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Telomeres cap chromosome ends and are essential for genome stability and human health, but they
shorten in most human somatic cells with cell division due to the end replication problem.
Telomerase a specialized reverse transcriptase that lengthens telomeres by adding GGTTAG
repeats to chromosome ends and is upregulated in most human cancers to enable limitless
proliferation. Here, we uncover two distinct mechanisms by which naturally occurring oxidized
and therapeutic dNTP DNA precursors inhibit telomerase-mediated telomere elongation. We
conducted a series of direct telomerase extension assays in the presence of modified dNTPs on
various telomeric substrates. We provide direct evidence that telomerase can add the metabolized
form of NRTIs, dideoxyadenosine 5° triphosphate (ddITP) and 3’-azido-3’deoxythymidine
triphosphate (AZT-TP), to the telomeric end, causing chain termination. In contrast, telomerase
continues elongation after inserting oxidized 2-OH-dATP or the therapeutic 6-thioguanine
metabolite, 6-thio-dGTP, but insertion disrupts translocation and inhibits further repeat addition.
Kinetics reveal that telomerase poorly selects against 6-thio-dGTP, inserting with similar catalytic
efficiency as dGTP. Furthermore, telomerase processivity factor POT1-TPP1 fails to restore
processive elongation in the presence of inhibitory dNTPs. These findings reveal mechanisms for

targeting telomerase with modified dNTPs in cancer therapy.
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1.0 Introduction

1.1 Beginning of the end: A brief history of telomeres

The field of telomere biology emerged in the 1930s from the work of two Nobel Prize
winners, Hermann Muller and Barbara McClintock. They independently discovered telomeres first
in fruit flies and then in corn. From the behavior of broken chromosomes, these scientists
concluded that the natural ends of chromosomes were indistinguishable from induced DNA breaks
and must be a specialized structure. Muller discovered that when fruit flies were irradiated with x-
rays, the majority of the genome would undergo breakage and fusion, but the very ends of each
chromosome were resistant to breaking®. He hypothesized that the natural chromosome ends are
somehow protected against the repair process, and named the protective structure the “telomere”
1. McClintock independently discovered a similar phenomenon in irradiated maize chromosomes
2, She found that ruptured chromosomes formed dicentric chromosomes due to fusion of their ends
and that the damaged ends of chromosomes could be restored. She concluded that one of the
essential functions of telomeres was to protect chromosome ends from fusing with each other
following DNA double strand breaks 2.

In hindsight, the next major advancement in telomere biology was in 1961, when the
anatomist Leonard Hayflick demonstrated that fetal cells in culture divided only 40-60 times
before halting division and becoming senescent, which is an irreversible arrest of cellular growth
followed by serial passages of cultured human fibroblast cells 3. This concept was termed the
Hayflick limit, which stated that aging of a cell parallels the overall physical aging of the human

body 2. However, the molecular basis of the Hayflick limit wouldn’t be established for another



decade. The link between the Hayflick limit and telomeres was finally identified in the 1970s,
when James Watson and Alexey Olovnikov independently proposed the “end replication problem”
45, The end replication problem states that the unidirectionality of DNA polymerase would prevent
the complete replication of a chromosome by lagging strand synthesis #°. However, it was
Olovnikov that suggested the end replication problem would cause telomeres to shorten with each
round of DNA replication, and that telomere shortening was the mechanism behind the Hayflick
limit. As is often the case in science, the answer to one question raised another. If telomeres shorten
with each cell division and eventually lead to replicative senescence, then how have organisms
with linear chromosomes prevented the total erosion of their DNA over time? Olovnikov predicted
that cells capable of indefinite replication must have a special DNA polymerase to maintain their
telomeres. Olovnikov’s prediction sparked a race to find this protein that would take a decade of
research to finally identify.

In the early stage of her research career, Elizabeth Blackburn and her colleague Joseph Gall
began to unravel the answer to the end replication problem. They found that the chromosome ends
of Tetrahymena thermophila, a unicellular ciliate organism, had a six-base sequence TTGGGG
which was repeated 20 to 70 times ¢. Choosing Tetrahymena as an organism to complete these
studies was a key factor to their initial success and following studies because it has thousands of
chromosomes, which provide large quantities of telomeric material to analyze. By 1981, Backburn
collaborated with Jack Szostak and found that telomeric function from Tetrahymena could be
transformed into Saccharomyces cerevisiae ’. This work showed that some feature of the telomeric
sequence confers function in multiple organisms. In 1985, Blackburn and her graduate student,
Carol Greider, identified an enzyme capable of extending telomeric sequences . They identified a

“terminal transferase” activity which they classified as a ribonucleoprotein with essential RNA



and protein components and termed it “telomerase” 8. The repetitive sequence of telomeric DNA
combined with the lack of a template DNA strand led them to the conclusion that the RNA
component of telomerase was complimentary to the telomeric repeat sequence, suggesting that it
was acting as a template for telomeric repeat addition. In 2009, the Nobel Prize in Physiology or
Medicine was awarded to Blackburn, Greider, and Szostak for their discovery of how
chromosomes are protected by telomeres and the enzyme telomerase. These initial discoveries
paved the way for thousands of studies published on telomeres and telomerase in a multitude of

fields, including aging and cancer.

1.2 Telomere structure and function

Telomeres consist of repetitive noncoding DNA, which protect chromosomes from
degradation and loss of essential genes. Mammalian telomeric DNA has a variable number of G-
rich, non-coding tandem repeats of a double stranded DNA sequence 5’-TTAGGG 3’/
5’CCCTAA-3’, followed by a 3’ G rich single stranded overhang. The 3’ overhang allows
telomeric DNA to form a higher order structure wherein the 3’ single-stranded overhang folds
back, loops around, and invades the double stranded telomeric DNA, forming a telomeric loop (T-
loop) that is stabilized by a displacement loop (D-loop). The T-loop prevents the ends of
chromosomes from being recognized as double stranded breaks through the physical sequestering
of chromosome ends away from DNA damage response machinery.

Human telomeres are coated by a sequence specific protein complex called shelterin®.
Shelterin interacts with both double and single stranded telomeric DNA and binds to the DNA in

the nucleus 1°. Human shelterin complex (Figure 1) consists of six distinct proteins: Protection of



telomeres 1(POT1), Ras-related protein 1 (RAP1), TERF1-interacting nuclear factor 2 (TIN2),
tripeptidyl peptidase 1 (TPP1), and Telomeric repeat-binding factor 1 and 2 (TRF1 and TRF2) °.
TRF1 and TRF2 both bind to TIN2 which tethers the proteins together 1° 11, TIN2 can also bind to
TPP1, which in turn binds to POT1. RAP1 binds TRF2, which completes the six-subunit complex
9.

The DNA binding domains in the shelterin complex are well established. TRF1 and TRF2
have Myb/SANT domains which bind to duplex telomeric DNA 2. The TRFH domain mediates
the high affinity binding to DNA, which is dependent on TRF1 and TRF2 forming their own
homodimers 3. The TRF1 and TRF2 homodimers create the double stranded 5> TAGGGTT-3’
recognition modules of shelterin. POT1 binds to single stranded telomeric DNA with two N-
terminal oligonucleotide binding (OB) folds. POT1 can bind to single stranded 5’-
TTAGGGTTAG-3’ sites at either the 3° end or at an internal position such as the displaced strand
of the D-loop 4. TPP1 also has an OB fold, but does not interact with DNA %5, Studies have shown
that the shelterin complex binds as independent units to the DNA. In human and mouse cells,
TRF1, TRF2, TIN2, and RAP1 are ten times more abundant than POT1 and TPP1, which suggests
that the core of shelterin is a complex of the four must abundant subunits and a fraction of the
complexes have TPP1 and POT1 6. TRF1 and TRF2 are abundant enough to cover all of the
telomeric DNA in cells with short telomeres. Cells with long telomeres (LT) are not fully coated
with TRF2 but are fully protected 6. Shelterin can bind to most double stranded TTAGGG repeats,
and POT1/TPP1 are in ten-fold excess over its single stranded TTAGGG binding sites, which

suggests that most of the telomeric DNA is associated with shelterin proteins 6.
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RN
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Figure 1. Shelterin complex. Consists of six telomeric proteins: telomere repeat-binding factor
1 and 2 (TRF1 and TRF2), repressor/activator protein 1 (RAP1), TRF1 interacting nuclear
protein 2 (TIN2), TIN2-interacting protein 1 (TPP1) and protection of telomeres 1 (POT1).

This complex is essential for telomere protection and for regulating telomere elongation.

1.2.1 End replication problem

During each round of chromosome replication, telomeres shorten because of the
incomplete replication of linear DNA by the conventional DNA polymerases. DNA polymerases
synthesize DNA only in the 5° = 3’ direction, and can only extend existing polynucleotide chains.
Conventional DNA polymerases cannot synthesize DNA at the 5 ends of a blunt ended DNA
molecule. Therefore, the “end replication problem” causes incomplete lagging strand synthesis
due to RNA primer removal °. To circumvent this loss of telomeric DNA, shelterin functions to
recruit a reverse transcriptase, known as telomerase, which can elongate the 3” overhang by adding

single stranded telomeric repeats ®.



1.3 Telomerase

Telomerase is a large ribonucleoprotein complex, which processively synthesizes
telomeric DNA repeats (5’-GGTTAG-3” in humans) at the 3’ ends of linear chromosomes,
restoring the DNA lost due to the end replication problem 7. Telomerase holoenzymes are
heterogenous, but the minimally active complex consists of the catalytic protein component
telomerase reverse transcriptase (TERT), and an integral telomerase RNA component (TR) and
several accessory proteins (Figure 2) 8. TR acts as a template for the synthesis of telomeric DNA,

and also aids in the localization, catalysis, and assembly of the telomerase holoenzyme (Figure 2).

Chromosome
Telomerase
NHP2
Telomere repeats A NOP10
[ ' < GAR
TTAGGGTTAGGGTTAGGGTTAG 3'
e Dyskerin
AATCCCAATCCC CAAUCCCAAUC
=
— Template — hTR :L
Telomere 5

Figure 2. Telomerase at telomeres. Human telomerase consists of telomerase reverse transcriptase (nTERT),
telomerase RNA component (hTR), and accessory proteins that are members of the H/ACA small nucleolar
ribonucleoprotein family: dyskerin; NHP2 (non-histone protein 2); NOP10 (nucleolar protein 10); GAR1

ribonucleoprotein. Created with Biorender.



1.3.1 Human telomerase RNA subunits

The non-coding hTR (451 nucleotides in humans) is a subunit of telomerase and includes
the template for DNA synthesis (Figure 3) ‘8. hTR is involved at multiple stages of telomerase
biogenesis and function. hTR has a template boundary element (TBE) which prevents run on
reverse transcription past the end of the template °. If the TBE is absent, telomerase can read
through past the template to incorporate additional non-telomeric nucleotides °. The pseudoknot
and triple helix of hTR contribute to catalysis by orienting the primer-template duplex into the
enzyme active site 2021 . TR also contributes to the processivity of telomerase, allowing for
multiple rounds of telomeric repeat addition after a single primer binding step %22, hTR can bind
to the TERT subunit using the template-pseudoknot domain and the conserved region 4 and 5
(CR4-CR5) domains 2. In addition to binding to TERT, hTR has important RNA structural and
sequence elements which bind to various telomerase accessory proteins. The H/ACA small
nucleolar RNAs (SnoRNAS) box is located at the 3’ end of mammalian hTR, and is associated with
the RNA binding proteins dyskerin, NHP2, nucleolar protein 10 (NOP 10), and GAR1 4. A Cajal
box motif is also located in the 3’ domain of mammalian hTR and is bound to the beta transducin
(WD repeat) domain protein known as telomerase Cajal Body protein 1 25, Localization of hTR in
Cajal Bodies (regions in the nucleus enriched with proteins and RNAs involved in mRNA
processing) is important, because this is where the RNP is packaged for delivery to telomeres 2°.

Once hTR is processed, hTERT controls the exit of hTR from the Cajal bodies 7.
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Figure 3. hTR secondary structure. The human telomerase RNA (hTR) contains three major structural and
functional domains, the Pseudoknot/template domain, the CR4/CR5 domain, and the H/ACA scaRNA

domain. The hTR core and CR4/CR5 domains independently bind to hTERT. Created with Biorender.

1.3.2 TERT subunit

In addition to the RNA subunit described above, telomerase contains the telomerase reverse
transciptase component, TERT. hTERT consists of 1132 amino acids and is highly conserved

among species 28, hTERT contains four major domains: the TERT RNA binding domain (TRBD);



the telomerase essential N-terminal (TEN) domain; the reverse transciptase domain, and the C-
terminal extension domain (CTE) analogous to a polymerase thumb domain 2°.

Due to biophysical limitations such as low copy number and holoenzyme heterogeneity,
there is a lack of atomic resolution structural information about human telomerase %. Fortunately,
the crystal structure of TERT from Tribolium casteneum, the red flour beetle, has provided a
wealth of atomic resolution information to supplement the subnanometer cryo-EM structure of
human telomerase 3. While tcTERT is highly homologous to hTERT, the RNA component of
beetle telomerase has yet to be discovered. This has led to contention in the field of whether or not
itis a true telomerase. Importantly, tcTERT contains the T-motif, which is an amino acid sequence
preceding the RT motif that is conserved among TERT proteins, but not apparent in other reverse
transcriptases 3. Because beetle telomerase has a T-motif, the beetle structure is believed to be
either TERT or a very closely related protein. The beetle structure has revealed close contacts
between the TRBD and the thumb subdomain of the RT domain, which results in a closed ring
tertiary structure with a large cavity at is center, allowing for binding of the primer-template duplex
32 A structure of the binary complex containing tcTERT bound to an RNA-DNA hairpin, which
mimics the primer-template duplex, confirmed these contacts. The beetle structure shows that the
fingers and palm domains of the RT interact with the backbone of the RNA arm of the hairpin in
order to properly place the template in the active site. While the fingers and palm grasp the RNA

template, the RT thumb binds the DNA primer of the hairpin.

The TEN domain of TERT provides the anchor site which binds the telomeric DNA upstream from
the primer-template duplex 3. For Tetrahymena thermophila TERT, the crystal structure of the
TEN domain shows a fold with the groove of the surface which is important for DNA-primer
binding and telomerase activity. The domain also has a DAT motif, which is involved in
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telomerase recruitment 2, In addition to TR and TERT, there are also several accessory proteins
which are involved in telomerase assembly, maturation, recruitment, and activation. hTERT is
synthesized in the cytoplasm and associates with chaperones p23 and HSP90 34. Assembly of hTR
and hTERT into active telomerase is aided by Reptin and Pontin, which belong to the AAA+
ATPase family 3. Telomerase is then recruited to Cajal bodies by interacting with TCAB, where

it stays until it is recruited to telomeres 2°.

1.3.3 Telomerase recruitment to telomeres

Since telomerase and its telomeric substrate have very low abundance (approximately 250
telomerase molecules and 184 telomeres in a human cell during late S phase) %, telomerase is
actively recruited to telomeres instead of by simple diffusion. The shelterin component, TPP1, is
responsible for telomerase recruitment to telomeres 3. TPP1 complexes with POT1 to stimulate
telomerase repeat addition processivity (RAP) in vitro and is a processivity factor . The structure
of TPP1 consists of an N-terminal OB-fold domain and is necessary for telomerase recruitment, a
central domain that directly binds to POT1, and a C-terminal domain which associates with TIN2
and thereby integrates POT1 and TPP1 into the shelterin complex 383, The TEL patch, which is a
patch of amino acids in the OB-fold domain of TPP1, is essential for telomerase recruitment to
telomeres in vivo and for stimulating telomerase RAP in vitro 4. Studies have shown that the TEL
patch directly interacts with telomerase 4% Although TPP1 is essential for the recruitment of
telomerase to mammalian telomeres, this interaction is regulated by the cell cycle because

telomerase accumulates at telomeres only during the S phase .
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1.3.4 Telomerase catalytic cycle

The telomerase catalytic cycle begins with the RNA template 3” end, which base pairs to
the telomeric DNA substrate which primes DNA synthesis (Figure 4). After forming an RNA-
DNA duplex and addition of a dNTP, the telomerase active site closes to form an elongation
conformation. Elongation continues until the template 5° boundary is reached. When the template
5’ region is in contact with the active site, the RNA template 5’ region is displaced and the RNA-
DNA hybrid is disrupted. Next, telomerase translocates along the newly synthesized telomeric
repeat to allow the template region to be accessible for the next round of repeat synthesis. After
template translocation, a short duplex RNA-DNA duplex is formed. If this duplex is captured into
the TERT central cavity by conformational changes necessary for a functional active site, another
round of repeat synthesis begins. Alternatively, if the active site cannot be restored, the substrate
will dissociate and telomeric synthesis will not occur. The following section describes in more
detail several components in the catalytic cycle, including nucleic acid handling, template

boundary definition, base pair melting, and DNA product handling.
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Figure 4. Telomerase catalytic cycle. Blue indicates the telomerase RNA template; black indicates DNA

primer; red indicates newly added nucleotides; numbers represent the steps in the cycle.

1.3.4.1 Telomerase nucleic acid handling

Telomerase catalyzes nucleotide addition to a primer 3’ hydroxyl group, which forms a
product-template duplex similar to many DNA polymerases. Telomerase and other polymerases
also share a metal dependent chemistry of nucleotide addition #2. However, telomerase has several
unique properties of nucleic acid handling, which other polymerases lack. Strict template copying
boundaries within the telomerase RNA are necessary for accurate telomeric repeat synthesis. Also,

telomerase can extend a DNA primer by processive addition of repeats. Repeat addition
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processivity (RAP) allows for rearrangement of the product-template duplex without complete
substrate dissociation of telomerase from DNA. The template dissociated sSDNA must maintain
template independent interactions while the template repositions for base pairing of its 3’ end to
prime the next telomeric repeat synthesis. The coordination of these events occurs as part of the
full catalytic cycle of telomerase repeat synthesis 4.

Telomerase is unique among other reverse transcriptases in its ability to use its internal
RNA template for processive addition of multiple telomeric repeats, before dissociating from its
DNA substrate 4. The number of repeats telomerase adds to the chromosome ends depends on
both its catalytic activity, which is how fast it can catalyze nucleotide addition, and how many
consecutive repeats it can add before dissociating. Repeat addition processivity (RAP) relies on
the functional relationship of the specialized hTERT and RNA component. A single telomerase
enzyme has the ability to add multiple repeats to the telomeric substrate processively. This has
been demonstrated by the synthesis of multiple repeats on an individual telomeric DNA molecule
even when the telomeric molecule concentration is present in vast excess relative to the enzyme
45 With a vast excess of primer, the probability of telomerase engaging with an already elongated
primer compared to an unextended primer is low. Partial RAP inhibition in human telomerase by
either a chemical inhibitor or a disease associated TERT mutation causes telomere shortening,

which suggests that RAP is necessary for telomerase mediated telomere length maintenance 4647,

1.3.4.2 Template boundary definition

For accurate repeat synthesis, the telomerase active site must only copy a restricted region

of TR as the template. In human telomerase, the active site relies on primer-template base pairing,
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which allows elongation of an annealed primer-template duplex containing only the remaining
template region as single stranded RNA 2. The first 5 nucleotides of the RNA template bind to the
telomeric DNA forming an RNA-DNA duplex. This enables primer alignment at the beginning of
the template rather than the end, which is an important feature of internal template use “. Template
stabilization at the 3” end of the duplex in the active site requires the TEN domain, making it a
critical component for RAP. Accurate template use also requires DNA synthesis to halt at the
template 5> end *°. For human telomerase, the template 5> boundary determination mechanism

makes less of a contribution than the sequence of the template-product duplex *°.

1.3.4.3 Base pair melting between the product and template.

The product-template duplex must melt for telomerase to dissociate from an elongated
chromosome and recycle the RNA template. Several thermodynamic models of duplex melting
have been proposed which are covered in this section. Single molecule fluorescence resonance
energy transfer (FRET) and biochemical experiments suggest an accordion model in which the
TBE and template recognition element expand and contract to allow the template to move during
the catalytic cycle >*. Another model suggests that after synthesis of a telomeric repeat the newly
added GT rich DNA loops out into a non-canonical hairpin, while the template translocations to
pair with the AG at the 3’ end. The incoming dGTP allows the DNA to realign in order for
synthesis to proceed 2. Determining the change in state that is the rate limiting barrier to the

product-template unpairing requires more knowledge of the telomerase catalytic cycle.
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1.3.4.4 DNA product handling independent of template base pairing.

During strand separation, telomerase must retain the DNA product to avoid complete
substrate dissociation. Since the DNA is unpaired from its TR template during this step of the
cycle, the enzyme-product interaction is distinct from typical primer-template Watson-Crick base
pairing 53. This interaction defines the telomerase anchor site. The telomerase anchor site allows
the enzyme to reposition the unpaired template relative to the active site, which is followed by the
formation of a new primer-template duplex. The new duplex can then be re-engaged by the active
site for synthesis of the next repeat. Another function of the anchor site may be to control when
and how during the catalytic cycle the product DNA is released from the enzyme, however there
is no conclusive evidence. Recently, a single molecule telomerase activity assay was developed
using high resolution optical tweezers >*. This assay measured stepwise, processive telomerase
activity and monitored conformational dynamics of the product DNA. Telomerase can tightly
associate with its DNA substrate, and synthesize multiple telomeric repeats before releasing them
in a single step. The rate at which the product is released from the anchor site corresponds to the
overall rate of product dissociation from elongating telomerase, which suggests that the anchor

site is the main substrate binding site during telomere elongation >4.

1.3.4.5 POT1-TPP1 Stimulation

The addition of both purified POT1 and TPP1 to telomerase reactions result in a two-fold
increase in telomerase processivity, whereas addition of TPP1 alone results in a twofold increase
in telomerase processivity *°. POT1-TPP1 is able to increase telomerase repeat processivity by

decreasing complete dissociation from the telomere substrate and product and by improving

15



template translocation. Additionally, only a single POT1-TPP1 DNA interaction is necessary and
sufficient to stimulate telomerase processivity, which suggests that once the POT1-TPP1
telomerase complex is bound to the single stranded telomeric DNA, it is maintained throughout

the entire telomerase elongation process, independent of additional POT1-DNA binding events 6.

1.4 Telomeres, aging, and cancer

As we age, our telomeres progressively shorten. Age, environmental factors, and lifestyle
(diet, smoking, stress) are associated with shortened telomeres. Short telomeres cause an increased
risk for an array of aging-related diseases such as cancer, cardiovascular disease, diabetes,
neurodegenerative diseases, liver cirrhosis, and hypertension 57-%°, Critically short telomeres
trigger a p53 dependent DNA damage response that leads to a state of irreversible cell growth
arrest called replicative senescence (Figure 5). At this point, senescence is a critical protective
mechanism for the cells to preserve the genome and prevent further proliferation of cells that may
have genetic modifications 6163, Senescent human fibroblasts have an activated DNA damage
response, which includes the protein kinase ataxia-telangiectasia mutated (ATM) and ataxia
telangiectasia and Rad3-related protein (ATR) signaling, and nuclear foci containing DNA damage
markers including y-H2AX (phosphorylation of serine 139 on histone H2AX), p53-binding protein
1 (53BP1) and mediator of DNA damage checkpoint protein (MDC1) 6. The upregulation of p53
and cyclin dependent kinase inhibitors p31 and p16 are additional indicators of an activated DNA
damage response. Senescent cells are usually in G1 phase, which is consistent with p53 activation
and induction of the CDK inhibitors p21 and p16 %. Both the upregulation of p16 and hypo

phosphorylation of the tumor suppressor RB can contribute to telomere-induced senescence®®.
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Premalignant cells lacking a functional p53 and RB tumor suppressor pathways bypass
senescence and continue to divide. At this point, cells have completely eroded their telomeres and
their chromosome ends fuse, which can lead to genomic instability, chromosome bridge-breakage-
fusion cycles, and eventually apoptosis ¢’. The uncapped telomere ends are processed by DNA
double strand break pathways which lead to chromosome fusions and instability, killing most cells
68, The surviving cells undergo malignant transformation, which in most cases, upregulates
telomerase or the alternative lengthening of telomeres (ALT) pathway to maintain the shortened

telomeres and promote cellular immortalization .

A A Somatic cells
S e
(@) \
c
2 DNA Damage Response Senescense Immortalization
QO of cancer cells
h ﬁ
g
o Ch :
T romosome
Q . .
- instabliity
Crisis

Figure 5. Telomere length vs. number of cell divisions. Somatic cells that do not express telomerase
experience telomere shortening with each cell divison. When telomeres become shorter, they induce a signal
to enter into senescence (growth arrest). When telomeres have excessive chromosome instability, they enter

crisis. Cells are able to survive crisis by activating telomerase or the ALT mechanism to stabilize telomere

length, causing malignant transformation. Created with Biorender.
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1.4.1 hTERT regulation in cancer

Telomerase upregulation or reactivation occurs in 90% of cancers, and is found in almost
all tumor types 2. In most cancer cases, telomerase activity is present in the tumor and absent in
normal cells’t. Many malignant tumors are characterized by telomerase expression, causing
unlimited cell proliferation 72. Most benign or premalignant tumors are characterized by an absence
of telomerase. The most common non coding mutations found across all cancers are somatic
mutations to the proximal hTERT promoter. Studies have shown that melanomas, glioblastomas,
liposarcomas, and urothelial cancers contain the more frequent hTERT promoter mutations
compared to other cancer types %7376, The hTERT promoter mutations activate telomerase activity
by converting the conserved regions in the hTERT promoter to an ETS transcription factor binding
site. As a result of this dysregulation, these cancerous cells produce levels of telomerase high

enough to enable them to continuously divide without limitation.

1.4.1.1 hTERT promoter mutations

The hTERT promoter is GC rich and lacks a TATA box, which is typically found in the
promotor regions of genes that encode proteins found in eukaryotes ’’. The promoter contains
multiple binding sites for transcription factors, which suggests that hnTERT expression is under
many levels of control and may be regulated by multiple factors. The promoter core is a 260 bp
proximal region and is responsible for transcriptional activity. It contains five GC boxes
(GGGCGG), which bind to the zinc finger transcription factor SP1, which is essential for "\TERT
promoter activity 879, It has been shown that formation of secondary DNA G-quadruplex
structures in the GC boxes masks the SP1 binding site which can also cause hTERT promoter
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repression. Therefore, transcriptional up-regulation or reactivation of hTERT is a crucial step in
tumorigenesis and there are multiple mechanisms which reactivate hTERT in cancer 8. These
mechanisms include the mutation or deletion of the hTERT promoter, gene amplification,
epigenetic alterations, and hTERT gene alterative splicing factors 7°.

Recent whole genome sequencing experiments demonstrate that expression of the hTERT
gene is reactivated by single nucleotide mutations in the proximal promoter of the hTERT gene
8081 These mutations modulate transcriptional regulation without altering the encoding of the
hTERT protein. They consist of a cytosine to thymidine transition at the -124bp and 146bp
upstream of the translation start site and are very close in proximity to the transcription start site
of the hTERT gene. Additionally, they are located in the GC-boxes of the hTERT core promoter
77_

hTERT promoter mutations are less common in lung, breast, esophageal, colon, and
prostate cancers because they generate a consensus binding motif (CCGGAA) at the E-twenty-six
(ETS) transcription factors 7. The location of these mutations creates additional binding sites for
ETS, which is a novel mechanism of gene activation in cancer, and genomic alteration driver 8.
ETS transcription factor binding to the motifs created by the hnTERT mutations cause recruitment
of a multimeric ETS family member, the GA-binding protein alpha subunit (GABPA) that
activates hTERT transcription 8. GABPA has been identified as the binding factor in most cancer
cells with TERT promoter mutations 7°. Because these mutations are prevalent in many cancer

types, hTERT is an attractive therapeutic target to halt the proliferation of cancer cells.
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1.5 Roles of oxidative stress in telomere length homeostasis

1.5.1 Reactive oxygen species

Oxidative stress is caused by an excess of reactive oxygen species (ROS), caused by
exogenous (UV, ionizing radiation, chemicals) and endogenous sources. Inflammation and
mitochondrial dysfunction are the main endogenous ROS sources. Mitochondrial ROS arise from
incomplete reduction of Oz during oxidative phosphorylation to produce superoxide radical Oz-,
rather than completely reduced to water °8. If the cell cannot remove ROS by its antioxidant
enzymes, the ROS can damage different cellular components through aberrant oxidation of nucleic
acids, lipids, and proteins. Oxidative damage causes the majority of DNA damage in human cells,
appearing as an oxidized base, sugar modification, DNA or protein crosslink, or DNA strand break
8 Guanine is the most susceptible of the DNA bases to oxidation because it has the lowest
oxidation potential. This results in the oxidation of guanine to form 8-oxoguanine 84, which is the
most abundant oxidized base that arises from ROS exposure 8. 8-oxoguanine is a highly mutagenic
base because the presence of an unrepaired oxidized base in the DNA can be bypassed by DNA
polymerases, which typically introduce dAMP opposite 8-0xoG instead of the canonical dCMP.
Thus, inducing a G:C-T:A transversion mutation results in genomic instability . The oxidation
of guanine also occurs in the free dNTP pool which are the precursors for DNA synthesis. DNA
polymerase incorporation of 8-oxodGTP opposite dC or dA on the template strand can induce a
A:T-C:G transversion during subsequent replication. Oxidative stress inducing base modifications
and single strand breaks can interfere with the replication machinery and are able to activate the

DNA damage response &',
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While telomeres only make up a small percentage of the genome, they are highly
susceptible to oxidative damage because they are rich in guanine. Numerous studies have shown
that oxidative stress leads to accelerated telomere shortening 8. Not only does ROS induced
damage interfere with replication of telomeric DNA 8, but also the oxidatively damaged DNA and
free oxidized dNTPs used for telomere synthesis can interfere with telomerase activity . The
Opresko lab and others have previously shown that 8-oxo-dGTP is used by human telomerase as

a substrate and following incorporation into the DNA it functions as a chain terminator 9192,

1.5.1.1 Protecting telomeres from ROS

There are several enzymatic pathways that protect telomeres from ROS. Nucleotide pool
sanitation enzymes help eliminate oxidized dNTPs and work in parallel with the DNA repair
machinery to maintain genome integrity. The most common sanitation enzymes are the nucleoside
diphosphate linked with some moiety X (Nudix) hydrolase family 2. These enzymes work by
catalyzing the hydrolysis of nucleoside-like di- or triphosphates to their respective
monophosphates. The core residues of the enzyme’s catalytic domain are required for divalent
cation coordination, which is essential for catalysis, however they do not discriminate or direct the
nucleobases, which suggests there is a flexibility within the super family.

The most studied sanitation enzyme today is NUDT1 (Nudix type 1), also known as MutT
homolog 1 (MTH1). MTH1 hydrolyses oxidized nucleotides 8-Oxo-7,8-dihydro-2'-
deoxyguanosine 5'-triphosphate, 2-Hydroxy-2’-deoxyadenosine-5’-triphosphate, and 8-Hydroxy-
2'-deoxyadenosine-5'-triphosphate (8-oxo-dGTP, 2-OH-dATP, and 8-0xo-dATP respectively) to
monophosphates (ANMP), thereby avoiding their incorporation into DNA by DNA polymerases

(Figure 6) 8:94-97 MTH1 is an important enzyme in maintaining genomic integrity and replicative
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potential in cultured fibroblasts and oncogenic Ras transformed cells %1%, MTH1 is also a
promising drug target in cancer cells, where a dysfunctional redox environment can lead to a
dependency on oxidized nucleotide sanitation for cell survival 1°2-2%, The Opresko lab and others
previously reported that MTH1 depletion inhibits telomere maintenance and telomerase activity in
cancer cells grown under oxidative stress conditions, and that telomerase insertion of 8-oxo-dGTP
terminates further telomere elongation in vitro 992104 However, since MTH1 also removes
oxidized dATPs, whether these damaged nucleotides can inhibit telomerase activity, similar to 8-

0x0-dGTP, and contribute to telomere shortening had been unknown until my work on this topic.
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Figure 6. MTH1 pathway. ROS oxidizes the free physiological nucletides dGTP and dATP into 8-0xo-dGTP
and 2-OH-dATP. MTH1 hydrolyzes the oxidized dNTPs into 8-0xo-dGMP and 2-OH-dAMP so that they

cannot be incorporated into DNA. Oxidized nucleotides incorporated into the DNA cause DNA damage.
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1.6 Telomerase inhibitors

Telomerase is a prime target for effective cancer therapeutics since it is expressed in over
90% of cancers. Cancer cells have short telomeres because they have gone through extensive
telomere shortening before emerging from crisis, then telomerase can maintain their telomeres at
shortened lengths 1%, Non-cancer cells, including stem cells, have lower telomerase activity and
normally maintain telomeres at longer lengths than cancer cells. This is advantageous because it
suggests telomerase inhibition should deplete telomeres more rapidly in highly proliferating cancer
cells with short telomeres, while reducing the risk for extensive telomere shortening in non-cancer
cells. In most cancer cases, telomerase activity is present in the tumors and absent in telomerase
silent normal cells. Since telomerase is activated due to mutations in the non-coding hTERT
promoter region, the goal of anti-telomerase therapeutics is to selectively induce apoptosis and cell
death in cancer cells but minimize the effects on non-cancer cells 1%, There are several types of
therapeutic telomerase inhibitors including vaccines using a telomerase specific peptide which
causes an anti-telomerase immune response, antisense oligonucleotides, modified dNTPs, and
small molecule inhibitors of hnTERT or hTR.

The most extensively studied telomerase inhibitors to date are Imetelstat (GRN163L) and
the BIBR1532 compound. Imetelstat, which is a 13-mer thiophosphoramidate oligonucleotide,
binds with high affinity to hTR template of telomerase, resulting in direct, competitive inhibition
of telomerase in a dose dependent manner 1%, In several cancer cell lines, Imetelstat induced
growth arrest and caused telomere shortening 1°7:1%, Clinical studies on patients with advanced
non-small cell lung cancer showed limited improvement, and for pediatric patients with brain
cancer, the drug could only be administered for two weeks before the toxicity levels became

intolerable 1%, Unfortunately, the long period of time required for Imetelstat to shorten the
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telomere length in patients caused hematologic and hepatotoxic dose-limited side effects 1%°. When
patients took time off from drug, due to the toxicities, they had reestablishment of their telomere
length in their tumors and continued cell growth 1% One report showed that 2 weeks after
termination of Imetelstat, A549-Luc cells (lung carcinoma), were able to reform colonies at the
same rate as before treatment with the drug 1.

BIBR1532 is a non-nucleotidic synthetic small molecule drug and has been shown to be a
selective inhibitor of telomerase 1. BIBR1532 acts as a mixed-type noncompetitive inhibitor and
interacts with the hydrophobic pocket of the thumb domain of telomerase, which reduces
telomerase processivity. BIBR1532 can induce apoptosis in various breast cancer cell lines. The
molecular mechanism of BIB1532 inhibition remains to be understood in more detail, and it
suppresses cell survival and further activates apoptotic associated factors such as p73, caspase-3,
and Bax/Bcl-2 2. According to clinicaltrials.gov, there are no ongoing clinical trials of

BIBR1532, likely due to tissue toxicities in normal cells 1*2,

Table 1. Comparison of HIV-1 and Telomerase
HIV-1 reverse transcriptase ~ Telomerase

Organism HIV-1 Virus Humans

Structure Fingers, thumb, and palm Fingers, thumb, and palm domains
domains + RNase H

Template Viral RNA Telomerase RNA template

Final Double stranded DNA used Double stranded TTAGGG repeats

product for viral integration into the at the ends of human chromosomes
host DNA (telomeres)
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1.6.1 Telomerase therapeutics: Nucleoside analogs

Another strategy to target telomerase in cancer cells is to introduce a modified nucleoside
so that telomerase can preferentially incorporate the modified dNTP into telomeric DNA in order
to halt further telomere elongation. An altered nucleotide which is incorporated into telomeres
would not bind to shelterin properly and could cause telomere dysfunction and rapid cell death.
Nucleoside analogs are commonly used in a wide range of antiviral therapies to prevent viral
replication in infected cells. Once they are incorporated into DNA, they are chain terminators and
stop the viral polymerase from extending the chain of DNA. Several nucleoside analogs have also

been tested as cancer therapeutics, which will be discussed in the next several sections.

1.6.2 Nucleoside reverse transcriptase inhibitors

Nucleoside reverse transcriptase inhibitors (NRTIs) block the reverse transcription of HIV-
1 viral RNA. In their phosphorylated form, NRTIs compete with natural dNTPs for insertion by
HIV-1 RT, and act as chain terminators 113, The catalytic core of TERT is structurally homologous
to the HIV-1 RT domain (Table 1) 14, and telomerase inhibition has been proposed to contribute
to premature aging observed in HIV patients undergoing long term NRTI therapy 115116, While
previous studies have confirmed that treatments with various NRTIs cause telomere shortening
and inhibit telomerase in vitro 17119 whether telomerase can insert these chain terminating
analogs during telomere synthesis had not been tested until this dissertation.

Accumulation of mitochondrial DNA mutations, increased mitochondrial oxidative stress,
and a decrease in mitochondrial energy metabolisms contribute to aging*?°. NRTIs not only act as

HIV chain terminators but can also inhibit mitochondrial DNA (mtDNA) polymerase y (pol ),
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which disrupts mitochondrial DNA replication and induces mitochondria dysfunction (Figure 7)
121 TInhibition of pol y leads to the depletion of mtDNA, and subsequent depletion of mtRNA and
of mitochondria encoded polypeptides involved in oxidative phosphorylation. This discovery led
to the theory of NRTI-induced toxicity known as the “polymerase y theory” 2. When NRTIs
cause a decrease in mtDNA, the electron transport chain proteins are depleted, causing changes in
respiration rate, decreased ATP production, diminished mitochondria membrane potential, and an
increase in ROS production. NRTIs can also obstruct base excision repair and proof-reading
capabilities of pol y. Studies showed that mice with impaired pol y proofreading had accumulation
of mtDNA mutations which led to disrupted mitochondrial function, several aging phenotypes,
and cell death 22, NRTI mediated increase in ROS via mitochondrial dysfunction has the potential

to lead to oxidative damage to dNTP pools.
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Figure 7. NRTI induced mitochondrial toxicity. The dNTP form of NRTIs inhibits mitochondrial DNA
polymerase gamma, which is a polymerase necessary for the normal replication of mitochondrial DNA.
Mitochondrial DNA depletion causes elevated levels of ROS which can cause mitochondrial dysfunction and

cell death. Created with Biorender.

1.6.3 AZT as a potential cancer therapeutic

3-Azido-2, 3-dideoxythymidine (AZT), clinically referred to as Zidovudine, is a thymidine
analog synthesized in the 1960s as a potential anti-cancer agent, however at the time, it failed to
be an effective cancer therapeutic 2. When HIV was discovered in the 1980s, AZT was one of
the first drugs shown to be a potent inhibitor of retroviruses. AZT is phosphorylated intracellularly
to AZT-triphosphate (AZT-TP) by thymidine kinase, and is then integrated into viral DNA,

causing chain termination.
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When telomerase was discovered, questions were raised asking if AZT could be a cancer
therapeutic. In 1994, Strahl and Blackburn demonstrated that AZT can preferentially incorporate
into telomeric DNA of Tetrahymena, and cause telomere shortening 7. During the same year,
another group demonstrated strong links between telomerase activity and cancer °. AZT-TP can
be incorporated into eukaryotic DNA in place of thymidine, although it has low affinity for DNA
polymerases a, B and vy, but a high affinity for reverse transcriptases 2. These two studies led to
the hypothesis that AZT could inhibit telomerase in cancer cells. Strahl and Blackburn later
demonstrated that AZT could inhibit telomerase and reduce telomere length in two immortalized
human lymphoid cell lines 118, They found that passaging the cells with 100 uM AZT caused
progressive telomere shortening in most of the lymphoid cultures, but the treatment did not change
the cell growth rates, suggesting that AZT was preferentially being incorporated by telomerase
rather than by replicative polymerases. 18, In immortal mouse fibroblast cultures, AZT induced
senescence 1%°,

In 2001, the effects of chronic in vitro AZT treatment on mouse mammary carcinoma cell
lines showed that AZT treatment for over 30 passages inhibited telomerase activity, caused
progressive telomere shortening, and led to cellular senescence and apoptosis 4626, This study
demonstrated for the first time that AZT-treated tumor cells had reduced tumorigenicity in BALB/c
mice. Tumors volumes were reduced and survival was longer in animals inoculated with AZT-
treated tumor cells compared to the control. Additional studies showed that AZT reduced tumor
growth in parathyroid cancer cells and hepatocellular carcinoma in rats '?’. AZT is currently used
for the treatment of several virus associated human cancers, including Epstein-Barr-associated
lymphoma, AIDS-related Kaposi sarcoma, primary central nervous system lymphoma, Kaposi

sarcoma-associated primary effusion lymphoma, and adult T cell leukemia 2. According to
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clincialtrials.gov, there are five ongoing phase | and Il clinical trials investigating AZT treatment

alone or a combination with other drugs in the treatment of breast cancers and lymphomas.

1.6.4 Thiopurines

Thiopurines are a class of therapeutic nucleoside analogs that cause telomere shortening
128 and are currently used in clinical practice as antileukemic, anti-inflammatory, and
immunosuppressive agents *2°. Their uses for cancer therapy have been limited to leukemia and
some pediatric cancers due high levels of toxicity. In cells, thiopurines are first metabolized to 6-
thioguanosine monophosphate and then further metabolized to 6-thio-2’deoxyguanosine-
5’triphosphate (6-thio-dGTP). This molecule can then be incorporated into DNA during
replication 30, 6-thio-dGTP is also readily incorporated into mitochondrial DNA, where it is
rapidly oxidized 3. Accumulation of oxidized 6-thioguanine is associated with pol y inhibition,
reduced mtDNA transcription, decline in mitochondrial protein levels, and loss of mitochondrial
function. Both of these instances may generate high levels of ROS, which can cause additional
damage to the DNA and block cellular replication 132,

Recently, a nucleoside analog of 6-thioguanine, 6-thio-2’deoxyguanosine, (6-thio-dG) was
designed with the hypothesis that it may be preferentially recognized by telomerase and be
incorporated into telomeric DNA 12, Because telomeres are G rich, the O6 sulfur moiety in the 6-
thio-groups mimic guanines, but they result in an altered chemical structure, and the Shay lab
reasoned that if the drug can be incorporated into telomeric DNA, it may impede the function of
the shelterin complex. If the shelterin protein, TRF2, is compromised, telomeres may be falsely
recognized as DNA double strand breaks and acquire DNA-damage signals which can be detected

using immunofluorescence techniques 3. The damage signals are telomere associated, and
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referred to as telomere dysfunction-induced foci (TIF). TIFs can be visualized by the
colocalization of DNA damage response factors such as 53BP1 and the histone family member, y
-H2AX **, Compared to cancer cells treated with 6-thioguanine, after 72 hours, 6-thio-dG caused
7.8 times more TIFs 12, When added at equal concentrations to non-cancer cells, 6-thio-dG is
significantly less toxic to the cells than 6-thioguanine 1?8, Compared to other telomerase inhibitors,
6-thio-dG decreases the lag period in telomere shortening. It also does not have a significant effect
on telomerase deficient cells 1?8,

Clinically relevant studies have shown that 6-thio-dG can control the progression of disease
for longer periods in pre-clinical models of melanoma that were resistant to targeted therapies or
immunotherapies 13, The studies analyzed 6-thio-dG in combination with targeted therapies using
BRAF inhibitors or as a monotherapy with BIBR1532. When 6-thio-dG was used as a
monotherapy, it was more effective than BIBR1532 in causing anti-proliferation of BRAF mutant
melanoma cell lines and did not cause any hematological or hepatotoxicities in mice. Importantly,
6-thio-dG was similar to the BRAF inhibitor, PLX4720, and halted tumor growth in xenograft
models. Additional pre-clinical studies have shown that 6-thio-dG could overcome chemotherapy
resistance in both lung cancers and therapy resistant pediatric brain cancer 136137,

The previous reports demonstrated that 6-thio-dGTP promotes cell death in telomerase
positive cancer cells, and decreases tumor growth in mouse xenograft studies 2. 6-thio-dG
treatment causes telomere shortening and telomere dysfunction, but the mechanism is unclear

because extracts from treated cells do not show reduced telomerase activity 1%,
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1.6.5 Recent FDA approved cancer therapeutic dNTPs

5-flouro-2’deoxyuridine (5-FDU) is an FDA approved agent used for the treatment of
metastatic colon and liver cancers. 5-FdU causes a similar cytotoxicity as 5-floururacil (5-FU)
after administration in vivo '3, The metabolites from the drug inhibit thymidylate synthase to
deplete cellular deoxythymidine pools, which impairs DNA replication and repair. In the cell, the
metabolites are converted into nucleotides, which are then misincorporated into DNA and RNA to
cause cytotoxic effects. A recent study demonstrated that when several modified nucleotide
analogs, including 5-FdU, were replaced with the natural form of the analog, telomerase activity
was inhibited 3. When 5-FdU was substituted into the telomere DNA sequence, POT1-TPP1
binding to the DNA substrate was impaired. 5-FdU is cytotoxic to telomerase positive cancer cells
and promotes telomerase inhibition, without initiating cytotoxic mechanisms with selectively low
doses of the drug, suggesting that the dosing regimen is highly selective for telomerase positive
cancers and has minimal effects on somatic cell populations *3’. The Taylor group also indicated
that the cytotoxicity of 5-FdU is telomerase dependent and that its incorporation into telomeric
DNA caused a DNA-damage response resulting in cell death within a few days in vitro %7, This
study expanded our understanding of how the anti-cancer drug 5-FdU, as well as several other
pyrimidines with modifications at the 5-position of the nucleobase could limit telomerase activity
in vitro and was cytotoxic in telomerase positive cancer cells.

The Taylor group also screened several indollyll-2’deoxynucleotide analogs with different
chemical modifications to determine if they could be incorporated into telomeres *37. The analogs
were designed to mimic the structure of dATP, but had various functional groups introduced at the
5 or 6 position of the indole ring to modulate biophysical features such as hydrophobicity, size

variation, shape, and election density. Additionally, these modified analogs disrupted proper
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Watson-Crick base pairing with the telomerase RNA template. They found that the nucleotide 5-
methycarboxyl-indoly-2’deoxyriboside 5’-triphosphate (5-MeCITP) inhibited telomerase activity
in vitro. Using structural studies, they determined that the analog binds to the TERT active site
when the nucleobase was inverted so that the methyl carboxyl modification interacted with the
telomerase specific hydrophobic pocket adjacent to the TERT active site. When they administered
a permeable form of 5-MeCITP, they found evidence for telomerase dependent telomere
shortening in cancer cells. When compared to AZT-TP, administration of 5-MeCITP inhibits
telomerase activity with a similar potency. Compared to AZT, 5-MeCIdR was better tolerated by
normal telomerase deficient cells and had minimal changes in cell viability. Their data suggested
that 5-MeCIdR treatment was better tolerated by cells than AZT, perhaps due to higher selectivity

that limits off target effects on metabolic pathways and non-telomerase polymerases ¥'.

1.6.6 Treatment with therapeutic dNTPs may avoid the ALT pathway

One caveat to traditional non-nucleoside telomerase inhibitors is that following inhibition,
cancer cells must undergo multiple population doublings for the telomeres to shorten enough to
trigger replicative senescence or crisis **°. This delay may allow activation of resistance
mechanisms, such as the alternative lengthening of telomeres (ALT) pathway, which is telomerase
independent and instead relies on homologous recombination events at the telomere to restore
telomere lengths 149, Because telomerase mediated misincorporation of modified nucleosides
occurs within a few days, activation of the ALT mechanism may lessen after following chronic
administration of telomerase inhibitors. The molecular mechanisms that initiate and maintain ALT

are still largely unknown; however, some mechanisms of ALT inhibition have been explored. ATR
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inhibitors, such as VE-822 and NVP-BEZ235 have been shown to selectively target and kill ALT
positive cells 41, Therefore, to completely eliminate the ALT pathway, it may be possible to

combine both nucleoside and ALT inhibitors as a treatment strategy.
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2.0 Specific Aims

2.1 Statement of Gap in Knowledge

Numerous studies have shown that oxidative stress leads to accelerated telomere shortening
67, The Opresko lab and others previously reported that MTH1 depletion inhibits telomere
maintenance and telomerase activity in cancer cells grown under oxidative stress conditions, and
that telomerase insertion of 8-0xo-dGTP terminates further telomere elongation in vitro 9192104,
However, MTH1 also removes oxidized dATPs, and whether these damaged nucleotides can
inhibit telomerase activity, similar to 8-oxo-dGTP, and contribute to telomere shortening is
unknown. While oxidized dNTPs arise naturally, synthetic modified dNTPs such as NRTIs and
thiopurines have a long history of successful use for anti-viral and cancer therapies. While previous
studies have confirmed that treatments with various NRTIs cause telomere shortening and inhibit
telomerase in vitro 1119 whether telomerase can insert these chain terminating analogs during
telomere synthesis had not been tested. Additionally, thiopurine treatment causes telomere
shortening and telomere dysfunction, but the mechanism is unclear because extracts from treated
cells do not show reduced telomerase activity 128, In addition, since both NRTIs and thiopurines
can elevate ROS by causing mitochondrial dysfunction, they can potentially increase oxidative
damage within nucleotide pools *2°131,  Qverall, the mechanisms by which these modified dNTPs

inhibit telomerase are poorly understood.

Hypothesis and scope: Oxidized and therapeutic dNTPS can inhibit telomerase both directly, and

indirectly through elevated ROS induced oxidized dNTPs.
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Approach: We isolated telomerase to perform direct telomeric DNA synthesis assays to measure
telomerase activity and processivity to address several fundamental questions related to how the

modified dNTPs impact the mechanism of telomeric repeat synthesis.

1. Can telomerase utilize oxidized or therapeutic dNTPs for telomere elongation? We
conducted telomerase assays in which we replaced increasing concentrations of the natural
dNTP with the corresponding oxidized or therapeutic dNTP analog in reactions containing
the remaining three natural dNTPs. Our data indicated that oxidatively damaged dNTPs and
therapeutic dNTPs inhibited telomerase to varying extents.

2. Can telomerase incorporate oxidized or therapeutic dNTPs into telomeric DNA? If so,
is the nucleotide addition chain terminating and/or mutagenic? We previously showed
that 8-0xo-dGTP is a telomerase chain terminator, so we wanted to determine the mechanism
by which other oxidized or therapeutic dNTPs inhibited telomerase. We conducted
telomerase assays in which we radiolabeled a DNA primer to initiate DNA synthesis
opposite various template positions and added increasing concentrations of only a single
dNTP. Our data indicate that the NRTIs are telomerase chain terminators, but 6-thio-dGTP
and 2-OH-dATP are not and have distinctly different mechanisms of telomerase inhibition.

3. If modified dNTP incorporation is not chain terminating, how does the incorporation
impact the telomerase catalytic cycle? To better understand how 2-OH-dATP and 6-thio-
dGTP inhibit telomerase, we examined whether telomerase could incorporate a naturally

occurring dNTP after inserting either 2-OH-dATP or 6-thio-dGTP. We found that 2-OH-
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dATP and 6-thio-dGTP interfere with the translocation step during the telomerase reaction
and compromise further telomerase extension.

Can POT1-TPP1 overcome telomerase inhibition during telomere synthesis when
treated with oxidized or therapeutic dNTPs? POT1-TPPL1 recruit telomerase to telomeres,
and greatly increase telomerase processivity. We hypothesized that POT1-TPP1 may be able
to overcome inhibition by the modified dNTPs and enhance telomerase processivity. We
conducted telomerase assays with radiolabeled primers in the presence of purified POT1-
TPP1. Our results showed that POT1-TPP1 stimulation was not able to fully restore
telomerase extension in the presence of the modified dNTPs.

. Are modified dNTPs able to compete with natural dNTPs for telomerase utilization? To
gain further insight into telomerase selectivity for the modified dNTPs, we titrated increasing
amounts of the modified dNTPs in reactions containing all of the natural ANTPs. We
calculated the 1Cso to determine the concentration of modified dNTP that reduces the
telomerase processivity in the bulk reactions by half. The modified dNTPs varied in their
ability to compete with natural dNTPs for utilization by telomerase, with 6-thio-dGTP having

the lowest ICso.
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3.0 Materials and Methods

3.1.1 Telomerase preparation

Telomerase was immunopurified as described previously®® with some modification.
HEK-293T (ATCC) cells were grown to 90% confluency in Dulbecco’s modified Eagle’s medium
(Gibco) supplemented with 10% FBS (Hyclone) and 1% penicillin-streptomycin (Corning) at
37°C and 5% COa2. Cells were transfected with 10 pg of pSUPER-hTR plasmid and 2.5 pg of
pVanl07 hTERT plasmid diluted in 625 ul of Opti-MEM (Gibco) mixed with 25 pul of
Lipofectamine 2000 (ThermoFisher) diluted in 625 pul of Opti-MEM. Cells expressing hTR and
3XFLAG-tagged human hTERT were harvest 48 hr post-transfection, trypsinized and washed
with PBS, and then lysed in CHAPS buffer (10 mM Tris-HCI, 1 mM MgClz, 1 mM EDTA, 0.5%
CHAPS, 10% glycerol, 5 mM B-mercaptoethanol, 120 U RNasin Plus (Promega), 1 pg/ml each
of pepstatin, aprotinin, leupeptin and chymostatin, and 1 mM AEBSF) for 30 min at 4°C. Cell
lysate supernatant was then flash frozen and stored at -80°C.

80uL of anti-FLAG M2 bead slurry (Sigma) (per T75 flask) was washed three times
with 10 volumes of 1x human telomerase buffer (50 mM Tris-HCI, pH 8, 50 mM KCI, 1 mM
MgClI2, 1 mM spermidine and 5 mM B-mercaptoethanol) in 30% glycerol and harvested by
centrifugation for 1 min at 3500 r.p.m. and 4°C. The bead slurry was added to the cell lysate
and nutated for 4-6 hours at 4°C. The beads were harvested by 1 min centrifugation at 3500
r.p.m, and washed 3X with 1X human telomerase buffer with 30% glycerol. Telomerase was
eluted from the beads with a 2x the bead volume of 250 pg/mL 3X FLAG® peptide (Sigma

Aldrich) in 1X telomerase buffer containing 150 mM KCI. The bead slurry was nutated for 30
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min at 4°C. The eluted telomerase was collected using Mini Bio-Spin® Chromatography columns

(Bio-Rad). Samples were flash frozen and stored a -80°C.

3.1.2 Dot blot quantification of telomerase concentration

The concentration of telomerase pseudoknot RNA in the eluted telomerase preparation
was measured as described previously'#?. Briefly, a serial dilution of in-vitro transcribed
pseudoknot region of hTR (Supplementary Fig. 1) was prepared as standards for quantification
(0.1,0.5,1,5, 10, 50, 100, 250 fmol/uL). An aliquot of each standard and eluted telomerase (10
ul) was added to 90 ul of formamide buffer (90% formamide, 1X TBE). The samples were
incubated at 70°C for 10 minutes and then placed on ice. Positively charged Hybond H+
membranes and Whatman filter papers (GE Healthcare Life Sciences) pre-incubated with 1X
TBE were assembled onto the GE manifold dot blot apparatus and the samples were loaded
onto the membrane via vacuum blotting. The membrane was air dried and then UV -crosslinked
using a Stratagene Stratalinker 1800 with the Auto-Crosslink program. The membrane was
prehybridized at 55°C in 25 ml of Church buffer (1%BSA, 1mM EDTA pH 7.5, 500mM
NazHPOs pH 7.2, 7% SDS) for 30 minutes. A total of 1x10® CPM of %P labeled hTR
oligonucleotide probe (Supplementary Table 1) was added to the hybridization buffer and
incubated overnight at 55°C. The membrane was washed 3X with 0.1xSSC, 0.1xSDS buffer.
After vacuum sealing, the membrane was exposed to a phosphorimager screen for 1-3 hours
and imaged using a Typhoon scanner. Image quant TL was used to quantify the blot intensities

for the standard curve.
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3.1.3 ¥P-end-labeling of DNA primers

50 pmol of PAGE purified DNA oligonucleotides (IDT) (Supplementary Table 1) was
labeled with y32P ATP (Perkin Elmer) using T4 polynucleotide kinase (NEB) in 1X PNK Buffer
(70mM Tris-HCI, pH 7.6, 10mM MgCL2, 5mM DTT) in a 20 ul reaction volume. The reaction
was incubated for 1 h at 37°C followed by heat inactivation at 65°C for 20 minutes. G-25 spin

columns (GE Healthcare) were used to purify the end labeled primer.

3.1.4 Telomerase activity assay with radiolabeled dNTPs

The telomerase assay was as previously described . Reactions (20 ul) contained 1x human
telomerase buffer, 1 uM oligonucleotide substrate and dNTP mix as indicated in the figure legends.
Reactions with cellular dNTP concentrations contained 24 uM dATP, 29 uM dCTP, 37 uM dTTP,
5.2 uM dGTP and 0.3 uM 3,000Ci/mmol [0-*?P]dGTP or [a*?P] dTTP (PerkinElmer) as indicated.
Reactions containing the modified dNTPs (Trilink Biotechnologies) substituted for their natural
dNTP analog are indicated in the figure legends. The reactions were started by the addition of 3 pl
(~35 fmol) of immunopurified telomerase eluent, incubated at 37°C for 1 hour, then terminated
with 2 ul of 0.5 mM EDTA and heat inactivated at 65°C for 20 minutes. *?P-end-labeled 18 mer
loading control (8 fmol) was added to the terminated reactions before purification with an Illustra
Microspin G-25 column (GE Healthcare). An equal volume of loading buffer (94% formamide,
0.1 x Tris-borate-EDTA [TBE], 0.1% bromophenol blue, 0.1% xylene cyanol) was added to the
reaction eluent from the G-25 spin column. The samples were heat denatured for 10 min at 100°C
and loaded onto a 14% denaturing polyacrylamide gel (7M urea, 1x TBE) and electrophoresed for

90 min at constant 38W. Samples were imaged using a Typhoon phosphorimager (GE Healthcare).
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Gels were quantitated using Image Quant TL. The processivity was calculated as previously

described®®.

3.1.5 Telomerase activity assay with end labeled primers

Reactions (20 pl) contained 1x human telomerase buffer, 5 nM of 32P-end-labeled primer
and dNTPs as indicated in the figure legends. The reactions were started by the addition of 3 ul of
immunopurified telomerase eluent, incubated at 37°C for 1 hour, then terminated with 2 pl of
0.5mM EDTA and heat inactivated at 65°C for 20 minutes. An equal volume of loading buffer
(94% formamide, 0.1 x Tris-borate-EDTA [TBE], 0.1% bromophenol blue, 0.1% xylene cyanol)
was added to the reaction eluent. The samples were heat denatured for 10 min at 100°C and loaded
onto a 14% denaturing acrylamide gel (7M urea, 1x TBE) and electrophoresed for 90 min at
constant 38W. Samples were imaged using a Typhoon phosphorimager (GE Healthcare). Percent
primer extension was calculated with ImageQuant by measuring the intensity of each product band
and dividing by the total radioactivity in the lane or total products, as indicated in the figure

legends.

3.1.6 Quantitation

All gels were quantitated using Image Quant TL. Repeat processivity from the direct
telomerase extension assays was calculated as Ri (equivalent to the half-time for decay in an
exponential time course), which represents the median length of DNA product formed, expressed
in terms of number of telomere repeats. First, the total volume counts for each product band extend

by one or more telomere repeats were obtained using Image Quant TL. The volume counts were
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then normalized by dividing by the number of radiolabeled guanosines incorporated into the
extended products based on the number of repeats added, termed corrected volume (corr vol). The
“percent left behind” (%LB) was calculated for each product band by summing the counts for that
product band and for every product band below (shorter products), divided by the total counts for
the lane, and then multiplied by 100. The natural log of (100 - %LB) was calculated and then
plotted vs. repeat number for each product length. A linear regression line was fit to the data to
determine the slope of the line. The R12 value was calculated by dividing -In(2) by the slope of
each fitted line (Ru2 = -In(2)/slope).

For the primer extension calculations, the intensity of the products and unextended primer
were measured and corrected for background in the no enzyme control (P) reactions. The percent
primer extension was calculated as the amount of extended products divided by the total
radioactivity in the lane. The percent total product was calculated as the amount the signal intensity

of each individual band (nucleotide) divided by the amount of total product extended.

3.1.7 POT1/TPP1 purification

Full-length human POT1 was expressed as a SUMOstar-hexahistine- POT1 fusion protein
in baculovirus-infected SF9 cells (Thermo Fisher Scientific), as described'*3. Sf9 insect cells
expressing recombinant POT1 were lysed in buffer (25 mM Tris pH 8.0, 500 mM NacCl, 10 mM
imidazole) with a protease inhibitor cocktail (Roche Molecular Biochemicals). Subsequent buffers
contained protease inhibitors 2 ng mi each of aprotinin, leupeptin, chymostatin, and pepstatin, 1
mM AEBSF and 5 mM B-mercaptoethanol. Following sonication, the lysate was centrifuged at
40,000 r.p.m. for 75 min at 4°C. The supernatant was filtered through a 0.2 micron filter and loaded

onto a HisTrap FF column (GE LifeSciences), followed by washing and elution with 20 and 200
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mM imidazole, respectively, using an ATKA Pure FPLC (GE Healthcare). Fractions containing
POT1 were pooled and incubated with SUMOstar protease (Ulpl variant, LifeSensors) for one
hour with gentle mixing by rotation 20 r.p.m. at room temperature to cleave the histidine tag. POT1
was separated from the protease and cleaved tag by size exclusion FPLC chromatography. Samples
were loaded on a HiLoad 16/600 Superdex 200 column (GE Healthcare) equilibrated with 25 mM
Tris pH 8.0, 150 mM NaCl, 5 mM DTT and protease inhibitors. Eluted fractions containing POT1
were collected and pooled. Purified TPP1-N (amino acids 89-334) protein was obtained from
soluble lysates of isopropyl B-d-thiogalactopyranoside-induced BL21(DE3) pLysS cells
(Promega) after nickel agarose chromatography, treatment with Ulp1 protease to cleave the Smt3
tag31 and size exclusion chromatography as described®®. Expression was induced with 0.8 mM
IPTG in cells for about 13 hours at 24°C, and then harvested by centrifugation at 4500 rpm for 20
min. Cell pellets were lysed in buffer (20 mM Tris pH 7.5, 500 mM NaCl, 10 mM imidazole) with
a protease inhibitor cocktail (Roche Molecular Biochemicals). Following sonication, the lysate
was centrifuged 40,000 rpm for 75 min at 4 °C. The supernatant was filtered through a 0.2 micron
filter and loaded onto a HisTrap FF column (GE LifeSciences), followed by washing and elution
with 20 and 200 mM imidazole, respectively, using an ATKA Pure FPLC (GE Healthcare).
Fractions containing TPP1 were concentrated and exchanged into buffer (25 mM Tris pH 8.0, 150
mM NaCl, 5 mM DTT) using a Centricon-10 device (Amicon). The sample was incubated with
SUMO (Ulpl) protease (Invitrogen) overnight at 4°C with gentle mixing by rotation at 20 r.p.m.
to cleave the tag. Samples were then loaded on a HiLoad 16/600 Superdex 200 column (GE
Healthcare). Eluted fractions containing TPP1 were collected and pooled. Protein concentration
was determined by Bradford Assay (BioRad) and purity was determined by SDS-PAGE and

Coomassie staining.
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3.1.8 Expression and purification of tcTERT

tcTERT was expressed and purified as described previously with some modifications 2 144,
An Epiphyte3 LEX bioreactor was used to grow tcTERT in BL-21(DE3) pLysS cells at 37 °C until
they reached an ODsoo 0f 0.6-0.8, after which we induced protein expression with 1 mM Isopropyl
B-D-1-thiogalactopyranoside (IPTG) and dropped the temperature to 30 °C for 4-5 hours of protein
induction. Cells were harvested via centrifugation at 4000 x g until lysis. For tcTERT purification,
we used buffers containing 0.75 M KCI and 10% glycerol for the initial purification step on Ni-
NTA columns (GE Healthcare). Samples were further purified via cation exchange on a POROS
HS column (Thermo Fisher), using a salt gradient of 0.5 M KCI to 1.5 M KCI. Next, the
hexahistidine tag was cleaved with Tobacco etch virus (TEV) protease overnight at 4 °C. The cut
tag and TEV protease were separated from the protein with an additional Ni-NTA column
chromatography step. The final chromatography step was a Sephacryl S-200 16/60, GE Healthcare
column using a buffer containing 50 mM Tris-HCI, pH 7.5, 10% glycerol, 0.8 M KCl and 1 mM
Tris(2-carboxyethyl)phosphine (TCEP). Resultant tcTERT was concentrated down to 18 mg mL-

1 and stored at 4°C 32,

3.1.9 Pre-steady-state kinetics of tcTERT inserting 6-thio-dGTP

Pre-steady-state kinetic parameters of tcTERT were obtained using established pre-steady-
state kinetics protocols for DNA polymerases, also known as single turnover kinetics45146,
Briefly, we preincubated 2 uM tcTERT with 200 nM annealed DNA:RNA hybrid substrate, with
a 6-FAM label on the 5° end of the DNA component. We then used a KinTek RQF-3 (a rapid

guench-flow instrument) to mix equal ratios of the incoming nucleotide triphosphate and 10 mM
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MgCl2 with the existing mix of tcTERT and its DNA:RNA hybrid substrate. Reactions were run
at 37°C and quenched at various timepoints with 100 mM EDTA pH 7.5. In each case, the
conditions used for each reaction were: 25 mM TRIS pH 7.5, 0.05 mg mL! Bovine Serum
Albumin, 1 mM dithiothreitol, 10% glycerol, 200 mM KCI, 1 puM tcTERT, 100 nM annealed
DNA:RNA hybrid substrate, and varying concentrations of 6-thio-dGTP. After each reaction, the
samples were transferred to a DNA gel loading buffer, containing 100 mM EDTA, 80% deionized
formamide, 0.25 mg ml™! bromophenol blue and 0.25 mg ml~! xylene cyanol. These mixes were
then incubated at 95°C for 5 mins, and loaded onto a 21% denaturing polyacrylamide gel. These
gels were run at 700 V, 60 A, and 30 W at 30°C in order to separate the reaction product from its

substrate.

Gels were scanned and imaged using a GE Typhoon FLA 9500 imager, and the ratios of
product to substrate were quantified using ImageJ '4’. Means and standard deviations were taken
from at least three replicates were calculated, and graphed using KaleidaGraph. Plots of product
formation over time were fit to the exponential Equation 1 to determine Kobs values:

[P] = A(1 — e~ Kobst)

In which [P] is the concentration of the product, A is the target engagement (amplitude),
and t is the reaction time. After kobs Values were determined for multiple nucleotide triphosphate
concentrations, the data was replot to compare kobs to concentration of nucleotide triphosphate,
and fit to Equation 2:

o _ KpNTP]
°bs ™ K, + [NTP]

With kpol representing the theoretical maximum value of kobs, and [NTP] representing the

concentration of the nucleotide of interest.
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3.1.10 Polymerase B dGTP run-on assay

40 nM polymerase 3, 400 nM primer-template DNA with a 5’ 6-FAM labeled primer, were
preincubated for 20 minutes. We then used a multi-channel pipette to mix equal ratios of the
incoming nucleotide with 1 mM MgCl: to start the reaction. Reactions were run at 37°C in a
LabDoctor™ heating and quenching was accomplished using a solution of DNA gel loading
buffer. In each reaction the conditions were: 50 mM TRIS pH 7.5, 0.1 mg/mL Bovine Serum
Albumin, 1 mM dithiothreitol, 10% glycerol, 100 mM KCI, 20 nM polymerase 8, 200 nM primer
template DNA and either 50 uM or 200 uM dGTP or dTTP. These mixes were then incubated at
95°C for 5 mins, and loaded onto a 21% denaturing polyacrylamide gel. These gels were run at
700 V, 60 A, and 30 W at 30°C in order to separate the reaction product from its substrate. Gels

were scanned and imaged using a GE Typhoon FLA 9500 imager.
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4.0 Results

4.1 Modified dNTPs decrease telomerase processivity

To determine if telomerase can utilize oxidatively damaged 2-OH-dATP and 8-oxo-dATP
or therapeutic NRTIs and 6-thio-dGTP (Figure 8) for telomere elongation, we conducted direct
telomeric repeat addition assays. For NRTIs we selected didanosine (ddITP) and azidothymidine
(AZT-TP) based on evidence they promote telomere shortening 18119123 The telomerase catalytic
cycle starts when the telomeric single strand overhang base pairs with the complementary 3’ end
of the telomerase RNA template priming DNA synthesis “3. Upon incorporation of the incoming
dNTP, the telomerase active site moves to the next template base and telomere elongation
continues until the template 5’ boundary is reached for processive nucleotide addition (Figure 4,
steps 2-3). In human telomerase, the template region is 11 nt (3'-rCAAUCCCAAUC-5")
comprising of an alignment region plus a template sequence, GGTTAG (numbered 1-6 in Figure
4). Then, telomerase can either dissociate or translocate on the DNA product, generating a
realigned 5-bp RNA:DNA hybrid for processive repeat addition. The 6-nt RNA template is reverse
transcribed for each cycle of repeat addition and template recycling (Figure 4, steps 2-4).
Nucleotide addition processivity (NAP) is the number of nucleotides added prior to enzyme
dissociation from the template, and repeat addition processivity (RAP) is the number of repeats

added prior to dissociation.
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Figure 8. dNTPs used in telomerase reactions. (Chemical structures of dNTP analogs used in this study and

the corresponding natural dNTP shown in the same color.

For telomerase reactions, we used the standard substrate of three TTAGGG repeats and

immunopurified FLAG-tagged telomerase overexpressed in human HEK 293T cells. This enzyme

preparation, termed super telomerase, has kinetic properties similar to endogenous telomerase

(Figure 9)%:148149 " \We conducted the reactions with cellular relevant ANTP concentrations (24

uM dATP, 29 uM dCTP, 37 uM dTTP, 5.2 uM dGTP, averaged from multiple studies®*®) since

dNTP pool balance can impact telomeric DNA synthesis®.
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concentrations of the natural dNTP with the corresponding oxidized or therapeutic dNTP analog
(0.5 uM -125 uM) in reactions containing the remaining three natural dANTPs (Figure 10). Repeat
processivity was measured using the convention of calculating the number of repeats synthesized
before half of the DNA substrates dissociate from telomerase'® (Supplementary Fig. 2). 8-oxo-
dGTP served as a control since it is an established telomerase chain terminator®’. As expected,
increasing dGTP, dATP or dTTP amounts greatly increased processivity as evidenced by the
appearance of longer products (Figure 11). Loss of signal at the highest dGTP concentration was
due to dGTP competing with the low radioactive dTTP amounts used to label the products, and
was not observed in dATP or dTTP titration reactions containing radio-labeled dGTP (Figure 11
and Figure 10). Similar to 8-o0xo-dGTP, 8-oxo-dATP failed to support processive elongation
(Figure 11, a and b). In contrast, we observed moderate telomeric synthesis in the presence of 2-
OH-dATP, but processivity was lower than control reactions containing the unmodified dATP
(Figure 11b and Figure 10). These data indicate that oxidatively damaged dATPs inhibit

telomerase, although to a different extent depending on the type of modification.

Next, we examined whether telomerase could utilize therapeutic dNTPs for telomere
elongation. Reactions with 6-thio-dGTP showed only one repeat added, although at the highest 6-
thio-dGTP concentrations telomerase incorporated two additional nucleotides after translocation
at the rCarCz template positions, but not beyond (Figure 11a, lanes 7 and 8). This suggests 6-
thio-dGTP inhibits both nucleotide and repeat processivity. Although the NRTI didanosine is an
adenine analog, when taken orally, it is converted to either ddATP or ddITP, which is an
isoguanine!®:152, When ddITP replaced dGTP in the reaction, we observed no synthesis past the

first rCe template even with increasing ddITP concentrations (Figure 11a, lanes 9 and 10).
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Virtually no products were observed in reactions containing AZT-TP, although incorporation
opposite the first rAs template blocks further extension (Figure 11c). In summary, the aborted
extension products show substitution of the natural dNTPs with 8-0xo0-dNTPs inhibit telomerase
activity to a similar extent as substitution with NRTI HIV-RT chain terminators or 6-thio-dGTP.
Our data suggest that either telomerase cannot incorporate these modified dNTPs during telomeric

DNA synthesis, or following incorporation, they inhibit further elongation of the telomere chain.
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Figure 9. Quantification of immunopurified telomerase-protein-RNA complexes. (a) Telomerase was
over expressed in HEK293T cells and immunopurified (IP) using a FLAG tag on the N-terminus of
TERT. The beads or eluate from IP reactions were spotted on a blot and probed with a 3P labeled probe
against hTR to determine the concentrations of RNA that co-purified with TERT. 1, 2.5, and 5 pL
aliguots were compared with in vitro transcribed hTR standards from 0.5 to 250 fmol. Concentrations
are shown. (b) Standard curve of hTR standards to determine concentration of telomerase. (c)

Telomerase primer extension assays. Telomerase activity from beads and eluent preparations were
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Figure 10. Modified dNTP titration gels and processivity calculations Telomerase reactions were conducted with
(TTAGGG); primer 1 and cellular-concentration dNTPs (24 pM dATP, 29 uM dCTP, 37 pM dTTP, 5.2 pM
dGTP) except that the indicated natural or modified dNTP was added at increasing concentrations (0, 0.5, 1, 5,
25, and 125 puM) along with either 0.3 pM [a-3?P]dTTP (a) or [a-3?P] dGTP (b, c). The loading control (LC) was a
32p-end labeled 18-mer. Numbers on the left indicate the number of added repeats. (d) Processivity was calculated
as Ry, (see Methods). (e) The natural log of (100-%LB) was plotted vs repeat number. A straight line was fit to
the data and the Ry, was calculated by dividing —In(2) by the slope of each line. Plots shown from one experiment.

Images (a-c) and plots (e) are representative of, and data are mean + s. d. (d) from, three independent
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Figure 11. Oxidized and therapeutic dNTPs inhibit telomerase processivity. Telomerase reactions were conducted with
(TTAGGG); primer (3R) and cellular-concentration dNTPs (24 pM dATP, 29 uM dCTP, 37 uM dTTP, 5.2 pM dGTP) except
that the indicated natural or modified dNTP was titrated in at increasing concentrations (0, 5, 125 pM) along with either 0.3
UM [0-*?P]dTTP (a) or 0.3 uM [0-*2P]dGTP (b, c) to label the products. The loading control (*) was a 3?P-end labeled 18-mer
oligonucleotide. Numbers on the left indicate the number of added repeats; letters on the right indicate template residue.

Images are representative of three independent experiments.
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4.2 Telomerase inhibition mechanism depends on the modified dNTP

A chain terminating mechanism of inhibition requires that the enzyme adds the modified
dNTP to a growing chain, which then blocks further synthesis. Since we showed previously that
8-0x0-dGTP is a genuine telomerase chain terminator, we used it here as a positive control®l. To
test whether telomerase can incorporate other modified dNTPs, and whether the incorporation is
chain terminating and/or mutagenic, we conducted a direct telomerase extension assay in which
we radiolabeled the primer and added increasing concentrations (5, 50, and 500 uM) of only a
single dNTP (Figure 14, Figure 15, and Figure 16). Since modified dNTPs may prefer
mispairing, we tested various primers in which the first template base was either rAs, rCi, or rUs
(primer 1, primer 2, and primer 3, respectively), and compared the percent primer extension for
each dNTP at the middle 50 uM concentration (Figure 17). Primers 1 and 2 initiate synthesis at
consecutive rAsrAs or rCirCz template bases, respectively, so we could examine both
incorporation and extension to the next base. However, the telomerase template lacks tandem rU
residues.

We first tested incorporation of natural dNTPs at the various template positions as controls.
Reactions with a single dNTP type is an established method for determining DNA synthesis
fidelity, defined as selectivity for incorporating a correct dNTP versus an incorrect or modified
dNTP53154 Interestingly, telomerase extended all three primers in the presence of dGTP,
indicating telomerase can incorporate dGTP opposite each template base even at low cellular
concentrations (5 uM) (Figure 12). However, comparisons at 50 uM dGTP indicates a preference
for correct incorporation over misincorporation in order of rCi (33%, primer 2) > rAsz (19%, primer

1) > rUs (4%, primer 3) extension (Figure 17 lanes 2). We also observed telomerase synthesis of
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poly-dG ladders, as reported previously®, even at early time points and synthesis at a single rC
(Figure 13 a and b). As a control, reactions with DNA polymerase 3 showed no evidence of
dGTP laddering or misincorporation opposite template A (Figure 13c and d). Poly-nucleotide
ladders were not observed in reactions with any other dNTP (Figure 17) or with RNase addition
(Figure 9). In the presence of dTTP, telomerase preferentially extended primer 1, showing
incorporation opposite rAs and strong termination after rA4, as expected, but also minor extension
to the subsequent rUs (Figure 17a lanes 3, and Figure 14). Consistent with this, telomerase could
extend primer 3 by misincorporating dTTP opposite rUs (Figure 17c lane 3). Thus, while
telomerase can misinsert dTTP, it strongly prefers correct insertion (41% primer 1 extension versus
9% primer 3 extension). Similarly, telomerase strongly preferred correct insertion of dATP
opposite rUs, elongating primer 3 with minimal extension to the next rC1, and poor or no extension
of primers 1 and 2, respectively (Figure 17 lane 4). Finally, telomerase only extended primer 1
in the presence of dCTP, indicating some misincorporation opposite rAs (Figure 17 lane 5, Figure
14). In summary, these experiments show that telomerase extension was most accurate with
primer 2 (template rCz1) and least accurate with primer 1 (template rAs). Additionally, telomerase
incorporation of dGTP is more error prone than the other natural dNTPs, as indicated by the
production of poly d(G) ladders.

We next tested whether telomerase can incorporate oxidized dATPs onto the growing
telomere chain using the end-labeled primers. Telomerase elongated primer 1 by misinserting 8-
0x0-dGTP opposite rAsz with minimal extension to the next template rAs, confirming its chain
terminating ability (Figure 17 lanes 6 and Figure 15)°*. Telomerase showed little to no extension
of primers 2 and 3 with 8-oxo-dGTP, indicating poor incorporation opposite rCi or rUs. In

contrast, we detected virtually no extension of any primers with 8-oxo-dATP, except for minimal
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misinsertion opposite rAs with primer 1 (Figure 17 lanes 7 and Figure 15), suggesting 8-oxo-
dATP is a very poor substrate for telomerase. However, telomerase readily extended primer 3 by
inserting inserting 2-OH-dATP opposite the correct rUs, generating only 2-fold less product than
with dATP (16% versus 30%, respectively), and showed minimal extension to the next incorrect
rCi position (Figure 17 lanes 8). Unlike 8-0xo-dGTP, telomerase insertion of 2-OH-dATP is not
mutagenic, showing very low extension of primers 1 and 2 indicative of poor misinsertion opposite
rAs and rCa, respectively. The single template rU did not allow us to determine whether 2-OH-
dATP insertion is chain terminating. In summary, our data indicate telomerase insertion of
oxidized dNTPs follows the order 2-OH-dATP > 8-0x0-dGTP > 8-o0xo0-dATP opposite their
preferred template base.

Analysis of the therapeutic dNTPs demonstrates that telomerase is able to add each of these
analogs to a telomere chain Regarding the NRTIs, telomerase inserted ddITP opposite rCa,
extending primer 2 with moderate efficiency (16% extension) compared to reactions with dGTP
(33% extension), but did not extend to the next rC: (Figure 17 lanes 10 and Figure 16).
Telomerase extended primer 1 with AZT-TP, showing correct insertion opposite rAs with no
extension to the next rA4; yielding 26% extension compared to 41% extension with dTTP (Figure
17 lanes 11). These data definitively show that these HIV-1 RT chain terminators are also genuine
telomerase chain terminators, and define the inhibition mechanism. Strikingly, telomerase was
able to extend all three primers with 6-thio-dGTP, showing a preference for incorporation in order
of template rCi1 (45%) > rAs (13%) > rUs (4%) primer extension ( Figure 17 lanes 9), at product
yields comparable to dGTP incorporation. In reactions with primer 2, telomerase correctly
incorporated 6-thio-dGTP opposite rCi, showing strong termination after insertion opposite the

next rC2. This suggests that, like dGTP, 6-thio-dGTP can bind at the telomerase active site at all
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template primer positions, however unlike dGTP, it does not support poly-nucleotide laddering.
Our data indicate telomerase insertion of therapeutic dNTPs follows the order 6-thio-dGTP > AZT-
TP >ddITP. Unlike the NRTIs and 8-0x0o-dG TP, 6-thio-dGTP is not a telomerase chain terminator,

indicating the mechanism of inhibition is distinct.
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Figure 12. Telomerase extension with dGTP. Direct telomerase assays were conducted with 5 nM %2P-end labeled primer (a)
Primer 1 (TTAGGG)3, (b) Primer 2 (GGTTAG)s, or (c and d) Primer 3 (AGGGTT)s. Reactions contained cellular-
concentration dNTPs (24 pM dATP, 29 pM dCTP, 37 pM dTTP, 5.2 pM dGTP) (all) or 5, 50, or S00 pM dGTP. In panel
(d) reactions contained 3 pg/pl RNase A. Products were separated on denaturing gels. Letters on the right indicate the
template base; P indicates unextended primer. Graphs represent the percent of total primers extended for the reactions in

panels a — ¢ from one experiment.
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Figure 13. Time course reactions with telomerase or pol p. (a, b) Telomerase reactions were
conducted with 5 nM *?P-end labeled primer (a) Primer 4 (GTTAGG)sor (b) Primer 2 (GGTTAG)s.
Reactions contained 50 pM dGTP and were terminated at 0, 1, 3, 5, 9, 15, 30, or 45 minutes as
indicated. Products were separated on denaturing gels. Letters on the right indicate the template

base; P indicates unextended primer. Graphs represent the percent primer extended for the
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reactions in panels a and b from one experiment. (c, d) Primer extension by human polymerase B.
The double stranded 6-FAM labeled primer-template and polymerase g were incubated with either
50 uM dGTP or dTTP (c), or 200 uM dGTP or dTTP (d) for time ranging from 8-240 minutes as
indicated. The products of the reactions were run on denaturing gels and the gels were imaged

using a Typhoon phosphoimager. P indicates unextended primer.
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Figure 14. Telomerase extension with natural dNTPs. Direct telomerase assays were conducted with 5 nM %2P-end labeled

primer (@) Primer 1 (TTAGGG)s, (the box around dTTP reactions indicates image from a separate gel) (b) Primer 2

(GGTTAG);3, or (c) Primer 3 (AGGGTT)s. Reactions contained 5, 50, and 500 uM dTTP, dATP, or dCTP as indicated.

Products were separated on denaturing gels. Letters on the right indicate the template base; P indicates unextended primer.

Graphs represent the percent of total primers extended for the reactions in panels a, b, and ¢ from one experiment.
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Figure 15. Telomerase extension with oxidized dNTPs. Direct telomerase assays were conducted with 5 nM 3?P-end labeled
primer (@) Primer 1 (TTAGGG)s, (b) Primer 2 (GGTTAG);3, or (¢c) Primer 3 (AGGGTT)s. Reactions contained 5, 50, and 500
UM 8-0x0-dGTP (8dG), 8-oxo-dATP (8dA), or 2-OH-dATP (2dA) as indicated. Products were separated on denaturing gels.
Letters on the right indicate the template base; P indicates unextended primer. Graphs represent the percent of total primers

extended for the reactions in panels a, b, and ¢ from one experiment.
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Figure 16. Telomerase extension with therapeutic dNTPs. Direct telomerase assays were conducted with 5 nM 32P-end
labeled primer (a) Primer 1 (TTAGGG)3, (b) Primer 2 (GGTTAG)s3, or (c) Primer 3 (AGGGTT)s. Reactions contained 5,
50, and 500uM 6dG (6-thio-dGTP), ddI (ddITP) or ZdT (AZT-TP) as indicated. Products were separated on denaturing
gels. Letters on the right indicate the template base; P indicates unextended primer. Graphs represent the percent of total

primers extended for the reactions in panels a, b, and ¢ from one experiment.
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Figure 17. Telomerase insertion of modified dNTPs. Telomerase reactions were conducted with 5 nM *?P-end
labeled primer (a) Primer 1 (TTAGGG);3, (b) Primer 2 (GGTTAG)s, or (c) Primer 3 (AGGGTT)s. Reactions
contained cellular-concentration dNTPs (24 uM dATP, 29 uM dCTP, 37 pM dTTP, 5.2 pM dGTP) (lane 1) or 50
M of indicated natural dNTP (blue, lanes 2-5), oxidized dNTP (red, lanes 6-8), or therapeutic dNTP (green, lanes
9-11). Products were separated on denaturing gels. 8dG (8-oxo-dGTP); 8dA (8-oxo-dATP); 2dA (2-OH-dATP); 6dG
(6-thio-dGTP); ddI (ddITP); ZdT (AZT-TP). Letters on the right indicate the template base; P indicates
unextended primer. Graphs represent the percent of total primers extended. Data are shown as mean + s.d. from

three independent experiments..
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4.3 2-OH-dATP and 6-thio-dGTP insertion disrupt telomerase translocation

To better understand how 2-OH-dATP and 6-thio-dGTP inhibit the telomerase catalytic
cycle, we examined whether telomerase could incorporate a natural dNTP after adding the
modified dNTP. First, we used primer 3 to examine extension after insertion opposite rUs in
reactions with 50 uM each of dTTP, dGTP and either dATP or 2-OH-dATP. We observed typical
processive synthesis with all three natural ANTPs, but replacing dATP with 2-OH-dATP generated
a strong termination product after extension to the next base (rCs), which is the final base prior to
translocation (Figure 18a). These data indicate that telomerase can extend after insertion of 2-
OH-dATP, but translocation to add the next repeat is greatly compromised. Those few reactions
that continued after translocation terminated prior to reaching the template end, suggesting 2-OH-
dATP disrupts both repeat and nucleotide processivity. Next, we conducted reactions with 50 uM
each of dATP, dTTP and either dGTP or 6-thio-dGTP. Figure 18b-d show typical processive
synthesis with the natural dNTP after initiating synthesis opposite rAs (primer 1), rCi (primer 2),
and rUs (primer 3). Next we replaced dGTP with 6-thio-dGTP. Primer 1 reactions show strong
termination products after telomerase inserted 6-thio-dGTP opposite rCs position (4 nucleotides
added) (Figure 18b), suggesting dissociation prior to translocation We also observed strong
termination products at the next rCi (5 nucleotides added), indicating either successful
translocation in some reactions followed by dissociation, or template slippage for an additional 6-
thio-dGTP incorporation prior to translocation. This result was recapitulated with primer 3.
Figure 18 shows that after telomerase inserted dATP opposite rUs, the majority of the reactions
terminated after 6-thio-dGTP insertion opposite rCs or the next rCi. Finally, reactions with primer

2 show that telomerase incorporates 6-thio-dGTP opposite the first two rCirCz positions, but
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primarily terminates synthesis after extension to rAs (three nucleotides added) prior to
translocation, despite the availability of natural dNTPs to add another repeat (Fig. 4c). Telomerase
can also add a natural nucleotide (dTTP opposite rA) after 6-thio-dGTP insertion, confirming 6-
thio-dGTP is not a chain terminator. However, termination prior to completing synthesis of the 6-
nt repeat indicates that 6-thio-dGTP not only disrupts repeat processivity, but also nucleotide
processivity. Our data suggest 6-thio-dGTP and 2-OH-dATP addition interfere with telomerase

processivity, and compromise translocation and further telomere extension.
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Figure 18. 2-OH-dATP and 6-thio-dGTP insertion disrupt telomerase translocation. Direct telomerase assays
were conducted with 5 nM 32P-end labeled primer (a and d) Primer 3 (AGGGTT)s, (b) Primer 1 (TTAGGG);3 or
(c) Primer 2 (AGGGTT)s. Reactions contained 50 pM dATP, dTTP and dGTP, except when 2-OH-dATP (2dA)
or 6-thio-dGTP (6dG) was substituted for dATP or dGTP, respectively where indicated. Products were separated
on denaturing gels. Letters on the right of the graph indicate the template base; P indicates unextended primer.
Graphs represent percent of product terminated at each template position as a function of total products. Data

are the mean + s.d. from three independent experiments.
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4.4 POT1-TPP1 fail to restore telomerase processivity inhibition

Next we tested whether the telomerase processivity factor POT1-TPP1 could modulate
modified dNTP inhibition of telomerase. POT1 binds to the telomeric sSSDNA overhang, requiring
the minimum ssDNA sequence of 5’-TTAGGGTTAG-3"1%, The inclusion of POT1 binding
partner TPP1, increases the binding affinity for telomeric DNA ten-fold compared to POT1
alone'®, POT1-TPP1 recruits telomerase to telomeres in vivo!®®, and greatly increases telomerase
processivity'®. Therefore, we reasoned that POT1-TPP1 may be able to overcome inhibition by the
modified dNTPs and enhance telomerase processivity. We conducted telomerase extension
reactions with radiolabeled primer in the presence of purified POT1-TPP1, and used a primer with
a single mutation (TTAGGGTTAGCGTTAGGG; underlined G to C mutation)® to ensure the
POT1-TPP1 would be positioned at the 5” portion of the DNA primer (Figure 19). This provides
a homogenous substrate for telomerase extension.

For these reactions, we replaced the natural INTP with the modified dNTP analog, while
the other dNTPs remained at cellular relevant concentrations. As a positive control, we show the
addition of POT1-TPP1 to telomerase reactions containing all natural dNTPs significantly
increased repeat processivity (Ri2) from 2.5 to 4.5, as indicated by the appearance of longer
products (Figure 19 a lanes 1 and 2, and 5¢). Ru2 represents the number of repeats added before
half of the DNA substrates dissociate from telomerase, meaning nearly half of the bound primers
were elongated by roughly 5 repeats in the presence of POT1-TPP1. When dGTP was replaced
with 8-ox0-dGTP, addition of POT1-TPP1 was unable to overcome the chain termination (Figure
19a lanes 3 and 4). In contrast, for reactions in which 2-OH-dATP replaced dATP, POT1-TPP1
stimulated telomerase extension by enhancing processivity 5-fold from 0.5 to 2.3 (Figure 19a

lanes 7 and 8, and 5c). This suggests that 2-OH-dATP incorporation may disrupt telomerase

69



interaction with the primer, which may be partly compensated for by POT1-TPP1. For reactions
in which dATP was replaced with 8-oxo-dATP, we observed some POT1-TPP1 stimulation,
although processivity was still greatly reduced compared to reactions with all natural dNTPs
(Figure 19a lanes 5 and 6). However, we suspect this synthesis may have resulted from
misincorporation of dGTP or dTTP opposite rU in the absence of dATP (Figure 17c lanes 2 and
3), since 8-0xo0-dATP is a poor substrate for telomerase. As expected, POT1-TPP1 failed to
stimulate telomerase processivity in reactions containing ddITP and AZT-TP, since insertion of
ddITP opposite rC and AZT-TP opposite rA halted further synthesis (Figure 19b lanes 5-8).
However, POT1-TPP1 also failed to stimulate telomerase when dGTP was replaced with 6-thio-
dGTP (Figure 19c lanes 3 and 4), indicating this analog is also a strong telomerase inhibitor.
Overall, these data indicate that POT1-TPP1 is not able to fully restore telomerase extension in the
presence inhibitory dNTPs, although these proteins can partly stimulate processivity in reactions

containing 2-OH-dATP.
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Figure 19. POT1-TPP1 fail to overcome inhibitory dNTPs. Direct telomerase assays were conducted in the absence or presence
of 500 nM POT1 and 500 nM TPP1, as indicated, and 5 nM 32P-end labeled primer (TTAGGGTTAGCGTTAGGG) designed
to position POT1 at the 10 nt primer 5’ end. Reactions contained cellular-concentration dANTPs (24 pM dATP, 29 uM dCTP, 37
pM dTTP, 5.2 pM dGTP) (lanes 1 and 2), except when the natural dNTP was substituted with the oxidized dNTP (a) or
therapeutic dNTP (b) analog (lanes 3-8), as indicated. 8dG (8-0x0-dGTP); 8dA (8-0x0-dATP); 2dA (2-OH-dATP); 6dG (6-thio-
dGTP); ddl (ddITP); ZdT (AZT-TP). Letters on the left indicate template base; P indicates unextended primer. (c) Processivity
calculated on the basis of total products normalized to loading control. Data are shown as mean + standard deviation from

three independent experiments.
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4.5 Telomerase exhibits poor selectivity against 6-thio-dGTP, ddITP and 2-OH-dATP

In order to gain further insight into the ability of modified dNTPs to compete with natural
dNTPs for telomerase utilization, we added modified dNTPs to reactions containing all four
natural dNTPs. We conducted reactions with cellular relevant concentrations of natural dNTPs
and titrated the modified dNTP from 0 to 10,000 uM to calculate the half maximal inhibitory
concentration (ICso) based on telomerase repeat processivity (Figure 20). The calculated ICso
determines the concentration required to reduce repeat processivity in the bulk reactions by half.
However, it is important to note that bulk experiments cannot distinguish effects on individual
telomeres, since extended telomeres mask unextended telomeres. Incorporation of a chain
terminator during any step will terminate extension of the affected telomere, and just five critically
short telomeres are sufficient to trigger senescence'®’. Therefore, repeat processivity 1Cso values
are not necessarily an indicator of the inhibitory potency, but provide information on selectivity
for modified dNTPs compared to natural dNTPs. The oxidized dNTPs 8-oxo-dATP and 8-oxo-
dGTP had similar I1Cso values as the genuine chain terminator AZT-TP ranging from 402 to 1690
uM (Table 2). However, the therapeutic dNTPs 6-thio-dGTP and ddITP, and oxidized 2-OH-
dATP, displayed the lowest ICso values of 5, 61, and 103 uM, respectively. Our data suggest these
modified dNTPs, especially 6-thio-dGTP, can effectively compete with the natural dNTPs for
binding in the telomerase active site. Given the remarkably low ICso for 6-thio-dGTP, we
examined the catalytic efficiency of 6-thio-dGTP incorporation versus dGTP using the Tribolium
castaneum (tcTERT) model of the telomerase catalytic core®?. The ability to purify sufficient
quantities of tcTERT enables characterization of the catalytic nucleotide addition by pre-steady-
state single turnover kinetics using a defined DNA-RNA primer-template substrate!*4. The

catalytic efficiency of incorporating a single dNTP is measured by dividing the observed
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nucleotide incorporation rate constant, kpoi, by the equilibrium dissociation constant for dNTP
binding to the tcTERT-primer-template complex (Kq) 1°8. The catalytic efficiency of inserting
dGTP is only 2-fold higher at 0.034 uM-!s"t compared to 6-thio-dGTP at 0.056 pM-st, indicating
poor selectivity against this dNTP analog (Table 3). Collectively, these results indicate that
modified dNTPs vary in the ability to compete with the natural dNTPs for utilization by
telomerase.

Table 2. Telomerase processivity 1C50 values

Modified dNTP 1ICsouM + SD
8-ox0-dATP 946 + 49
2-OH-dATP 103+ 66
8-0x0-dGTP 1690 + 172
ddITP 61 + 23
AZT-TP 402 + 169
6-thio-dGTP 5+2

Table 3. Single-turnover kinetic values for tcTERT single nucleotide insertion

Incoming Nucleotide kpot (52 Kd (uM) Catalytic Efficiency (kpoi/Ka) (uM- | Fold
) change
dGTP? 1.1+0.03|18.1+3.78 |0.058+0.012 1.000
6-thio-dGTP 3.1+0.23|924+12.94 | 0.034 +0.005 0.579

a\/alues from 144,
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Figure 20. 1Cso values for telomerase processivity inhibition. Telomerase reactions were conducted with cellular relevant
concentrations of all four natural dNTPs and increasing concentrations of the modified dNTP analog from 0 to 10,000 pM
to calculate (a) the processivity as R1/2 and (b) the half maximal inhibitory concentration (I1Csg) based on telomerase

processivity. Means and s.d. are from 3-4 independent experiments, and from 2 experiments for the ddI TP reactions..
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Figure 21. Representative titration gels for 1Csovalues. Telomerase reactions were conducted with cellular relevant
concentrations of all four natural dNTPs and increasing concentrations of the modified dNTP analog from 0 to 10,000 pM.
Products were separated on denaturing gels; P indicates unextended 18-mer primer. Images are representative from 3-4

independent experiments, and from 2 experiments for AZT-TP reactions.
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5.0 Discussion

Previous studies showed that treatments with NRTIs and thiopurines, or the failure to
remove oxidized dNTPs, drive telomere shortening in human cells. Here, we report two distinct
mechanisms by which oxidized and therapeutic dNTPs inhibit telomerase mediated telomere
elongation, either by chain termination or by disrupting translocation and subsequent repeat
addition. By using end labeled telomeric primers, we provide direct evidence that telomerase can
add the HIV RT inhibitors ddITP and AZT-P to a growing telomere chain, and that incorporation
halts further elongation. Unlike the NRTIs and 8-oxo-dGTP, we found that telomerase could
continue elongation after inserting a 2-OH-dATP and 6-thio-dGTP, but that addition of these
modified dNTPs strongly inhibits repeat addition processivity (RAP), leading to truncated
products. We propose a mechanism by which insertion of these RAP inhibitors disrupt stable
formation of the RNA:DNA hybrid required for successful translocation and continued repeat
addition.

Defining the mechanism of telomerase inhibition requires analysis of whether telomerase
can catalyze the addition of the modified dNTP to the telomeric end. Reactions with a single dNTP
type also inform about selectivity for inserting a correct dNTP versus an incorrect or modified
dNTP during DNA synthesis'®®. Control reactions with natural dNTPs at different template
positions revealed several aspects of telomerase fidelity of DNA synthesis. First, we found that
telomerase incorporation of dGTP is more error prone than the other natural dNTPs, as indicated
by dGTP misincorporation opposite rA and rU even at low 5 uM and the production of poly d(G)
ladders. This propensity for telomerase to misinsert dGTP competes with insertion of the low
radioactive dTTP amounts used to label the products in Fig. 2a, explaining the loss of radiolabeled
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products at high dGTP concentrations. In contrast, high dATP or dTTP concentrations did not
outcompete insertion of radiolabeled dGTP in Fig. 2b and c. However, we observed some dTTP
misincorporation opposite template rU even at low 5 uM, and propose that misinsertion of dGTP
and dTTP opposite rU likely explains the one repeat addition observed when dATP is absent (Fig.
2b lane 2). For reactions containing only dGTP, the poly d(G) ladders appeared at early time
points and low percent primer extension (<10%) suggesting they resulted from processive
nucleotide addition. Previous reports have also shown that both human and ciliate telomerase can
make poly d(G) ladders, and suggest this is due to DNA hairpin