT but was actually due to other hTERT transcripts
that contain exons 7/8 as mentioned above. Such data would indicate that exercise
prevented an increase in these dominant-negative and degraded transcripts providing
evidence of a positive effect of exercise with aging on the expression profile of h\TERT
transcripts in the thymus. We also did not directly measure the protein levels of hnTERT
and the correlation of A TERT mRNA levels with telomerase activity (surrogate for FL
hTERT protein levels) is modest at best (Ludlow et al., 2018 [26] showed 0.35

correlation between exons 7/8 and ddTRAP in a panel of lung cancer cells). A major
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limitation in the field of telomerase biology is the lack of commercially available
antibodies that reliably detect hnTERT protein levels. Further, the abundance of hnTERT
proteins is estimated at 200-700 in telomerase positive cancer cells [79], and is likely
lower in telomerase positive somatic cells such as the thymus tissue. The measurement
of other hTERT mRNA variants that contain exons 7/8 will improve our confidence that
our hTERT measurements will be indicative of the protein levels of hTERT in the
thymus. However, this will still be a limitation that we will have to address in the
manuscript. We also measured hTERT AS in thymus from middle-aged TERT-BAC mice
before, immediately post, and 1-hour post 30 minutes of acute treadmill exercise at 60%
of maximum speed. We did not find significant changes in hTERT AS expression but we
found similar expression pattern in hTERT expression that expression increased
immediately after exercise and decreased even further than pre-exercise at 1-hour post
exercise as we observed previously in gastrocnemius, left ventricle, and brain from
young TERT-BAC mice [29]. When hTERT expression level was measured in thymus,
two main challenges to find statistically significant difference were heterogeneity of
hTERT expression resulting in large standard deviation and low TERT expression in
aged mice. Using a post hoc power analysis (group Amean = 1.1, group B mean =
1.25, standard deviation = 0.59) indicated that we were significantly underpowered to
detect a statistically significant difference. Using these same values, a sample size
estimate was calculated for the same input values as above and we would need 243
animals per group to be sufficiently powered (Beta = 0.8, alpha 5%) to detect
differences. Clearly, this is not a practical future direction and likely indicates that the

acute exercise intervention that we used is not a sufficient stimulus to impact hTERT
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expression in aged thymus. Also, another limitation was the inability to determine the
origin of hTERT transcripts due to the presence of multiple cell types in thymus tissue.
Single cell RNA sequencing (scRNA-Seq) could be used to unravel the heterogeneity
within thymus tissue, but it will still be challenging to detect robust hTERT signal due to
its low abundance. Alternatively, we could use flow cytometry with cell surface antigen
markers to sort populations of cells from single cell suspensions of thymus (T cells, B
cells, thymocytes, and adipocytes) and measure hTERT expression to overcome the
abundance issues associated with single cell measures of TERT expression. In addition
to these approaches, different types and intensities of exercise intervention could be
used for future studies as the intervention we used could have been insufficient to
induce significant changes of hTERT AS in thymus. Lastly, limitation of mouse model
(e.g., human TERT in mice cannot form active telomerase due to incompatibility with
murine telomerase complex components) will be ultimately overcome if samples are
obtained from humans.

In the last study, we identified 45 TERT alternatively spliced mRNA variants
including 13 known and 32 novel variants and carried out functional studies for a
selected novel TERT isoform: Delta 2-4. According to our data, the Delta 2-4 TERT is
likely to be a mitochondrial TERT that prevents mitochondrial DNA damage to makes
cells more resistant to apoptosis. Despite the low abundance of TERT expression,
mitochondrial TERT has been considered to be shuttled FL TERT from nucleus for
about 20 years. Because of this “shuttling of FL TERT” paradigm, research groups
started to use subcellular localization modified TERT, such as mitochondria localization

TERT (mitoTERT) or nuclear localization TERT (nucTERT) by removing and adding
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mitochondria targeting signal (MTS) or nuclear localization signal (NLS) to study the
effect of full-length TERT at different locations [113, 264, 272, 273, 275]. Thus, a key
future direction would be to provide evidence that mitochondrial TERT is not FL TERT
but alternatively spliced TERT isoform, Delta 2-4. The major limitation of our study is
that we did not show any direct evidence of interaction between Delta 2-4 and
mitochondria. Thus, mitochondrial localization and binding to mitochondrial DNA of
Delta 2-4 should be confirmed. Chromatin-immunoprecipitation (ChlP) followed by PCR
of mitochondrial DNA targets using Delta 2-4 overexpressing cell lines can be used to
determine the binding of mitochondrial DNA to overexpressed delta 2-4. Localization of
Delta 2-4 could be determined by immunocytochemistry with mitochondria targeting
antibody and ectopic tag antibody for Delta 2-4. Mitochondria extracts can be used for
immunoblotting to detect Delta 2-4 expression. After confirming the mitochondrial
localization, the role of Delta 2-4 TERT in binding TERT mitochondrial DNA would need
to be determined. Since Delta 2-4 retains the TEN, RT, and CTE domains of TERT, it is
highly likely that TERT can bind DNA (TEN and CTE) and potentially has enzyme
activity. We could use a heterologous expression system to purify Delta 2-4 protein and
perform in vitro enzyme activity and binding assays as well as structural studies. These
follow-up studies will support that Delta 2-4 is the mitochondrial TERT. However, it is
also possible that Delta 2-4's function does not involve a direct interaction with
mitochondria. An alternative explanation for Delta 2-4's role in enhancing cell viability
could be that it serves as a co-factor that regulates the expression of genes responsible
for improving mitochondrial fithess. This hypothesis could be examined through

transcriptomic analyses to further support the biological function of Delta 2-4. Using
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either scrambled siRNA or Delta 2-4 targeting siRNA on wild-type or Delta 2-4
overexpressing Calu-6 cells, the effect of Delta 2-4 knockdown, overexpression, and
rescue on global gene expression will be determined and the list of differentially
expressed genes will be used for gene set enrichment analysis. Lastly, additional types
of cells should be used to elucidate the regulation and function of Delta 2-4. For
example, the expression pattern of Delta 2-4 could be measured in adult tissues or
other types of cancer cells. Also, knockdown or overexpression of Delta 2-4 could be
tested in normal cells such as fibroblasts. In knockdown experiments we would expect
little to no effects because our evidence indicates low or undetectable expression of
Delta 2-4 in somatic cells. Overexpression of Delta 2-4 we would expect to provide
somatic cells with enhanced resistance to apoptosis without impacting telomere biology
or growth kinetics. We suspect and need to test if this protective effect of Delta 2-4 is
through mitochondrial related pathways.

TERT Delta 2-4 is a potential therapeutic target for two different reasons. First,
as our data showed that Delta 2-4 knockdown made cancer cells more sensitive to
cisplatin treatment, Delta 2-4 expression could be reduced with other cancer drug
treatment to enhance the efficiency of the drugs. Second, Delta 2-4 overexpression
could be used to improve fitness of certain tissues. A recent study showed that
overexpression of mitoTERT in cardiomyocytes was critical for mitochondrial respiration
and during ischemia/reperfusion injury in mouse models [275]. We expect that
overexpression of Delta 2-4 TERT would result in at least similar, or even better
protection effects than mitoTERT, considering that mitoTERT is artificially modified

TERT and still contains nuclear localization signal.
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Overall, the studies included in my dissertation have clarified TERT AS regulation
and function of new isoforms in various contexts including 1) Developmental stage cells,
2) Differentiated cells, and 3) Cancer cells. Based on the results, my dissertation offer
therapeutic insights based on the regulation of telomerase activity. My research
advanced understanding of TERT AS regulation as a step toward achieving a “complete
decoding of telomerase regulation” and provides a foundational basis for further studies
on telomerase regulation. The figure below integrates all four of my dissertation studies
(Figure 7.1). In the working model below, we describe developmental stage cells that
have high telomerase activity, maintain telomeres, express FL TERT and Delta 2-4. In
this scenario, we predict that there would only be a sufficient quantity of FL TERT in
cells to maintain telomeres, and there would not be enough FL TERT to adequately
protect mitochondria. Since previous research has observed that TERT can co-localize
with mitochondria and act in a protective way [113, 243, 264, 268-273], we think we
have a premise that could explain how cells achieve enough TERT for both nuclear and
mitochondrial functions. Since Delta 2-4 lacks the nuclear localization signal in exon 2
[244] but retains the mitochondrial localization signal in exon 1 [243], we think Delta 2-4
translocates to the mitochondria in telomerase positive cells to help maintain
mitochondrial fitness. Thus, this idea would shift the paradigm in the field and provide a
novel observation to rectify the conflicting data concerning the abundance of TERT in
cells being limiting to perform both nuclear and mitochondrial functions. We think that
Delta 2-4 could be needed in the mitochondrial to promote cell survival because cells in
a state of high glycolytic flux exhibit elevated reactive oxygen species (ROS) generation

compared to cells with low glycolytic flux [278-280]. This idea integrates well with germ
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line cells, the inducible telomerase situation in immune cells and endothelial cells, as
well as with cancer cells. In all these various cell types, they share the ability to express
FL TERT to maintain telomere length and are also in states of cell division and high
glycolytic flux, resulting in elevated levels of mitochondrial ROS. Thus Delta 2-4 is also
needed to promote cell survival and mitochondrial fitness. In other somatic cells, such
as neurons and muscle cells, which express no telomerase and very little, if any, FL
TERT or other TERT isoforms, we suspect that mitochondria health is promoted by
utilizing beta-oxidation as the primary metabolic system for energy production.
Additionally, we speculate that other pathways are employed to enhance mitochondrial
fitness in these telomerase and TERT null cells. This figure and new working model
offer many places for future investigation, such as how Delta 2-4 is regulated, whether
Delta 2-4 is induced by stimuli that induce expression of FL TERT in immune cells (such
as exercise or antigen stimulation), if germ line cells and adult stem cells also co-
express FL TERT and Delta 2-4, whether Delta 2-4 is targetable in cancer cells or
impacts adult stem cells, if Delta 2-4 is co-localized to the mitochondria of telomerase-
positive cells, what its mechanism of action is in promoting mitochondrial fitness if it is
indeed in the mitochondria, and whether Delta 2-4 forms a functional protein in
endogenous cells. All of these fundamental questions will advance the field of
telomerase biology forward and provide a paradigm shifting explanation for the

observations that FL TERT protects mitochondria.
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Figure 7.1. Focus of my dissertation on telomerase and TERT regulation in various contexts.

My dissertation focused on telomerase and TERT regulation in various contexts including developmental
stage cells, differentiated cells, and cancer cells. Developmental stage cells such as embryonic stem cells
have high telomerase activity that can maintain the telomere length. Differentiated cells differ based on
the cell types. Germline cells have high telomerase activity to maintain telomere length. However adult
stem cells have modest telomerase activity to only slow down telomere shortening. Immune cells and
endothelial cells are telomerase inducible in response to external factors such as immune stimulation,
changes in blood flow, and even endurance exercise. Thus, telomere shortening can be slowed down
when telomerase is induced. Other somatic cells have very little or lacks telomerase activity resulting in
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fastest telomere shortening. But exercise could result in adaptations such as telomere protective shelterin
expression changes, anti-inflammatory, improved mitochondrial function, and antioxidant expression that
could result in less telomere DNA damage and longer telomeres. Cancer cells reactivate telomerase and
maintain short telomere length. Delta 2-4 was highly expressed in induced pluripotent stem cells (iPSCs)
and cancer cells. However somatic cells (HBEC: human bronchial epithelial cells) had very low Delta 2-4
expression. We hypothesize that mitochondrial fitness is enhanced by Delta 2-4 in Developmental stage
cells and cancer cells, and by full-length (FL) TERT in somatic cells. Currently Delta 2-4 expression in
germline cells, adult stem cells, immune cells, and endothelial cells is unknown. In chapter 3, we focused
on cancer cells. In chapter 4, we focused on iPSCs, cancer cells, and neural progenitor cells. In chapter
5, we focused on thymus tissue, which has immune cells. In chapter 6, we focused on iPSCs, cancer

cells, and HBECs.
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Appendix A - Supplemental Data for Chapter 3

Assay Primer Pair Gene and Exon Location Prmer Sequence §' — 3' Roche UPL #
ddPCR 1 hTERT Exon 7 For. ACAGTTCGTGGCTCACCTG 52
1 hTERT Exon 8 Rev. GCGTAGGAAGACGTCGAAGA
2 hTERT Exon 6/9 For. CAAGAGCCACGTCCTACGTC 58
2 hTERT Exon 9 Rev. CAAGAAATCATCCACCAAACG
3 SF3B4 Exon 3 For. TCAGCAGCCGAACGACTT 14
3 SF3B4 Exon 3 Rev. GAGGAGGTGCATCTGCAAAC
GelBased 4 hTERT Exon5 For. GCCTGAGCTGTACTTTGTCAA
4 hTERT Exon 9 Rev. AGGCTGCAGAGCAGCGTGGAGAGG
5 hTERT DR8 Deletion For. GGCTTGAGTGCAGTGGCGCG
5 hTERT DR8 DeletionRev. TTTCGGGAAGCGCTATAG
6 PKM1 Exon 9 For. CTTCTTATAAGTGTTTAGCAGCAGCT
7 PKM2 Exon 10 For. GGGGCCATAATCGTCCTCACCA
6,7 PKM Exon 11 Rev. CAGGTGGGCCTGACGAGCTG
8 PKM Exon5 For. CCTGTGGCTGGACTACAAGA
8 PKM Exon6 Rev. CCATATCAACATCCTGCTCGACC
9 NUMB Exon 8 For. ACCTGAGGACCCCTTCTCAT
9 NUMB Exon 10 Rev. CGGACGCTCTTAGACACCTC
10 Bcl-x Exon 2 For. CATGGCAGCAGTAAAGCAAG
10 Bcl-x Exon 3 Rev. GCATTGTTCCCATAGAGTTCC
11 TBP Exon 3 For. GGAGAGTTCTGGGATTGTAC
11 TBP Exon 5 Rev. CTTATCCTCATGATTACCGCAG
ddTRAP 12 TS Primer AATCCGTCGAGCAGAGTT Evergreen
12 ACX Primer GCGCGGCTTACCCTTACCCTTACCCTAACC

Supplemental Table 3.1. Primers and Probes

217



Cell Line Plated Clones — 6-Well Plate — 10 cm Dish — Genotyped

Calu6 384 101 84 Wild Types 50
Heterozygous 27
Deletions 7

Supplemental Table 3.2. hTERT Overexpression DR8 CRISPR/Cas9 Clone Progression

Gene Survival in LUAD Over expression in tumor v. normal (matched
patient samples, paired ¢ test)
SF3B1 Not significant Yes, (p <0.0001), diff =0.1776 log2 RSEM
SF3B2 Significant at (25, 50 and 795) Yes, (p <0.0001), diff = 0.2246 log2 RSEM
SF3B3 Not significant Yes, (p < 0.0001), diff = 0.5813 log2 RSEM
SF3B4 Significant at (10 and 25) Yes, (p < 0.0001), diff = 0.6766 log2 RSEM
SF3B5 Not significant Single exon gene, RNA seq. Data not reliable
SF3B6 Significant at (10 and 23) Yes, (p < 0.0001), diff = 0.5643 log2 RSEM
PHF5A  Significant at (25 and 50) Yes, (p = 0.0236), diff = 0.1933 log2 RSEM

Supplemental Table 3.3. h"TERT minigene siRNA screen identifies SF3B complex as a potential

telomerase inhibitor target in LUAD
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Supplemental Figure 3.1. related to Figure 3.1. Patient data indicates poor survival in lung cancers

with high levels of FL hTERT isoform expression.
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A, C, E, G and I. Gene level analysis indicates that greater total hTERT gene expression levels do not
predict overall LUAD patient survival (101", 25", 75, and 90" percentile threshold; n = 503 patients). B, D,
F, H and J. Increased expression levels of the FL hTERT isoform (NM_198253) are significantly
associated with lower overall survival outcomes in LUAD patients at the 90" percentile threshold and
tended towards significance at the 75" percentile threshold. No significance was observed at the 10" or
25" percentile thresholds (n = 503 patients). Note: 150 patients have “0” values for h"TERT FL from TCGA
RNA-seq. data, thus the plots for B and D are the same at the 10™ or 25" percentile thresholds. K.
Grouped averages for A TERT gene expression levels in H1299 clones determined by ddPCR (n =2
cDNAs per clonal cell line in technical triplicates). L. Grouped averages for telomerase activity analysis
determined by ddTRAP (in technical triplicates). M. Body weight was not different in mice injected with
H1299 control, DR8 mutation, or DR8 deletion clones throughout the seven-week post injection period.
The * indicates significant (p < 0.05) log rank (LR) test of the Hazard ratios between high and low
expression groups at different thresholds (F and J). Student’s t-test set at p < 0.05 for significance
compared to wild-type control clones; denoted by *. Data are presented as means * standard deviations

where applicable (K-M). Abbreviations: LUAD: lung adenocarcinoma.
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Supplemental Figure 3.2. related to Figure 3.1. Characteristics of individual Calu6 wild-type clones

and Calu6 TERT overexpression clones following DR8 deletion with CRISPR/Cas9.
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A. Representative agarose gel of Calu6 clones highlighting (in red) four single cell clones with complete
deletion of the 480-nt sequence containing DR8. B. Representative Sanger sequencing confirming gel
analysis of DR8 deletion. C. Cell growth rates were significantly attenuated in Calu6 DR8 deletion
compared to wild-type control clones. DR8 deletion clones 1 and 4 died in vitro at weeks 1 and 3 (post
passage 4), respectively. D. Average hTERT gene expression levels determined by ddPCR in Calu6 wild-
type control and DR8 deletion clones (average of Del. 2, 3, and 4). E. hTERT splicing percentage
analysis calculated from hTERT transcript levels in Calu6 wild-type control and individual DR8 deletion
clones. F. Telomerase activity analysis determined by ddTRAP in Calu6 wild-type control and individual
DRS8 deletion clones. G. Calu6 Del. 3 clone telomere length; representative image. H. Representative
agarose gel images of all A TERT overexpressing Calu6 cells CRISPR/Cas9-mediated deletion of the 480-
nt sequence within intron 8 containing the DR8 cis-element. Highlighted lanes represent the seven
successful DR8 deletions. Panels D-F: Analysis performed on 3 biological replicates derived from each
clone. Student’s f-test set at p < 0.05 for significance compared to population controls; denoted by *. Data
are presented as means * standard deviations where applicable. Abbreviations: GFP Con: green

fluorescent protein control; Pop Con: Calu6 parental cells.
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Supplemental Figure 3.3. related to Figure 3.2. Higher SF3B4 expression in Lung cancer is related
to poorer patient survival in the TCGA cohort.

A-D. Greater levels of SF3B4 gene expression are significantly associated with lower overall survival
outcomes in LUAD patients at the 25" and tended towards significance at the 90" percentile thresholds.
No significance was observed at the 50" or 75" percentile thresholds. The * indicates significant (p <
0.05) log rank (LR) test of the Hazard ratios between high and low expression groups at different

thresholds. Abbreviations: LUAD: lung adenocarcinoma.
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Supplemental Figure 3.4. related to Figure 3.3. SF3B4 knockdown in NSCLC cell lines.

A-C. Average hTERT gene expression levels following transient SF3B4 knockdown in H1299, Calu6,

and A549 NSCLC cells (determined by ddPCR in biological triplicates). D and E. Calu6 cells treated for

72-hours with various concentrations (10 and 5 nM) of siRNAs against either non-targeting scrambled

control (siControl control was 10 nM) or SF3B4 (concentrations indicated in the Figure) to determine
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viability by trypan blue staining (D) and average hTERT gene expression by ddPCR (E). F and G Splicing
events linked to cancer progression are minimally altered by depletion of SF3B4 in Calu6 (F) and H1299
(G). Student’s t-test for two group comparisons. For multiple group comparisons p-value was calculated
using one-way ANOVA with uncorrected Fisher’s LSD test compared to siControl (* p < 0.05; ** p < 0.01;

*** p<0.001; **** p <0.0001). Data are presented as means + standard deviations where applicable.
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Supplemental Figure 3.5. related to Figure 3.4. SF3B4 knockdown and rescue in Calu6, and

knockdown in TERT overexpression cells (Calué TERT OE, HBEC-3KT) and primary HBEC.

A. Transient over expression of siRNA resistant SF3B4 rescues TERT ASV (exons 7-8) level (n = 5 each

condition). B-D. Representative western blot image and quantification (densitometry) of SF3B4

knockdown in Calu6 TERT overexpression cells (B), HBEC-3KT (C) and primary HBECs (D; n =3
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biological replicates per each cell line). E. SF3B4 transcripts levels measured by ddPCR in primary
HBECs (n = 3 biological replicates). F. hTERT transcripts levels were determined in primary HBECs with
or without SF3B4 depletion (n = 3 biological replicates). G. Telomerase activity was measured in primary
HBECs with or without SF3B4 depletion (n = 3 biological replicates). siControl treated Calu6 data from
Figure 3C is shown for comparison. H. Only Calu6 wild-type shows statistically significant reduction of cell
viability in SF3B4 depleted condition (each cell line n = 4 biological replicates, siRNA treatments for 72-
hours). I. HBEC-3KT viability following treatment siRNAs against either non-targeting scrambled control
(siControl) or SF3B4 as measured by trypan blue staining. Student’s t-test for two group comparisons (C-
K; * p <0.05; ** p <0.01; *™** p < 0.0001). For multiple group comparisons (A) p-value was calculated
using one-way ANOVA with Tukey’s multiple comparison test compared to every other condition. Data
are presented as means * standard deviations where applicable. Abbreviations: CE: siControl + Empty
control vector; SE: siSF3B4 + Empty control vector; Crp: siControl + SF3B4-Flag plasmid; Srp: siSF3B4 +
SF3B4-Flag plasmid; Calué WT: Calu6 wild-type cell line; Calué TERT OE: Calué TERT Over expression

cell line; N.D.: Not Detected.
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Supplemental Figure 3.6. related to Figure 3.5. SF3B4 depletion using short hairpin RNA (shRNA)

in Calu6 cells.

A. Western blot of SF3B4 and beta actin early phase cells (n = 9 for each condition). B. Western blot of

SF3B4 and beta actin late phase cells (n = 3 for each condition). C. Average hTERT gene expression
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levels following stable SF3B4 knockdown in Calu6 NSCLC cells (determined by ddPCR; n = 3 in
biological triplicates). D. hnTERT FL percentage graphed for early, middle (mid), and late phase cells. E.
Telomerase activity re-graphed for middle (mid) and late phase cells. F. Viability heatmap determined by
trypan blue staining of shRNA cells throughout the experiment. Student’s f-test for two group
comparisons. For multiple group comparisons (A-C) p-value was calculated using one-way ANOVA with
uncorrected Fisher’'s LSD test compared to Scr CTL (Scramble control); * p < 0.05; ** p < 0.01; *** p <

0.001; **** p <0.0001). Data are presented as means * standard deviations where applicable.
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Supplemental Figure 3.7. related to Figure 3.6. RNA pulldown assay in Calué and H1299 cells.
A. RNA affinity western blot of SF3B4 enrichment in H1299 cells. Various lysate input percentages were
compared against DR8, mutant, and empty beads. B. RNA affinity western blot of SF3B4 enrichment in

Calu6 cells. Various lysate input percentages were compared against DR8, mutant, and empty beads.
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Appendix B - Supplemental Data for Chapter 4

Green (SFs potentially promote FL)

SFs that have positive correlation with potential FL TERT in iPSC (p < 0.05)
SFs that increase exon 7/8 skipping more than 2-fold when KD in HelLa
SFs that are upregulated significantly in LUAD

Red (SFs potentially promote minus beta)

SFs that have negative correlation with potential FL TERT in iPSC (p < 0.05)
SFs that decrease exon 7/8 skipping more than 2-fold when KD in HelLa
SFs that are downregulated significantly in LUAD

Splicing Factors iPSC density Minigene in LUAD patients
HelLa data of TCGA

hnRNP-CL1

hnRNP-H1
SRPK1
hnRNP-A2B1
hnRNP-M
SRSF2

U2AF2
hnRNP-A1
CDC40

Supplemental Table 4.1. Summary of SFs from three different approaches.
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Supplemental Figure 4.1.
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A Representative phase contrast and fluorescent microscopy images support iPSC differentiation into NPC.
B-E mRNA expression levels of stem cell pluripotency markers (B,C) and NPC markers (D,E) support iPSC
differentiation into NPC (determined by ddPCR; n = 3 biological replicates per condition). F mRNA
expression level of potential FL TERT (exons 7/8 inclusion) and minus beta (exons 7/8 exclusion) were
measured in differentiation (determined by ddPCR; n = 3 biological replicates per condition). G Reduction
of telomerase activity in differentiation (determined by ddTRAP; n = 3 biological replicates per condition). H
Del 2 TERT (exon 2 exclusion) isoform expression during differentiation increased compared to iPSCs (day
0) (determined by ddPCR; n = 3 biological replicates per condition). | and J Average TERT gene
expression levels determined by ddPCR (n = 6 biological replicates per condition) in siRNA treated iPSC.
Exons 7/8 including TERT (potential FL; I) and exons 7/8 excluding TERT (minus beta; J) isoforms were
measured. One-way ANOVA with uncorrected Fisher LSD for post hoc comparisons were used to compare
Day 10 and Day 29 with Day 0 (B-E, H; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001). For F and
G, only One-way ANOVA was performed on the number of total TERT transcripts including/excluding exons
7/8 (F) and telomerase activity (G). One-way ANOVA with uncorrected Fisher LSD for post hoc comparisons
were used to compare siRNA-treated conditions with siControl (I and J; **, P < 0.01; ***, P < 0.001). Data

are presented as means * standard deviations where applicable.
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A-G Average TERT mRNA variant expression levels determined by ddPCR. minus alpha (A), INS3 (B),
INS4 (C), minus gamma (D), plus gamma (E), intron 11 retention (F), and intron 14 retention (G) transcripts
were quantified (determined by ddPCR; n = 4 biological replicates per condition). H Pearson correlation
analysis shows that changes of telomerase activity and ratio of exons 7/8 inclusion (potential FL) by iPSC
cell density are positively and significantly correlated. 95% Confidence bands, Pearson’s correlation
coefficient (r) and p value are shown. One-way ANOVA was performed to compare total amount of TERT
mRNA variants from all conditions, but none of them had significantly different expression (A-G). For
correlation analysis, 24 data points are included (H; six conditions x four replicates). Data are presented as

means = standard deviations where applicable.
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Supplemental Figure 4.3.

A-D Log2-transformed (A,B, and D) or raw (C) RSEM values of SFs gene-expression levels (n = 58
matched patient samples). CDC40 (A), HNRNPH1 (B), HNRNPCL1 (C), and HNRNPM (D) are not
significantly differentially expressed in tumor tissue from LUAD patients. HNRNPCL1 was detected in only
one sample out of 116 samples (C; 58 tumors and 58 normal tissue). Student t test set at P < 0.05 for
significance compared with normal tissue controls (all P> 0.05). In the box plots, the lower boundary of the
box indicates the 25 th percentile, a line within the box marks the median and the higher boundary of the
box indicates the 75 th percentile. Whiskers above and below the box indicate the 10 th and 90 th

percentiles. Points above and below the whiskers indicate outliers outside the 10 th and 90 th percentiles.
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Supplemental Figure 4.4.

A-C Western blot of splicing factors and correlation analyses in different iPSC density. Top are
representative images and bottoms are scatter plots showing correlation. 95% Confidence bands,
Pearson'’s correlation coefficient (r) and p value are shown. Antibodies targeting HNRNPA1 (A), U2AF2 (B),
CDC40 (C), and beta actin or GAPDH (D; loading control) were used for western blot (n = 4 biological
replicates per condition). Pearson’s linear correlational analysis was performed between splicing factors

and TERT exons 7/8 inclusion expression percentage of total TERT. D, Western blot of beta actin and
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GAPDH used for normalization of target genes. Bottom panel shows quantifications of beta actin and
GAPDH normalized by average of six conditions (D). Statistical significance was not found by one-way
analysis of variance (ANOVA) comparing all conditions (D; P = 0.78). Data are presented as means *
standard deviations where applicable. For correlation analysis, 24 data points are included (A-C; six

conditions x four replicates).
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Supplemental Figure 4.5.

A-B the expression of TERT transcripts with exons 7/8 (potential FL; A) and without exons 7/8 (minus beta;
B) were measured after knockdown using siRNAs (determined by ddPCR; n = 6 biological replicates per
condition). C, Telomerase activity was reduced by all siRNA treatment (determined by ddTRAP; n = 6
biological replicates per condition). One-way ANOVA with uncorrected Fisher LSD for post hoc comparisons
of siRNA treatments were used to compare siRNA-treated conditions with siControl (A-C; **, P < 0.01; ***,

P <0.001; ****, P<0.0001). Data are presented as means % standard deviations where applicable.
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Supplemental Table 5.1. Post hoc comparisons for Table 5.2.

Appendix C - Supplemental Data for Chapter 5

Tukey's multiple comparisons test pr;d;zﬁzigks) 95.00% Cl of diff.  Summary Adi},";fg P
% "é E:: Young vs. Middie-aged 3.388 2102104673 B <0.0001
o § = Young vs. Old 3.651 2.365104.936 R <0.0001
<EE Middle-aged vs. Old 0.2630 1.204 10 1.730 ns 0.8963
'R T . Young vs. Middle-aged 1.863 1.095to 2.630 R <0.0001
S Ewml

g é E E Young vs. Old 1.922 1.154 to 2.689 R <0.0001
© 3 Middle-aged vs. Old 0.05900 -0.8170to 0.9350 ns 0.9846
Young:Sedentary vs. Young:Exercise 1.084 0.2475t0 1.920 b 0.0060

Young:Sedentary vs. Middle-aged:Sedentary 1.084 09943 t0 2974 rorwE <0.0001
Young:Sedentary vs. Middle-aged:Exercise 2.150 1.160 to 3.140 o <0.0001

E Young:Sedentary vs. Old:Sedentary 2270 1.280 to 3.260 o <0.0001

% Young:Sedentary vs. Old:Exercise 2272 1.282 to 3.262 B <0.0001

g Young:Exercise vs. Middle-aged:Sedentary 0.9000 -0.1130to 1.913 ns 0.1026

% Young:Exercise vs. Middle-aged:Exercise 1.066 0.05299 to 2.079 " 0.0350

E Young:Exercise vs. Old:Sedentary 1.186 0.1730 to 2.199 * 0.0151

§ Young:Exercise vs. Old:Exercise 1.188 0.1750 to 2.201 " 0.0149

§ Middle-aged:Sedentary vs. Middle-aged:Exercise 0.1660 -0.9768 to 1.309 ns 0.9975

E Middle-aged:Sedentary vs. Old:Sedentary 0.2860 -0.8568 to 1.429 ns 0.9699

§ Middle-aged:Sedentary vs. Old:Exercise 0.2880 -0.8548 to 1.431 ns 0.9690
Middle-aged:Exercise vs. Old:Sedentary 0.1200 -1.023t0 1.263 ns 0.9995
Middle-aged:Exercise vs. Old:Exercise 0.1220 -1.021to 1.265 ns 0.9994
Old:Sedentary vs. Old:Exercise 0.002000 -1.14110 1.145 ns >0.9999
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Ratio of exons 7-8 splicing

Note

Young:Sedentary vs. Young:Exercise
Young:Sedentary vs. Middle-aged:Sedentary
Young:Sedentary vs. Middle-aged:Exercise
Young:Sedentary vs. Old:Sedentary
Young:Sedentary vs. Old:Exercise
Young:Exercise vs. Middle-aged:Sedentary
Young:Exercise vs. Middle-aged:Exercise
Young:Exercise vs. Old:Sedentary
Young:Exercise vs. Old:Exercise

Middle-aged:Sedentary vs. Middle-aged:Exercise

Middle-aged:Sedentary vs. Old:Sedentary
Middle-aged:Sedentary vs. Old:Exercise
Middle-aged:Exe