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ABSTRACT OF THE DISSERTATION
A Noncanonical Function of the Telomerase RNA Component in Human Embryonic Stem Cells
by
Kirsten Ann Brenner
Doctor of Philosophy in Biology and Biomedical Sciences
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Luis Batista, Chair

Telomeres are stretches of TTAGGG nucleotide repeats located at the ends of linear
chromosomes that shorten with progressive cell division and prevent genomic instability at the
cost of limiting a cell’s capacity to proliferate. This limitation can be overcome by telomerase, a
ribonucleoprotein complex that elongates telomeres via reverse-transcription of the template
telomerase RNA component (TERC). Recent studies have reported potential functions of TERC
outside of its role in telomere maintenance. These noncanonical functions of TERC are however
poorly defined, and the molecular mechanisms and biological relevance behind such functions
remain elusive. Here, we generated conditional TERC knock-out human embryonic stem cells
(iTERC_KO hESCs) to uncouple TERC expression from telomere length maintenance in order
to investigate the consequences of TERC ablation in the absence of telomere dysfunction. We
found that deletion of TERC led to a synchronized, widespread induction of apoptosis in the
absence of short or dysfunctional telomeres. This phenotype is not recapitulated in conditional
telomerase reverse transcriptase (TERT) knock-out hESCs and can be prevented by expression
of a TERC mutant RNA that fails to bind the remaining telomerase components dyskerin and

x

TCAB1. Therefore, TERC has an essential function independent of the telomerase complex in
hESCs. Conversely, we found that TERC is dispensable in somatic cells, indicating that the
antiapoptotic role of TERC in hESCs is not universal across cell types. Finally, we report that
TERC53, a short form of TERC processed in the mitochondria and exported to the cytosol, is
necessary and sufficient to prevent apoptosis in iTERC_KO hESCs. These results support a
model in which TERC53 acts in the cytosol outside of the telomerase complex to inhibit
apoptosis and promote survival in human stem cells.
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Chapter 1: Introduction and Rationale

1

Telomeres
The end-protection problem
Linear eukaryotic chromosomes are evolutionarily advantageous to prokaryotic circular
chromosomes because they facilitate genetic variation; however, they also create two
considerable challenges for cells in maintaining the genomic stability necessary for survival: The
end-protection problem and the end-replication problem. The end-protection problem arises
because cells must be able to distinguish the ends of linear chromosomes from double-stranded
DNA breaks; without such mechanisms, cells will attempt to repair these perceived breaks by
fusing chromosome ends together, resulting in chromosomal abnormalities and genome
instability that culminates in death of the cell or multi-celled organism [1]. To prevent this,
chromosome ends are distinguished from intrachromosomal double-stranded breaks by complex
nucleoprotein structures called telomeres. Vertebrate telomeres consist of varying lengths of
tandem TTAGGG nucleotide repeats ending in a 3’ G-rich single-stranded overhang that invades
the preceding double-stranded region to form a loop. This structure, termed the T loop,
differentiates the telomere from a blunt-ended or resected double-stranded DNA break (Figure
1.1) [2]. Telomeres are further fortified by epigenetic modifications indicative of closed
heterochromatin as well as highly-stable G-quadruplexes formed on the G-rich strand [3, 4].
Telomeres stably and transiently interact with a myriad of proteins within and outside of
the T loop. The most prominent of these constitute the shelterin complex, which aids in the
formation of the T-loop, contributes to chromatin condensation, regulates telomere length, and
inhibits DNA damage response (DDR) proteins from recognizing telomeres as double-stranded
DNA breaks [5-7]. Human shelterin consists of the proteins TRF1, TRF2, TIN2, TPP1, POT1,
2

and RAP1 (Figure 1.1). TRF1 and TRF2 separately dimerize to bind double-stranded telomeric
DNA. This binding anchors the shelterin complex to the telomere, as disruption of TRF2 by
genetic knock-out or expression of dominant-negative mutants is sufficient to disassemble
shelterin and uncap telomeres [8, 9]. Tin2 forms a bridge between TRF1 and TRF2 and binds
TPP1, which interacts with POT1, a single-stranded DNA-binding protein that binds within the
G-rich overhang. Finally, RAP1 is anchored to the telomere through interactions with TRF2.
Shelterin is most well-characterized for its role in blocking DDR proteins from the telomere. If
uninterrupted, the DDR sensor proteins ATM or ATR recognize telomeres as double-stranded
breaks and will signal for activation of either non-homologous end-joining (NHEJ), an errorprone repair method that fuses break ends together to create unstable dicentric chromosomes, or
homologous recombination (HR), which can cause excision of the T-loop and deregulation of
telomere length associated with carcinogenesis [3]. Shelterin prevents these responses through
several complex mechanisms, the most pertinent and straightforward being that TRF2 inhibits
ATM as well as downstream proteins acting in NHEJ, while Pot1 blocks ATR and HR by
protecting the G-rich single-stranded overhang [10, 11].
Paradoxically, while the telomere nucleoprotein complex primarily serves to block DDR,
several DDR proteins actually contribute to telomere maintenance and stability. For instance,
Ku, an important NHEJ protein, binds telomere ends and unexpectedly blocks NHEJ through
functional modifications mediated by TRF2 [12]. As telomeres are repetitive, G-rich, and form
stable secondary structures such as the T-loop and G-quadruplexes, they are difficult to replicate
and are especially prone to replication fork-stalling that can induce double-stranded breaks,
marking them as fragile replication sites [13]. BLM, RTEL1, and WRN, which are normally
implicated in double-stranded break repair, enable telomere replication by resolving stalled
3

replication forks [14]. Additionally, after replication, the blunt chromosome end produced by
leading strand synthesis requires additional processing to form the G overhang. This is
performed by the exonucleases Apollo and EXO1 with modulation by POT1and is coupled with
strand fill-in by CST, another telomere-binding complex important for telomere replication and
length regulation[15]. These context-dependent functions illustrate the complexity of telomere
maintenance, as DNA replication and repair must be intricately coordinated with telomere
protection to maintain stable chromosome ends through progressive cell cycles.
The end-replication problem
In addition to chromosome end protection, telomeres are also critical to combat the endreplication problem. DNA polymerase III requires an RNA primer to initiate DNA synthesis.
After DNA synthesis, the RNA primer is degraded, and the resulting gap between newly
synthesized DNA is filled in by DNA polymerase I. This fill-in requires DNA on both sides of
the gap; therefore, the gap created after degradation of the RNA primer at the 5’ end of the newly
replicated DNA strand is lost. As such, chromosomes, and therefore telomeres, shorten by ~50200 nucleotides per round of DNA replication [16]. In this sense, telomeres serve as a disposable
buffer by preventing loss of vital, non-telomeric coding DNA [17]. However, after a set number
of cell divisions known as the Hayflick limit, telomeres eventually become too short to maintain
the condensed T-loop structure required to block DDR [4, 18]. Once a telomere becomes
critically short, or if it is damaged by replication stress, disruption of shelterin, or external
damaging agents such as irradiation or reactive oxygen species, it can trigger ATM or ATRdependent DDR, marking it as a dysfunctional telomere [19]. This induces remodeling of the
telomeric chromatin via phosphorylation of histone H2AX (yH2AX) and recruitment of the
NHEJ protein 53bp1, both of which are commonly used to detect dysfunctional telomeres [20].
4

In human cells, dysfunctional telomeres activate the p53 and Rb tumor suppressor pathways,
which trigger cell cycle arrest and activate an irreversible inhibition of proliferation through
senescence or programmed cell death [21, 22].
There are 92 telomeres in a diploid cell, and telomere length can be highly heterogeneous
between cells in a population and even within a single cell. Telomere lengths are commonly
reported as averages; however, it has been thoroughly demonstrated that it is the shortest
telomeres that drive the telomere-dysfunction phenotype, regardless of average length. For
example, when long-telomere mice are bred with short-telomere mice, the offspring manifest the
short telomere phenotype regardless of any long telomeres they inherited [23, 24]. Furthermore,
cells have been observed to undergo senescence with as little as one dysfunctional telomere,
though the threshold is commonly considered to be five [25, 26]. Therefore, the lengths of the
shortest telomeres are more informative than average length in anticipating telomere dysfunction.
Telomere shortening is hypothesized to act as an anti-tumor mechanism by limiting cell
proliferation. This is supported by the role of telomeres in preventing genome instability, as
tumorigenesis is strongly associated with mutagenesis. To this end, critically short, dysfunctional
telomeres induce senescence or cell death to prevent cells from continuously dividing to the
point that genetic information becomes damaged or lost. If this safeguard is bypassed due to loss
of the p53 and RB tumor suppressor pathways, cells continue to divide and telomeres continue to
shorten [27]. As this occurs, ATM is activated due to depletion of TRF2 or destabilization of the
T-loop at the short telomere. Through this process, the dysfunctional telomere remains bound to
53bp1, which enhances the mobility of the telomere [28]. This mobility allows two dysfunctional
telomeres to co-localize and fuse via NHEJ, resulting in a dicentric chromosome. During
anaphase in mitosis, these connected chromosomes are pulled towards opposite poles by the
5

mitotic spindle. While it was long assumed that this results in chromosome breaks, it has recently
been reported that these anaphase DNA bridges stay intact after division is complete, connecting
the daughter cells. This results in nuclear envelope rupture during interphase, exposing doublestranded DNA in the cytosol. The cytosolic DNA is either detected by the cGAS-STING
pathway, which induces autophagy-mediated cell death, or it is processed into single-stranded
DNA by the exonuclease TREX1. This single-stranded DNA is then fragmented and incorrectly
reassembled into the genome [1, 29]. This results in chromothripsis, a genomic phenomenon
defined by clustered, localized rearrangements of up to thousands of chromosomal fragments,
indicating extreme genomic instability that is permissive to and highly associated with cancer
[30]. This mechanism demonstrates the importance of telomere-driven senescence and
programmed cell death in preventing tumorigenesis. Conversely, senescence can actually
promote cancer, as senescent cells secrete a number of tumorigenic factors. It has been theorized
that this discrepancy persists because it is not under any evolutionary constraints, as phenotypes
typically manifest after reproductive age [31, 32]. As such, telomeres should be considered a
highly imperfect anti-tumor mechanism.
The Telomerase Canon
When it goes right
Many biological processes including development, tissue maintenance, hematopoiesis,
and immune response require extensive cell proliferation that far exceeds the limit imposed by
telomere shortening. This can be overcome by telomerase, a ribonucleoprotein complex that
elongates telomeres, allowing cells to proliferate beyond the Hayflick limit [33-35]. The catalytic
core consists of the telomerase reverse transcriptase (TERT) and the telomerase RNA component
6

(TERC), which TERT uses as a template to add telomere repeats onto the G-rich 3’ end of a
telomere. TERT and TERC are sufficient for telomerase catalytic activity in vitro and have
identified homologs in most telomerase-positive organisms, while additional telomerase
components contributing to telomerase biogenesis, regulation, and localization to telomeres vary
between species [36-38]. TERT is highly conserved, as catalysis requires reverse transcriptase
motifs as well as telomerase-specific domains that coordinate telomere-substrate recognition and
positioning around the RNA template before and after addition of a telomeric repeat [39].
TERC is less conserved and acts as a scaffold connecting TERT to other telomerase
factors; as such, evolutionary differences in telomerase between species likely occurred in
response to evolution of the TERC sequence (Figure 1.2) [40]. The TERC primary sequence
varies between vertebrate species, however covariation that conserves nucleotide base pairing
positions indicates that the RNA secondary structures that interact with TERT are highly
conserved, reflecting their importance for catalysis. The first conserved domain, the pseudoknot,
contains the telomeric template sequence and forms a complex structure within the catalytic ring
of TERT without forming many direct RNA-protein interactions [41]. The second conserved
domain, CR4/5, contains three base-pairing stems and forms direct interactions with the Nterminus of TERT crucial for telomerase activity (Figure 1.2) [36].
The 3’ end of TERC is poorly conserved between vertebrates and invertebrates, likely
because it does not directly contribute to telomerase catalytic activity. In vertebrates, this region
is defined as the scaRNA domain and contains H/ACA and CAB box motifs [36, 42]. The
H/ACA box is associated with small nucleolar RNAs (snoRNAs), which bind to the
pseudouridine synthase complex dyskerin and guide the resulting snoRNP to nucleoli, where it
performs rRNA-editing required for ribosome biogenesis. In telomerase, dyskerin binds TERC at
7

this domain, though it does not have pseudouridine synthase activity and primarily functions to
prevent TERC degradation [43, 44]. The CAB box binds the final component of vertebrate
telomerase TCAB1, which recruits TERC to Cajal bodies for telomerase assembly followed by
trafficking to telomeres (Figure 1.2) [45, 46]. Dyskerin and TCAB1 are critical for TERC RNA
stability and localization to telomeres; however, overexpression of TERT and TERC can
compensate for loss of these components, indicating that the TERC scaRNA domain, dyskerin,
and TCAB1 function relatively independent of TERT and do not directly contribute to enzymatic
activity [37]. The recent cryo-EM structure of human telomerase supports this notion, as it shows
telomerase to be separated into two functional lobes, the catalytic TERT-containing lobe and the
H/ACA lobe, that are flexibly linked by TERC but appear to move independently within the
active RNP [41]. Conversely, a recent study reported that TCAB1 acts as a telomerase “activity
switch” by partially unfolding the CR4/5 domain, though an earlier study from the same group
only observed loss of trafficking and not activity in cells with depleted TCAB1 [47, 48]. In the
more recent report, loss of TCAB1 attenuated but did not entirely abolish telomerase activity,
therefore this loss could likely be overcome by overexpression of TERT and/or TERC. The cryoEM structure of catalytically active telomerase bound to a DNA substrate did not reveal protein
interactions between TERT and TCAB1, so it remains uncertain if TCAB1 directly contributes to
telomerase activity.
Telomerase allows cells to exceed the replication limit set by telomere shortening;
however, it is only active in a small subset of cell types, namely cells whose functions require
extensive proliferation such as germ cells, embryonic and adult stem and progenitor cells, and
activated immune cells [49-51]. Telomerase activity is determined by the presence of TERT, as
TERT is absent in telomerase-negative cells while TERC is ubiquitously expressed in all cell
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types, though this expression is generally low compared to other RNAs [52]. Telomerase is
active during early human development but is silenced later in gestation in somatic tissues in part
by alternative splicing of TERT [53, 54]. Telomere elongation is strictly limited even in
telomerase-positive cells; for example, expression levels in human tissues are low enough that
loss of one allele of TERT or TERC causes haploinsufficiency and reduces telomerase activity to
the extent that telomere length maintenance becomes impaired [55]. As an additional example,
telomerase-positive hematopoietic stem cells do not have enough telomerase to maintain a set
telomere length over time, resulting in progressive telomere shortening in blood cells over
lifetime [56, 57].
Telomerase is so limited that only a few telomeres are elongated per cell cycle, as livecell imaging experiments have shown that stable interactions between telomeres and telomerase
are relatively rare throughout S-phase [58]. Telomerase is preferentially recruited to shorter
telomeres due to increased accessibility of the G-rich overhang; this is critical, as one short
telomere is sufficient to trigger DDR [59, 60]. Several components that contribute to telomere
stability also regulate telomerase elongation; For example, TRF1, G-quadruplexes, and the CST
complex have all been shown to inhibit telomere elongation by telomerase [61-63]. While TPP1
and POT1 enhance telomerase processivity in vitro, they can also inhibit telomerase by
competing for binding of the single-stranded telomeric DNA substrate [64-66]. Thus, telomerase
is tightly constrained at genetic, transcriptional, and post-transcriptional levels.
When it goes wrong
Telomerase regulation is physiologically essential, as failure of these regulatory
mechanisms to limit telomere elongation is highly associated with carcinogenesis: 90% of
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tumors are telomerase-positive, while the remaining 10% activate HR-mediated alternative
lengthening of telomeres (ALT) [67]. Cancer cells require telomere elongation to continuously
divide, which is most commonly achieved by reactivating TERT expression via promoter
mutations, epigenetic modifications, and gene amplifications [68, 69]. While activation of TERT
is sufficient to immortalize cells in culture, it is insufficient for tumorigenesis, as TERTimmortalized cells maintain normal karyotypes and cell cycle checkpoints [70]. Cells typically
activate telomerase during crisis after telomeres have become critically short but fail to trigger
senescence, allowing cells that have already accumulated extensive genomic instability to
continue to proliferate [4, 71]. This indicates that telomerase does not drive tumorigenesis but is
necessary to maintain it. As it is present in most cancer cells and absent in somatic cells,
telomerase is an attractive target for cancer treatment. This is especially promising because most
tumors have short telomeres just above the threshold required to keep cells alive and
proliferating [72]. As such, cancer cells should be more sensitive to telomerase inhibiting drugs
than telomerase-positive adult stem cells, which have longer telomeres. To date, the only
telomerase inhibitor that has made it to clinical trials is Imtelstat, an oligonucleotide that inhibits
telomerase by binding TERC and sequestering it from TERT [73]. Imtelstat is currently in phase
II clinical trials as treatment for myelofibrosis and myelodysplastic syndromes. However, a
major concern in targeting telomerase for cancer treatment is that anti-telomerase therapies have
been shown to trigger ALT in experimental settings [74]. As such, it may be necessary to pair
telomerase inhibition with ALT inhibition, though there are currently no existing therapies that
target ALT.
While cancer is associated with inappropriate upregulation of telomerase, several
degenerative diseases are associated with mutations that inhibit telomere elongation. Often
10

referred to as “telomere syndromes”, these diseases present at different ages with varying
severity and with symptoms in different organs, however, they share the common trait of having
significantly short telomeres when compared to age-matched controls [56]. The first identified
and most extensively characterized telomere syndrome is dyskeratosis congenita (DC), a rare
inherited bone marrow failure syndrome [43]. DC is associated with mutations in at least 11
genes that have been shown to exacerbate telomere shortening through several mechanisms, with
the most common being impairment of TERC function or stability [48, 75-77]. Additional
telomere syndromes include idiopathic pulmonary fibrosis (IPF), aplastic anemia, and liver
cirrhosis. These telomere syndromes are depicted as a spectrum because causative mutations
vary in effect on telomere shortening, which correlates with severity of resulting phenotypes
[78]. Mutations that greatly lower or essentially abolish telomerase activity cause more severe
diseases such as DC, while mutations with milder effects on telomerase activity such as
heterozygous TERC and TERT mutations retain at least 50% of telomerase activity and thus
have later onset of milder and sometimes isolated symptoms, such as IPF and liver cirrhosis.
Telomere syndromes vary in phenotype and genotype, however, they all revolve around organ
degeneration that is most likely associated with stem cell depletion, as symptoms typically
manifest in high turnover tissues with a need for an active stem cell compartment such as the
hematopoietic system, or in tissues that undergo damage over time and require regeneration such
as the lung and liver. Disease severity is also affected by inherited telomere lengths, as telomere
syndromes display genetic anticipation [55, 56].
Currently, there are no established therapies targeting telomerase to treat the telomere
syndromes, though recent studies targeting TERC processing and degradation pathways have had
promising results [79, 80]. Finding a cure for the telomere syndromes as well as telomerase11

positive cancer will require an improved understanding of the molecular mechanisms underlying
telomere homeostasis and dysfunction. To this end, mice have served as the primary model for
studying telomere biology in mammals, and while the mouse has led to many important
discoveries, there are significant differences between human and mouse telomere biology that
limit the conclusions we can obtain from this model. The most obvious difference is that
laboratory mouse strains have much longer telomeres (~100 kb) than humans (~10-15 kb). As
such, telomere dysfunction after loss of telomerase takes much longer to manifest in mice than it
does in human cells and in patients with telomere syndromes. Phenotypes associated with human
telomere syndromes are often difficult to recapitulate in mice even after mouse telomeres
become sufficiently short over multiple generations due to mechanistic differences in telomere
biology and telomerase regulation [3, 81]. For example, mouse embryonic stem cells stably
elongate telomeres via telomerase-independent mechanisms, whereas in humans this only occurs
in tumorigenic contexts [82]. Mice also do not assemble telomerase in Cajal bodies [83]. Finally,
and perhaps most importantly, mice maintain telomerase activity in many somatic tissues,
whereas telomerase is silenced in all human somatic tissues [84]. Phylogenetic analyses show
that large, long-lived animals such as humans tend to have more constraints on telomerase
regulation, presumably due to longer lifespan and higher cell count contributing to cancer risk,
supporting the notion that mice are less constrained in telomere regulation than humans [85]. It
is important to keep these differences in mind when comparing the often contradictory results
observed between mice and human models regarding telomere biology, as this dissertation will
later demonstrate.
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Noncanonical Functions of Telomerase
TERT
While the importance of telomerase for telomere maintenance is well established, several
studies have reported noncanonical, telomere-independent functions of the telomerase
components. Dyskerin was known for its role in pseudouridinylation of rRNA before it was
established as part of the telomerase complex, and although TCAB1 is now primarily known for
its role in telomerase trafficking, it was originally identified as an antisense RNA regulating p53
expression [43, 86]. TERT in particular has a complicated history of proposed noncanonical
functions. There have been numerous, often contradictory reports of telomere-independent
phenotypes ranging from cell survival to proliferation to stress response caused by TERT
modulation, although the mechanism and relevance of these phenotypes remains disputed [8789]. One supported hypothesis is that TERT contributes to mitochondrial integrity. Several
groups have detected TERT in mitochondria, where it localizes to the matrix and binds mtDNA.
Mitochondrial TERT increases under oxidative stress, and TERT-overexpressing cells are less
sensitive to UV radiation and have improved mitochondrial function as measured by reactive
oxygen species production and mitochondrial membrane potential, indicating that TERT has a
protective function in mitochondria [90, 91]. However, these phenotypes are generally subtle,
particularly in TERT knock-out mice in vivo. As such, the biological significance of this effect is
dubious, especially in comparison to the importance of TERT in telomere maintenance. It has
also been reported that in addition to reverse transcriptase activity, TERT has RNA-dependent
reverse transcriptase (RDRP) activity in vitro. It was shown that TERT binds RNAs other than
TERC and synthesizes a complementary RNA sequence off of the folded 3’ end, producing
double-stranded hairpin RNAs that regulate expression of the corresponding template [92].
13

Currently, this has only been demonstrated with the mitochondrial noncoding RNA RMRP and
various heterochromatin transcripts, and it is unknown if the RDRP function of TERT occurs or
has biological relevance in vivo [93]. Notably, RMRP mutations have been shown to impair cell
growth and cause cartilage-hair hypoplasia, a severe developmental disorder [94]. Therefore, the
RDRP function of TERT regulating RMRP levels could explain why TERT overexpression
enhances cell proliferation, though this has yet to be confirmed.
TERT has also been reported to contribute to the Wnt signaling pathway, which regulates
expression of a number of genes involved in cell proliferation and fate specification [95-97]. Wnt
is critical for development and is activated in many cancers, presenting the intriguing possibility
that TERT contributes to tumorigenesis through this pathway in addition to telomere elongation.
In mice, TERT overexpression activated Wnt signaling as measured by differential expression of
Wnt reporter genes. Moreover, TERT was detected by chromatin immunoprecipitation within
Wnt-target gene promoters, implicating TERT as a transcription cofactor [96]. However,
multiple following studies, including this dissertation, observed no changes in gene expression
indicative of altered Wnt signaling in TERT knock-out mice or human cells [98, 99]. As such, it
has been suggested that the previous findings were an artifact of ectopic overexpression,
although the overexpression phenotype was not observed in human cells[100]. Furthermore, the
function of TERT in Wnt signaling was reported to be independent of catalytic activity, as
phenotypes persisted with overexpression of a catalytically dead TERT mutant; however, other
studies have demonstrated that Wnt-attributed enhancement of cell survival and proliferation do
require the reverse transcriptase activity of TERT [87, 101]. Conversely, it is generally accepted
that Wnt signaling drives TERT expression via β-catenin-mediated transcription, placing TERT
downstream of Wnt in regards to embryonic development and tumorigenesis [102, 103].
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However, due to conflicting results and discrepancies between different experimental models and
modes of TERT modulation, the existence of a noncanonical, telomerase-independent function
of TERT, particularly as a Wnt regulator, remains controversial.
TERC
Unlike TERT, TERC is expressed in telomerase-negative somatic cells, which offers the
possibility that TERC may have a biological function outside of telomerase. However, the
seminal telomerase knock-out mouse, which was generated through genetic deletion of TERC,
did not manifest any apparent phenotypes until later generations after sufficient telomere
shortening could occur [104]. Late generation TERC knock-out mice displayed increased
infertility, progressively smaller litter sizes, and defects or failure of highly regenerative organs
such as the small intestine [105]. These observations strongly suggest that the effects of TERC
deletion were solely due to telomere shortening. As such, it was long assumed that TERC has no
function outside of telomerase, and to date there is no evidence of such a function exisitng in
mice [98, 106]. However, as discussed, there are significant differences between mice and
humans regarding telomerase regulation and function, therefore it is conceivable that TERC
could have a telomerase-independent function in humans that does not translate to mice. In fact,
several recent studies in other experimental models have reported evidence of a noncanonical
function of TERC independent of telomere maintenance.
First, chromatin immunoprecipitation by RNA purification (ChIRP) identified thousands
of TERC-chromatin interaction sites throughout the genome outside of telomeres, presenting the
intriguing possibility that in addition to serving as the telomerase template, TERC may also alter
chromatin to regulate gene expression in a manner similar to many other long noncoding RNAs
[107, 108]. In support of this idea, a zebrafish study found that TERC knock-down resulted in
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neutropenia associated with differential expression of genes identified in the ChIRP study [109].
This phenotype was observed after short term loss of TERC before detectable telomere
shortening could occur and was not copied by TERT knock-down, indicating that this defect was
not caused by telomere dysfunction.
Additionally, there have been multiple recent reports of telomerase-independent functions
of TERC in human cells. In line with the ChIRP results, two studies reported differential gene
expression correlating with TERC overexpression or knock-down, though the identified genetic
pathways do not coincide [110, 111]. TERC was also shown to inhibit ATR in response to DNA
damage after UV irradiation, which in turn prevented cell cycle arrest and increased proliferation
in cancer cells [112]. It was also reported that TERC enhances phosphorylation of hnRNP A1 by
DNA Protein Kinase in vitro without the addition of TERT. hnRNP A1 contributes to telomere
replication as well as length maintenance, suggesting a potential function of TERC contributing
to telomere maintenance outside of telomerase [113-115]. In cultured human T lymphocytes,
overexpression of catalytically inactive mutant TERC prevented drug-induced apoptosis, while
another study claims that TERC is translated into a protein that prevents apoptosis by mediating
autophagy [116, 117]. Finally, one very recent report demonstrated that TERC can be imported
into mitochondria in vitro, where it is processed into a shorter RNA, termed TERC53, and then
exported back into the cytosol. Cytosolic TERC53 levels correlated with mitochondria function,
suggesting that TERC could have a role in communication between mitochondria and other
organelles [118].
These novel reports are stimulating but widely inconsistent and often propose multiple
unrelated or even contradictory functions of TERC. Furthermore, while these reports present
interesting phenotypes, none offer a sufficiently detailed or reproducible molecular mechanism
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that could explain how TERC would cause such a phenotype. Critically, the majority of data
presented in these reports could be considered inconclusive due to experimental limitations
resulting from the chosen model or mode of TERC modulation. Previous studies regarding
noncanonical functions of TERC relied on genetically variable knock-down methods such as
siRNA and morpholinos; these methods can be difficult to reproduce and are known to have offtarget effects that may contribute to the observed phenotypes independent of TERC reduction
[119, 120]. On the other hand, overexpression results can also be misleading, as robust
overexpression could affect RNA folding dynamics or create molecular interactions that would
not occur in the context of normal physiology or even in tumors without experimental
intervention.
Finally, these previous studies fail to conclusively confirm that the TERC-associated
phenotypes are entirely independent of telomere dysfunction, making it impossible to conclude
whether or not the reported functions of TERC are in fact noncanonical. This is especially
critical considering that the most common phenotypes reported involve altered cell proliferation
or survival, both of which could result from telomere dysfunction. Every study regarding
noncanonical functions of TERC reports that bulk telomere shortening did not occur before onset
of the phenotype; however, as previously discussed, it is the shortest telomeres, and not average
length, that determine telomere dysfunction. A single dysfunctional telomere can be sufficient to
trigger telomere-induced senescence or apoptosis; therefore, measuring changes in bulk telomere
length is inadequate to exclude telomeres as the cause of a phenotype [25]. This is especially true
in cancer cells, the model used by most of the aforementioned human studies, as these cells have
relatively short telomeres to begin with, therefore even a short time without a telomerase
component could feasibly trigger a dysfunction response without detectable changes in bulk
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telomere length. Due to these issues, which echo the controversy surrounding noncanonical
functions of TERT, currently there is no established or universally-accepted role for TERC
outside of telomerase.
Rationale
TERC has recently emerged as a promising therapeutic target for treating telomere
syndromes such as DC; As such, it is crucial to understand the extent and relevance of all
potential functions of TERC, as these could have implications for potential side effects that may
arise from altering TERC levels in patients [79, 80]. It has been established that TERC does not
function outside of telomerase in mice; however the aforementioned studies suggest that this
may not be the case in humans. As such, the overarching goal of this dissertation was to further
investigate noncanonical, telomere-independent functions of human TERC. Unlike TERT, TERC
is expressed in somatic cells; therefore we were particularly interested in investigating
noncanonical functions of TERC in the context of normal, non-tumorigenic physiology.
Furthermore, telomerase-negative ALT cell lines, such as U2OS and VA13, lack detectable
TERC, and TERC has previously been knocked out in a telomerase-positive cancer line without
any noted phenotypes outside of telomere shortening [37, 121]. As such, cancer cells are less
likely to have a telomere-independent phenotype following TERC ablation. However, to our
knowledge, TERC has never been knocked out in untransformed human cells. To this end, we
utilized human embryonic stem cells (hESCs), as they maintain normal karyotypes and cell cycle
check points but are also immortal in culture, allowing for the extended propagation required for
gene-editing and other long-term experiments. Additionally, hESCs can be differentiated into a
variety of different tissues in vitro, affording the opportunity to investigate noncanonical
functions of TERC in different biological contexts [122].
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We sought to generate a complete human TERC knock-out hESC line, as gene knockouts are genetically controlled and stable compared to transient knock-down methods. A knockout is also preferable as it eliminates any ambiguity from negative results; for instance, lack of a
phenotype could not be due to insufficient knock-down of TERC. However, the work presented
in this dissertation will demonstrate that the extensive cell passaging required for clone isolation
after genome-editing precludes generation of telomerase knock-out human cells with sufficiently
long telomeres. This issue of coordinating gene-editing with telomere shortening has also been
illustrated in mice: the original TERC knock-out mouse uncoupled TERC from telomere
elongation because laboratory mouse strains maintain extremely long telomeres; as such,
telomere shortening did not manifest any phenotypes until the fourth generation [104]. However,
when TERC was knocked out from a wild-derived mouse strain with telomere lengths
comparable to humans, dramatic loss in survival was observed in the first generation [106, 123].
This indicates that telomeres were not initially long enough to persist through the gene-editing
process, therefore, in this mouse model, it would be difficult to separate telomere-independent
from dependent phenotypes. In contrast to mice, human ES cells cannot be engineered to
maintain excessively long telomeres due to trimming mechanisms that limit maximum telomere
length [124]. Therefore, it would be exceedingly difficult to generate a constitutive human TERC
knock-out model in which TERC expression could be separated from telomere shortening with
confidence. To circumvent this considerable obstacle, we generated conditional TERC knockout
hESCs. With this model, TERC can be acutely ablated in the presence of long, uniform telomere
lengths, effectively uncoupling TERC expression from telomere maintenance. This also
eliminates the concern of off-target effects or clonal differences, as no further gene-editing or
selection is required after conditional removal of TERC. Additionally, we generated conditional
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TERT knock-out hESCs to compare phenotypes, as any differences between TERT and TERC
knock-outs would indicate that one of these components has noncanonical functions in addition
to its role in telomerase.
The work presented in this dissertation demonstrates that TERC is essential for cell
survival, as TERC ablation triggers widespread, synchronized apoptosis in hESCs. We
demonstrate that this function is independent of telomere dysfunction and the telomerase protein
components, confirming a telomere-independent, noncanonical function of TERC in human
cells. This dissertation also attempts to validate many of the aforementioned studies investigating
noncanonical functions of TERC in pursuit of an underlying molecular mechanism behind our
observed phenotype. Finally, this work demonstrates the vital, unforeseen phenotypic differences
between telomerase reduction and complete removal, illustrating the often underappreciated
complexity underlying telomere maintenance.
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Figures and Tables

Figure 1.1: Telomere structure
The human telomere consists of several thousand TTAGGG nucleotide repeats ending in a
single-stranded G’ rich 3’ overhang. The overhang invades the preceding double-stranded
telomeric DNA to form a localized displacement loop (D-loop), resulting in a “tied-off”
protective secondary structure termed the telomere-loop, or T-loop. Telomeres are bound by
shelterin proteins (TRF1, TRF2, POT1, TPP1, TIN2, and RAP1) that stabilize the T-loop and
inhibit DDR sensor and repair proteins from recognizing the telomere as a double-stranded DNA
break.

21

Figure 1.2: Telomerase RNP
The vertebrate telomerase holoenzyme consists of the reverse transcriptase TERT, the RNA
template TERC, TCAB1, and two dyskerin complexes. The dyskerin complex consists of
dyskerin and accessory proteins NOP10, NHP2, and GAR1. Dotted lines indicate functional
domains of TERC dependent on secondary structure, yellow boxes indicate functional sequence
motifs. TERT interacts with TERC through the pseudoknot and CR4/5 domains, while dyskerin
and TCAB1 bind TERC within the scaRNA domain.
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Chapter 2: TERC suppresses apoptosis in human embryonic stem cells independent of
other telomerase components
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Introduction
Previous reports relied on gene overexpression or knock-down methods to investigate
telomerase-independent functions of human TERC; however, to our knowledge, TERC has never
been gentically deleted in non-tumorigenic human cells. This endeavor is complicated by the
amount of time and cell passaging required to isolate and screen single clones for the desired
deletion, as successful knock-outs will undergo telomere shortening during this period. As will
be discussed in detail in Chapter 4, it can be deceptively difficult to exclude the possibility of
telomere dysfunction when the amount of time spent without telomerase is undefined. To address
this, we generated conditional TERC knock-out human embryonic stem cells (iTERC_KO
hESCs) in which TERC expression could be tightly controlled by the addition or removal of
doxycycline (DOX); this provided cells that lacked TERC but possessed long telomeres
comparable to those seen in TERC-positive hESCs, effectively uncoupling TERC expression
from telomere maintenance. This model revealed that TERC is essential for viability, as
iTERC_KO hESCs underwent synchronized, widespread cell death after a short time without
TERC. Through genetic and biochemical methods, we verified that this phenotype is
independent of telomere dysfunction and the telomerase complex proteins. Finally, we found that
this function of TERC is not universal to all cell types, as the dramatic loss of viability observed
in iTERC_KO hESCs did not occur in differentiated cells. The data presented in this chapter
conclusively demonstrates that TERC has a biological function outside of its role in telomere
maintenance that is critical for survival in human stem cells.
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Methods
Cell culture
H1 hESCs were cultured on matrigel-coated plates in mTESR1 media (STEMCELL
Technologies) in a humidified incubator at 37°C in 5% CO2 and 5% O2. Media was changed
daily and cells were passaged at a split ratio of 1:6 every 3-4 days with 0.02% EDTA as
previously described [125]. iTERC_KO and iTERT_KO hESC lines were maintained with 250
ng/mL DOX unless otherwise indicated. iTERC_KO hESCs were differentiated into fibroblastlike cells as previously described and were maintained on gelatin-coated plates in DMEM
supplemented with 20% fetal bovine serum and 1% penicillin/streptomycin (Gibco) [126].
iTERC_KO fibroblast-like cells were passaged every 7 days with 0.05% trypsin (Gibco). U2OS
cells were cultured in DMEM supplemented with 10% feta bovine serum and 1%
penicillin/streptomycin and were passaged with 0.05% trypsin as needed.
Gene Editing
Insertion of the DOX-inducible TERC or TERT expression systems into H1 hESCs was
performed using zinc finger nuclease (ZFN) targeted integration at the AAVS1 safe-harbor locus
as previously described [127]. Transfection of AAVS1-targeting vectors was performed using XTremeGene 9 following the manufacturer’s instructions (Roche). For knock-out of the
endogenous TERC and TERT genes, CRISPR gRNAs were inserted into the MLM3636 plasmid
(Addgene 43860) and co-transfected with a plasmid carrying Cas9 (Addgene 43945) using the
4D-Nucleofector with the P4 Primary Cell 4D-Nucleofector kit (Lonza). For iTERC_KO, two
gRNA sequences targeting either the 5’ or 3’ end of the TERC gene were co-transfected with
Cas9 to NHEJ, resulting in the complete removal of the TERC gene. For iTERT_KO, one gRNA
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sequence was co-transfected with Cas9 to induce NHEJ resulting in a frame shift and early
termination. Nucleofected cells were plated on matrigel at low density and manually picked
when colonies grew out. Clones were then screened and sequenced for TERC or TERT deletions
in the presence of DOX. See Table 2.1 for gRNA sequences.
DOX removal time course and Propidium Iodine staining
iTERC_KO cultures were washed with PBS and media was replaced with mTESR1 without
DOX. For each experiment, cells were cultured with and without DOX on separate plates and
kept on separate incubator shelves to prevent contamination. Samples with and without DOX
were passaged on the same days at the same split ratio so they were cultured in parallel. For
experiments assessing iTERC_KO rescue after lentiviral transduction, an untransduced
iTERC_KO “kill control” was cultured in parallel to determine the expected time of death.
Transduced iTERC_KO lines that did not die on the same day as the kill control were kept in
culture for at least one more week to confirm that cells would not die. Cell death was never
observed in samples that did not die on the same day as the kill control. When cell death was
observed, both supernatant and attached cells were collected, treated with 500 uM Hoechst
33345 and 4 ug/mL propidium iodide, and then immediately mounted on glass slides. Images
were acquired using a LEICA DM6 B microscope and the Leica Application Suite X software
(Buffalo Grove). Propidium iodide-positive nuclei were counted manually.
Plasmids and Lentiviral Transduction
Lentiviral packaging and expression vectors were designed and purchased on Vectorbuilder.com.
HEK-293T cells were transfected with lentiviral packaging and expression vectors using
Lipofectamine 2000 following the manufacturer’s instructions (Thermo Fisher Scientific), media
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containing virus was collected and concentrated using LentiX Concentrator following the
manufacturer’s instructions (Takara Bio). iTERC_KO hESCs were transduced using Polybrene
(Sigma Aldrich) and were selected with 5 ug/mL blasticidin (Gibco).
Western Blots
Protein was extracted using NP-40 buffer (25 mM HEPES-KOH, 150 mM KS, 1.5 mM MgCl2,
10% glycerol, 0.5% NP40, and 5 mM 2ME [pH 7.5]) supplemented with protease and
phosphatase inhibitors (Roche) for 15 minutes on ice. Quantification of proteins was performed
by Bradford assay or BCA assay following manufacturer’s instructions (Pierce). Proteins were
resolved in 10% polyacrylamide gels in 1X Tris/glycine/SDS buffer and transferred onto
nitrocellulose membrane at 400 milliamps for 1:45 hours in 1X Tris/glycine buffer with 20%
methanol at 4ºC. Membranes were blocked in 5% BSA in TBS buffer for at least one hour.
Primary antibody incubation was performed overnight at 4ºC in 5% BSA in TBS- buffer
supplemented with 1% Tween-20 (TBST). Membranes were washed (3X for 5 minutes) with
TBS-T buffer and incubated in 5% BSA in TBS-T with secondary antibodies (Li-COR) for one
hour. Membranes were then washed with TBS-T and scanned using the odyssey IR scanner (LiCOR). Image capture and signal analysis was done using the Image Studio software (Li-COR).
Primary antibodies used were: p53 (Santa Cruz), Active Caspase 3 (Abcam), GAPDH (Cell
Signaling Technologies), and Actin (Sigma).
Telomerase Activity and Telomere Length Analysis
Telomerase activity was measured by Telomere Repeat Amplification Protocol (TRAP). Cell
pellets were lysed in NP-40 buffer for 15 min on ice and supernatant was collected after
centrifugation at 12,000g for 15 min at 4°C. Protein was quantified by BCA assay following the
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manufacturer’s instructions (Pierce). Telomere extension and amplification reactions were
performed with 2.0 μg, 0.5 μg and 0.125 μg of protein following a modified 2-step TRAP
protocol from the manufacturer (TRAPeze). Reactions were run on a 9% polyacrylamide gel for
3 hours at 250 volts in TBE. The gel was dried and exposed for 20-30 minutes to Carestream
BioMax MR film (Sigma). Telomere lengths were measured by Telomere Repeat Fragment
Analysis (TRF). Isopropanol-extracted genomic DNA was digested overnight with RSA and
HINF1 restriction enzymes (New England Biolabs) and resolved on a 0.8% agarose gel for 16
hours at 85 volts in TBE (Tris/Borate/EDTA) buffer. The gel was then soaked in denaturing
buffer (1.5M NaCl and 0.5M NaOH) for 45 minutes followed by neutralizing buffer (1.5M NaCl,
1M Tris-HCL at pH 7.4) for 1 hour. DNA was transferred to a nitrocellulose membrane by
capillarity overnight in 20x saline-sodium citrate (3M NaCl, 0.3M sodium citrate dehydrate at
pH 7.0). The membrane was cross-linked and hybridized with a 32P-labelled probe
(TTAAGGG)4 and exposed overnight to Carestream BioMax MR film (Sigma).
RNA extraction, cDNA synthesis, and quantitative real time PCR
RNA extraction was performed using Trizol (Invitrogen) followed by DNAse treatment (Thermo
Fisher Scientific) following the manufacturer’s instructions. cDNA was made using Superscript
III First Strand synthesis kit (Invitrogen) following the manufacturer’s instructions. Quantitative
real time PCR was performed using a StepOne Plus (Applied Biosystems) instrument. For
detection of TERC, Brilliant II 1-step qPCR master mix (Agilent) was used following
manufacturer’s instructions. For all other genes, Evagreen master mix (Lambda Biotech) was
used. Sample size for all experiments was at least n=3 unless otherwise indicated. Expression
levels were calculated by ΔΔCT. ACTB was used as a loading control. See Table 2.1 for PCR
primer sequences.
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Telomere dysfunction Induced Foci (TIF) Analysis
TIFs were analyzed using a combination of immunofluorescence and fluorescent in situ
hybridization. Cells were grown on matrigel-coated cover slips and were fixed with 4%
formaldehyde for 10 minutes and stored at 4 °C. Fixed cells were blocked with 2% BSA in PBS
for 4 hours and incubated in 53bp1 primary antibody (BD Biosciences) overnight at 4 °C. Slides
were washed in PBS three times, fixed again with 4% formaldehyde, and then dehydrated with
70%, 90%, and 100% ethanol for 5 minutes each. Slides were then hybridized with FITC-TelC
probe (PNA Bio Inc.) in hybridization buffer (10 mM TRIS-HCl pH 7.2, 70% formamide, 0.5%
Blocking Reagent [Roche]) at 80°C for 5 minutes and then incubated at room temperature for 2
hours in the dark. Slides were washed with wash buffer (10 mM Tris-HCl pH 7.2, 70%
formamide) twice for 15 minutes each and then mounted with ProLong™ Gold Antifade
Mountant with DAPI (Thermo Fisher Scientific). Images were acquired using a LEICA DM6 B
microscope and the Leica Application Suite X software (Buffalo Grove). TIFs were counted
manually.
Caspase Activation Assay
Caspase 8 and Caspase 9 activation were measured using a colorimetric assay following the
manufacturer’s instructions (Abcam).
β-Galactosidase Staining
Senescence was assessed using the Senescence β-Galactosidase Staining Kit following the
manufacturer’s instructions (Cell Signaling Technologies).
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Northern Blot
RNA extraction was performed using Trizol followed by DNAse treatment and was quantified
by Nanodrop (Thermo Fisher Scientific). RNA was resolved on a 5% urea/polyacrylamide gel in
TBE and transferred onto Hybond-N membrane at 500 milliamps for 1:30 hours in TBE at 4ºC.
The membrane was crosslinked, pre-hybridized in Ultrahyb hybridization buffer (Invitrogen) at
35ºC, and hybridized to P32-labelled probes overnight. The membrane was washed for 2 hours
with 6x saline-sodium citrate supplemented with 0.1% SDS and exposed overnight to
Carestream BioMax MR film (Sigma). Five DNA probes targeting different sequences were used
to detect WT TERC, three were used to detect ΔscaRNA, and one was used to detect U3.
*Generation and characterization of iTERT_KO was performed by Alex Vessoni
Results
Generation of iTERC_KO hESCs
We generated iTERC_KO hESCs using a combination of genome-editing technologies.
First, we used zinc finger nucleases (ZFNs) to insert a doxycycline (DOX)-inducible TERC
expression system into the AAVS1 safe harbor locus as previously described [127]. Second, we
deleted the endogenous TERC locus via CRISPR/Cas9 through the use of two small guide RNAs
each targeting the genomic regions flanking the 5’ or 3’ ends of the transcribed TERC gene.
Cells were maintained with DOX throughout the CRISPR/Cas9 screening process to ensure that
exogenous TERC was continuously expressed and telomeres did not shorten. We isolated two
independently-derived clones of iTERC_KO with clone 1 exhibiting biallelic deletions and clone
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2 exhibiting a homozygous deletion (Figure 2.1). The experiments described below were
conducted in clone 1 unless otherwise indicated.
As expected, iTERC_KO cells expressed TERC in a DOX dose-dependent manner, with
TERC being undetectable in the absence of DOX. To avoid robust overexpression and maintain
TERC at a relatively physiological abundance, iTERC_KO cells were cultured in 250 ng/mL
DOX unless otherwise indicated, as this dose most closely emulated the amount of TERC
detected in WT hESCs. DOX treatment was sufficient to reconstitute telomerase activity as
measured by telomere repeat amplification protocol (TRAP), indicating that the exogenous
TERC was functional. Upon DOX removal, TERC RNA degraded quickly and predictably, and
telomerase activity diminished and became undetectable within five days (Figure 2.2). Telomere
length analysis by Southern blot indicated that iTERC_KO cells treated with DOX maintained
long, uniform telomeres comparable to wild type hESCs, effectively uncoupling TERC
expression from telomere homeostasis (Figure 2.6A). These results confirm that TERC
expression can be tightly controlled in iTERC_KO hESCs without long-term disruption of
telomere maintenance, allowing us to investigate telomere-independent functions of TERC.
TERC promotes stem cell survival independent of telomere maintenance
When cultured with DOX, iTERC_KO hESCs survived indefinitely and were
morphologically indistinguishable from wild type hESCs, indicating no deleterious off-target
effects of genome-editing. Following DOX removal, cells maintained normal hESC morphology
and could be cultured for at least 14 days without exhibiting any signs of decreased viability until
they underwent a sudden, nearly synchronous induction of cell death, as quantified by propidium
iodide staining (n>20, Figure 2.3). Cell death occurred consistently in both iTERC_KO clones,
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and while the time of death was variable between experiments, iTERC_KO replicates cultured in
parallel died on the same day after DOX removal, suggesting that the time of death depended on
the culture environment and cell-splitting schedule.
To assess the mode of death, we measured accumulation of p53 and caspase 3 activation
by Western blotting. Results show a massive increase in both proteins at the time cell death was
observed, indicating that loss of TERC triggers p53-mediated apoptosis. Caspases 8 and 9 were
also activated, further confirming apoptosis induction (Figure 2.4). Additionally, we assessed
double-stranded DNA damage after DOX removal by immunofluorescence of DDR markers
yH2aX and the ATM target Chk2. We found that DDR markers were not activated until the day
cell death was observed, indicating that the iTERC_KO cells did not gradually acquire DNA
damage upon TERC ablation. Initially, we attributed this acute DDR to apoptosis-mediated
nuclease activation and DNA fragmentation. However, DNA fragmentation occurs late in
apoptosis after nuclear blebbing and apoptotic body formation [128]. DDR signals were
observed in fixed iTERC_KO cells with normal-sized, intact nuclei, indicating these cells were
not in this late stage of apoptosis. Additionally, we detected activated caspase 3 but not yH2AX
in the small fraction of cells found in the supernatant of viable iTERC_KO cells cultured with
DOX, indicating that apoptosis does not necessarily cause the yH2AX accumulation observed in
iTERC_KO following TERC ablation (Figure 2.5). This suggests that TERC causes massive
DNA damage and triggers the ATM response upstream of caspase activation, though more
experiments will be required to confirm this.
The induction of apoptosis within two to four weeks following TERC ablation contrasts
with what has previously been observed in hESCs lacking telomerase. Previous studies with
TERT knock-out hESCs (see also Figure 2.7) demonstrate that TERC-expressing hESCs that
32

lack functional telomerase survive for three to four months with progressive telomere shortening
until telomeres become critically short, resulting in programmed cell death [129]. Expectedly,
iTERC_KO cells grown without DOX exhibited minimal telomere shortening before apoptosis
induction, with telomere lengths being similar to those maintained in DOX and markedly longer
than those measured in cells dying from telomere dysfunction. Also, we did not detect any
significant increase in telomere dysfunction-induced foci (TIFs) indicative of uncapped
telomeres (Figure 2.6). We conclude that the loss of viability observed in iTERC_KO is not
attributable to telomere dysfunction, indicating that TERC has a noncanonical function outside
of telomere maintenance that is critical for human stem cell survival.
TERC promotes stem cell survival independent of other telomerase components
Next, we questioned whether this telomere-independent function of TERC requires the
telomerase protein components TERT, dyskerin, or TCAB1. To determine if TERT is involved
in the antiapoptotic function of TERC, we generated iTERT_KO hESCs using the same AAVS1targeting strategy to express DOX-inducible FLAG-TERT. This was followed by CRISPR/Cas9
targeting of exon 2 of the endogenous TERT gene, which generated biallelic nonsense mutations
that prevent TERT protein production and abolish telomerase activity, culminating in progressive
telomere shortening (Figure 2.7). Consistent with previous reports, iTERT_KO hESCs were
viable for three months after DOX removal and survived far past the point of apoptosis induction
observed in iTERC_KO cells (Figure 2.8). Notably, after telomeres became critically short,
iTERT_KO hESCs began to die gradually over the course of several weeks in contrast to the
widespread, synchronous cell death observed in iTERC_KO hESCs. As iTERT_KO and
iTERC_KO have distinct cell death phenotypes, we conclude that TERC promotes hESC
survival independent of TERT interaction and telomerase catalytic activity.
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To determine whether dyskerin or TCAB1 are necessary for the antiapoptotic function of
TERC, we created a TERC mutant lacking the last 74 nucleotides of the transcribed RNA,
effectively removing the scaRNA domain containing the H/ACA and CAB box binding motifs
and preventing TERC interaction with either protein (ΔscaRNA). We first characterized
ΔscaRNA in the telomerase-negative ALT cell line U2OS, which lacks endogenous TERC and
TERT (Figure 2.9). Transgenic TERT was expressed via lentiviral integration while wild type
(WT) or ΔscaRNA TERC were constitutively expressed from the AAVS1 locus at similar levels.
Co-expression of TERT with WT TERC was sufficient to reconstitute telomerase activity in
U2OS cells. However, when TERT and ΔscaRNA were co-expressed, activity was only
detectable by TRAP after overexposure of the film, indicating that loss of the scaRNA domain
abolished almost all telomerase activity.
Next, we expressed WT or ΔscaRNA TERC in iTERC_KO hESCs via lentiviral
integration, as both AAVS1 alleles already contained transgenic constructs. DOX-independent
lentiviral expression of WT TERC effectively prevented apoptosis in iTERC_KO cells grown
without DOX, confirming that TERC is sufficient for cell survival and excluding the possibility
of off-target effects contributing to the phenotype (Figure 2.10). TERC ΔscaRNA levels were
much lower in iTERC_KO hESCs compared to U2OS cells, as we were only able to detect trace
amounts of TERC via quantitative real-time PCR and were unable to detect the mutant via
Northern blot (Figure 2.11). Remarkably, this amount of ΔscaRNA TERC was sufficient to
prevent induction of apoptosis; following DOX removal, iTERC_KO cells expressing ΔscaRNA
remained viable while iTERC_KO cells that were untransduced or transduced with a GFP
control from the same lentiviral vector both underwent apoptosis, indicating that dyskerin and
TCAB1 are dispensable for the noncanonical function of TERC required for hESC survival
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(Figure 2.10). To confirm that such trace amounts of TERC are sufficient to rescue iTERC_KO
cells from apoptosis induction, we titrated a lower DOX concentration that yielded levels of
TERC accumulation in iTERC_KO cells similar to those observed in iTERC_KO _ΔscaRNA
cells after DOX removal (Figure 2.11). We were able to maintain iTERC_KO cells with this
concentration of DOX past the time that cell death was observed after DOX removal in parallel
controls. This supports the notion that the antiapoptotic function of TERC requires very low
amounts of TERC RNA.
To confirm that ΔscaRNA completely rescued rather than delayed the onset of apoptosis,
we continued to culture iTERC_KO_ΔscaRNA cells without DOX after cell death was observed
in iTERC_KO and iTERC_KO_GFP cells. Upon DOX removal, iTERC_KO_ΔscaRNA cells
exhibited no detectable telomerase activity and underwent progressive telomere shortening
similar to iTERT_KO hESCs (Figure 2.7, 2.12). Three months after DOX removal, telomeres
became critically short and cells began to die gradually similar to iTERT_KO cells. This further
demonstrates that the iTERC_KO phenotype is distinct from a telomere dysfunction phenotype,
as TERC ΔscaRNA was sufficient to rescue iTERC_KO hESCs from synchronized cell death
without restoring telomere maintenance. We conclude that TERC acts independent of the
telomerase complex to prevent apoptosis induction in hESCs.
TERC is not required for survival across all cell types
While TERT expression is restricted to highly proliferating, telomerase-positive cell
types, TERC is ubiquitously expressed in all cell types [52]. Thus, we questioned whether TERC
suppresses apoptosis in somatic cells as it does in pluripotent stem cells. To interrogate this, we
differentiated iTERC_KO hESCs into “fibroblast-like” cells (iTERC_KO_FBL) as previously
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described [126]. Following differentiation, iTERC_KO cells adopted an altered morphology
distinct from hESCs. iTERC_KO fibroblast-like cells silenced TERT and exhibited dramatic
upregulation of fibroblast and mesoderm markers with diminished expression of pluripotency
markers, indicating that they were adopting a somatic cell fate. Unexpectedly, after
differentiation, iTERC_KO fibroblast-like cells became unresponsive to DOX and failed to
induce TERC expression under any condition (Figure 2.13). As such, we were unable to use
iTERC_KO fibroblast-like cells expressing TERC as a control. Nevertheless, we found that
iTERC_KO fibroblast-like cells did not undergo the sudden, synchronized widespread cell death
observed in iTERC_KO hESCs. Differentiated cells were grown for five months with no
apparent loss of viability until cells ceased proliferation and underwent senescence typical of
telomerase-negative, terminally-differentiated cells [18]. As such, the antiapoptotic function of
TERC does not appear to be essential in all cell types, suggesting that TERC affects a molecular
pathway of particular importance to stem cells.
Discussion
Here we demonstrated that TERC prevents apoptosis induction in human embryonic stem
cells by a mechanism that is independent of telomere maintenance and other telomerase
components. This finding in consistent with multiple previous reports claiming that TERC
affects regulation of survival and apoptosis in human cells, though we are the first to observe a
phenotype in non-tumorigenic cells without apoptosis-inducing drugs, indicating that TERC is
essential for cell survival even in the absence of environmental stressors [112, 116, 117].
We found that the scaRNA domain, which is critical for TERC stability, is dispensable
for the noncanonical function promoting stem cell survival. Importantly, this explains why the
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iTERC_KO phenotype, a dramatic loss of cell viability outside the context of telomere
dysfunction, is not seen in DC or aplastic anemia patients with critically short telomeres [48, 75,
130]. These patients often harbor mutations that diminish but do not completely ablate TERC,
therefore enough TERC would remain to maintain the noncanonical function that is lost in
iTERC_KO hESCs. There are currently no reported patients that completely lack TERC, and
while there are cancer cell lines, such as U2OS, that express no detectable TERC, these lines
carry tumorigenic mutations that promote cell survival and would likely compensate for loss of
the antiapoptotic function of TERC. As such, we postulate that complete TERC deletion would
be embryonic lethal in humans.
Additionally, we found that deletion of the scaRNA domain in TERC diminishes
telomerase activity in hESCs to the extent that telomeres cannot be maintained; as a result, cells
die within the same time frame as iTERT_KO hESCs after TERT ablation, rendering the
ΔscaRNA mutant effectively telomerase-dead. This seemingly contradicts previous data
characterizing hTRmin, the minimal TERC structure required to reconstitute telomerase activity
in vitro, which lacks the scaRNA domain [37]. This study also reported that telomerase activity
with hTRmin required overexpression of TERT to compensate for defects in RNP assembly due
to loss of interaction with dyskerin and TCAB1. On a similar note, we were able to detect trace
amounts of telomerase activity with TERC ΔscaRNA in U2OS-TERT cells, which accumulated
40-fold more TERC than iTERC_KO hESCs transduced with TERC ΔscaRNA (Figure 2.11).
Taken together, these data indicate that telomerase requires high levels of both TERT and TERC
to assemble in the absence of dyskerin and TCAB1. We deduce that the low level of TERC
ΔscaRNA maintained in iTERC_KO was not sufficient to reconstitute telomerase, and as such,
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our results are consistent with the conclusions taken from hTRmin while also demonstrating that
telomerase activity is not required for the antiapoptotic function of TERC.
A common argument supporting potential noncanonical functions of TERC emphasizes
that TERC is expressed in telomerase-negative cells, which implies that TERC may have a
telomerase-independent function in these cells. Contrary to this idea, we found that TERC is
essential for survival in telomerase-positive hESCs but dispensable in telomerase-negative
fibroblast-like cells, as iTERC_KO fibroblast-like cells were viable without TERC to the point of
cellular senescence. We presume that this senescence would have also occurred in the presence
of TERC, as fibroblast-like cells lack TERT, therefore TERC ablation after cell differentiation
effectively caused no phenotype. As such, the biological significance of this noncanonical
function of TERC outside of embryonic stem cells, which only exist within the first five days of
human fertilization, remains unestablished, especially considering that iTERC_KO hESCs
survive for at least 14 days without TERC before apoptosis induction [131].
To address this, future studies should utilize current in vitro differentiation technologies
to interrogate the importance of TERC for cell survival throughout different points of hESC
differentiation to fully assess the relevance of the antiapoptotic function of TERC to human
physiology [122]. Furthermore, it would be interesting to assess if any other telomerase-negative
cell types, such as hepatocytes or neurons, require the noncanonical function of TERC, as we
have only tested one differentiated cell type thus far. A correlation between telomerase activation
and dependence on TERC for survival could suggest that this function of TERC is connected to
telomerase regulation, though it would still be considered noncanonical as we have demonstrated
that TERC acts outside of the telomerase complex to fulfill this function. It is important to note
that the differences observed between pluripotent and differentiated iTERC_KO cells could be
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due to variables other than stemness, such as culture conditions or proliferation rate. Further
assessment of the iTERC_KO phenotype in additional cell types would help clarify this
possibility.
Currently, we have yet to establish the molecular mechanism underlying apoptosis
activation after loss of TERC. We observed p53 upregulation during apoptosis induction in
iTERC_KO hESCs following TERC ablation, indicating that p53 mediates this response.
Additional experiments should assess iTERC_KO rescue from apoptosis following p53
inhibition through drug treatment, knockdown, or expression of a dominant negative mutant to
fully establish that p53 is required for the iTERC_KO phenotype. We also observed robust
activation of ATM through accumulation of yH2AX and Chk2. These signals were detected in
intact nuclei before the formation of apoptotic bodies and appeared similar to positive control
cells treated with DNA damaging agents, suggesting that loss of TERC causes acute, widespread
DNA damage upstream of caspase activation. This suggests that apoptosis in iTERC_KO hESCs
is triggered by DNA damage; however, more experiments will be needed to confirm this order of
events.
This could be achieved by assessing iTERC_KO rescue after treatment with caspase or
ATM-inhibiting drugs. If caspase-dependent nuclease activation is inhibited but ATM markers
persist, it would indicate that ATM is activated upstream of p53 and apoptosis. Likewise, if
ATM inhibition rescues iTERC_KO cell viability, it would indicate that ATM activates
apoptosis after TERC ablation. Finally, while we noted that apoptosis does not always result in
yH2AX accumulation, it would be beneficial to further confirm this by treating hESCs with
drugs that trigger apoptosis through a mechanism that doesn’t involve DNA damage, such as
dexamethasone [132]. This would allow us to directly compare ATM activation in attached,
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intact nuclei between DNA damage-dependent and independent apoptosis, and would exclude
the possibility of nonspecific immunofluorescent antibody binding that could explain this
surprising observation in dying iTERC_KO hESCs. These experiments would be sufficient to
establish an order of events that begin to connect TERC ablation to apoptosis induction and
would provide insight into the underlying molecular mechanism, as the observed DNA damage
indicates that loss of TERC dramatically affects genome integrity, perhaps through perturbations
in DNA replication or repair.
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Figures and Tables

Figure 2.1: Generation of conditional TERC knock-out human embryonic stem cells
(iTERC_KO hESCs)
A.) Strategy for generation of iTERC_KO hESCs, adapted from Sim et al. [127]. The DOXinducible system driving TERC expression was introduced into the AAVS1 safe-harbor using
ZFNs followed by dual drug resistance screening. Positive clones were isolated and maintained
in DOX while two small guide RNAs targeting untranscribed genomic regions flanking the 5’
and 3’ ends of TERC were used with Cas9 to delete the entire gene after repair via NHEJ. B.)
Diagram illustrating primer sites used in screening clones for incorporation of the DOXinducible TERC expression system in the AAVS1 locus, adapted from Sim et al. [127] C.) PCR
screening results in the total population of donor-transfected hESCs and in isolated positive
Clone 7, which was used to generate iTERC_KO clones 1 and 2. D.) Diagram illustrating primer
sites used in screening clones for ablation of the endogenous TERC locus. E.) PCR screening
results after CRSPR/Cas9 targeting of TERC in positive clones 1 and 2 and a negative clone 3.
Clones with TERC deletions yielded amplicons ~350 nucleotides depending on the extent of
break-end resection before NHEJ occurred. F.) Next-generation sequencing of the endogenous
TERC locus following CRISPR/Cas9 targeting in two independently derived clones. Nucleotides
upstream of TERC are represented in green, nucleotides downstream of TERC are represented in
red. Dashes represent deleted nucleotides. G.) G-band analysis in iTERC_KO clones 1 and 2. No
chromosomal abnormalities were detected.
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Figure 2.2: DOX-controlled TERC expression in iTERC_KO hESCs
A-B.) Quantified TERC expression in response to increasing doses of DOX measured by qRTPCR and Northern blot with U3 as a loading control. C.) Telomerase activity measured by TRAP
in the presence of DOX and after DOX removal. Samples were serially diluted 4-fold and NP-40
buffer was used as a negative control. I.C., internal control. D.) Half-life measurement of TERC.
TERC was measured by qRT-PCR and plotted as ln(% TERC remaining) vs. time post DOX
removal. Each measurement is expressed as a percentage of TERC measured at t=0 in the
presence of DOX. The slope k was estimated by linear regression and the formula t1/2= (ln2)/k
was used to calculate the half-life of TERC in iTERC_KO. n=3 independent experiments, mean
± SEM.
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Figure 2.3: TERC ablation induces cell death in iTERC_KO hESCs
A.) Brightfield microscopy images of iTERC_KO hESCs with DOX and 19 days post DOX
removal, the day cell death was observed in this time course replicate, scale bar represents 500
um. B-C.) Cell death measured by co-localization of propidium iodide and Hoechst staining in
two independent iTERC_KO clones. Representative fluorescent microscopy images are shown in
(A), scale bar represents 100 um. WT hESCs were treated with bleomycin for 24 hours as a
positive control. Quantification shown in (C). D.) Diagram illustrating time course in
iTERC_KO after DOX removal. Cells proliferate normally to a distinct, variable point
(minimum reported 14 days, maximum 30 days) and then rapidly activate apoptosis, resulting in
loss of ~97-100% of the population. n=3 independent experiments, mean ± SEM. *p≤ 0.05, **p≤
0.005, ***p≤ 0.0005. Student’s t test.
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Figure 2.4: TERC ablation triggers p53-mediated apoptosis
A-B.) Western blots of active caspase 3 in iTERC_KO hESCs with DOX and without DOX after
cell death was observed. Caspase 3 was detected in both clones on the day cell death was
observed. WT hESCs were treated with bleomycin for 24 hours or irradiated at 5 gy as a positive
control. β-actin was used as a loading control. C.) Western blot of p53 in iTERC_KO with DOX
and without DOX as cell death was observed, B and C represent separate time course
experiments. WT hESCs were treated with bleomycin for 4 hours as a positive control. GAPDH
was used as a loading control. D.) Activation of caspase 8 and 9 were measured by colorimetric
assay. WT hESCs were treated with bleomycin for 24 hours as a positive control. n=3
independent experiments, mean ± SEM. ***p≤ 0.0005. Student’s t test.
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Figure 2.5: DDR activation in iTERC_KO hESCs
A.) Representative fluorescent microscopy images of iTERC_KO stained with DDR markers
yH2AX and Chk2. Cell death was observed on day 21 in cells without DOX. WT hESCs were
treated with bleomycin for 24 hours as a positive control. Scale bar represents 30 um. B.)
Western blot of active caspase and yH2AX in attached and supernatant (S/N) iTERC_KO cells
with DOX. WT hESCs were treated with bleomycin for 24 hours as a positive control. GAPDH
was used as a loading control.
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Figure 2.6: iTERC_KO cells do not exhibit signs of telomere dysfunction
A.) Telomere length analysis by telomere restriction fragment (TRF) of wild type and
iTERC_KO hESCs with DOX or 16 days post DOX removal, one day before massive induction
of cell death was observed. iTERT_KO hESCs after extensive telomere shortening are also
shown for reference. Molecular weight markers shown on left. B-C.) Representative fluorescent
microscopy images and quantification of telomere dysfunction-induced foci (TIF) analysis.
Telomeres were detected via fluorescent in situ hybridization (FISH) with a TelC PNA probe,
53bp1 foci were detected via immunofluorescence. TIFs were counted as observed colocalization of both signals. Samples without DOX were collected and stained two days before
cell death induction. Arrows indicate co-localization of TelC and 53bp1 counted as one TIF,
scale bars represent 10 um. n=3 independent experiments, mean ± SEM. *p≤ 0.05, Student’s t
test.
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Figure 2.7: Characterization of iTERT_KO hESCs (provided by Alex Vessoni)
A.) Western blot of Flag-TERT in iTERT_KO hESCs with and without DOX. B.) Telomerase
activity measured by TRAP in iTERT_KO hESCs in the presence of DOX and after DOX
removal. Samples were serially diluted 4-fold. I.C., internal control. C.) Telomere length analysis
by telomere restriction fragment (TRF) of iTERT_KO with and without DOX for up to 99 days,
at which all hESCs died or ceased proliferation. Molecular weight markers shown on left.
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Figure 2.8: iTERT_KO does not recapitulate the iTERC_KO phenotype
A.) Quantification of cell death measured by co-localization of propidium iodide and Hoechst
staining. iTERT_KO and iTERC_KO hESCs were cultured with or without DOX in parallel and
stained the day cell death was observed in iTERC_KO post DOX removal. B.) Western blot of
active caspase 3 in samples from (B) with WT hESCs untreated or treated with bleomycin for 24
hours as negative and positive controls. β-actin was used as a loading control. n=3 independent
experiments, mean ± SEM. *p≤ 0.05. Student’s t test.
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Figure 2.9: Characterization of TERC ΔscaRNA in U2OS cells
A.) Diagram depicting the telomerase ribonucleoprotein complex. The region deleted in
ΔscaRNA is highlighted in red. B.) Quantification of WT TERC and ΔscaRNA co-expressed
with TERT in U2OS by qRT-PCR. TERC was undetectable in U2OS_TERT cells. C-D.)
Telomerase activity measured by TRAP in U2OS_TERT with WT or ΔscaRNA TERC. Samples
were serially diluted 4-fold. I.C. internal control. Film was exposed overnight in (D) to detect
activity with TERC ΔscaRNA.
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Figure 2.10: The scaRNA domain is dispensable in iTERC_KO hESCs
A-B.) Quantification of cell death and apoptosis activation measured by co-localization of
propidium iodide and Hoechst staining (A) and Western blot of active Caspase 3 (B) in
iTERC_KO cells transduced with WT TERC, TERC ΔscaRNA, or GFP with or without DOX.
All samples were cultured with or without DOX in parallel to an iTERC_KO without DOX “kill
control” and stained the day cell death was observed in the kill control. WT hESCs were treated
with bleomycin for 24 hours as a positive control. β-actin was used as a loading control. n=3
independent experiments, mean ± SEM. *p≤ 0.05. Student’s t test.
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Figure 2.11: Low levels of TERC are sufficient to prevent apoptosis in iTERC_KO hESCs
A.) Detection of WT TERC and TERC ΔscaRNA in U2OS and iTERC_KO hESCs by Northern
blot with U3 as a loading control. WT TERC was detectable in iTERC_KO cells in the presence
of DOX, bands indicative of TERC ΔscaRNA were detectable in U2OS_TERT cells but not in
iTERC_KO hESCs. B.) Quantification of TERC by qRT-PCR in U2OS_TERT_ ΔscaRNA cells
and iTERC_KO hESCs without DOX, without DOX after transduction of TERC ΔscaRNA, and
after treatment with varying doses of DOX. C-D.) Quantification of cell death and apoptosis
activation respectively measured by co-localization of propidium iodide and Hoechst staining
and Western blot of active caspase 3 in iTERC_KO with or without 50 ng/mL DOX. WT hESCs
were treated with bleomycin for 24 hours as a positive control. β-actin was used as a loading
control. n=3 independent experiments, mean ± SEM. *p≤ 0.05. Student’s t test.
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Figure 2.12: TERC ΔscaRNA prevents apoptosis in iTERC_KO without restoring telomere
maintenance
A.) Telomerase activity measured by TRAP in iTERC_KO hESCs transduced with WT TERC or
ΔscaRNA. Cell death was observed on day 17 post DOX removal in parallel iTERC_KO
controls. B.) Telomere length analysis by TRF in iTERC_KO_ ΔscaRNA hESCs. Cells grew
normally until ~100 days post DOX removal. Cells began to gradually die after this point and did
not survive in culture past day 121.
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Figure 2.13: Differentiation of iTERC_KO hESCs into fibrolast-like cells
A.) Brightfield image of iTERC_KO hESCs and differentiated iTERC_KO fibroblast-like cells,
scale bar represents 500 um. B.) Quantification of TERC by qRT-PCR in iTERC_KO hESCs and
iTERC_KO_FBL with and without DOX treatment. C.) Quantification of fibroblast/mesoderm
marker, pluripotency marker, and TERT expression by qRT-PCR in iTERC_KO hESCs and
iTERC_KO_FBL. TERT was undetectable in iTERC_KO_FBL cells. n=2-3 independent
experiments, mean ± SEM. *p≤ 0.05, **p≤ 0.005, Student’s t test.
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Figure 2.14: TERC is not essential in differentiated iTERC_KO cells
A.) Quantification of cell death measured by co-localization of propidium iodide and Hoechst
staining in iTERC_KO fibroblast-like cells after five months of culture. iTERC_KO hESCs
without DOX at the point of apoptosis induction and iTERC_KO_FBL cells 72 hours post
irradiation with 9 J/m2 UV were used as positive controls. B.) β -gal staining of iTERC_KO
fibroblast-like cells at early passage and late passage at the time of senescence, scale bar
represents 200 um. n=3 independent experiments, mean ± SEM. *p≤ 0.05. Student’s t test.
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Table 2.1: List of oligonucleotides used for qRT-PCR and CRISPR/Cas9 gene-editing
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Chapter 3: Investigating the mechanism behind the iTERC_KO phenotype
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Introduction
In this chapter, we investigate the mechanism behind the noncanonical, antiapoptotic
function of TERC in hESCs by attempting to validate mechanisms proposed in previous studies.
We were most interested in reports that claimed specific, novel interactions or processes of
TERC that could be easily verified using our iTERC_KO conditional expression system. We
examined three hypotheses:
Hypothesis 1: TERC regulates gene expression through direct chromatin interaction
TERC was previously used as a positive control to validate chromatin
immunoprecipitation by RNA purification (ChIRP), a high throughput method to identify
chromatin binding sites of long noncoding RNAs [107]. As expected, identified TERC binding
sites were highly enriched for telomeric DNA; however, significant binding peaks were also
identified at 2,198 sites throughout the genome, outside of telomeres. These DNA interactions
present the possibility that TERC has a role in regulating gene expression, as several DNAbinding long noncoding RNAs alter chromatin state or gene transcription [108]. The identified
TERC binding peaks were noted to be focal and primarily within 1000 base pairs of a
transcription start site, suggesting that TERC may regulate expression of certain genes by
altering promoter accessibility to transcriptional machinery. If this is the case, TERC may
promote gene expression patterns that enhance cell survival and prevent apoptosis, which could
explain the loss of viability observed in iTERC_KO hESCs. Recently, one research group
attempted to experimentally validate the identified ChIRP binding peaks by measuring
differential gene expression in the TERC-negative ALT cell line U2OS after ectopic expression
of TERC [111]. RNAseq analysis revealed 431 differentially expressed genes between TERC57

positive and negative cells, 14 of which overlapped with TERC binding peaks identified by
ChIRP in the proximity of promoters. Of these, four genes (TYROBP, LIN37, TPRG1L, and
USP16) were consistently up or downregulated in response to TERC modulation, indicating that
TERC alters transcription of these genes. Interestingly, TERC overexpression in U2OS cells
stimulated the NF-κB signaling pathway, which promotes expression of antiapoptotic genes and
could explain the apoptosis induction observed in iTERC_KO hESCs following TERC ablation
[133]. It is notable that out of over hundreds of targets identified by ChIRP and RNAseq, only 4
were successfully validated, illustrating the importance of experimental validation of high
throughput computational approaches. To test his hypothesis, we performed RNAseq in
iTERC_KO hESCs before and after DOX removal. Our goal was to identify and validate genes
that were differentially expressed in the absence of TERC, with the hope that these genes could
provide insight into the molecular pathways relevant to the survival-promoting, telomeraseindependent function of TERC.
Hypothesis 2: TERC is translated into a protein to fulfill its antiapoptotic function
One study recently reported that TERC, which is classified as a noncoding RNA, is
translated into a functional protein [117]. This claim is surprising but plausible, as TERC is
detectable in polysomes and, at different stages of RNA processing, TERC can contain both a 7methylguanosine 5’ cap and a 3’ poly(A) tail [134-136]. However, it should be noted that mature
TERC RNA is not polyadenylated, as poly(A) tails mark premature TERC RNA for degradation
in exosomes unless they are removed by poly(A)-specific ribonuclease (PARN) [137, 138].
Nevertheless, premature, overextended TERC RNA contains the structural hallmarks of a coding
mRNA as well as an open reading frame (ORF) with a start and stop codon, therefore, TERC has
protein-coding potential. It was reported that a peptide translated from TERC, termed hTERP, is
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detectable by immunoblotting, immunofluorescence, and mass spectrometry in TERC-positive
cell lines. Overexpression of WT TERC decreased cell sensitivity to apoptosis-inducing drugs
while TERC harboring mutations that disrupt the hTERP ORF did not, suggesting that this
protective function is attributable to hTERP rather than TERC. To address this hypothesis, we
assessed whether TERC requires the ORF encoding hTERP to prevent apoptosis in iTERC_KO
hESCs.
Hypothesis 3: The cytosolic mitochondria-processing product TERC53 prevents apoptosis
Another recent study reported that, in vitro, human TERC is imported into mitochondria,
where it undergoes processing at both 5’ and 3’ ends to generate the 195 nucleotide RNA
TERC53, which is then exported and accumulates in the cytosol [118]. Cytosolic TERC53 levels
respond to changes in mitochondrial function induced by oxidative phosphorylation uncoupling
drugs, which suggests the possibility that TERC53 may function as a signaling molecule to
communicate mitochondrial dysfunction to other cellular compartments. While the biological
relevance of TERC53 is not established, this report provides sufficient molecular detail regarding
mitochondrial trafficking and processing of TERC to allow us to genetically disrupt this process
and investigate whether TERC53 is necessary or sufficient for the anitapoptotic, telomeraseindependent function of TERC in hESCs.
Methods
Cell culture
H1 hESCs were cultured on matrigel-coated plates in mTESR1 media (STEMCELL
Technologies) in a humidified incubator at 37°C in 5% CO2 and 5% O2. Media was changed
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daily and cells were passaged at a split ratio of 1:6 every 3-4 days with 0.02% EDTA as
previously described [125]. iTERC_KO and TERT_KO hESC lines were maintained with 250
ng/mL DOX unless otherwise indicated.
DOX removal time course and Propidium Iodine staining
iTERC_KO cultures were washed with PBS and media was replaced with mTESR1 without
DOX. For each experiment, cells were cultured with and without DOX on separate plates and
kept on separate incubator shelves to prevent contamination. Samples with and without DOX
were passaged on the same days at the same split ratio so they were cultured in parallel. For
experiments assessing iTERC_KO rescue after lentiviral transduction, an untransduced
iTERC_KO “kill control” was cultured in parallel to determine the expected time of death.
Transduced iTERC_KO lines that did not die on the same day as the kill control were kept in
culture for at least one more week to confirm that cells would not die. Cell death was never
observed in samples that did not die on the same day as the kill control. When cell death was
observed, both supernatant and attached cells were collected, treated with 500 uM Hoechst
33345 and 4 ug/mL propidium iodide, and then immediately mounted on glass slides. Images
were acquired using a LEICA DM6 B microscope and the Leica Application Suite X software
(Buffalo Grove). Propidium iodide-positive nuclei were counted manually.
Plasmids and Lentiviral Transduction
Lentiviral packaging and expression vectors were designed and purchased on Vectorbuilder.com.
The lentiviral vector expressing TERC178g>t was generated using the QuikChange II Sitedirected mutagenesis kit following the manufacturer’s instructions (Agilent). HEK-293T cells
were transfected with lentiviral packaging and expression vectors using Lipofectamine 2000
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following the manufacturer’s instructions (Thermo Fisher Scientific), media containing virus was
collected and concentrated using LentiX Concentrator following the manufacturer’s instructions
(Takara Bio). iTERC_KO hESCs were transduced using Polybrene (Sigma Aldrich) and were
selected with 5 ug/mL blasticidin (Gibco).
RNA extraction and quantitative real time PCR
RNA extraction was performed using Trizol (Invitrogen) followed by DNAse treatment (Thermo
Fisher Scientific) following the manufacturer’s instructions. Quantitative real time PCR was
performed using a StepOne Plus (Applied Biosystems) instrument. For detection of TERC,
Brilliant II 1-step qPCR master mix (Agilent) was used following manufacturer’s instructions.
Sample size for all experiments was at least n=3 unless otherwise indicated. Expression levels
were calculated by ΔΔCT. ACTB was used as a loading control. See Table 2.1 for PCR primer
sequences.
Western Blots
Protein was extracted using NP-40 buffer (25 mM HEPES-KOH, 150 mM KCl, 1.5 mM MgCl2,
10% glycerol, 0.5% NP40, and 5 mM 2ME [pH 7.5]) supplemented with protease and
phosphatase inhibitors (Roche) for 15 minutes on ice. Quantification of proteins was performed
by Bradford assay or BCA assay following manufacturer’s instructions (Pierce). Proteins were
resolved in 10% polyacrylamide gels in 1X Tris/glycine/SDS buffer and transferred onto
nitrocellulose membrane at 400 milliamps for 1:45 hours in 1X Tris/glycine buffer with 20%
methanol at 4ºC. Membranes were blocked in 5% BSA in TBS buffer for at least one hour.
Primary antibody incubation was performed overnight at 4ºC in 5% BSA in TBS- buffer
supplemented with 1% Tween-20 (TBST). Membranes were washed (3X 5 minutes) with TBS-T
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buffer and incubated in 5% BSA in TBS-T with secondary antibodies (Li-COR) for one hour.
Membranes were then washed with TBS-T and scanned using the odyssey IR scanner (Li-COR).
Image capture and signal analysis was done using the Image Studio software (Li-COR). Primary
antibodies used in this study were: p53 (Santa Cruz), Active Caspase 3 (Abcam), GAPDH (Cell
Signaling Technologies), and Actin (Sigma).
RNA Sequencing and data analysis
Triplicate RNA samples from iTERC_KO hESCs ( +DOX, NO DOX Day 8, 12, and 16),
iTERT_KO hESCs (+ DOX and NO DOX day 16), and wild type H1 hESCs were prepared and
submitted to the Genome Technology Access Center (GTAC) at Washington University in St.
Louis for RNA sequencing. Sequencing reads were aligned to hg19, normalized, and counted
using Parktek Flow Genome Analysis Software. Genes with at least a 2-fold increase or decrease
and FDR<0.05 were considered to be differentially expressed. Principal Component Analysis
was generated in Partek Flow, KEGG pathway analysis was performed using the online tool
DAVID [139].
Results
Hypothesis 1: TERC ablation has no immediate effect on global gene expression
We performed RNAseq to compare global gene expression in iTERC_KO hESCs before
and after TERC ablation. Specifically, we analyzed iTERC_KO cells in the presence of DOX, 8
days and 12 days post DOX removal, in which TERC degraded beyond detection but cells
remained viable, and 16 days post DOX removal, the point at which cell death was observed. As
additional controls, we analyzed WT hESCs as well as iTERT_KO hESCs with and without
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DOX after 16 days, all of which were viable (Table 3.1). In all samples, both attached and
unattached cells were collected, therefore dying cells were included in the analysis. If TERC
directly regulates gene transcription through chromatin interaction as others have reported, we
would expect to observe differential expression of these genes in iTERC_KO cells after TERC
ablation and before apoptosis induction.
Surprisingly, only the inviable iTERC_KO 16 days post DOX removal condition
exhibited significant differences in global gene expression compared to iTERC_KO cells
maintained in DOX (Table 3.2). RNAseq analysis identified one differentially expressed gene
(DEG), between iTERC_KO hESCs with DOX and without DOX for 8 days, SNORD116-19.
This gene is short (94 base pairs) and has high sequence similarity with TERC, therefore it is
likely that sequencing reads from TERC were incorrectly mapped to this gene. Additionally,
SNORD116-19 was not identified as a DEG between iTERC_KO 0 DOX vs 12 DOX, therefore
we did not consider this gene to be a target of TERC. Between all other viable iTERC_KO
conditions, we identified zero DEGs excluding TERC. This indicates that after TERC ablation,
iTERC_KO hESCs maintain normal gene expression for at least 12 days. Notably, there were no
DEGs excluding TERT identified between iTERT_KO cells before and after TERT ablation by
DOX removal, contrary to previous reports that TERT drives expression of Wnt-target genes
[96]. It is also notable that hundreds of DEGs were identified between viable iTERC_KO
conditions and wild type hESCs, while zero were identified between viable iTERC_KO cells
before and after TERC ablation. This indicates that the DEGs identified from wild type hESCs
are due to clonal differences or off-target effects acquired during generation of the iTERC_KO
cell line rather than TERC ablation.
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Principal Component Analysis demonstrates that all submitted viable conditions cluster
together, while the dying iTERC_KO cells 16 days post DOX removal fall outside of this cluster,
indicative of significant variation between transcriptomes (Figure 3.1). We identified 4764 DEGs
between the combined viable iTERC_KO cells (no DOX day 0, no DOX day 8, and no DOX day
12) and inviable iTERC_KO cells (no DOX day 16). KEGG analysis revealed several enriched
pathways of interest, including p53 signaling, which agrees with our previous data (Table 3.3).
However, due to the number of hits and the fact that the day 16 condition largely consists of dead
or dying cells, it is not possible to determine which of these seemingly unrelated pathways
causes apoptosis induction in iTERC_KO cells with this data alone. Nevertheless, contrary to
previous reports, we can conclude that TERC does not directly regulate transcription in hESCs,
as there are no immediate, significant changes in gene expression in the absence of TERC.
Rather, these results suggest that the telomerase-independent function of TERC contributes to an
important post-transcriptional biological process that triggers apoptosis if disrupted for an
extended period of time.
Hypothesis 2: The antiapoptotic function of TERC does not require translation of the
peptide hTERP
Bioinformatic analysis of the proposed hTERP ORF does not agree with our previous
data because the proposed stop codon extends 90 nucleotides past the 3’ end of the mature TERC
RNA sequence (Figure 3.2). We have demonstrated that these nucleotides are not necessary for
the noncanonical function of TERC inferred from our iTERC_KO experiments, as we were able
to prevent apoptosis induction after DOX removal through expression of a WT TERC transgene
that does not include this portion of the endogenous TERC gene. TERC ΔscaRNA, which is
sufficient to rescue iTERC_KO hESCs from apoptosis, also disrupts the hTERP ORF, as it
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removes the last 74 nucleotides of TERC, resulting in a large, out-of-frame deletion. While it is
possible, though unlikely, that both of these deletions could generate a novel in-frame stop codon
and therefore translate a peptide, given that hTERP is a short, 121 amino acid peptide, these
relatively large amino acid sequence changes would almost certainly disrupt any potential
functions of the resulting peptide.
Nevertheless, to further assess whether hTERP is required for the noncanonical,
antiapoptotic function of TERC, we transduced iTERC_KO hESCs with TERC harboring
mutation r.178g>t, which disrupts the only potential start codon found within the TERC
transcript, preventing the RNA from being translated into any peptide. We confirmed that after
DOX removal, this mutation was present in all transcribed TERC by cDNA sequencing. After
prolonged culture in the absence of DOX, iTERC_KO_178g>t cells did not undergo apoptosis
compared to parallel control iTERC_KO cells, demonstrating that the hTERP peptide is not
required to prevent apoptosis in hESCs (Figure 3.3).
Hypothesis 3: The cytosolic mitochondria-processing product TERC53 prevents apoptosis
in human stem cells
To interrogate whether mitochondrial processing is involved in the noncanonical,
antiapoptotic function of TERC in hESCs, we transduced iTERC_KO cells with a mutant form
of TERC lacking both the first 63 nucleotides, which prevents accumulation of TERC53 in the
cytosol, and the scaRNA domain, which is not necessary for hESC survival and is not contained
within the reported TERC53 sequence (Δ1_63ΔscaRNA, Figure 3.4) [118]. Similar to ΔscaRNA,
Δ1_63ΔscaRNA was unstable when expressed in hESCs and only detectable in trace amounts by
qRT-PCR. However, unlike ΔscaRNA, Δ1_63ΔscaRNA failed to prevent apoptosis induction in
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iTERC_KO hESCs following DOX removal (Figure 3.5). This indicates the first 63 nucleotides
of TERC are required to prevent apoptosis in hESCs and suggests that the iTERC_KO phenotype
arises specifically due to loss of the mitochondrial RNA processing required to produce
TERC53.
To determine whether TERC53 is sufficient to prevent apoptosis induction in hESCs, we
attempted to bypass the need for mitochondrial processing by directly expressing TERC53 in
iTERC_KO hESCs. We found that TERC53 was sufficient to prevent apoptosis in iTERC_KO
cells following DOX removal, indicating that nucleotides 53-63, which are crucial for correct 5’
end processing in mitochondria, are required for the noncanonical function of TERC (Figure
3.6). As expected due to the lack of a scaRNA domain, TERC53 RNA expression was very low
in these cells, significantly lower in fact than those observed in Δ1_63ΔscaRNA, yet TERC53
rescues iTERC_KO cell viability while Δ1_63ΔscaRNA does not, confirming that the scaRNA
domain is dispensable for the antiapoptotic function of TERC (Figure 3.4). Together, these data
provide strong evidence that TERC has a novel function in the cytosol, outside of telomerase,
that is essential for human stem cell survival (Table 3.4).
Discussion
Previous reports provided evidence that TERC regulates transcription of specific genes
by interacting with intergenic DNA. However, our RNAseq analysis in iTERC_KO cells
revealed no observable changes in gene expression following TERC ablation until the point of
apoptosis induction. The fact that expression remained unchanged for an extended period of time
in the absence of TERC argues against the idea that TERC promotes cell survival by directly
modifying gene transcription. Conversely, two other studies performed in zebrafish and U2OS
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cells have reported differential expression of several genes following TERC knock-down or
overexpression [109, 111]. This discrepancy is likely due to the use of different experimental
models. Our inducible TERC expression system allowed us to compare samples expressing
different levels of TERC without subjecting cells to viral gene integration or antisense oligomers,
both of which could have off-target effects that would alter the transcriptome independent of
TERC expression. As such, our parameters were likely more stringent, which may explain why
we did not observe the differential gene expression that others have reported.
While there were no changes in expression in iTERC_KO hESCs following TERC
ablation, we detected hundreds of DEGs between iTERC_KO hESCs in all conditions and WT
hESCs (Table 3.2). This demonstrates that the transcriptome can be significantly altered
throughout the gene-editing and selection process independent of the targeted gene; we speculate
that this may account for the DEGs identified in TERC-overexpressing U2OS cells [111].
Notably, the four genes that were identified as targets of TERC-mediated transcription in U2OS
cells were not found within the 4764 DEGs identified between iTERC_KO cells before and after
apoptosis induction. Thus, our RNAseq results are inconsistent even after the phenotype
manifests in iTERC_KO hESCs, suggesting that the DEGs identified previously were specific to
U2OS cells, which normally don’t express TERC. It is also possible that the DEGS identified in
U2OS cells are restricted to the context of robust overexpression, as this has also been proposed
to account for the inconsistent effects on Wnt signaling between TERT overexpression and
knock-out models [98].
While gene expression did not change within the first 12 days of TERC ablation, it is still
possible that certain genetic pathways are altered in iTERC_KO cells after this time point but
prior to apoptosis induction. To address this, we would have to repeat our RNAseq analysis with
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samples collected at time points closer to the point of apoptosis induction. To ensure that any
transcriptome alterations prior to cell death are captured, it would be ideal to collect iTERC_KO
cells right before the point of apoptosis induction; however, this would be difficult as the time of
cell death varies unpredictably between nonparallel DOX removal time courses. It may also be
beneficial to analyze iTERC_KO RNA samples from attached cells on the day cell death is
observed, as these would represent living cells that are likely primed to activate apoptosis.
Though our RNAseq analysis did not elucidate any specific genetic pathways associated with the
telomerase-independent function of TERC, our results indicate that gene expression is not the
driving factor behind the iTERC_KO phenotype and suggest that the noncanonical, antiapoptotic
function of TERC is primarily post-transcriptional.
A cytosolic function of TERC is consistent with this notion. Though it remains possible
that cytosolic TERC RNA could be translated into the protein hTERP as previously reported, we
have demonstrated that hTERP does not contribute to the antiapoptotic function of TERC in
hESCs [117]. On the other hand, we found that the cytosolic mitochondrial processing product
TERC53 was necessary and sufficient for the antiapoptotic function of TERC, as direct
expression of TERC53 prevents apoptosis in iTERC_KO cells while mutant TERC that cannot
be processed into TERC53 does not. Together, these results strongly suggest that TERC53 is the
form of TERC responsible for promoting stem cell survival. There have been reports of TERC
accumulating in the cytosol, however our results provide the first evidence supporting a
biological function for this form of TERC [118, 134]. It is important to note that we still need to
confirm that TERC53 is detectable in the cytosol of viable hESCs, as this has only been
demonstrated in HEK 293 cells.
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Another study reported that inhibition of drug-induced apoptosis is enhanced in human T
cells by disrupting the interaction between TERT and TERC either by knocking down TERT or
by mutating TERT-interacting sites on TERC [116]. This is consistent with the idea that TERC
acts in the cytosol to inhibit apoptosis, as interactions with TERT or other telomerase
components in the nucleus would likely compete with TERC export to the cytosol, which would
then prevent production and accumulation of TERC53. This report did not observe inhibition of
apoptosis after overexpression of a TERC mutant lacking the CR4/CR5 and scaRNA domains.
As we have repeatedly demonstrated that the scaRNA domain is not required for the
antiapoptotic function of TERC, we attribute this result to the CR4/CR5 deletion, which, unlike
the scaRNA deletion, overlaps with the sequence for TERC53.
The original report identifying TERC53 also observed altered TERC53 levels in response
to drug-induced mitochondrial dysfunction [118]. This suggests that TERC53 may act as a
signaling molecule between the mitochondria and other cellular compartments; as such, TERC
ablation may signal mitochondrial dysfunction that triggers apoptosis. To test this hypothesis,
subcellular localization of TERC53 should be investigated, as this could reveal which organelles
receive the signal relayed by TERC53. An ideal approach would be to track TERC53
localization by RNA fluorescent in situ hybridization (RNA FISH), as this would allow us to
visualize TERC53 in the context of the whole cell, while co-localization with organelles of
interest could be monitored with combined immunofluorescent staining. However, due to low
RNA abundance, it would likely be very difficult to detect TERC53 by RNA FISH in hESCs. It
may be more feasible to conduct these experiments in U2OS cells, as these cells can maintain
much higher levels of unstable TERC transcripts than hESCs (Figure 2.11). A caveat of this
approach is that U2OS cells do not require TERC for survival, therefore ectopic TERC53 may
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not reconstitute the function required to prevent apoptosis in hESCs. If RNA FISH is unfeasible,
we may have to primarily rely on cellular fractionation combined with PCR-based detection
methods to monitor TERC53 subcellular localization. Future experiments should also investigate
cytosolic molecular targets of TERC53, as these interactions could provide insight into the
molecular mechanism behind the antiapoptotic function of TERC. This could be achieved by
utilizing current RNA pull-down technologies coupled with mass spectrometry [140]. While the
molecular mechanism underlying the antiapoptotic, telomerase-independent function of TERC
remains elusive, our finding that cytosolic TERC53 is sufficient to rescue iTERC_KO hESCs
from cell death reveals surprising and illuminating aspects of this noncanonical function that
provide a foundation for further study.
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Figures and Tables

Figure 3.1: Principal Component Analysis of RNAseq results
Green cluster contains viable conditions (iTERC_KO 0, 8, and 12 days; iTERT_KO 0 and 16
days; WT), red cluster contains inviable iTERC_KO 16 days.
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Figure 3.2: The proposed hTERP ORF
Sequence of hTERC. Underlined nucleotides represent the proposed hTERP ORF. Red
nucleotides were deleted in ΔscaRNA. Blue nucleotides flank the 3’ end of the mature TERC
RNA and were not included in WT or TERC ΔscaRNA transgenes expressed in iTERC_KO
hESCs. Proposed start and stop codons for hTERP translation are bolded and highlighted in
green and yellow, respectively.
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Figure 3.3: hTERP is not required to prevent apoptosis in iTERC_KO hESCs
A.) Sequencing trace of cDNA collected from iTERC_KO_178g>t after DOX removal. The
location of the proposed start codon ATG is highlighted, red box indicates the g>t substitution.
B-C.) Quantification of cell death and apoptosis activation respectively measured by colocalization of propidium iodide and Hoechst staining and Western blot of active Caspase 3 in
iTERC_KO_178g>t hESCs compared to iTERC_KO hESCs. WT hESCs were treated with
bleomycin for 24 hours as a positive control. β-actin was used as a loading control. n=3
independent experiments, mean ± SEM. *p≤ 0.05. Student’s t test.
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Figure 3.4: TERC mutations targeting mitochondrial trafficking and RNA processing
A.) Sequence of transcribed, mature hTERC. The region deleted in ΔscaRNA is highlighted in
blue, Δ1-63 is highlighted in yellow, and the sequence of processed TERC53 is underlined. B.)
TERC detection by qRT-PCR in iTERC_KO_Δ1_63ΔscaRNA and iTERC_KO_TERC53 with
and without DOX. n=3 independent experiments, mean ± SEM. *p≤ 0.05, Student’s t test.
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Figure 3.5: TERC nucleotides 1-63 are required to prevent apoptosis in iTERC_KO hESCs
A-B.) Quantification of cell death and apoptosis activation respectively measured by colocalization of propidium iodide and Hoechst staining (A) and Western blot of active Caspase 3
(B) in iTERC_KO hESCs expressing Δ1_63 ΔscaRNA before and after DOX removal. WT
hESCs were treated with bleomycin for 24 hours as a positive control. β-actin was used as a
loading control. n=3 independent experiments, mean ± SEM. **p≤ 0.005. Student’s t test.
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Figure 3.6: TERC53 is sufficient to prevent apoptosis in iTERC_KO hESCs
A-B.) Quantification of cell death and apoptosis activation respectively measured by colocalization of propidium iodide and Hoechst staining (A) and Western blot of active Caspase 3
(B) in iTERC_KO hESCs expressing TERC53 before and after DOX removal. WT hESCs were
treated with bleomycin for 24 hours as a positive control. β-actin was used as a loading control.
n=3 independent experiments, mean ± SEM. *p≤ 0.05. Student’s t test.
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Table 3.1: RNAseq analysis conditions
Samples were submitted in triplicate for all conditions.
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Table 3.2: Differentially expressed gene quantification following TERC or TERT ablation
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Table 3.3: KEGG pathway analysis of RNAseq
Analysis of top 3000 DEGs between grouped iTERC_KO no DOX day 0, 8, and 12 and
iTERC_KO no DOX day 16.
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Table 3.4: Summary of iTERC_KO rescue experiments
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Chapter 4: Understanding phenotypic differences between conditional and constitutive
TERC knock-out human embryonic stem cells
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Introduction
In this chapter, we describe constitutive TERC knock-out human embryonic stem cells
that were created to investigate potential noncanonical functions of TERC (TERC_KO hESCs).
These cells were generated prior to our conditional iTERC_KO hESC lines and, as will be
discussed, most of the results acquired between these two TERC knock-out models do not
coincide. In hindsight, the constitutive knock-out approach was flawed in that TERC_KO cells
underwent an undefined period of telomere shortening during the gene-editing process, therefore
TERC expression was not uncoupled from telomere maintenance. This concern was resolved
with the conditional iTERC_KO model, therefore we maintain the conclusions garnered from
our iTERC_KO experiments regarding the telomerase-independent, antiapoptotic function of
TERC in human stem cells.
Many of the results presented in this chapter are inconclusive or fail to address the initial
intent of the experiment. However, our TERC_KO experiments unintentionally revealed an
unexpected, but logical difference between telomerase reduction and abolishment that illustrates
the often overlooked complexity of telomere maintenance. Here, we report that cells with
reduced telomerase survive with much shorter average telomere lengths than telomerase-dead
cells, demonstrating that average length, which is most commonly used to characterize the state
of telomeres between cell populations, does not determine telomere dysfunction. Additionally,
we present RNAseq results that inadvertently demonstrate the extent to which nonspecific factors
such as clonality and gene-editing off-target effects can affect the transcriptome, which
illuminates potential experimental advantages and caveats that will allow for improved RNAseq
analyses in the future. The purpose of this chapter is to address and learn from past mistakes, as
there are lessons to be learned from our initial, flawed constitutive TERC knock-out approach.
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Methods
Cell culture
H1 hESCs were cultured on matrigel-coated plates in mTESR1 media (STEMCELL
Technologies) in a humidified incubator at 37°C in 5% CO2 and 5% O2. Media was changed
daily and cells were passaged at a split ratio of 1:6 every 3-4 days with 0.02% EDTA as
previously described [125]. U2OS cells were cultured in DMEM supplemented with 10% feta
bovine serum and 1% penicillin/streptomycin and were passaged with 0.05% trypsin as needed.
Gene Editing
To generate TERC_KO hESCs, two CRISPR gRNA sequences targeting either the 5’ or 3’ end
of the TERC gene were inserted into the MLM3636 plasmid (Addgene 43860) and conucleofected with a Cas9 plasmid (Addgene 43945) into H1hESCs to induce NHEJ, resulting in
the complete removal of the TERC gene. Nucleofection was performed using the 4DNucleofector with the P4 Primary Cell 4D-Nucleofector kit (Lonza). Nucleofected cells were
plated on matrigel at low density and manually picked when colonies grew out. Clones were then
screened and sequenced for TERC deletions. See Table 2.1 for gRNA sequences. TERC_KO
hESCs were created at the Genome Engineering and iPSC Center at Washington University in
St. Louis School of Medicine. TERC rescued or overexpressing hESCs were generated by
insertion of TERC WT, 96_97delcu, or 305g>a transgenes into the AAVS1 safe-harbor locus
using the pZDonor-AAVS1 Puromycin Vector and ComposZr Targeted Integration kits
following the manufacturer’s instructions (Sigma Aldrich). Transfection of AAVS1-targeting
vectors was performed using X-TremeGene 9 following the manufacturer’s instructions (Roche).
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Telomerase Activity and Telomere Length Analysis
Telomerase activity was measured by Telomere Repeat Amplification Protocol (TRAP). Cell
pellets were lysed in NP-40 buffer for 15 min on ice and supernatant was collected after
centrifugation at 12,000g for 15 min at 4°C. Protein was quantified by BCA assay following the
manufacturer’s instructions (Pierce). Telomere extension and amplification reactions were
performed with 2.0 μg, 0.5 μg and 0.125 μg of protein following a modified 2-step TRAP
protocol from the manufacturer (TRAPeze). Reactions were run on a 9% polyacrylamide gel for
3 hours at 250 volts in TBE. The gel was dried and exposed for 20-30 minutes to Carestream
BioMax MR film (Sigma). Telomere lengths were measured by Telomere Repeat Fragment
Analysis (TRF). Isopropanol-extracted genomic DNA was digested overnight with RSA and
HINF1 restriction enzymes (New England Biolabs) and resolved on a 0.8% agarose gel for 16
hours at 85 volts in TBE (Tris/Borate/EDTA) buffer. The gel was then soaked in denaturing
buffer (1.5M NaCl and 0.5M NaOH) for 45 minutes followed by neutralizing buffer (1.5M NaCl,
1M Tris-HCL at pH 7.4) for 1 hour. DNA was transferred to a nitrocellulose membrane by
capillarity overnight in 20x saline-sodium citrate (3M NaCl, 0.3M sodium citrate dehydrate at
pH 7.0). The membrane was cross-linked and hybridized with a 32P-labelled probe
(TTAAGGG)4 and exposed overnight to Carestream BioMax MR film (Sigma).
RNA extraction and quantitative real time PCR
RNA extraction was performed using Trizol (Invitrogen) followed by DNAse treatment (Thermo
Fisher Scientific) following the manufacturer’s instructions. Quantitative real time PCR was
performed using a StepOne Plus (Applied Biosystems) instrument. For detection of TERC,
Brilliant II 1-step qPCR master mix (Agilent) was used following manufacturer’s instructions.
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Sample size for all experiments was at least n=3. Expression levels were calculated by ΔΔCT.
ACTB was used as a loading control. See Table 2.1 for PCR primer sequences.
Caspase Activation Assay
Caspase 3, 8, and Caspase 9 activation were measured using a colorimetric assay following the
manufacturer’s instructions (Abcam).
RNA Sequencing and data analysis
RNA sequencing and differential gene expression analysis was conducted by the Genome
Technology Access Center (GTAC) at Washington University in St. Louis. RNAseq analysis
was conducted in two replicates of two clones of TERC_KO and TERC_KO_RE, four replicates
of one clone of TERC_OE, and four replicates of H1 hESCs. KEGG pathway analysis was
performed using the online tool DAVID, Venn diagram was generated using the online tool
Venny [139, 141].
Results
TERC_KO hESCs undergo apoptosis before telomeres appear critically short
TERC_KO hESCs were generated via CRISPR/Cas9 gene-editing using two small guide
RNAs flanking either the 5’ or 3’ ends of the transcribed TERC gene as described in Chapter 2.
Two independently-derived clones were isolated harboring distinct biallelic deletions of the
endogenous TERC locus (Figure 4.1). Shortly after completion of clonal isolation and genetic
screening, both TERC_KO clones failed to grow in the large, round colonies typical of hESCs
and showed significantly decreased viability as measured by propidium iodide staining.
Colorimetric detection of caspase activity indicated that cell death was attributable to activation
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of apoptosis (Figure 4.2). To confirm that the observed phenotype was due to loss of TERC, we
used zinc-finger nucleases (ZFNs) to insert a constitutively-expressed WT TERC transgene into
the AAVS1 safe-harbor locus. Following selection with puromycin, we isolated two
independently-derived clones overexpressing TERC, with clone 1 expressing roughly twice the
amount of Clone 2. While this remains to be experimentally confirmed, we presume that this
expression difference was due to transgene insertion in both AAVS1 alleles in clone 1 versus one
allele in clone 2, as the single-drug resistance screening was unable to discern homozygous from
heterozygous insertions. Transgenic TERC expression was sufficient to rescue TERC_KO
hESCs, as both clones recovered normal hESC colony morphology, suppressed apoptosis, and
could be cultured over several months similar to WT hESCs. This confirms that the apoptosis
induction observed in TERC_KO hESCs is attributable to loss of TERC rather than any offtarget effects of genome-editing (Figure 4.3).
To investigate whether the TERC_KO phenotype was attributable to telomere shortening,
we compared telomere lengths between TERC_KO hESCs and hESCs harboring the DCassociated DKC1 A353V mutation. This mutation impairs binding of dyskerin to TERC,
resulting in dramatically lowered levels of TERC, reduced telomerase activity, and progressive
telomere shortening [142]. Telomere length measurement via Telomere Restriction Fragment
(TRF) Southern blot revealed that DKC1_A353V hESCs, which have impaired telomere
maintenance but remain viable in long-term culture, have shorter average telomere lengths than
the inviable TERC_KO hESCs at the time apoptosis induction was observed, suggesting that
TERC_KO cells are not dying due to telomere dysfunction. This observation suggests that TERC
has survival-promoting function independent of its role in telomere maintenance (Figure 4.4).
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Average telomere length does not determine telomere dysfunction between telomerasedeficient and telomerase-dead hESCs
While bulk telomere length analysis initially suggested that TERC_KO hESCs undergo
apoptosis before telomeres become critically short, it remained possible that this phenotype was
caused by loss of telomerase catalytic activity or assembly. Furthermore, exclusion of
telomerase activity would more strongly support a telomere-independent function of TERC, as
bulk telomere length analysis often lacks the sensitivity required to detect small amounts of very
short telomeres. To determine if telomerase activity was required to suppress apoptosis in
hESCs, we attempted to rescue TERC_KO viability through expression of TERC constructs
harboring two mutations: r.96_97delcu, which lies in the pseudoknot domain and was reported to
abolish telomerase catalytic activity while maintaining interaction with TERT, and r.305g>a,
which lies in the CR4/5 domain and was reported to attenuate telomerase activity by impairing
interaction with TERT [116]. We first characterized these mutants in U2OS cells, which lack
endogenous TERC and TERT. When co-expressed with TERT in U2OS, we found that TERC
305g>a dramatically reduced telomerase activity compared to WT TERC, while TERC
96_97delcu displayed no activity, consistent with previous reports [143] (Figure 4.5).
Next, we transfected TERC_KO hESCs with both mutant transgenes and attempted to
select and isolate positive clones. As untransfected cells were dying, outgrowth of a positive
clone would indicate that the TERC mutant was sufficient to rescue TERC_KO cell viability
without fully restoring telomere maintenance. We were unable to isolate any TERC_KO clones
expressing the telomerase-dead TERC 96_97delcu, as all cells eventually died or ceased
proliferation following transfection. However, while most TERC_KO hESCs died after
transfection with TERC 305g>a, we were able to isolate one positive clone that remained viable.
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Similar to TERC_KO hESCs rescued with WT TERC, TERC_KO_305g>a hESCs recovered
normal colony morphology and did not activate apoptosis, indicating complete rescue of the
TERC_KO phenotype (Figure 4.6).
TERC_KO_305g>a hESCs exhibited normal viability but reduced telomerase activity,
which culminated in telomere shortening. Telomeres appeared markedly shorter in the viable
TERC_KO_305g>a hESCs compared to the inviable TERC_KO cells, further suggesting that
TERC_KO cells were not dying due to telomere dysfunction. However, when compared to the
iTERT_KO hESCs characterized in chapter 2, we found that bulk telomere lengths in these
telomerase-dead cells at the point of cell death appeared longer than those in the telomerasedeficient TERC_KO_305g>a cells (Figure 4.7). This indicates that average telomere length is not
a sufficient indicator of telomere dysfunction, therefore, we are unable to exclude telomere
attrition as the cause of the TERC_KO phenotype with this data alone. On the contrary, the fact
that TERC 305g>a, which diminishes but does not abolish telomerase activity, was sufficient to
rescue TERC_KO cell viability while the telomerase-dead TERC 96_97delcu was insufficient
argues that TERC_KO hESCs were subject to telomere dysfunction. Furthermore, unlike the
conditional iTERC_KO hESCs described in Chapters 2 and 3, which undergo synchronized
apoptosis following TERC ablation long before significant telomere shortening can occur,
TERC_KO hESCs die off gradually over the course of multiple weeks, similarly to what was
observed in iTERT_KO hESCs following TERT ablation and progressive telomere shortening.
Together, these observations indicate that the constitutive TERC_KO hESCs described here do
not recapitulate the phenotype characterized in conditional iTERC_KO hESCs. This data also
inadvertently demonstrates different outcomes between partial knock-down and complete knockout of a telomerase component.
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Discrepancies between conditional and constitutive TERC knock-out approaches
demonstrate potential pitfalls of large-scale transcriptome analyses
To investigate the genetic pathways affected by loss of TERC, we performed RNAseq
analysis to compare gene expression profiles between TERC_KO, rescued TERC_KO_RE, and
WT hESCs. Our analysis revealed significant changes in global gene expression in both knockout and rescued cells, and Principal Component Analysis showed a one-dimensional correlation
between expression variance and TERC abundance, suggesting that TERC regulates expression
of a number of genes, as previously reported (Figure 4.8) [107, 109, 111]. However, the
TERC_KO cell population was already dying at the time of sample collection and, unlike the
conditional iTERC_KO hESCs described in Chapter 2, we were unable to determine how long
cells had survived without TERC, making it difficult to determine which differentially expressed
genes (DEGs) were directly caused by loss of TERC and which were downstream products of
programmed cell death. Viable rescued cells overexpressing TERC also showed significant
changes in gene expression compared to WT hESCs. However, these cells were previously part
of a dying population, therefore it is probable that the transcriptomes of these cells were affected
by the stressful culture environment. As such, it is unlikely that the DEGs identified in rescued
TERC_KO_RE hESCs are all solely attributable to TERC overexpression.
In order to identify DEGs that were not byproducts of apoptosis, we performed an
additional RNAseq analysis using a TERC overexpression hESC line in which transgenic TERC
was inserted into the AAVS1 locus without removing the endogenous TERC locus (TERC_OE
hESC). We identified about half the number of DEGs in these TERC-overexpressing cells as we
did in rescued knock-out cells, suggesting that a large portion of the DEGs identified in
TERC_KO_RE were due to experimental factors outside of TERC abundance. In fact, only 6%
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of the identified DEGs coincided between TERC_OE and TERC_KO_RE hESCs, further
indicating that the majority of the identified DEGs are not caused by TERC overexpression.
Finally, we compared these results with those from a previous RNAseq study conducted with
U2OS cells overexpressing TERC (TERC_OE U2OS) [111]. We found that these three TERC
overexpression models shared only 0.4% of the total identified DEGs (Figure 4.9). TERCoverexpressing hESCs and U2OS cells shared only 1.9% of DEGs, and while these are very
different cell types, neither condition displayed significant loss of viability or any other dramatic
phenotypes. If TERC had a direct, regulatory effect on gene expression, we would have expected
to identify more common DEGs between these models compared to their corresponding wild
type cells. This notion is consistent with our results in Chapter 2, where we reported no
differential gene expression following TERC ablation in iTERC_KO hESCs until cells activated
apoptosis. Comparison of RNAseq results between our conditional and constitutive TERC
knock-out models demonstrates the prevalence of off-target effects on the transcriptome
stemming from experimental factors such as clonality, culture environment, and genome-editing,
as these issues are rectified in conditional iTERC_hESCs. This illustrates an advantage of
conditional knock-out approaches and emphasizes the importance of having multiple, carefully
designed controls when conducting large-scale genomic analyses such as RNAseq.
Discussion
Do TERC_KO hESCs have short, dysfunctional telomeres?
Unlike conditional iTERC_KO hESCs, in which the timing and extent of TERC
expression or ablation can be tightly controlled by DOX, the amount of time in which
constitutive TERC_KO hESCs survived without TERC is undefined, therefore it is difficult to
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exclude telomere shortening and dysfunction from the TERC_KO phenotype. TRF analysis
provides semi-quantitative information about the average or bulk length of telomeres in a cell
population, however it lacks the sensitivity required to detect small numbers of critically short
telomeres that could induce cell cycle arrest and apoptosis even in the presence of long telomeres
[144]. With the current data lacking detection of the shortest telomeres, it remains inconclusive
whether the apoptosis activation observed in TERC_KO hESCs was due to loss of telomere
maintenance or telomere-independent loss of TERC.
While not conclusive, the presented data supports telomere dysfunction as the cause of
death in TERC_KO hESCs on two fronts. First, the gradual onset of cell death observed over
several weeks in TERC_KO cells more closely resembles that of cells subject to telomere
dysfunction, such as iTERT_KO cells, rather than the sudden, synchronous cell death observed
in iTERC_KO cells. This gradual loss of cells suggests that cells are dying at different times due
to the heterogeneous lengths of the shortest telomeres within different cells of a population,
while the sudden death in iTERC_KO suggests a causative mechanism that is dependent on
extrinsic, environmental factors as opposed to a cell-intrinsic factor such as telomere length.
Second, TERC_KO hESCs could not be rescued by the telomerase-dead TERC
96_97delcu mutant, while expression of the telomerase-deficient TERC 305g>a mutant restored
cell viability. Unlike TERC 96_97delcu, TERC 305g>a dramatically reduced but did not entirely
abolish telomerase activity. Therefore, it is possible that the low amount of activity conveyed by
305g>a was sufficient to maintain the shortest telomeres above the threshold of dysfunction. In
order to conclude whether telomere dysfunction was the cause of apoptosis in TERC_KO
hESCs, we would need to measure the shortest telomeres within the cell population. At the time
the described experiments were conducted, the only existing method that would allow for
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detection of individual short telomeres was Single Telomere Length Analysis (STELA).
However, STELA cannot measure the telomeres from both arms of every chromosome and thus
would not be sufficient to entirely rule out telomere dysfunction [145]. Since then, the Telomere
Shortest Length Assay (TESLA) has been developed [146]. TESLA allows for measurement of
individual telomeres on all chromosomes and can provide information about the length and
quantity of the shortest telomeres in a cell population. If we were to pursue this investigation, we
could now utilize TESLA to measure the shortest telomeres in the dying TERC_KO cell
population and compare them to wild type hESCs as well as dying iTERT_KO hESCs as a
positive control for telomere dysfunction. This would be sufficient to determine whether
TERC_KO hESCs underwent apoptosis in response to telomere shortening or due to loss of the
noncanonical, antiapoptotic function of TERC characterized in Chapters 2 and 3.
Consequences of telomerase knock-down versus knock-out
An unintentional but interesting finding from the described experiments is the unexpected
phenotypic difference between telomerase-dead and telomerase-deficient cells. We have
consistently observed that cells that lack telomerase, including TERC_KO, iTERT_KO, and
iTERC_KO_ΔscaRNA hESCs, die with average telomere lengths that are markedly higher than
those of telomerase-deficient cells, such as TERC_KO_305g>a and DKC_A353V hESCs.
Additionally, we have yet to observe telomere dysfunction-induced cell death in telomerasedeficient cells, as both TERC_KO_305g>a and DKC_353V have survived in long term culture
similar to wild type hESCs with no loss of cell viability, although the short telomeres in
DKC_353V hESCs do impair hematopoietic differentiation potential (Table 4.1) [142]. This
indicates that the low amount of telomerase in these cells is sufficient to maintain functional
telomeres.
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We postulate that the unexpected long-term viability and shorter bulk telomere lengths of
telomerase-deficient cells is due to the fact that telomerase preferentially elongates shorter
telomeres when abundance of the holoenzyme is limiting [59, 60]. By this model, telomerasedeficient cells maintain their shortest telomeres just above the threshold of dysfunction, while the
remaining, longer telomeres continue to shorten, thus the average telomere length of the
population becomes shorter. Presumably, the population will begin to die once too many
telomeres become close to critically short and overwhelm the limited amount of available
telomerase, though we have yet to observe this. This contrasts with telomerase-dead cells, in
which a small number of short telomeres within a population of highly heterogeneous telomeres
activate growth arrest and apoptosis within their respective cells. These cells are then eliminated
from the population and therefore do not contribute to measured average telomere length, which
explains why telomere-dead cells appear to undergo less extensive telomere shortening than
telomerase-deficient cells. Our data demonstrates the unexpected but substantial difference
between telomerase reduction and deletion and emphasizes that telomere dysfunction is defined
by the shortest telomeres and not average length.
Constitutive and conditional TERC knock-out hESCs manifest different phenotypes
Constitutive TERC_KO hESCs do not recapitulate the widespread and synchronous
induction of apoptosis consistently observed in conditional iTERC_KO hESCs following TERC
ablation. On the contrary, TERC_KO hESCs live longer than iTERC_KO hESCs considering the
time required for genome-editing and die gradually over the course of multiple weeks. This
strongly suggests that TERC_KO cells succumb to telomere shortening and dysfunction, which
contradicts our previous conclusion that TERC is essential for hESC survival independent of
telomere maintenance.
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Our most probable hypothesis for this discrepancy is that the isolated TERC_KO clones
survived the initial induction of apoptosis that would occur upon loss of TERC. In multiple
iTERC_KO DOX removal time courses, the vast majority of the population perished while a
small number of cells survived and grew out to form large colonies. These surviving cells could
continue to be cultured for at least two or three passages, after which cells either underwent a
second induction of apoptosis or remained viable indefinitely. We do not know why these cells
survive, though we might postulate that this could be due to rare mutations that are advantageous
to survival. This could be addressed by conducting RNAseq, exome sequencing, or single-cell
RNAseq to compare surviving iTERC_KO cells to an entire iTERC_KO cell population before
apoptosis occurs. Regardless, cells have been observed to survive the apoptosis induced by loss
of TERC, therefore it is plausible that the TERC_KO hESCs that were isolated after
CRISPR/Cas9 gene-editing and screening were such survivors, which could explain why
TERC_KO and iTERC_KO hESCs manifest different phenotypes.
An alternative, though less likely hypothesis is that TERC_KO hESCs do not recapitulate
the iTERC_KO phenotype because the telomere-independent function of TERC is cellnonautonomous. By this hypothesis, TERC_KO hESCs survive longer and lack the
synchronicity of iTERC_KO hESCs because they were grown in the presence of wild type,
TERC-expressing hESCs during the genome-editing and screening process. This possibility
could be tested through the use of co-culturing experiments to determine whether the presence of
TERC in neighboring cells affects the timing or extent of apoptosis induction in iTERC_KO
cells. While the results between our constitutive and conditional TERC knock-out systems are
inconsistent, the conditional iTERC_KO hESC line offers clearer results in that the time spent
without TERC expression or telomere maintenance is strictly defined, therefore, we assert the
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conclusion inferred from our iTERC_KO experiments that TERC has an essential, telomereindependent function that suppresses apoptosis in hESCs.
Conditional knock-out approaches eliminate nonspecific changes in global gene expression
As several other groups have reported that TERC interacts with chromatin and regulates
expression of a number of genes, we performed several RNAseq experiments to investigate the
effects of TERC modulation on global gene expression [107, 109, 111]. Initially, it appeared that
TERC did regulate gene expression, as both TERC knock-out and overexpression resulted in
differential expression of several hundred genes. However, a large portion of these DEGs were
attributable to cell death, and the vast majority of DEGs between similar TERC expression
conditions did not coincide, arguing against the idea that the detected DEGS were caused by
TERC. This is corroborated by our RNAseq analyses in iTERC_KO hESCs, which did not
display significant changes in gene expression until apoptosis was activated.
The inconsistent results obtained from conditional and constitutive TERC knock-out cells
illustrate how unintentional, unspecified factors such as off-target effects of gene-editing and
clonal differences can alter a cell’s transcriptome. To generate the TERC_KO line, hESCs
underwent Cas9-mediated double-stranded DNA cleavage followed by NHEJ-mediated repair
within the TERC locus. CRISPR/Cas9 gene-editing has been repeatedly shown to have off-target
effects throughout the genome [147]. Furthermore, following CRISPR/Cas9 transfection, hESCs
were grown from single cells to isolate a clonal population that would inevitably harbor various
mutations differentiating the clone from the population from which it was derived. Together,
these processes offer considerable opportunities for genetic and transcriptional variability
between starting wild type cells and a produced cell line that are independent of the gene being
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targetted. Conversely, conditional iTERC_KO hESCs do not undergo gene-editing or clonal
isolation following TERC ablation. The only experimental difference between TERC-positive
and negative iTERC_KO cells is the presence of DOX, and as no DEGs were identified between
iTERC_KO hESCs with DOX and without DOX for 8 or 12 days, we can exclude this concern.
Thus, conditional expression systems offer the advantage of far fewer nonspecific, off-target
effects on the genome and, by extension, the transcriptome.
While our RNAseq analyses failed to reveal any genes or pathways of interest that could
explain the TERC_KO or iTERC_KO phenotypes, these results demonstrate a significant
advantage of conditional gene expression approaches versus the more commonly used
constitutive approaches when employing large-scale computational methods that require
intensive downstream experimental validation such as RNAseq. With the use of our far more
controlled conditional TERC expression system, we found that TERC abundance does not have a
significant impact on the transcriptome, a conclusion that would have required experimental
validation of several hundred identified genes based on the results acquired from our constitutive
TERC_KO system.
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Figures and Tables

Figure 4.1: Generation of constitutive TERC knockout hESCs (TERC_KO hESCs)
A.) Strategy for generation of TERC_KO via CRISPR/Cas9. Two small guide RNAs targeting
untranscribed genomic regions flanking the 5’ and 3’ ends of TERC were used to delete the
entire gene after repair via NHEJ. B.) Next-generation sequencing of the endogenous TERC
locus following CRISPR/Cas9 targeting in two independently derived TERC_KO clones.
Nucleotides upstream of TERC are represented in green, nucleotides downstream of TERC are
represented in red, and nucleotides within the TERC gene are represented in black. Dashes
represent deleted nucleotides.
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Figure 4.2: TERC_KO hESCs display reduced viability
A.) Brightfield microscopy images of wild type (WT) and TERC_KO hESCs, scale bar
represents 500 um. B.) Quantification of cell death measured by co-localization of propidium
iodide and Hoechst staining in two independent TERC_KO clones. WT hESCs were measured
24 hours following irradiation with 9 J/m2 UV as a positive control. C.) Activation of caspase 3,
8, and 9 were measured by colorimetric assay. WT hESCs were measured 24 hours following
irradiation with 9 J/m2 UV as a positive control. Asterisks indicate statistical significance
compared to WT control. n=3 independent experiments, mean ± SEM. *p≤0.05, **p≤0.005,
***p≤0.0005, ****p≤ 0.00005. Student’s t test.
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Figure 4.3: Transgenic TERC rescues TERC_KO hESCs
A.) TERC expression measured by qRT-PCR between wild type and TERC_KO_RE clones. B.)
Brightfield microscopy images of TERC_KO and rescued TERC_KO_RE hESCs, scale bar
represents 500 um. C.) Activation of caspase 3, 8, and 9 were measured by colorimetric assay.
WT hESCs were measured 24 hours following irradiation with 9 J/m2 UV as a positive control.
Asterisks indicate statistical significance compared to WT control. n=3 independent experiments,
mean ± SEM. *p≤0.05, **p≤0.005. Student’s t test.

99

Figure 4.4: Average telomere lengths in TERC_KO hESCs do not appear critically short
A.) Telomere length analysis by telomere restriction fragment (TRF) of WT, TERC_KO, and
DKC1_A353V hESCs. DKC1_A353V was measured at early (P8) and late (P30) passage.
Molecular weight markers shown on left. B.) Telomerase activity measured by TRAP in WT and
DKC1_A353V hESCs. Samples were serially diluted 4-fold. I.C., internal control. DKC1_353V
TRF and TRAP were performed by Wilson Fok and Evandro Niero.
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Figure 4.5: Characterization of telomerase-deficient and telomerase-dead TERC mutations
in U2OS cells.
A.) Diagram depicting mature TERC RNA. Locations of the mutations r.96_97delcu and
r.305g>a are highlighted. B.) TERC expression measured by qRT-PCR in U2OS cells cotransfected with TERT and WT or mutant TERC. C.) Telomerase activity measured by TRAP in
U2OS cells co-transfected with TERT and WT or mutant TERC. Samples were serially diluted
4-fold. I.C., internal control.
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Figure 4.6: Telomerase-deficient TERC_305g>a rescues TERC_KO hESCs
A.) Brightfield microscopy images of wild type and TERC_KO_305g>a hESCs, scale bar
represents 500 um. C.) Activation of caspase 3, 8, and 9 were measured by colorimetric assay.
WT hESCs were measured 24 hours following irradiation with 9 J/m2 UV as a positive control.
Asterisks indicate statistical significance compared to WT control. n=3 independent experiments,
mean ± SEM. *p≤0.05, **p≤0.005. Student’s t test.
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Figure 4.7: Low telomerase activity is sufficient to prevent telomere dysfunction in hESCs
A.) Telomerase activity measured by TRAP in WT and TERC_KO_305g>a hESCs. Samples
were serially diluted 4-fold. I.C., internal control. A.) Telomere length analysis by telomere
restriction fragment (TRF) of WT, TERC_KO, TERC_KO_305g>a, and iTERT_KO hESCs.
TERC_KO_305g>a was measured over three consecutive passages, iTERT_KO was measured
99 days after DOX removal, when all cells had died or ceased proliferation. Molecular weight
markers shown on left. iTERT_KO TRF was provided by Alex Vessoni.
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Figure 4.8: Principal Component Analysis of RNAseq results
Red cluster contains analyzed TERC_KO samples, two clones with two replicates each, blue
cluster contains rescued TERC_KO_RE samples, two clones with two replicates each, and green
cluster contains four replicates of WT hESCs. TERC abundance correlated with variance on the
PC 1 axis.
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Figure 4.9: Identified DEGs in different TERC expression models do not coincide
A.) Table summarizing quantification of identified DEGs between different TERC knock-out
and overexpression models. B.) Venn diagram depicting common DEGs identified between three
TERC overexpression models. TERC_OE U2OS DEGs were identified by Liu et al.[111]
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Table 4.1: Summary of results from tested telomerase-dead and telomerase-deficient hESC
cell lines.
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Chapter 5- Conclusions and Future Directions
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Conclusions
Several recent studies have provided compelling evidence that TERC, a long noncoding
RNA thought to solely function as the inert template for telomerase, possesses a noncanonical
function outside of telomere elongation. These studies, however, relied on variable knock-down
or overexpression strategies and used experimental models in which telomere shortening was
consequential to TERC modulation, rendering it difficult to conclude if the proposed function of
TERC is truly independent of telomere maintenance. To our knowledge, we have generated the
first conditional human TERC knock-out model, iTERC_KO, which uncouples TERC
expression from telomere length, allowing us to investigate potential telomere-independent
functions of TERC. With this approach, we demonstrated that TERC is essential for human stem
cell survival, as TERC ablation consistently induced widespread, synchronized induction of
apoptosis in iTERC_KO hESCs.
Following TERC ablation, iTERC_KO hESCs activate apoptosis within two to four
weeks, long before the three or four months preceding telomere dysfunction-induced cell death
established in other telomerase knock-out hESC models [129]. Furthermore, the timing and
uniformity of apoptosis induction in iTERC_KO hESCs contrasts with the gradual loss of the
cell population observed following extensive telomere shortening, as cells acquire critically
short, dysfunctional telomeres at different times due to the inherent heterogeneity of both starting
telomere lengths and telomere degradation rates. Additionally, we found no evidence of telomere
dysfunction in iTERC_KO cells, as telomere dysfunction-induced foci analysis revealed no
significant accumulation of uncapped telomeres. This along with the dissimilar patterns of cell
death demonstrates that loss of TERC has a distinct and more severe consequence than other
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modes of telomerase disruption, indicating that TERC has a noncanonical, telomere-independent
function in promoting cell survival through suppression of apoptosis.
In support of this conclusion, we found that genetic or biochemical loss of the telomerase
protein components TERT, dyskerin, and TCAB1 did not manifest the same phenotype as loss of
TERC. TERT knock-out hESCs remained viable until telomeres become critically short, and
TERC ΔscaRNA, a mutant incapable of binding dyskerin or TCAB1, was sufficient to suppress
apoptosis in iTERC_KO hESCs. This indicates that TERC does not depend on catalytic activity
with TERT, telomerase assembly and trafficking to telomeres through TCAB1, or even on
protection from RNA degradation through dyskerin to prevent apoptosis. Therefore, TERC
possesses a noncanonical, antiapoptotic function outside of its role in telomerase and telomere
maintenance.
Though TERC is expressed ubiquitously throughout telomerase-positive and negative
cell types, we found that the telomere-independent function of TERC is not relevant to all of
these cell types, as TERC ablation did not induce apoptosis in differentiated, “fibroblast-like”
iTERC_KO cells [52]. This indicates that the necessity of TERC depends on the context of the
cell, and that additional factors such as stemness, cell cycle regulation, or the external
environment may modify or compensate for the antiapoptotic function of TERC in different
types of cells or culture conditions. This notion is corroborated by the fact that cancer cell lines
such as U2OS survive without TERC, indicating that apoptosis induction by loss of TERC can
be nullified in different cellular contexts. Further elucidation of the molecular mechanism behind
the antiapoptotic function of TERC should clarify why some cell types are more dependent on
this function than others.
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In our attempts to validate or disprove previous theorized mechanisms for the
antiapoptotic effect of TERC, we found that TERC53, a cytosolic RNA processed from mature
TERC in the mitochondria, is necessary and sufficient to prevent apoptosis in hESCs [118].
TERC53 is necessary in that TERC RNAs harboring mutations that disrupt the mitochondrial
processing required to produce TERC53 cannot prevent apoptosis in iTERC_KO hESCs. Direct
expression of TERC53 bypassed the need for mitochondrial processing and was sufficient to
suppress apoptosis, strongly suggesting that TERC53 is the active form of TERC that promotes
hESC survival. The notion that TERC acts in the cytosol is consistent with our conclusion that
TERC acts outside of the nuclear telomerase complex. This is also consistent with our
conclusion that the ΔscaRNA domain is dispensable for the antiapoptotic function of TERC, as
this region lies outside of the TERC53 sequence. Currently, we do not know how TERC53
functions to suppress apoptosis, however the fact that it relies on processing in the mitochondria
suggests a connection to mitochondrial function or energy metabolism.
Remaining Questions and Future Directions
How does TERC promote survival?
Perhaps the most confounding aspect of the iTERC_KO phenotype is that cells grow
normally for up to four weeks without TERC before undergoing a rapid, widespread induction of
cell death, resulting in loss of most if not all of the population. We have been unable to detect
any differences in cell viability, morphology, genome integrity, or even gene expression
following TERC ablation until cell death is observed. This implies that loss of TERC causes a
gradual build-up or depletion of an important molecule that must reach a certain threshold over
an extended period of time before triggering a transcriptional response that culminates in
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apoptosis. Such a mechanism evokes cellular metabolism, therefore, we hypothesize that TERC
has a role in energy homeostasis and that the apoptosis induction following TERC ablation is
caused by an irreparable depletion of cellular ATP.
Commonly known as the “currency” of cellular energy, ATP serves as a molecular carrier
to store and transfer energy required to drive the many endothermic chemical reactions essential
to cell and organismal survival. Due to this importance, cellular ATP production is highly
responsive to changes in energy demand and is tightly regulated at multiple levels through both
short and long-term response mechanisms. Short-term responses to fluctuations in ATP
concentration primarily depend on post-transcriptional mechanisms such as allosteric regulation
and post-translational modifications. ATP supply is monitored through the ratio of ATP to its dephosphorylated counterparts ADP or AMP. All three molecules bind allosteric sites on various
enzymes involved in committed, energetically irreversible steps in cellular respiration. ATP
binding inhibits activity of these enzymes to signal a surplus while high levels of ADP and AMP
indicate low ATP and thus activate these enzymes to stimulate ATP production and restore the
cell’s energy reserve [148].
Surplus AMP also activates the “nutrient sensor” AMP-activated protein kinase (AMPK).
AMPK responds the perceived scarcity of ATP by phosphorylating a variety of target proteins to
either stimulate energy-producing catabolic processes, such as fatty acid oxidation or glucose
uptake, or inhibit energy-consuming anabolic processes, such as protein and lipid biosynthesis.
Short-term effects of AMPK activation are post-transcriptional and involve direct functional
modification of existing metabolic proteins, while long-term adaptive effects arise from AMPK
phosphorylation of transcription factors, resulting in altered gene expression that serves to
support production or conservation of ATP until energy homeostasis is restored. For instance,
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AMPK inhibits the transcription factor Srebp1, which drives expression of genes involved in
fatty acid synthesis, but activates PGC-1α, which stimulates mitochondria biogenesis and by
extension ATP production [149-151]. In addition to genetic regulation of metabolic pathways,
AMPK also modifies transcription factors known to induce cell cycle arrest or apoptosis,
including p53 and FoxO proteins [152-154].
Given this information, we propose that TERC contributes to cellular respiration, and
present the following model connecting loss of TERC to apoptosis induction: Shortly following
TERC ablation in iTERC_KO hESCs, cellular ATP concentration begins to decrease and posttranscriptional modes of regulation are activated by excess ADP and AMP. However, without
TERC, ATP levels cannot be restored through these mechanisms alone, and surplus AMP
activates AMPK, which phosphorylates protein targets that initially modify post-translational
processes. However, after prolonged ATP scarcity, AMPK triggers a transcriptional response
through phosphorylation of transcription factors. Finally, once it becomes apparent that the cell
will not be able to restore ATP to a level adequate for survival, apoptosis is activated through
AMPK activation of pro-apoptotic factors such as p53 or FoxOs. This model explains why cells
survive for an extended period time following TERC ablation and why gene expression remains
unchanged for the majority of this time, as short-term responses to ATP flux are largely posttranscriptional. This model is also supported by our RNAseq analysis described in Chapter 3, as
FoxO and AMPK signaling are 2 of the top 3 differentially expressed pathways identified in
dying iTERC_KO hESCs (Table 3.3).
To test this hypothesis, we should utilize Seahorse analysis to measure ATP production
as well as glycolytic and mitochondrial function in live iTERC_KO hESCs before and after
TERC ablation, prior to cell death. If our hypothesis is correct, we would expect to see a
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reduction in these parameters shortly after TERC ablation, before transcriptional changes or
apoptosis occur. We could also use commercially available colorimetric or luminescent kits to
look for a gradual reduction in ATP concentration in iTERC_KO cell lysates at different time
points in the DOX removal time course. Contrary to this hypothesis, it was previously reported
that overexpression of TERC53 does not affect mitochondrial function or ATP production [118].
However, it remains to be seen if removal of TERC53 has an effect, and our studies have
repeatedly demonstrated that complete TERC deletion has phenotypic consequences that do not
translate to TERC knockdown or overexpression models.
If results indicate that iTERC_KO hESCs do have impaired ATP production, we could
further examine this hypothesis by assessing AMPK activation. This can be achieved via
Western blotting for AMPK Thr(172) phosphorylation as well as phosphorylation of known
AMPK target proteins, such as TSC2 Ser1387 [149]. Finally, if AMPK signaling drives
transcriptional changes that induce apoptosis, these changes would be expected to manifest hours
before observed cell death, which may explain why we did not detect any changes in gene
expression prior to death as late as 12 days post DOX removal. This time point was four days
prior to apoptosis induction and was likely too early in the time course to observe transcriptional
changes in response to ATP flux. To pursue the ATP hypothesis with additional RNAseq
analyses, we would ideally collect RNA less than 24 hours before death is observed. If the
hypothesis is true, we should be able to detect differential gene expression related to AMPKregulated pathways hours before apoptosis is observed. Analysis of viable cells at this time point
would presumably yield far fewer than the nearly 6000 DEGs identified in dying iTERC_KO
hESCs, which may enable us to confidently identify a causative pathway such as AMPK.
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A gradual depletion of ATP to a certain threshold that would initially induce short-term
post-transcriptional regulation but culminate in transcriptionally-driven programmed cell death is
consistent with the iTERC_KO phenotype. We hypothesize that TERC contributes to ATP
production through glycolysis in the cytosol, as TERC53 accumulates in the cytosol and both the
Krebs cycle and oxidative phosphorylation occur within mitochondria [118]. A role for TERC in
glycolysis could also explain why the antiapoptotic function of TERC is critical for hESCs but
dispensable in differentiated fibroblast-like cells, as stem cells primarily rely on anaerobic
glycolysis for ATP production while somatic cells rely on mitochondrial respiration [155].
Supporting this notion, one study reported that TERC interacts with GAPDH, a
glycolytic enzyme. This study postulated that GAPDH inhibits telomerase by binding TERC in
the nucleus, however it was not experimentally demonstrated whether the interaction occurs in
the nucleus or cytosol [156]. While GAPDH is primarily known for its role glycolysis, it is also
capable of activating apoptosis if translocated to the nucleus. In brief summary, excessive nitric
oxide is produced in the cell in response to apoptotic stress and causes S-nitrosylation of
GAPDH. This modification inactivates the glycolytic activity of GAPDH and induces binding to
the E3-ubiquitin-ligase Siah1. The Siah1-GAPDH complex is then translocated to the nucleus,
where it activates the aceyltransferase p300/CBP, which in turn activates p53-mediated apoptosis
[157, 158]. This suggests an intriguing connection between TERC, metabolism, and apoptosis
that could explain the iTERC_KO phenotype. Therefore, we hypothesize that TERC53
suppresses apoptosis and supports ATP production through interaction with GAPDH. This could
occur by blocking GAPDH nuclear translocation or by maintaining its glycolytic function
(Figure 5.1). Notably, GAPDH and dyskerin do not compete for binding of TERC, which
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indicates that the scaRNA region is not involved in GAPDH binding and is consistent with our
conclusion that the scaRNA domain is not involved in the antiapoptotic function of TERC [156].
To investigate this hypothesis, there are several experimental means of monitoring or
disrupting the GAPDH-mediated cell death cascade. First, we should conduct coimmunoprecipitation experiments to determine if TERC53 interacts with GAPDH in iTERC_KO
hESCs. If this can be confirmed, we could then monitor nuclear GAPDH during or immediately
preceding apoptosis in iTERC_KO hESCs via immunofluorescence or through nuclear
fractionation and Western blotting. Additionally, we could assess if R-(-)-Deprenyl, a drug that
blocks S-nitrosylation of GAPDH required to initiate the death cascade, prevents or delays
apoptosis induction in iTERC_KO hESCs following TERC ablation [159]. If R-(-)-Deprenyl
suppresses the iTERC_KO phenotype, it would demonstrate that TERC prevents apoptosis in
hESCs by blocking this specific pathway. To address whether TERC blocks nuclear
translocation by preventing GAPDH S-nitrosylation, we could treat iTERC_KO hESCs with
increasing doses of the nitric oxide donor GSNO, as we would expect cells with more TERC to
require treatment with more GNSO to induce detectable S-nitrosylation of GAPDH if this
hypothesis were true [158]. Alternatively, TERC could prevent nuclear translocation of GAPDH
by blocking interaction with Siah1. We could address this possibility using coimmunoprecipitation of Siah1 or GAPDH in the presence and absence of DOX in iTERC_KO
cells. Finally, to address whether TERC modifies the glycolytic activity of GAPDH, we could
measure the ability of GADPH to catalyze the conversion of glyceraldehyde-3-phosphate to 1, 3bisphosphate glycerate in the presence and absence of TERC. This can be achieved using
commercially available colorimetric kits.
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Here we present these complex models in an attempt to explain the surprising timing and
severity of the iTERC_KO phenotype. While we currently do not have much evidence to support
these models, several of the proposed experiments are relatively simple and should quickly either
exclude these hypotheses or provide a concrete direction in which to move this project forward
towards elucidation of the molecular mechanism behind the antiapoptotic function of TERC.
What is the purpose of the telomerase-independent function of TERC?
We have demonstrated that TERC has a function outside of its role in telomere
elongation that is critical for survival in human stem cells. However, it remains unclear why such
a function exists and what evolutionary advantage could afford, especially considering that this
function does not translate to mice, as TERC knock-out mouse embryonic stem cells do not
manifest any phenotypes prior to telomere dysfunction [160]. Although TERC is ubiquitously
expressed in all cell types, we found that TERC is essential for survival in telomerase-positive
embryonic stem cells but dispensable in telomerase-negative fibroblast-like cells [52]. Given this
observation, we hypothesize that the antiapoptotic function of TERC may be exclusive to
telomerase-positive cells because it serves as an indirect telomerase regulation mechanism.
We propose a model in which cytosolic TERC53 serves as a molecular signal for TERT
accumulation. TERT is maintained at low concentrations that are tightly regulated through both
transcriptional and post-transcriptional mechanisms, as excess TERT is conducive to
tumorigenesis [54, 67]. If telomerase becomes deregulated due to accrual of excess TERT, TERT
will bind all available nuclear TERC and prevent export to the cytosol for TERC53 production.
Therefore, loss of cytosolic TERC53 indicates that telomerase is overly activated and that the
cell in question may be vulnerable to malignant transformation. This signal culminates in
116

activation of apoptosis to eliminate the defective cell, protecting the organism as a whole from
potential tumorigenesis. This model agrees with the previous finding that TERT interaction
inhibits the antiapoptotic function of TERC [116]. This also explains why the antiapoptotic
function of TERC does not translate to mice, as mice do not regulate telomerase as strictly as
humans [161]. It has been postulated that this difference arose because mice are small, shortlived, and at less risk for tumorigenesis than humans, therefore they would have less need for this
proposed regulatory function of TERC [85].
To investigate this hypothesis, the significance of TERC for cell survival outside of
telomere maintenance should be assessed in more telomerase-positive and telomerase-negative
cell types, as we have currently only examined one cell type in each of these categories. For
instance, we could differentiate iTERC_KO hESCs into T lymphocytes, which express
telomerase upon antigen-mediated activation [162, 163]. Additionally, we could differentiate
iTERC_KO hESCs into telomerase-negative hepatocytes and neurons [164, 165]. Examining
additional cell types will be necessary to determine a correlation between telomerase activation
and the antiapoptotic function of TERC. A strong correlation between these parameters would
support the notion that the antiapoptotic function of TERC acts as an anti-tumor telomerase
regulation mechanism. If this is the case, it would establish a connection between the
antiapoptotic function of TERC and telomere maintenance. However, this function should still be
considered noncanonical and “telomerase-independent” because it does not require TERC to
serve as the RNA template within the telomerase complex.
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Figure 5.1: Proposed model of apoptosis suppression by TERC53
Solid lines represent established interactions, dotted lines represent proposed interactions. TERT
inhibits cytosolic accumulation of TERC53 by inhibiting nuclear export of TERC. TERC53
binds GAPDH in the cytosol and promotes glycolytic production of ATP. Sustained ATP inhibits
AMPK from activating transcription factors that drive expression of proapoptotic genes. Nitric
oxide (NO) induces S-nitrosylation of GAPDH, which inhibits its glycolytic function and
promotes GAPDH binding to Siah1. Siah1 trafficks GAPDH to the nucleus, which induces
apoptosis. We propose that TERC53 inhibits GAPDH nuclear trafficking by blocking either
S-nitrosylation or binding of Siah1.
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