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Control of human telomerase activity by nucleotide metabolism 

 

Abstract 

Telomeres are nucleoprotein structures which flank linear chromosomes and promote 

genome integrity. Telomere synthesis by the telomerase reverse transcriptase must be tightly 

controlled to promote cellular function and human health, yet our understanding of the processes 

which enable telomere length homeostasis is incomplete. Here, I performed the first genome-

wide CRISPR-Cas9 screen for telomere length regulating genes in human cells and identified 

dNTP metabolism as a pathway critical for human telomere length control. Using targeted 

genetic screening, I found that loss of thymidine nucleotide synthesis or salvage genes led to 

telomere attrition, whereas loss of the dNTP degrading gene SAMHD1 drove telomere 

lengthening. Remarkably, I found that supplementation of thymidine nucleoside drove robust 

telomere lengthening across multiple cell lines, including at doses which had no detectable 

effects on cell growth, and in a manner which required the presence of telomerase. To further 

characterize the intersection between dNTP metabolism and telomerase activity control, I 

developed a method for Telomerase Rapid Assessment in the Cellular Environment, or TRACE. 

Using TRACE, I identified that guanine nucleotide salvage occupies a critical juncture in 

telomerase activity control: salvage to form guanosine ribonucleotides drives telomerase 

inhibition, while salvage to form dGTP stimulates telomerase activation. I propose that dNTP 

metabolism alters telomere length via the substrate level control of telomerase, adding a new 



  iv 

layer to current models of telomerase regulation. Inherited defects in the telomerase components 

and related genes cause premature telomere shortening and drive a spectrum of fatal disorders 

called telomere biology disorders (TBDs), manifesting as bone marrow failure, liver and lung 

fibrosis, and other degenerative diseases throughout the body. There are currently no effective 

systemic therapies to lengthen telomeres to treat the TBDs, and accordingly the patients 

diagnosed with these disorders face daunting prognoses. Here, I identify multiple strategies to 

promote telomere lengthening in TBD patient derived cells by upregulating dNTP metabolism, 

including supplementation with thymidine, inhibition of the dNTPase SAMHD1, 

supplementation with deoxyguanosine combined with the PNP inhibitor ulodesine, and 

expression of an efficient deoxynucleoside kinase from Drosophila melanogaster. Collectively, 

my work has expanded our understanding of human telomere length control by revealing that 

telomerase is highly sensitive to manipulations of its dNTP substrates. My findings offer an 

explanation for emerging human genetic data linking genetic variation in dNTP metabolism 

genes with telomere length and telomere disease. I propose that the targeted manipulation of 

dNTP metabolism could provide an avenue to control telomerase activity within a therapeutic 

window to treat the TBDs. Nucleotide metabolism offers a new lens with which to examine the 

origins and evolution of telomerase and telomeres.
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Chapter 1: Introduction 
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The hypothesis and discovery of telomeres and telomerase 

Telomeres are repetitive DNA-protein structures which cap the termini of linear 

chromosomes and promote genome integrity. Telomeres were initially conceptualized in the 1930’s 

based on the observed stability of natural chromosome ends compared with the instability of ends 

produced by DNA damaging agents1,2. Interpreting these results in 1938, Hermann Muller 

hypothesized that “the terminal gene must have a special function, that of sealing the end of the 

chromosome… This gene may accordingly be distinguished by a special term, the telomere.”2 

Later, based on the discovery by Arthur Kornberg and colleagues that DNA replication requires 

initiation with an RNA-primer3–5, it was recognized by Alexey Olovnikov6 and James Watson7 that 

a terminal portion of linear chromosomes would be lost during cell division, termed the ‘end 

replication problem’. The central roles of telomeres were thus identified as: 1) “sealing” the ends 

of chromosomes to prevent fusions with other DNA ends and 2) preventing the loss of genetic 

information during genome replication.  

The first molecular characterization of telomere ends was driven by Elizabeth Blackburn 

who led a series of discoveries about the molecular nature of telomeres by taking advantage of the 

unique genomic architecture of Tetrahymena, which harbor abundant linear minichromosomes. 

Sequencing the ends of these minichromosomes revealed they terminated in tandem 5’-TTGGGG-

3’ repeats8. Evidence from Tetrahymena9 and later in yeast10,11 suggested telomere repeats were 

actively synthesized by an enzyme. Carol Greider, working in the Blackburn lab, became the first 

to identify a telomere repeat synthesizing enzymatic activity by incubating (5’-TTGGGG-3’) x 4 

oligonucleotides and dNTPs with Tetrahymena extracts12. Greider and Blackburn went on to show 

this enzyme complex harbors an RNA component with a template encoding the telomere 
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repeat13,14, offering reverse transcription as an explanation for how telomeres are synthesized and 

how the end replication problem is solved. The telomeric repeat sequence, TTAGGG15, and 

telomerase catalytic protein (TERT)16 and RNA (TERC)17,18 components would later be identified 

in humans. 

While the maintenance of telomere length appeared to be explained by telomerase, the 

means by which telomeres protect the ends of chromosome from DNA damage response was not 

clear. Work led by Titia de Lange identified and characterized the telomere-specific DNA binding 

proteins she collectively termed shelterin, as a complex that ‘seals’ the DNA termini19. This critical 

protein complex fulfills numerous roles to promote telomeres, including by limiting the activation 

of DNA damage response signaling pathways, preventing telomere resection and fusion, and 

regulating telomerase activity20,21. More recently, an appreciation for the importance of the CST 

complex in C strand maintenance of the telomere has also come into light22.  

Together, the de novo synthesis of telomeric repeats by telomerase, along with the 

maintenance of the C-strand by CST, generates a scaffold to bind the shelterin complex, thereby 

allowing telomeres both to seal the linear chromosome ends and prevent the loss of genomic 

information during cell division. These fundamental features of telomeres as repetitive arrays of 

TTAGGG-like repeats synthesized via reverse transcription and coated with specialized protein 

factors are observed across diverse eukaryotic kingdoms of life, and likely originated in the early 

stages of the development of linear chromosomes18,23–25. In the ensuing eons since their 

origination, telomere architecture has diversified, becoming tailored to the unique cellular and 

organismal requirements for the maintenance of genome integrity25,26. Remarkably, the 

dysregulation of telomere maintenance has been identified as the common cause of a range of 

severe inherited and acquired human diseases. Continued progress towards a complete 



 4 

understanding of telomere homeostasis may prove to be therapeutically useful for patients with 

disorders caused by telomere dysfunction. 

 

Pathways governing human telomere length homeostasis 

Telomeres shorten with cell division due to the end replication problem, and when critically short, 

drive cells to exit from the cell cycle and become senescent27–29. This shortening is counteracted 

by the addition of telomeric repeats by the telomerase reverse transcriptase, a process which is 

tightly regulated. The balance between telomere synthesis and erosion is understood to enable 

controlled cellular replication while limiting the excessive cell growth which occurs in cancer. The 

rate of telomere synthesis by telomerase is considered to be governed by: 1) the abundance of the 

telomerase holoenzyme, and 2) the interactions between telomerase and the telomere binding 

proteins21. In this thesis, I propose dNTP metabolism as third factor critical for the control of 

human telomerase activity and required for telomere length homeostasis, offering an explanation 

for the recent association of dNTP metabolism genes with telomere length and telomere related 

disease (Figure 1-1). Here, I discuss the canonical pathways governing telomere length 

homeostasis. 

 In cultured somatic cells which do not express telomerase, ~50-100 bp of telomere repeat 

which is lost from chromosome ends with each division27,30. This rate of attrition can be 

exacerbated by disruption of the machinery responsible for the maintenance of telomere ends 

which includes the shelterin complex, the CST complex, and telomere accessory factors such as 

RTEL120. Together, these factors promote the replication of telomeres, and regeneration of the 

characteristic 3’ overhang and T-loop through controlled binding, resection and fill-in reactions20. 
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Impairments in these factors can lead to telomere shortening telomere ends by cleavage, resection, 

and impaired fill-in of the C-strand20,31.  
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Figure 1-1. An updated model of human telomere length regulation. Human telomere length 

homeostasis is generally understood to be governed by (1) the abundance of telomerase, and (2) 

the interactions between telomerase and the telomere binding proteins. Based on my findings as 

well as emerging human genetic evidence, I propose an updated model including a third critical 

factor regulating human telomere length: the availability of dNTP substrates for telomere 5’-

GGTTAG-3’ repeat synthesis by telomerase. dNTP substrate accumulation is limited by 

deoxnucleoside salvage efficiency including deoxyguanosine (dG) metabolism by DCK, and 

thymidine (dT) conversion to dTTP via TK1. dTTP can increase dGTP production by allosteric 

binding to ribonucleotide reductase (RNR). Enhancing cellular deoxnucleoside salvage through 

dG or dT supplementation or by augmenting deoxynucleoside kinase activity robustly increases 

telomerase activity and telomere length. Mutations that impair dTTP de novo synthesis lead to 

reduced telomerase substrate levels and impaired telomerase activity, as observed in patients with 

TYMS locus mutations who develop the telomere biology disorder dyskeratosis congenita32. The 

dNTPase SAMHD1 prevents the accumulation of dNTPs and negatively regulates telomerase 

activity and telomere length. My model provides a mechanistic framework for the recent 

association between genetic variation in dNTP metabolism genes and telomere length in states of 

health and disease32–34.  
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Figure 1-1. (Continued) 
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Telomere shortening is counteracted by the telomerase holoenzyme complex, consisting of 

TERT, the catalytic protein component, TERC, the RNA which encodes the template for telomere 

repeat synthesis, as well as the H/ACA domain components dyskerin, NAF1, NHP2 and GAR1, 

and the Cajal body associated protein TCAB135. Of note, the histone proteins H2A and H2B have 

been recently reported as telomerase complex members, however the significance of this 

association remains undefined35. In contrast to telomere shortening which occurs in all dividing 

cells due to the end replication problem, telomere lengthening by telomerase is highly constrained 

by the cell-type specific expression of TERT. Expression of TERT is largely restricted to the 

germline, fetal tissues, self-replicating stem cells, lymphocytes, and cancer cells, and is absent 

from most other somatic cells36–38. Engineered ectopic expression of TERT in somatic cells 

increases telomere length and extends replicative capacity39. Mutations in the promoter of TERT 

which impair its transcriptional silencing can increase telomere length and have been commonly 

identified in many tumor types40,41. In addition to regulation at the RNA expression level, TERT 

production is also regulated by alternative splicing42. TERT expression can be considered as an 

on-off switch for telomerase activity within cells. 

 In cells which express TERT, the level of TERC has been shown to determine the 

accumulation of telomerase holoenzymes and can be limiting for telomere lengthening capacity43. 

Additionally, while the abundance of the H/ACA components is not considered limiting for 

telomerase biogenesis, inherited mutations in the members of this complex including dyskerin, 

NAF1, NOP10, and NHP2 can impair TERC accumulation and reduce telomere length31. Upon 

being transcribed, TERC is bound by H/ACA complex members, and its 3’ end undergoes 

processing including oligoadenylation by PAPD5 followed by trimming to its mature length by 

PARN. Loss of PARN leads to degradation of TERC in the RNA exosome, inhibiting TERC 
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accumulation and shortening telomere length44 in a manner which can be rescued by PAPD5 

inhibition45. Following TERC assembly with the H/ACA factors and 3’ end processing, TERC and 

TERT become complexed in a process promoted by TCAB146,47. A clear demonstration of the 

importance of TERC and TERT levels on telomere length control is observed in the rapid telomere 

lengthening seen in when both factors are overexpressed48. 

In addition to regulation at the level of telomerase abundance, telomere synthesis is also 

regulated by the shelterin and CST complexes which coordinate the recruitment of telomerase to 

the telomere and govern the accessibility of the telomere 3’ end. The six-member shelterin protein 

complex, which includes POT1, TERF1, TERF2, TERF2IP (RAP1), TINF2, and TPP1, plays roles 

both as a positive and negative regulator of telomerase activity21. The shelterin component TPP1 

recruits telomerase to the telomere end by directly binding TERT at the TEL patch49–51. Disruption 

of the TEL patch or loss of TPP1 impairs telomerase localization and reduces telomere length50. 

Both TPP1 as well as POT1, the ssDNA binding component of the shelterin complex, have 

additionally been shown to bind to telomerase and promote its enzymatic activity, discussed below. 

In addition to this stimulatory role, shelterin also plays an inhibitory role in the control of 

telomerase activity. The abundance of the three DNA binding members of the shelterin complex, 

TRF152, TINF253, and POT154, negatively regulates telomere length in a telomerase dependent 

manner. Shorter telomeres are preferentially lengthened by telomerase55,56, and the higher 

abundance of shelterin complexes on longer telomeres has been proposed to explain this 

phenomena21,55,56. While the relationship between shelterin abundance, telomerase activity, and 

telomere length is clear, the precise mechanisms by which this occurs remains undefined, and 

alternative hypotheses have been proposed, such as a model where telomerase is delivered to the 
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telomere end via the replication fork in a manner sensitive to telomere length and shelterin 

abundance57.  

The CST complex, comprised of CTC1, STN1 and TEN1, is critical for the maintenance 

of the telomere C-strand strand and also has a role in restricting telomere synthesis by telomerase. 

Depletion of the CST complex members CTC1 and STN1 has been shown to increase telomerase 

activity in cells58,59. Studies using purified telomerase and CST supports a model where CST binds 

to the telomeric ssDNA and sequesters it away from telomerase, preventing multiple rounds of 

binding and telomere synthesis by telomerase58,60. CST may also interfere with recruitment of 

telomerase to the telomere end by TPP161,62. While the importance of CST for telomere length 

homeostasis is well understood, the timing and molecular details underlying how CST restricts 

telomerase activity are areas of active investigation61,62. 

In sum, the rate telomere synthesis is commonly considered to be governed by the control 

of telomerase accumulation and the interactions between telomerase and the telomere binding 

proteins. This model has provided considerable insight into how telomere length homeostasis is 

maintained, and has offered explanations for how mutations in telomere-associated genes lead to 

telomere length dysregulation and cause disease. In generating this model, both cell-based studies 

and enzymatic evaluations of purified telomeric proteins have provided essential and 

complimentary details. While developing my revised model for telomere length control which 

incorporates telomerase regulation by dNTP metabolism, a detailed understanding of telomerase 

enzymology has similarly proven valuable.  
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Telomerase enzymology 

Once assembled, recruited, and bound to the telomere end, telomerase uses its integral RNA 

template to synthesize 5’-GGTTAG-3’ repeats in a ratcheting mechanism (Figure 1-2a)63. 

Following the synthesis of one repeat, the telomerase RNA template must dissociate from the 

telomeric overhang and then realign at the newly generated 3’ end to enable another round of repeat 

synthesis. This transition is a vulnerable portion of the catalytic cycle when telomerase is at greater 

risk of dissociating from the telomere end. The addition of the first nucleotide in the repeat is thus 

relatively inefficient, with lower processivity (repeat addition processivity) compared with the 

processivity of addition of the subsequent nucleotides (nucleotide addition processivity)63. The 

propensity for telomerase dissociation during this phase of realignment is evidenced by the 

relatively high signal intensity observed at every sixth nucleotide position when extension products 

are resolved on a polyacrylamide gel64. Human telomerase is moderately processive, and has been 

shown to synthesize tens of repeats within one binding event before dissociating65. To facilitate 

multiple repeat synthesis rounds in a single event of telomerase binding, TERT utilizes a domain 

away from the catalytic site termed the anchor site, which binds to the telomere overhang and 

limits telomerase dissociation from the DNA substrate during template realignment66,67. The 

binding between telomerase and its telomere substrate at the anchor site is enhanced by the 

presence of TPP1 and POT1, and accordingly the presence of these factors increases telomerase 

processivity65,66. In human cells, telomerase has been found to add on average ~60 nucleotides or 

ten telomere repeats in a single binding event68,69. The limited processivity of telomerase likely 

plays a major role in telomere length control, as demonstrated by the diverse variants in TERT 

which impair telomerase processivity and also lead to reduced telomere length in human cells70.  



 12 

Figure 1-2.  

 

Figure 1.2 Telomerase enzymology. A. Schematic of the telomerase catalytic cycle, adapted 

from Bagshaw et al (2021)63. B. Km of different positions throughout the telomerase catalytic 

cycle, measured by Chen et al. (2018) using a modified ‘template-free’ telomerase system71. 
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 The activity of purified human telomerase is highly sensitive to changes in the levels of its 

dNTP substrates72–74. The concentration dependence of nucleotide addition efficiency at different 

positions in the catalytic cycle was studied in detail by Julien Chen’s group, who found that the 

Km for the first nucleotide position in the repeat (5’-GGTTAG-3’) was much higher (120 µM), 

compared with the other positions evaluated (4-30 µM) (Figure 1-2b)71. The relatively high value 

for the first nucleotide in the repeat is consistent with the low efficiency of repeat addition 

processivity compared with nucleotide addition processivity. These Km values are also relatively 

high compared with the corresponding values for the cellular replicative DNA polymerases which 

range from 0.2-10 µM75, and are near or above cellular dNTP levels (Figure 1-3a)76, suggesting 

that changes in dNTP levels within the physiologic range could influence telomerase activity 

within cells. Of note, this evaluation was performed using a modified ‘template-free’ enzyme 

system where the telomerase RNA template was removed from the telomerase complex, and 

instead pre-hybridized to DNA oligonucleotide substrates, an experimental change which likely 

alters enzyme kinetics. Nonetheless, in measurements of intact telomerase isolated from human 

cells, repeat synthesis is also highly sensitive to changes in dNTP levels within the physiologic 

range, with dGTP levels being relatively more important than dTTP and dATP levles64,71,77. Further 

exemplifying the importance of dNTP levels on telomerase activity, elevation of dGTP has been 

shown to promote telomerase activity even in TERT mutants with impaired processivity70. Despite 

the clear importance of dNTP concentrations on telomerase enzymatic activity, little work has been 

done to evaluate the relevance of dNTP metabolism on telomerase activity and telomere length in 

human cells. 
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Figure 1-3. Overview of dNTP homeostasis. A. Concentrations of average cellular NTPs and 

dNTPs. Data from Traut (1994)76. B. Schematic of de novo and salvage dNTP synthesis pathways. 

The SAMHD1 dNTPase, a major factor in dNTP homeostasis, is also depicted. C. Schematic of 

human RNR allosteric regulation. Schematic adapted from Matsuda et al. (2018)78. dTTP binding 

to the specificity site promotes reduction of GDP to form dGDP and inhibit the reduction of the 

pyrimidines CDP and UDP. dGTP binding the specificity site promotes ADP reduction. ATP 

binding to the activity site promotes overall enzyme activity, while dATP binding to the specificity 

site inhibits overall enzyme activity. D. Relative catalytic efficiency of TK1 and DCK for their 

deoxynucleoside substrates. Data for DCK from Bohman and Eriksson (1988)79, data for TK1 

from Munch-Petersen et al. (1991)80, comparison originally made by Knect et al. (2002)81. 
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Figure 1-3. (Continued) 
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dNTP metabolism  

dNTPs are common precursors for cellular processes including nuclear genome replication, 

mitochondrial genome replication, DNA repair, and telomere synthesis by telomerase. dNTPs can 

be either de novo synthesized from ribonucleotides or salvaged (Figure 1-3b,c), and both of these 

processes are highly allosterically and temporally regulated. However, despite the clear 

relationship between changes in dNTP levels and the enzymatic activity of purified telomerase 

discussed above, dNTP metabolism has not been well studied as a node of telomerase regulation 

within human cells.  

dNTP de novo synthesis from ribonucleotides occurs at the diphosphate level by 

ribonucleotide reductase (RNR). Ribonucleotides are approximately 10-100 times more abundant 

than deoxyribonucleotides (Figure 1-3a)76, with ATP being the most abundant. The conversion of 

ribonucleotide diphosphates to deoxyribonucleotide diphosphates by RNR is highly allosterically 

regulated by two sites called the activity site and the specificity site. The activity site can either 

bind ATP which stimulates RNR activity, or can bind dATP which inhibits RNR activity. The 

specificity site governs substrate preference and is bound by dNTPs (Figure 1-3c)82,83. In addition 

to allosteric regulation, expression of RNR is cell cycle regulated through both transcription and 

degradation84. Following their production by RNR, dNDPs can be phosphorylated by NDPK using 

a ‘ping-pong’ mechanism where a phosphate is transferred from ATP or another triphosphate. 

NDPK activity is not considered to play a role in influencing dNTP levels85. 

In contrast with the other dNTPs, thymidine has no ribonucleotide equivalent and requires 

several steps for its de novo synthesis following dNDP production by RNR. Thymidine de novo 

synthesis occurs via the addition of a methyl group to dUMP from a N5,N10-methylene 

tetrahydrofolate donor by the enzyme thymidylate synthase (TYMS), which is subsequently 
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phosphorylated by thymidine monophosphate specific kinase DTYMK and then by NDPK to form 

dTTP86. The dUMP substrate for TYMS can be derived via degradation of dUTP to form dUMP 

by DUT, or by following degradation of dCTP to dCMP by DCTPP1 then from dCMP to dUMP 

by DCTD87, or via the salvage pathway. DCTD is allosterically activated by dCTP and 

allosterically inhibited by dTTP88. 

In addition to de novo synthesis from ribonucleotides, dNTPs can alternatively be salvaged 

from deoxynucleosides. In humans, nucleoside salvage occurs through different enzymes in the 

mitochondria and in the cytosol. In the mitochondria, TK2 can phosphorylate dT and dC, while 

DGUOK can phosphorylate dG and dA. Impairments in either of these genes leads to 

mitochondrial DNA depletion disorders89. In the cytosol, DCK can salvage dC and less efficiently 

dA, or dG79 while TK1 can efficiently salvage dT and dU81,90 (Figure 1-3d). Of note, TK1 is 

allosterically inhibited by dTTP, and is most active during S-phase90, while DCK activity is similar 

throughout the cell cycle91.  

dNTP levels are also strongly influenced by rates of catabolism, a process predominantly 

controlled by the dNTPase SAMHD192. SAMHD1 activity is lowest in S-phase of the cell cycle 

which is thought to contribute to the relatively higher dNTP pools during genome division93. The 

dNTPase activity of SAMHD1 is thought to contribute to its role in restricting lentiviral infections 

by inhibiting viral reverse transcription94. Other dNTP degrading enzymes include DUT and 

DCTPP1 which degrade dUTP and dCTP respectively87,95. 

Collectively, nucleotide metabolism is highly regulated both temporally and by feedback 

mechanisms to maintain dNTP pool homeostasis. Manipulation of dNTP metabolism is widely 

used to treat diseases ranging from inborn errors of metabolism to autoimmune diseases to 

cancer96,97. While the dysregulation of dNTP pools has been linked with disorders of mitochondrial 
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DNA depletion89, and mutagenesis in cancer85, a relationship between dNTP metabolism and 

human telomerase regulation has not been well described to date. 

 

dNTP metabolism and telomerase: knowns and unknowns 

Telomerase has been known to use dNTP substrates since its initial biochemical description in 

Tetrahymena12, however investigations linking telomerase activity with dNTP metabolism have 

remained limited, particularly in humans. Early evaluations of telomere length across S. cerevisiae 

mutant strains identified that cdc8 (encoding thymidylate kinase), and cdc21 (encoding 

thymidylate synthase) deficient strains had short telomere length, although no mechanistic studies 

were performed98. Further characterization of these strains confirmed their telomere length defects, 

and also showed that inhibiting thymidylate synthase using the thymidine analog FUdR altered 

telomere length in telomerase deficient cells, suggesting that a telomerase independent mechanism 

could be at play99. Later, another study demonstrated a correlation between dGTP levels and 

telomere length across a panel of S. cerevisiae strains with mutations in genes regulating dNTP 

metabolism. They also interestingly found changes in the base pair composition of telomeres in 

the mutants, which they attributed to alterations of the variable telomerase repeat of yeast100. Of 

note, while many aspects of yeast and human biology are conserved, both telomerase regulation 

and dNTP metabolism have diverged significantly between these species. For example the 

telomere repeat is variable in yeast, yeast telomerase has limited processivity compared with the 

human enzyme101, and yeast lack deoxynucleoside salvage kinases. Presently, dNTP metabolism 

is not considered a major factor in the control of human telomerase activity. 

While the relationship between dNTP metabolism and telomere length in human cells has 

gone largely unexplored, more investigation has been done exploring how human telomerase is 
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influenced by non-canonical nucleotides. Modified nucleotides are commonly used therapeutically 

to treat cancer and viral infections, notably via reverse transcriptase inhibition102. The 

identification of telomerase as a reverse transcriptase has spurred significant investigation into 

whether therapeutic reverse transcriptase inhibitors may inhibit telomerase, with mixed results 

demonstrative of the unique substrate preferences between telomerase and other reverse 

transcriptases77,103–105. The unique substrate preferences of telomerase are being actively explored 

in order to specifically target telomerase expressing cancer cells while sparing somatic cells which 

do not express telomerase106. Modified dNTPs also exist in native cellular nucleotide pools, for 

example 8-oxo-dGTP, a mutagenic nucleotide which is generated from oxidative stress that has 

been found to be a chain terminator of telomere extension by telomerase107. The incorporation of 

ribonucleotides by telomerase has also been hypothesized to play roles in telomere homeostasis108. 

In sum, the incorporation of non-canonical substrate nucleotides by telomerase as well as the 

resulting effects on telomere function are areas of active investigation. 

 

Telomere length and human disease 

Telomere length was originally hypothesized as a factor which could contribute to human disease 

in Olovnikov’s seminal 1973 paper6. In addition to recognizing the end replication problem and 

hypothesizing that telomere shortening to a critical length could halt cell division, Olovnikov 

further speculated that telomere attrition could drive organismal aging, and that the enzyme which 

counteracts telomere shortening may be present in cancer to enable cell immortalization. In the 

subsequent decades, many of Olovnikov’s hypotheses including the association of telomere length 

with diseases of aging and cancer would prove to be prescient. 
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Telomere length in the population 

Telomere length in the human population declines with age in most tissues109. Telomere length in 

the blood has been most widely studied110,111. Average leukocyte telomere and has shown to range 

from ~11kb in newborns to ~4.5kb in the elderly. This telomere shortening is most rapid in the 

first year of life, then the rate of decline stabilizes to 50 bp per year in the blood during 

adulthood111. While most tissues display telomere shortening with age, some tissues have stable 

telomere lengths in adulthood, including tissues which undergo limited cell division such as muscle 

and neurons as well as germline tissues such as testis109. Telomere length is highly heritable112, 

and the genetic determinants of telomere length include sex, paternal age, and race, as well as 

several common genetic variants associated with telomere length33,112,113. While variation exists, 

telomere lengths across populations are tightly bounded, with 80% of the population falling within 

a ~4kb range and 99% within a ~5kb range for a given age110. 

 Telomere length in humans has been associated with lifespan and a variety of diseases33. 

While it can be challenging to use observational data to identify causal relationships between 

telomere length and longevity, in recent studies applying causal inference based methods such as 

mendelian randomization, telomere length remains associated with lifespan. For example, in one 

mendelian randomization study based on data from the UK Biobank, 40-year-old individuals with 

1 standard deviation genetically instrumented longer telomeres had a life expectancy on average 

2.5 years longer than individuals with 1 standard deviation genetically instrumented shorter 

telomeres33. While longer telomeres may be associated with longevity, both long and short 

telomeres can predispose to lethal diseases. 

 

Long telomere length and human disease 
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Telomere shortening has been hypothesized to limit cellular replicative capacity and thereby 

prevent cancer progression. In line with this hypothesis, inherited common genetic variation 

leading to long telomeres has been associated with increased rate of several malignancies at the 

population level33,114. In addition to common genetic variation, inherited rare variants in genes 

which cause telomere lengthening have been identified in families with high rates of multiple 

tumors including melanoma. This includes inherited mutations in several shelterin components 

including POT1115, TIN2116, TERF2IP (RAP1), ACD (TPP1)117, as well as activating mutations in 

the TERT promoter40. In addition to limiting telomere length, shelterin components such as POT1 

also play roles in suppressing DNA damage signaling at telomere ends118, and increased telomeric 

DNA damage has been offered as an alternative mechanism for tumor predisposition in these 

patients119. However, a recent study found that cancer associated POT1 mutations are proficient in 

preventing DNA damage response, but cannot restrain telomere length, supporting the notion that 

long telomeres themselves underly the cancer predisposition in patients with germline POT1 

mutations 120. Mutations in POT1 have also been found to predispose to elevated rates of clonal 

hematopoeisis121, a clonal expansion of blood cells which can transform into leukemia. As 

previously mentioned, telomerase activation is also commonly observed in cancer122, and the 

widespread occurrence of TERT promoter mutations in varied tumor types40,41 which have been 

shown to abrogate TERT silencing123.  

 

Short telomere length and human disease 

Inherited mutations which impair telomere maintenance and cause short telomere length were 

initially associated with the disease dyskeratosis congenita (DC), a condition characterized by 

mucocutaneous abnormalities and predisposition to bone marrow failure124. Following the cloning 
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of the human telomerase RNA gene, TERC, Kathleen Collins and colleagues showed that that the 

3’ end of TERC has an architecture consistent with that of H/ACA snoRNAs125. 

Contemporaneously, mutations in the gene encoding dyskerin, DKC1, which showed homology to 

the yeast H/ACA snoRNA associated pseudouridine synthase protein Cbf5p, had been associated 

with DC. The Collins group showed that dyskerin co-purifies with the telomerase complex, and 

found that DC patient cells had low TERC levels, low telomerase activity, and short telomere 

lengths. These data suggested that impaired telomere synthesis was the underlying cause of DC126. 

The subsequent identification of germline mutations in TERC itself in families with autosomal 

dominant DC127 provided further strong support for the notion that the common underlying 

molecular cause of DC was aberrantly short telomeres.  

Presently, inherited mutations in the telomerase components and related genes have been 

identified as causing several diseases beyond DC, including familial idiopathic pulmonary fibrosis 

(IPF)128,129, aplastic anemia130, as well as the early childhood onset disorders Hoyeraal-Hreidarsson 

syndrome(HH)131, Revesz syndrome (RS)132, and Coats plus syndrome133,134. It is now understood 

that these disorders exist as a spectrum, and patients can present with overlapping features. These 

disorders are collectively referred to as the telomere biology disorders (TBDs)31. TBDs can present 

at ages ranging from infancy in HH and RS, to late adulthood, such as in patients who develop 

pulmonary fibrosis and myelodysplastic syndrome. The prevalence of TBDs varies, with the earlier 

onset conditions DC, RS, and HH being rare, on the order of 1 in a million, while later onset 

presentations such as IPF are observed more commonly135.  

Presently, there are 18 genes which have been identified as causing the TBDs31,32. These 

include several components of the telomerase holoenzyme complex (TERT, TERC, DKC1, 

NOP10, NHP2, WRAP53 (TCAB1)), several components of the shelterin complex (TINF2, ACD 



 23 

(TPP1), POT1), and several components of the CST complex (CTC1, TEN1), as well as telomerase 

biogenesis factors (PARN, NAF1, ZCCHC8), telomere replication associated genes (RTEL1, 

DCLRE1B (Apollo), RPA1)31, and the newly associated gene TYMS which encodes thymidylate 

synthase32. Of note, there have been no reports of a telomerase-null patient, and this is likely 

incompatible with life. There is some association between genotype and phenotype which have 

been observed, such as mutations clustered in exon 6 of TINF2 which lead to extremely short 

telomeres and early onset disease in most cases136. In another example, while short telomere length 

is considered a diagnostic criteria for TBD diagnosis, there are reported cases where that mutations 

in certain genes may cause diseases driven by telomere dysfunction in the absence of global 

telomere shortening, such as observed in the Apollo cases137 and in some patients with POT1 

mutations138, however, in general short telomere length is widely observed and thought to drive 

disease.  

Patients diagnosed with TBDs generally face poor prognoses. Treatment for these disorders 

centered on supportive care and organ transplant139. Bone marrow transplant has been successfully 

used to treat TBD related bone marrow failure. Recent advances in transplant conditioning 

regimens using less intensive conditioning protocols have improved outcomes140, however even 

after successful bone marrow transplant patients are at high risk for developing other life-

threatening TBD manifestations including hepatic and pulmonary fibrosis141. In addition to 

transplant and blood transfusions, treatment with androgens can improve blood production in 

patients with bone marrow failure including TBD patients. In one study, the androgen danazol was 

found to significantly reduce the rate of telomere shortening in DC patients142 using qPCR to 

measure telomere length, however this finding was not replicated in a follow up study employing 

the more accurate Flow-FISH method for telomere length measurement143. While androgen 
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therapy can be effective to improve blood counts, its duration of effect is not permanent, it can 

have side effects including virilization and dyslipidemia that can cause many patients to halt 

therapy, and is not considered a curative treatment for bone marrow failure in the TBDs141. Lung 

transplant can be considered to treat TBD related IPF patients, however outcomes are poor144,145. 

Presently, there are no approved targeted therapies to treat the underlying cause of TBDs and 

lengthen telomeres.  

 In addition to inherited rare mutations in telomere related genes which cause TBDs, 

common genetic variation leading to short telomeres is associated with increased risk of coronary 

artery disease and IPF114. Inherited short telomere length is a particularly strong risk factor for IPF, 

with one meta-analysis of mendelian randomization studies calculating that a genetically 

instrumented 1SD shorter telomere length is associated with a 5.81 fold higher odds of IPF (95% 

CI 3·56–9·50; p=2·19 × 10 −12 )146. Collectively, both rare and common genetic variants which 

cause short telomeres predispose to severe disorders with poor outcomes. 

 

The therapeutic hypothesis for telomere elongation as a treatment for the TBDs 

There is significant human genetic evidence supporting the hypothesis that a therapeutic approach 

to lengthen telomeres would be beneficial in the treatment of the TBDs. Here, I review the relevant 

human genetic data available in support of this hypothesis. 

 

First, there is strong evidence that short telomeres cause the TBDs: 

1. Telomere shortening is a common molecular defect downstream of TBD-causing mutations. 

As described above, telomere length control is a common function shared between the 

telomerase components and shelterin complex. Short telomere length is widely observed 
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in TBD patients, and telomere length testing aids in the diagnosis and management of 

patients presenting with TBD manifestations110. Of note, the subcategory of TBD patients 

who have Coats plus disease commonly have mutations in CST complex genes and can 

present without short telomeres31. Coats plus will be treated as a separate category from 

the other TBDs going forward in this dissertation. 

2. Telomere length predicts age of onset of disease. Telomere length declines with age, and 

molecular defects which cause more severe telomere shortening lead to earlier onset of 

disease manifestations110,147. 

3. Genetic anticipation observed in TBDs suggests that inheriting short telomeres along with 

the disease-causing variant increases disease penetrance and leads to earlier onset. This 

genetic anticipation was first observed in patients with TERC mutations148, and has 

subsequently been observed in families with mutations in other TBD causing genes31,153. 

The observation that inheriting short telomere length in combination with the disease 

causing mutation leads to earlier disease onset argues that short telomere length contributes 

to disease manifestations. 

4. Inherited short telomere length even in the absence of short telomere causing mutations 

phenocopy to TBD manifestations in families. This observation has been reported for 

multiple TBD related genes, and provides convincing evidence that short telomeres are 

sufficient to cause TBDs149,150. 

 

Second, there are several lines of evidence that restored telomere length or telomerase function 

could improve tissue function in TBD patients based on human genetics. 



 26 

1. Amongst mixed populations of cells with and without a telomerase defect, cells without a 

telomerase defect have a competitive growth advantage. This phenomena is demonstrated 

by the skewed X chromosome inactivation observed in female carriers of pathogenic 

DKC1 mutations151.  

2. Somatic reversion to restore gene function is recurrently observed in the bone marrow of 

TBD patients. Examples of this phenomena have been frequently observed in TBD 

patients, including through the restoration of mutated alleles which has been observed in 

TERC and DKC131. These data similarly demonstrate that cells with repaired telomere 

synthesis function have a strong competitive growth advantage in the hematopoietic 

system. 

3. Somatic telomerase activating mutations are uniquely common in the blood of TBD 

patients. While clonal hematopoiesis is commonly observed with aging in the 

population152,153, TBD patients have distinct recurrent mutations which drive clonal 

hematopoiesis compared with the general population, including mutations in shelterin 

components POT1 and TERF2IP which contribute to the negative regulation of telomerase 

activity, as well as TERT promoter mutations154. These data suggest that, even in the 

presence of the detrimental allele, genomic alterations which increase telomerase activity 

can endow cells with a replicative advantage. 

 

Third, there is genetic evidence for a therapeutic window to safely lengthen telomeres in TBD 

patients, despite associations between long telomeres and increased cancer risk. 

1. TBD patients with somatic reversion events in their blood have lower rates of 

myelodysplastic syndrome154. This finding suggests that restoring telomerase activity to 
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TBD patient cells can lower malignancy risk, potentially by reducing selective pressures 

promoting the outgrowth of transformed cells. 

2. Genetically determined longer telomere length is associated with increased lifespan in the 

population33. Additionally, inherited long telomere length is associated with a reduced risk 

of coronary artery disease and interstitial lung disease114. Based on these data, the years of 

life lost due to a theoretically higher risk of cancer from telomere elongation may be offset 

by reduced risk of other lethal diseases. 

 

Collectively, these data implicate telomere length insufficiency as the underlying cause of disease 

in the majority of TBD patients. Based on data from the hematopoietic system, there is strong 

support for the therapeutic hypothesis that a telomere lengthening drug could improve tissue 

function. While lifetime exposure to long telomere lengths increases the risk of malignancy, human 

genetic data indicate there is likely a therapeutic window to treat TBD patients with a therapy that 

promotes telomere synthesis. 

 

Dissertation Review 

Telomere length homeostasis is critical for cellular function and human health. Yet the mechanisms 

governing telomere length control are incompletely defined. In this dissertation, I perform the first 

genome-wide evaluation of the genetic control of telomere length in human cells, leading to my 

identification of dNTP metabolism genes as critical for human telomere length control. I 

demonstrate that upregulation of dNTP metabolism via salvaged nucleosides promotes telomere 

lengthening through activation of telomerase, including at doses which did not impact cell growth 

or cause replication stress. I develop an assay for the rapid assessment of telomerase activity within 
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human cells and apply this assay to dissect the metabolic regulation of telomere synthesis. 

Inherited mutations which lead to telomere length insufficiency cause a spectrum of fatal diseases 

termed the telomere biology disorders (TBDs), for which we lack effective targeted therapies. In 

this dissertation, I demonstrate that manipulation of dNTP metabolism through four different 

modalities can rescue telomere lengthening defects in TBD patient derived cells, including: 1) 

supplementation with thymidine, 2) supplementation with deoxyguanosine combined with the 

PNP inhibitor ulodesine, 3) inhibition of the dNTPase SAMHD1, 4) overexpression of an efficient 

deoxnucleoside kinase. By identifying a new aspect of human telomere length control, my work 

paves the way for further studies investigating the metabolic control of telomerase activity, and 

may open new avenues to therapeutically manipulate telomerase activity.  
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Abstract 

Telomere length in humans is associated with lifespan and severe diseases, yet the genetic 

determinants of telomere length remain incompletely defined. Here, we performed genome-wide 

CRISPR/Cas9 functional telomere length screening and identified thymidine (dT) nucleotide 

metabolism as a limiting factor in human telomere maintenance. Targeted genetic disruption using 

CRISPR/Cas9 revealed multiple telomere length control points across the dT nucleotide 

metabolism pathway: decreasing dT nucleotide salvage by nuclear thymidine kinase (TK1) 

deletion or de novo production by thymidylate synthase (TYMS) knock-out reduced telomere 

length, whereas inactivation of the dNTPase-encoding gene SAMHD1 lengthened telomeres. 

Remarkably, supplementation with dT alone drove robust telomere elongation by telomerase in 

cells, and dTTP stimulated telomerase activity in a substrate-independent manner in vitro. In 

induced pluripotent stem cells derived from patients with genetic telomere biology disorders, dT 

supplementation or inhibition of SAMHD1 promoted telomere restoration. Our results demonstrate 

a critical role of thymidine metabolism in controlling human telomerase and telomere length, 

which may be therapeutically actionable in patients with fatal degenerative diseases. 

 

Introduction 

Telomeres are repetitive DNA elements flanking linear chromosomes which promote genomic 

stability155,156. Telomere length decreases as cells divide because DNA polymerases cannot fully 

replicate linear chromosomes6,7. When critically short, telomeres initiate cellular senescence, 

arresting cell division27. This shortening is counteracted by telomerase, a reverse transcriptase12 

that uses an RNA template13, TERC, to synthesize new telomeric repeats16. In Mendelian 

randomization studies, long telomeres are associated with increased lifespan33, while inherited 
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mutations in genes regulating telomere maintenance are associated with lethal diseases manifesting 

with pulmonary fibrosis, liver cirrhosis, and bone marrow failure, collectively termed telomere 

biology disorders31,157,158. Despite the importance of telomere length homeostasis for cellular 

function and health, determinants of human telomere length control are incompletely defined33.  

dNTPs are common precursors for genome replication by DNA polymerases and telomere 

elongation by telomerase. Disruptions to DNA precursor metabolism can impair genome 

replication and are associated with genome instability, mitochondrial genetic diseases, and 

cancer85,89,159–161. Telomere synthesis occurs via a unique reverse transcription mechanism 

involving the ratcheting of an RNA template to generate hexanucleotide (5’-GGTTAG-3’) repeats, 

with distinct dynamics and substrate preferences compared to DNA polymerases108. Despite 

evidence that nucleotide levels influence the enzymatic activity of reconstituted 

telomerase71,73,74,162–164, a role for dNTP metabolism in regulating telomere length in humans at a 

cellular or organismal level has not been directly established. Here, we take advantage of 

methodologic advances165,166 to perform the first genome-wide functional screen for human 

telomere length regulators. We identify dT nucleotide metabolism as a critical regulator of human 

telomere length, advancing our understanding of cellular metabolic pathways required for genomic 

integrity and pointing to potential novel therapies for lethal diseases with high unmet need. 

 

Results 

CRISPR screening links thymidine flux and telomere length 

Fluorescence in situ hybridization using a peptide nucleic acid (PNA) telomere repeat probe 

coupled with flow cytometry (flow-FISH) is a clinically-validated telomere length assay 

performed on single cells110,166. We used flow-FISH as a phenotypic readout for CRISPR/Cas9 
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screening in human cells to identify novel genes regulating telomere length (Fig. 1-1a). K562 cells 

expressing SpCas9 (Figure S1a-c) were transduced with the Brunello genome-wide gRNA 

library165 and cultured for 49 days, followed by isolation of cells harboring the longest and shortest 

5th percentiles of telomere length using flow-FISH (Figure S1d-g). We isolated gDNA from the 

sorted populations, performed deep sequencing, and analyzed gRNA representation using the 

MAGeCK Robust Rank Algorithm (RRA)167 (Figure S1h,i). We found that gRNAs targeting 

telomerase reverse transcriptase (TERT) were enriched in the short telomere population, while 

gRNAs targeting several components of shelterin, a telomere chromatin protein complex that 

negatively regulates telomere length19,54,168,169, were enriched in the long telomere population, 

including POT1, TERF1, and TERF2IP (RAP1). These data validate our CRISPR screening 

strategy to identify tolerable genetic loss-of-function associated with human telomere length.  

Unbiased pathway analysis of screening hits using MAGeCKFlute170 revealed that gRNAs 

targeting pyrimidine nucleotide metabolism genes were enriched in the cell population with short 

telomeres (Figure S1j). Recent genome-wide association studies (GWAS) have also implicated 

nucleotide metabolism genes in telomere length control33,34, and mutations at the thymidylate 

synthase (TYMS) locus have been newly identified in patients presenting with the telomere biology 

disorder dyskeratosis congenita32. Based on our screening results and the emerging human genetic 

data, we performed a second round of screening using a custom gRNA library targeting 53 

nucleotide metabolism genes. Comparing gRNAs enriched in the sorted long and short telomere 

populations, we identified several genes implicated specifically in dT nucleotide metabolism 

(Figure 1b,c). In cells with short telomeres, we saw enrichment of gRNAs that disrupted genes 

predicted to promote dT nucleotide synthesis, including DTYMK, TYMS, TK1171, and DCTPP187. 

Conversely, gRNAs targeting genes predicted to reduce nuclear dT nucleotide levels, including the 
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dNTPase SAMHD192,93,172, were enriched in cells with long telomeres. Taken together, these results 

point to dT nucleotide levels as a novel regulator of telomere length in human cells. 
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Figure 2-1. Telomere length CRISPR/Cas9 screening reveals thymidine nucleotide 

metabolism genes are required for telomere length control. a, Diagram of flow-FISH telomere 

content screening strategy. Cas9-expressing K562 cells are transduced with a gRNA library, 

cultured for weeks at split ratios sufficient to maintain library representation, and sorted by 

flow-FISH to isolate cells with the highest and lowest 5% of telomere fluorescence. b, Results 

of CRISPR/Cas9 screening performed in duplicate, of 53 nucleotide metabolism genes with 10 

gRNAs per gene and 200 non-targeting controls. gRNA enrichment was analyzed using the 

MAGeCK Robust Rank Algorithm (RRA). RRA gene enrichment score vs. log2 fold change 

gRNA abundance in high vs. low 5th percentile TelC-A647 fluorescence populations. Black dots 

represent genes significantly enriched in long or short populations with a false discovery rate 

< 0.05 calculated by the Benjamini-Hochberg Procedure. c, Diagram of thymidine (dT) 

nucleotide metabolism. Genes identified in recent GWASs33,34 are highlighted. TYMS (boxed) 

was recently associated with dyskeratosis congenita32. 
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Figure 2-1. (Continued) 
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Thymidine treatment increases telomere length in human cells 

Based on these data, we tested whether manipulation of nucleotides could alter telomere length in 

human cells. Deoxynucleoside (dN) supplementation can increase cellular nucleotide levels via 

salvage pathway kinases171,173. Remarkably, supplementing K562 or 293T cell culture media with 

the four canonical dNs drove rapid telomere lengthening by thousands of nucleotides within 8 days 

(Figure 2-2a). When we repeated the experiment in telomerase-negative TERC-null 293T cells 

(Figure 2-2a and S2a-g), we found no increase in telomere length, indicating that telomerase is 

required for dN-mediated telomere lengthening. To identify which dNs promote telomere 

elongation, we treated 293T (Figure 2-2b) and K562 cells (Figure 2-2c) with dNs individually or 

in combinations. We found all combinations that included dT promoted telomere lengthening, as 

did dT alone, while no combination lacking dT elongated telomeres (Figure 2-2b-d). Again, dT 

treatment of telomerase-negative TERC-null 293T cells failed to drive detectable telomere 

elongation (Figure 2-2e). Similarly, in fibroblast cells which lack telomerase activity at baseline, 

dT treatment for had no effect on telomere length, whereas fibroblast cells engineered to express 

TERT from a doxycycline inducible construct showed increased telomere lengthening from dT 

after culture for one month, with a greater telomere lengthening effect at higher levels of 

telomerase expression (Figure 2-2f-h). Collectively, these results demonstrate that dT 

supplementation alone can drive rapid and robust telomere elongation in human cells in a 

telomerase-dependent manner, and offer an explanation for the genetic data implicating nucleotide 

biosynthetic pathways in human telomere length regulation. 

We next evaluated how treatment with escalating doses of dT impacted telomere length. 

We found a continuous dose response in telomere elongation after dT treatment up to 200 µM in 

293T and 100 µM in K562 cells (Figure 2-2i-k). We also confirmed that dT from different 
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manufacturers, each of >98% purity, promoted telomere elongation similarly (Figure S3a). To 

study the kinetics of telomere length changes after dT treatment and its withdrawal, we performed 

a time-course in 293T cells and found that dT supplementation gradually and continually increased 

telomere length, over 33 days (Figure 2-2l,m). Withdrawal of dT after 15 days aborted telomere 

elongation, indicating that the effects of dT on telomere length depend on exposure rather than 

triggering autonomous telomere lengthening mechanisms (Fig. 2-2l,m). These data indicate that 

dT supplementation promotes gradual, exposure-dependent, and reversible telomere elongation in 

human cells. 
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Figure 2-2. Thymidine treatment drives telomerase-dependent telomere lengthening in 

human cells. Terminal restriction fragment Southern blot (TRF) probed for the telomere 

repeat of K562, 293T, or TERC-null (-/-) 293T cells treated with or without 

deoxyribonucleosides (dNs; 100 µM each of dA, dC, dG and dT) for 8 days. b, TRF of 293T 

cells treated with 100 µM of the indicated deoxynucleoside(s) for 9 days. Untreated lanes are 

technical replicates. c, TRF of K562 cells treated with 100 µM of the indicated deoxynucleoside(s) 

for 8 days. d, Quantification of b and c (see Methods). 293T without dT (n = 8 samples) or with 

dT (n = 8 samples). K562 without dT (n = 5 samples) or with dT (n = 5 samples). P 

value calculated with One-Way ANOVA using Bonferroni correction for multiple comparisons 

for each cell line. Data presented as mean +/- s.d.; ns, P > 0.05. e, TRF of 293T or 293T TERC-

null cells treated with or without 100 µM of thymidine (dT) for 7 days. f, TRF of normal human 

fibroblasts treated with 100 µM dT as indicated for 6 weeks (lanes 1 and 2) and normal human 

fibroblasts stably expressing hTERT from a tetracycline response element (TRE) inducible promoter as 

indicated which were cultured in the presence of 1 µg/ml doxycycline and with treated with 100 µM dT 

as indicated for one month (lanes 3 and 4). g, TRF of fibroblasts expressing TRE-hTERT cultured in the 

presence of 100 µM dT and doxycycline as indicated for one month. h, Quantification of g as in d. i, 

TRF of 293T cells treated with the indicated dose of dT for 10 days. j, TRF of K562 cells treated 

with the indicated dose of dT for 8 days. j, Quantification of i and j, as in d. i, 293T cells treated 

with or without 100 µM of dT for the indicated period of time. On day 15, dT-treated cells were 

split and continued to be cultured either with or without 100 µM dT for the indicated number 

of days. Day 33 untreated lanes are technical replicates. j, Quantification of i. Panels presented 

in this figure are the results of single experiments. 
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Figure 2-2. (Continued) 
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TK1 is required for telomere lengthening by thymidine 

dT salvage occurs through distinct pathways to generate dTTP for mitochondrial versus nuclear 

genome synthesis (Figure 2-3a). Thymidine kinase 1 (TK1) acts in the cytosol to generate dTMP 

available for nuclear genome replication, while thymidine kinase 2 (TK2) acts in mitochondria to 

generate dT nucleotides for mitochondrial genome synthesis85. As telomeres reside in the nuclear 

genome, we hypothesized that dT-mediated telomere lengthening requires functional TK1 but not 

TK2. To test this hypothesis, we electroporated 293T or K562 cells with SpCas9 and gRNAs 

targeting either TK1 or TK2, or with a gRNA targeting the AAVS1 control locus (Figure S3b,c). 

Consistent with our hypothesis, we found that TK1-edited cells showed a complete abrogation of 

telomere lengthening after dT treatment (Figure 2-3b-e), whereas TK2-edited cells showed 

telomere length increases equivalent to control AAVS1-targeted cells (Figure 2-3b-e) in the 

presence of dT. Without dT treatment, we found modest telomere length decreases in TK1 

knockout cells (Figure 2-3b,d and Figure S3d), as anticipated from our screening data. These 

results indicate that cytosolic phosphorylation of dT to generate dTMP by TK1 is required for 

telomere lengthening after dT treatment. To assess how dT supplementation alters cellular 

nucleotide levels, we performed liquid chromatography-mass spectrometry174 on 293T cells 

treated with 100 µM of dT for 24 hours and found that dT treatment increased levels of dTMP, 

dTDP and dTTP (Figure S3e). These data are consistent with our genetic data that dT exerts its 

effects on telomere length by conversion into dT nucleotides. 
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Figure 2-3. Thymidine nucleotide metabolism genes control thymidine mediated telomere 

lengthening. a, Diagram of dT salvage. b, Representative TRF of 293T cells targeted with Cas9 

and the indicated sgRNA(s), followed by treatment with the indicated dose of dT for 14 days. c, 

Quantification of b. n = 3 biological replicates, P values calculated using RM One-Way ANOVA 

with the Geisser-Greenhouse correction and Dunnett’s multiple comparison test. d, 

Representative TRF of K562 cells targeted with Cas9 and the indicated sgRNA(s), followed by 

treatment with the indicated dose of dT for 10 days. e, Quantification of d as in c. n = 3 biological 

replicates. f, Diagram of dT and dU salvage. g, Representative TRF of 293T cells targeted with 

Cas9 and the indicated sgRNA(s), followed by treatment with the indicated doses of dT and dU 

for 10 days. h, Quantification of median telomere length in g as in c. n = 3 biological replicates. i, 

Representative TRF of K562 cells targeted with Cas9 and the indicated sgRNA(s), followed by 

treatment with the indicated doses of dT and dU for 10 days. j, Quantification of median telomere 

length in g and i. P values calculated using RM One-Way ANOVA with the Geisser-Greenhouse 

correction and Bonferroni’s multiple comparison test, n = 3 biological replicates for each cell 

line. Data in c, e, h and j are presented as means +/- s.d.; ns, P > 0.05. k, TRF of 293T cells 

targeted with the indicated sgRNA, which were cloned and confirmed for editing via Sanger 

sequencing. n=3 clones per genotype. TRF performed after two months in culture following gene 

editing. All cells were continuously cultured in the presence of 16 µM dT. l, quantification of k 

as in c, n=3 clones per genotype. 
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Figure 2-3. (Continued) 
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TYMS is required for telomere lengthening by deoxyuridine  

As an alternative to dT salvage, dTMP can be de novo synthesized from deoxyuridine 

monophosphate (dUMP) by TYMS using one carbon transfer from 5,10-methylene-

tetrahydrofolate (Figure 2-3f). Deoxyuridine (dU) nucleoside can be salvaged via TK1 to form 

dUMP171. Therefore, we tested the impact of dU supplementation in 293T cells and found telomere 

elongation to a degree similar to dT over the course of 10 days, albeit at 10× the concentration (1 

mM) (Figure S3f). Folate, however, did not appear to be limiting as its supplementation in 293T 

cells did not yield telomere elongation (Figure S3f). To test whether dU increases telomere length 

via conversion of dUMP to dTMP by TYMS (Fig. 2-3f), we targeted TYMS in 293T and K562 

cells using CRISPR/Cas9 (Figure S3g). TYMS-deficient cells required salvaged dT for survival; 

thus, both TYMS edited and control AAVS1 edited cells were treated with a baseline level of 16 µM 

of dT. We then treated cells with either 100 µM of additional dT (116 µM total) or with 1 mM of 

dU for 10 days and evaluated telomere length. We found that TYMS-knockout cells remained 

responsive to increased doses of dT to promote telomere lengthening, while dU could no longer 

promote telomere lengthening in TYMS-deficient cells (Figure 2-3g-j). Of note, even in the 

presence of 16 µM dT, cloned TYMS deficient 293T cells showed reduced telomere length 

compared with similarly cultured AAVS1 targeted clones (Figure 2-3k,l), indicating that defective 

thymidine de novo synthesis leads to telomere shortening in human cells, and supporting the results 

from our targeted screening. Collectively, these results demonstrate that dU lengthens telomeres 

via conversion into dTMP, and that in cells with deficient de novo dT nucleotide synthesis 

machinery due to TYMS inactivation, dT supplementation can increase dT nucleotide levels via the 

salvage pathway to lengthen telomeres.  
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SAMHD1 restricts human telomere length 

SAMHD1 regulates cellular dNTP levels by degrading all four canonical dNTPs, including dTTP, 

into dNs92,93,172 (Figure 2-4a). This function has been suggested to restrict retroviruses by limiting 

dNTP pools available for reverse transcription92,94. In our screen for telomere length regulators, 

SAMHD1 gRNAs drove robust telomere elongation (Figure 2-1b). Recent biochemical studies 

demonstrate that SAMHD1 is enriched at telomeric chromatin175, and GWAS have associated 

SAMHD1 with human telomere length33. However, effects of manipulating SAMHD1 on human 

telomere length have not been shown. We therefore directly evaluated how disruption of SAMHD1 

could impact telomere length homeostasis in human cells lines. We found that deletion of SAMHD1 

by CRISPR/Cas9 was tolerated and lengthened telomeres by thousands of nucleotides in 27 days 

(Figure 2-4b and Figure S4a), in line with our screening results. Inhibiting SAMHD1 using 

shRNA-mediated RNA interference also showed a telomere lengthening effect (Figure 2-4c,d and 

Figure S4b-e). In TERC-null 293T cells, however, we found no change in telomere length upon 

SAMHD1 knockout or knockdown (Figure 2-4e,f and Figure S4e), indicating that telomere 

lengthening due to SAMHD1 loss-of-function occurs by a telomerase-dependent mechanism. 

These results demonstrate that SAMHD1 controls telomere length in human cells. 
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Figure 2-4. SAMHD1 restricts human telomere length and limits thymidine-mediated 

telomere elongation. a, Diagram of SAMHD1 dNTPase activity. b, TRF of 293T or K562 cells 

cultured for 27 days following Cas9-sgRNA targeting with the indicated sgRNA(s); results from 

a single experiment. c, Representative TRF of K562 cells cultured for 33 days following 

infection with shRNA expression constructs targeting luciferase (control) or SAMHD1. d, 

Quantification of telomere length in c. P value calculated by RM One-Way ANOVA with the 

Geisser-Greenhouse correction and Dunnett’s multiple comparison test, n = 2 biological 

replicates. e, Representative TRF of 293T or 293T TERC -/- cells cultured for 14 days following 

Cas9-gRNA targeting with the indicated sgRNA(s). f, Quantification of e. P value calculated using 

paired two-sided t test, n = 3 biological replicates. g, Representative TRF of 293T cells transduced 

with the indicated shRNA construct, then supplemented with the indicated dose of dT for 8 days. 

h, Quantification of g as in f. n = 2 biological replicates. i, Representative TRF of 293T cells 

overexpressing EGFP or SAMHD1 of the indicated genotype, and supplemented with the 

indicated dose of dT for 10 days. j, Quantification and statistical analysis of i as in d..n = 3 biological 

replicates. k, Representative TRF of K562 cells manipulated as in i. l, Quantification and statistical 

analysis of k as in d. n = 3 biological replicates. Data in d, f, h, j and l are presented as means; 

error bars indicate s.d.; ns, P > 0.05. 
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Figure 2-4. (Continued) 
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Because SAMHD1 is known to degrade dTTP92,172 (Figure 2-4a), we asked whether 

SAMHD1 restricts the degree of telomere lengthening from dT treatment. Five days after 

transduction with a SAMHD1 targeting shRNA, we treated cells with or without 50 µM dT for 

eight days. We found that the combined effect of SAMHD1 knockdown and dT treatment produced 

greater telomere lengthening (823 ± 33 bp) compared to dT treatment alone (514 ± 63 bp) (Figure 

2-4g,h). SAMHD1 has several proposed functions beyond its dNTPase activity, including 

contributing to homology directed repair and replication fork progression176,177. To investigate 

whether SAMHD1 dNTPase activity restricts dT-mediated telomere lengthening, we 

overexpressed two different dNTPase-deficient versions of SAMHD1 in cells178,179. We found that 

overexpression of wild-type SAMHD1 reduced telomere lengthening following dT treatment, 

compared to control cells overexpressing EGFP. In contrast, overexpression of dNTPase-deficient 

SAMHD1H215A or SAMHD1K312A variants could not restrict telomere lengthening from dT to the 

same degree (Figure 2-4i-l and Figure S4f). Collectively, these data indicate that SAMHD1 

dNTPase activity regulates telomere length homeostasis in human cells, and point to dTTP as a 

downstream metabolite promoting telomere elongation after dT supplementation. 

 

Thymidine elongates telomeres without inhibiting cell growth 

dT is commonly used to inhibit cell cycle progression, arresting cells in S phase at doses in the 

millimolar range180,181. We asked whether dT-mediated telomere lengthening could be dissociated 

from cell cycle effects of dT. When 293T cells were treated with increasing doses of dT, growth 

was minimally impacted at doses below 100 µM (Figure 2-5a). We therefore chose doses with no 

discernable effects on growth and evaluated their impact on telomere length. We found that 
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supplementation of 293T cells with 20 µM or 40 µM dT for 34 days drove robust telomere 

lengthening with undetectable impact on cellular growth (Figure 2-5b-d). Similar results were 

seen in K562 cells treated with low doses of dT for 34 days (Figure 2-5e-g). DNA content staining 

and flow cytometry similarly showed no detectable changes in cell cycle distribution at dT doses 

below 100 µM in 293T cells and below 12.5 µM in K562 cells (Figure S5a-d). These data indicate 

that the slowing of cell growth is not required for telomere lengthening from thymidine treatment. 
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Figure 2-5. Telomere lengthening from dT treatment occurs without inhibiting cell growth. 

a, Growth curve of 293T cells treated with the indicated doses of dT. b, Growth curves of 293T 

cells treated with the indicated dose of dT. n = 4 biological replicates, inset graph shows 

population doublings after 27 days, P value calculated using RM One-Way ANOVA with the 

Geisser-Greenhouse correction and Dunnett’s multiple comparison test. c, Representative TRF 

of 293T cells from b, after 34 days of culture in media containing the indicated dose of dT. d, 

Quantification of c. n = 4 biological replicates. P values calculated as in b. e, Growth curves of 

K562 cells treated with the indicated dose of dT. n = 4 biological replicates, quantification and 

statistical analysis as in b. f, Representative TRF of K562 cells from e, after 34 days of culture 

in media containing the indicated dose of dT. g, Quantification of f. n = 4 biological replicates, P 

values calculated as in b. Data in b, d, e and g are presented as means; error bars indicate s.d.; ns, 

P > 0.05.  
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Figure 2-5. (Continued) 
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Thymidine elongates telomeres without replication stress 

dT supplementation increases levels of dTTP and can reduce dCTP levels, leading to replication 

stress at high doses. Because replication stress signaling has been implicated in telomerase 

biology182–184, we asked whether replication stress induction explained the telomere length 

increases seen with dT treatment. We first tested whether telomere elongation is a universal 

response to replication stress-inducing compounds. When we treated 293T cells with aphidicolin, 

which inhibits DNA polymerases, at doses maximally-tolerated for cell growth, we found telomere 

elongation after 10 days (Figure S6a), as previously observed184. However, treatment with 

hydroxyurea, which blocks deoxyribonucleotide production by ribonucleotide reductase (RNR; 

Figure 2-6a), up to doses permissible for cell growth, did not change telomere length after 10 days 

(Figure S6a). This suggested to us that replication stress induction may not cause telomere 

elongation in all cases. However, cytotoxicity limited our ability to apply higher doses of 

replication stress-inducing compounds for time periods long enough to study telomere length 

changes. To study the relationship between replication stress, dT, and telomere length more acutely, 

we transfected TERC-null 293T cells with expression vectors encoding TERT and TERC, 

generating ‘super-telomerase’ cells48, which showed telomere elongation within two days (Figure 

S6b, lanes 1 and 3). Remarkably, we found that treatment of super-telomerase cells with dT for 

only 30 hours robustly increased telomere repeat synthesis in a dose-responsive and telomerase-

dependent manner (Figure 2-6b and Figure S6b, lanes 3 and 4). Of note, this stimulatory effect 

on telomerase could be observed with only 40 µM dT, far below doses that induce replication stress 

signaling as measured by immunoblotting for pCHK1-S345 and pRPA32-S33 (Figure 2-6c), and 

below those that significantly impacted cell cycle progression (Figure 2-6d and Figure S6e). 

Using this system, we next asked how high-dose treatment with replication stress-inducing agents 
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such as aphidicolin, hydroxyurea, and the TYMS inhibitor 5FU influence telomere synthesis 

compared to dT. We found that treatment of super-telomerase cells with aphidicolin for 30 hours 

drove detectable increases in telomere length, albeit to a lesser extent than dT (Figure 2-6e). 

However, rather than elongating telomeres like dT or aphidicolin, treatment with hydroxyurea or 

5FU ablated telomere elongation by telomerase (Figure 2-6f,g). Despite the markedly different 

effects on telomere biology seen at the highest doses of dT, aphidicolin, 5FU, or hydroxyurea, all 

induced similar levels of replication stress signaling (Figure 2-6h,i) and had similar impacts on 

cell cycle progression (Figure 2-6j-l and Figure S6f-h). Collectively, these data demonstrate that 

replication stress signaling induction does not universally promote telomere synthesis and does 

not explain the telomere lengthening in cells treated with dT at low doses.  
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Figure 2-6. Induction of replication stress is insufficient to explain telomere lengthening 

from dT treatment. a, Diagram of the effect of dT, 5FU, and hydroxyurea on dT nucleotide 

metabolism. RNR, ribonucleotide reductase. b, T R F  Southern blot of 293T TERC-null cells 

transfected with the indicated expression vectors, cultured for 18 hours, then treated with the 

indicated dose of dT for 30 hours. Representative blot shown from two biological replicates. c, 

Immunoblot of cells from b using the indicated primary antibodies. UV-treated 293T cells used 

as a positive control. d, Cell cycle analysis of cells from b measured by DAPI staining and flow 

cytometry, displaying the percentage of cells in each gate. Data from four biological replicates 

shown for untreated cells and from two biological replicates shown for treated cells. Error bars 

indicate standard deviation. e-g, TRF Southern blot of 293T TERC-null cells transfected with the 

indicated expression vectors, cultured for 18 hours, then treated with the indicated doses of 

aphidicolin (e), 5FU (f), or hydroxyurea (g) for 30 hours. Representative blots from two 

biological replicates. h,i, Immunoblot of cells from e-g, as in c. j-l, Cell cycle analysis of cells in 

e-g by DAPI staining and flow cytometry, as in d. Data from four biological replicates shown for 

untreated cells and from two biological replicates shown for treated cells. Untreated samples are 

the same as in d. m, TRF Southern blot of 293T TERC-null cells transfected with the indicated 

expression vectors, cultured for 18 hours, then treated with the indicated doses of 5FU and dT for 

30 hours. n. TRF of 293T TERC-null cells manipulated as in b. m, TRF from n was stripped and 

re-probed using a probe complementary to the telomeric C-rich strand repeat. Data in d, j, k and 

l are presented as means; error bars indicate s.d.; ns, P > 0.05. Full-length western blots are 

provided as source data. 
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Figure 2-6. (Continued) 

 



 56 

 Given the rapid extension of G-strand by telomerase observed in dT treated super 

telomerase expressing cells, we asked whether the telomeric C-strand was similarly extended. 

Stripping and re-probing blots for C-strand strand telomeric signal revealed that high doses of dT 

led to an increased accumulation of high molecular weight G-strand signal compared with C-strand 

signal (Figure 2-6m,n), indicative of insufficient C-strand synthesis to keep up with rapid G-strand 

elongation by telomerase within this brief time window.  

 

Substrate-independent enhancement of telomerase by dTTP 

The timeframe and magnitude of the effects of dT and 5FU on telomeres in super-telomerase cells 

strongly suggested to us that thymidine nucleotides might directly impact telomerase activity. 

Given that high dose 5FU completely inhibited telomere elongation in super-telomerase cells 

(Figure 2-6f) and acts by inhibiting TYMS to limit de novo dTTP production, we asked whether 

dT supplementation could rescue telomere synthesis following 5FU treatment. Indeed, we found 

that dT treatment restored telomere elongation despite maximal doses of 5FU (Figure 2-6o). These 

data show that 5FU inhibits telomerase activity by limiting de novo thymidine nucleotide 

production and provide further evidence that thymidine nucleotide synthesis is required for 

telomerase activity. 

The effects of thymidine nucleotides on telomerase activity could be from increasing the 

quantity of telomerase holoenzymes per cell, or alternatively by enhancing telomerase function. 

To test the former possibility, we measured the abundance of active telomerase enzymes in cells 

using the telomeric repeat amplification protocol (TRAP) assay and found no difference in 

telomerase activity in lysates from 293T cells treated with or without 100 µM dT (Figure 2-7a,b). 

These data indicate that dT treatment does not change the overall quantity of telomerase 
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holoenzymes in cells. Next, to test the effects of dTTP on telomerase function in vitro, we 

performed the TRAP assay with increasing levels of exogenous dTTP and found enhanced 

telomerase activity (Extended Data Fig. S7a,b). However, because dTTP is a direct substrate for 

GGTTAG repeat synthesis by telomerase, these experiments could not distinguish substrate-

dependent versus substrate-independent effects of dTTP on telomerase activity. To study this 

further, we engineered a modified TERC expression vector with the template region encoding “T-

free” repeats (GGAAAG) rather than wild-type (GGTTAG) repeats (Figure 2-7c), allowing us to 

interrogate potential substrate-independent effects of dTTP on telomerase activity. When we tested 

T-free super-telomerase cell extracts in a modified TRAP assay (Figure S7c,d), we found 

increased T-free telomerase activity with increasing dTTP levels (Figure 7e-h). Sequencing T-free 

telomerase TRAP products demonstrated that thymidine was not represented in the extended 

products (Figure 7i-k). These results confirmed that T-free telomerase does not use dTTP as a 

substrate, and surprisingly suggested a substrate-independent effect of dTTP on telomerase 

activity. To determine this without the potential confounder of PCR amplification in the TRAP 

assay, we directly tested the effects of dTTP on immunopurified T-free telomerase, as measured 

by incorporation of α-32P-dATP on a telomere-repeat oligonucleotide substrate72. Remarkably, 

dTTP enhanced T-free telomerase activity in a dose-dependent manner (Figure 2-7d), with levels 

approximately 50% higher at a concentration of 25 µM (Figure 2-7e,f), and with a greater effect 

on longer telomerase products suggestive of increased telomerase processivity (Figure S7l). Taken 

together, these results demonstrate that dTTP is capable of increasing telomerase activity in a 

manner independent of its role as a substrate, potentially through an allosteric mechanism. 
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Figure 2-7. dT nucleotides enhance human telomerase activity independent of dTTP’s role 

as a telomerase substrate. a, Representative TRAP assay of 293T cells treated as indicated for 

3 days. b, Quantification of a. n = 3 biological replicates, P value calculated using unpaired two-

sided t test. c, Diagram of wildtype and ‘T-free’ telomerase. d, Direct telomerase assay using 

immunopurification of overexpressed, tagged TERT co-transfected with T-free TERC into 293T 

TERC-null cells. LC: loading control, 16-nt 32P-end labeled oligo. Telomerase repeat products 

numbered. e, Direct telomerase assay using immunopurification of overexpressed, tagged TERT 

co-transfected with the indicated TERC vector or EGFP as control into 293T TERC-null cells. n = 

3 replicates. f, Quantification of e. P value calculated as in b. g, PCR to detect wildtype and T-free 

telomere junction (see Methods) performed on 293T TERC-null cells transfected with the indicated 

vectors, cultured for 18 hours, then treated with dT as indicated for three days. h, Sanger and 

nanopore sequencing of products from lane 4 in g. Sanger trace corresponding to cytosine omitted 

for clarity. i, Slot blot of DNA from 293T TERC-null cells overexpressing TERT as well as the 

indicated vector, cultured for 18 hours, then treated with the indicated dose of dT for 30 hours, 

performed in technical triplicates. Representative data from one of two biological replicates 

displayed. j, Quantification of GGAAAG signal in i. P values calculated using unpaired two-sided 

t tests, n = 3 technical replicates. k, Slot blot of 293T TERC-null cells transfected as in i, and treated 

with the indicated dose of dT, 5FU (10 µM), or HU (500 µM) as indicated. Representative data 

from one of two biological replicates displayed. l, Quantification of k as in j. n = 3 technical 

replicates. Data in b, f, j and l are presented as means, error bars indicate s.d.; ns, P > 0.05. Full-

length gels are provided as source data. 
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Figure 2-7. (Continued) 
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Substrate-independent control of telomerase in cells by dT 

After observing this substrate-independent effect of dTTP on telomerase activity in vitro, we next 

asked whether dT treatment could enhance T-free super-telomerase activity in cells. When we 

transfected TERC-null 293T cells with TERT and T-free TERC vectors, we detected altered repeat 

sequences on native telomere ends by PCR (Figure 2-7g,h). Southern analysis showed increases 

in telomerase-dependent GGAAAG signals in response to dT. However, these signals appeared 

over a range of molecular weights rather than just elongation of pre-existing telomere ends as seen 

with the native GGTTAG template (Figure S7m,n). This might be explained by instability of an 

unprotected G-rich GGAAAG repeat extension, which likely cannot be bound by POT1, cannot 

undergo C-strand fill-in due to the requirement for pol-alpha/primase to begin the RNA primer 

with a purine185,186 (templated by “C” or “T”, now absent from T-free G-rich strand), and cannot 

efficiently complement the native telomere sequence to form a T-loop, thus potentially subject to 

nucleolytic cleavage. Nevertheless, to quantify T-free telomerase repeat synthesis in cells, we used 

slot blotting to measure GGAAAG repeat content in cellular DNA (Figure 7o-r) and found a 

specific increase in GGAAAG repeats in cells overexpressing T-free super-telomerase (Figure 2-

7i,j). When we treated cells overexpressing wild-type versus T-free super-telomerase with 100 µM 

dT, we found an increase in GGAAAG repeat content exclusively in cells expressing T-free 

telomerase (Figure 2-7i,j and Figure 7s,t). Furthermore, we found that treatment with 5FU or 

hydroxyurea reduced levels of GGAAAG repeats in T-free super-telomerase expressing cells, and 

that treatment with dT could rescue the inhibition of GGAAAG repeat synthesis following 5FU 

treatment (Figure 2-7k,l), patterns identical to those found with the native template (Figure 2-6o). 

These findings support a model wherein dTTP increases telomerase activity in human cells by a 

mechanism independent of its role as a telomerase substrate. 
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 To further characterize the molecular nature of the T-free telomerase products both in the 

presence and absence of thymidine supplementation, we evaluated how alterations including 

treatment with ExoI, an exonuclease degrades single stranded DNA from the 3’ end, mung bean 

nuclease, a single stranded DNA endonuclease, and omitting restriction enzymes influenced their 

size distribution by Southern blotting. We found that omitting restriction enzymes did not 

significantly change the pattern of T-free repeat distribution, indicating that the majority of these 

repeats are not genomically associated (Figure S8a-c). Treatment with ExoI similarly did not 

change the distribution pattern while treatment with Mung Bean Nuclease led to a reduction in the 

molecular weight of the products, indicating these species are likely partially single stranded and 

circular. When we gel purified high molecular weight DNA to isolate genomically bound T-free 

telomerase signal, we identified signal intensity at the molecular weight corresponding to the 

length of the telomeres in these cells, supporting the notion that T-free telomerase repeats are added 

to the telomere end (Figure S8a-c), in line with our PCR-based assessment (Figure 2-7g,h). 

Collectively, these data support the hypothesis described above that 5’-GGAAAG-3’ repeats 

synthesized by T-free telomerase are unstable due to inability to bind POT1, inability to be 

converted to double stranded DNA due to the requirement for primase to initiate with a purine, and 

inability to form a T-loop, and are thus cleaved from the telomere end and accumulate as 

extrachromosomal partially single stranded circles. The relationship between the biogenesis of 

these products and telomeric circles which occur in ALT positive cancers187 may be of further 

interest for investigation.  

  

Thymidine manipulation elongates telomeres in patient iPSCs 



 62 

Telomere biology disorders (TBDs) are caused by mutations in at least 18 genes31,32 regulating 

telomere maintenance. We asked whether treatment with dT or disruption of SAMHD1 could 

promote telomere lengthening in induced pluripotent stem cells (iPSCs) derived from patients with 

TBDs. We first confirmed that dT supplementation for three weeks significantly elongated 

telomeres in iPSCs from a healthy donor (Figure 2-8a,b). We next tested a panel of iPSCs from 

TBD patients with hypomorphic genetic defects, including mutations in TERC, DKC1 (encoding 

a component of the telomerase holoenzyme), or PARN, which promotes TERC maturation. We 

found that treatment with 50 µM dT for three weeks produced telomere elongation in all cases 

(Figure 2-8a,b). When we examined the impact of dT treatment on cell cycle progression in iPSCs, 

we found doses ≤50 µM had minimal effects (Figure S9a,b). Assessment of pCHK1-S345 and 

pRPA32-S33 by immunoblotting revealed no indication of replication stress signaling in iPSCs 

upon treatment with dT (Figure S9c), in line with prior literature188. We next evaluated the capacity 

of stable SAMHD1 knockdown to alter telomere length in both wild-type iPSCs and patient iPSCs 

harboring TBD-causing mutations and found telomere elongation across the genotypes tested, 

including DKC1, PARN, and TINF2, which encodes a telomere shelterin component (Figure 2-8c-

e). Collectively, these data demonstrate that manipulation of thymidine nucleotide metabolism can 

restore telomere lengthening in stem cells harboring TBD-causing genetic defects. 
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Figure 2-8. dT supplementation or SAMHD1 knockdown drives telomere lengthening 

in iPSCs from patients with telomere biology disorders. a, TRF of iPSCs derived from a 

healthy donor or from TBD patients harboring mutations in the indicated genes that were treated 

with or without 50 µM dT for three weeks. Representative blot from three biological replicates. 

b, Quantification of a. P values calculated using paired two-sided t tests. Open circle indicates 

cells treated with 100 μM dT for three weeks. All other treated cells received 50 µM dT. All data 

points represent biologically independent samples. Sample size sizes for wild-type iPSC, 

untreated (n = 3) or dT treated (n = 3) and for TBD patient-derived iPSCs, untreated (n = 12) or 

dT treated (n = 12). c, TRF of wild-type iPSCs transduced with the indicated shRNA expression 

construct and cultured for 26 days. Representative blot from three biological replicates shown. 

d, TRF of iPSCs derived from TBD patients harboring mutations in the indicated genes that 

were transduced with the indicated shRNA expression construct and cultured for one month. 

e, Quantification of c and d, as in b. All data points represent biologically independent samples. 

Sample sizes for wild-type iPSCs, shLuciferase (n = 3 samples) or shSAMHD1-2 (n = 3 

samples), and for TBD patient-derived iPSCs, shLuciferase (n = 3 samples) or shSAMHD1-2 (n 

= 3 samples). f, Model of the relationship between dTTP metabolism and telomere length. Data 

in b and e are presented as means, error bars indicate s.d.; ns, P > 0.05. 
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Figure 2-8. (Continued) 
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Discussion 

Impaired telomere length maintenance is associated with reduced lifespan33 and fatal genetic 

degenerative diseases31,157,158,189. Using phenotypic CRISPR/Cas9 screening in intact cells, we 

identified dT nucleotide metabolism as a critical pathway controlling human telomere length 

homeostasis. DNA precursor levels are tightly controlled though a balance of de novo synthesis, 

salvage, and catabolism85. Here we demonstrate that telomere length is highly sensitive to changes 

in dT nucleotide metabolism (Figure 2-8f and Figure S10): loss of genes in the dT nucleotide 

synthesis or salvage pathways reduced telomere length, whereas loss of the dNTP degrading gene 

SAMHD1 lengthened telomeres. In addition to genetic perturbations, we find that telomere 

synthesis is highly sensitive to small molecules targeting dT nucleotide metabolism. 

Supplementing cells with dT drove robust telomere elongation, whereas treatment with 5FU or 

hydroxyurea, which limit dTTP production, blocked telomere repeat synthesis by telomerase. 

Collectively, our work, in line with emerging population and Mendelian genetic data32–34, 

demonstrates the critical importance of dT nucleotide metabolism in human telomere length 

control and highlights the additional insights gained from longitudinal functional genetic studies 

in human cells. 

While dTTP is a canonical substrate of human telomerase alongside dATP and dGTP, this 

striking impact of dT nucleotide metabolism on telomere length in human cells is unexpected given 

prior studies using reconstituted telomerase73,74,163,164 and yeast100,190 indicating that dGTP is rate-

limiting for telomerase activity. Here, using a modified telomerase enzyme that no longer uses 

dTTP as a substrate, we find evidence for substrate-independent enhancement of telomerase 

activity by dT nucleotides both in vitro and in living cells. While we cannot exclude a role for 

secondary effects of dT on dATP and dGTP levels contributing to telomere length changes in cells, 
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a substrate-independent, potentially allosteric effect of dTTP on telomerase activity offers a 

unifying mechanism to explain our genetic, pharmacological, and biochemical findings, that, 

coupled with recent human genetic data32–34, firmly establishes a role for dT nucleotide metabolism 

in telomere length regulation. More specifically, a preponderance of orthogonal evidence, 

including high-throughput functional genetic screening, 5FU treatment, GWAS, and genetic 

discovery, collectively implicates TYMS as a critical control point, thus revealing a limiting role 

for de novo dT nucleotide production in human telomere length regulation. 

 Prior work connected replication stress signaling with enhanced telomerase recruitment to 

telomeres183 and increased telomere length182,184. Our data demonstrate that telomere lengthening 

from dT can occur at doses that do not result in replication stress or disrupt the cell cycle. 

Furthermore, we showed that 5FU and hydroxyurea, compounds known to cause replication stress, 

blocked telomere repeat synthesis by telomerase in our system, rather than extending telomeres. 

We cannot exclude that replication stress-mediated changes in telomerase recruitment could play 

a role in telomere elongation at very high dT doses; however, our data clearly demonstrate that 

modulating dT nucleotides at more physiological levels can impact human telomere length by 

other means, such as activation of telomerase. 

While we show that cell cycle inhibition and replication stress cannot explain telomere 

lengthening from dT, we find that the high doses commonly used to synchronize cells cause 

significant changes in telomere repeat synthesis. Several investigations of human telomerase 

biology have used dT or related compounds like bromodeoxyuridine (BrdU) to facilitate 

measurements such as the timing of telomere synthesis by telomerase during the cell cycle, and 

the kinetics of repeat addition by telomerase at a given chromosome end. Our results indicate a 
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more nuanced interpretation of telomere biology effects may be required when using dT and its 

analogs for synchronization or labeling in human cells. 

Defects of nucleotide synthesis are associated with diseases, including mitochondrial 

genetic disorders and cancer85,89,159, and manipulation of nucleotide metabolism is widely used in 

life-saving therapies, including those for cancer, autoimmune, and infectious diseases96,191. 

Remarkably, we found that supplementation with dT promotes rapid telomere lengthening at low 

micromolar doses. We observed this effect across various cell lines, including iPSCs derived from 

patients with TBDs caused by diverse, hypomorphic genetic defects. Based on our findings in vitro 

and in cultured cells, along with promising clinical trials currently underway using oral dT 

supplementation to treat a mitochondrial genetic disease97, we propose that there may be a 

therapeutic window to modulate telomere length via manipulating dT metabolism in patients with 

a range of genetic degenerative disorders.  

dNTP metabolism is commonly considered in relation to DNA replication and repair. Our 

work uncovers a unique sensitivity of telomerase reverse transcriptase activity to dT nucleotide 

homeostasis. While dT supplementation alone can inhibit genome replication by DNA 

polymerases180 and HIV-1 reverse transcription192, we found that dT treatment drove robust 

increases in telomere synthesis by telomerase. These findings expand our understanding of how 

differences in the common pool of cellular nucleotide substrates driven by genetic variation and 

other factors can have distinct effects on the various DNA synthesis machineries in the cell. 

Evolutionary pressures on dNTP metabolism have likely faced a tradeoff between telomere length 

maintenance, nuclear and mitochondrial genomic integrity, and other forces, including the 

restriction of endogenous or exogenous retro-elements. Telomere length homeostasis offers a new 
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lens with which to examine the genetic regulation and evolution of DNA precursor metabolism in 

humans.   
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Materials and Methods 

 

Human study participants 

Biological samples were procured under Boston Children’s Hospital Institutional Review Board 

approved protocols, after written informed consent in accordance with the Declaration of Helsinki. 

Patients and patient-derived iPSCs are as described44,193,194. The TINF2 mutant patient presented 

with dyskeratosis congenita and bone marrow failure in early childhood, consistent with the 

pathognomonic p.R282H mutation. 

 

Cell culture 

K562 cells (ATCC) were grown in RPMI1640 (Gibco) media supplemented with 10% fetal bovine 

serum. 293T cells (ATCC) were grown in DMEM (Gibco) supplemented with 10% fetal bovine 

serum, and were subcultured using 0.05% trypsin (Gibco). iPSCs were grown in Essential 8 Media 

(Life Technologies) supplemented with the ROCK inhibitor Y271632 (Stem Cell Technologies) at 

10 μM on plates coated with hES-qualified Matrigel matrix (Corning) and were subcultured using 

Accutase (Stem Cell Technologies). The TINF2 mutant iPSC line was derived from bone-marrow 

derived fibroblasts using the 4-in-1-dTomato lentiviral reprogramming vector (a kind gift from A 

Schambach) as described195. The PARN mutant iPSCs were derived and characterized as 

described44. The DKC1 p.A353V mutant iPSC line was derived and characterized as described194. 

The DKC1 p.del37L and p.A386T mutant iPSCs were derived and characterized as described193. 

The TERC mutant iPSC line was derived and characterized as described193. The wild-type iPSC 

line was derived and characterized as described44. 

Lentiviral transduction of shRNA and overexpression constructs was performed in media 
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supplemented with protamine sulfate (Sigma Aldrich) at 10 μg/ml for 16 hours. Transduced cells 

underwent selection with puromycin (Sigma Aldrich) at 2 μg/ml for 3-5 days, or blasticidin 

(InvivoGen) at 10 μg/ml for 5-10 days. For doxycycline-inducible transgene expression, 1 μg/ml 

doxycycline (Sigma Aldrich) was used.  

Transfections were performed using Lipofectamine LTX with Plus Reagent (Invitrogen) in 

Opti-Mem (Gibco) according to the manufacturer’s instructions. On the evening prior to 

transfection, two million cells were plated per well of a six well dish, then transfected with 2.5 μg 

total DNA per well. pXPR_011 was used as the EGFP control vector, pBS U3 TERC 500 was used 

to overexpress TERC, and PCDNA3.1 3XHA TERT was used to overexpressed TERT. In 

conditions were TERT was transfected in addition to TERC/EGFP, total DNA input was kept the 

same and a 5:1 mass ratio of TERC to TERT vector was used. Unless otherwise stated, super-

telomerase extracts were generated using cells two days post transfection. 

Quantification of cell growth was performed using hemocytometry with Trypan Blue 

viability staining. For growth curves, 50,000 cells were plated per well in a 12-well dish, or 

100,000 cells were plated per well in a 6-well dish. Cells were passaged when sub-confluent, 

counted using a hemocytometer, and replated at equal numbers in fresh media. 

 

Lentivirus production 

293T cells were transfected with psPAX2 and pMD2.G as well as the appropriate transfer vector 

by calcium phosphate precipitation. Virus-containing media was harvested 48 and 72 hours after 

transfection. shRNA and overexpression construct virus containing media was filtered with 0.45-

μm filters (VWR) and stored at -80 °C. For gRNA libraries, virus containing media was filtered 
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using 0.45-μm filters and concentrated by ultracentrifugation followed by resuspension in DMEM 

and storage at -80 °C. 

 

Cas9-expressing cell line generation and validation 

K562 cells (ATCC) were transduced with lentivirus containing the Lenti-Cas9-2A-Blast construct 

followed by selection in 10 μg/ml blasticidin for 10 days. After selection, cells were transduced 

with the pXPR_011 vector and cultured for two weeks followed by flow cytometry to quantify the 

percentage of GFP-positive cells on an LSR-II analyzer (BD Biosciences) using BD FACSDiva 

8.0.2. Cells were gated on FSC/SSC as described in Figure S1d using FlowJo V10.7.1. 

 

gRNA library design and production 

For secondary screening using a nucleotide metabolism-focused gRNA library, genes were 

selected for inclusion based on annotated involvement in nucleotide salvage and 

deoxyribonucleotide metabolism by Gene Ontology. 10 gRNAs per gene were designed using the 

Broad GPP sgRNA design tool165,196. 200 non-targeting gRNAs sequences were selected from the 

Brunello gRNA library. Library information including genes targeted and gRNA sequences can be 

found in Supplementary Table 1. A pool of ssDNA encoding the gRNAs flanked by BsmBI 

recognition sites and overhang sequences for PCR amplification (as described196) was synthesized 

by Twist Bioscience. The library was PCR amplified using Q5 High Fidelity Taq Polymerase 

(NEB) and cloned into lentiGuide-Puro using Golden Gate cloning196 with BsmBI-v2 (NEB) and 

T4 DNA Ligase (NEB) in T4 DNA Ligase buffer (NEB). The library was transformed into 

chemically competent Stbl3 cells (Invitrogen), which were prepared using the Zymo Mix and Go! 

E. coli Transformation Kit. Sufficient transformation reactions were performed to attain >40 
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colonies per gRNA. Library representation was confirmed by PCR amplification using Titanium 

Taq Polymerase (Takara Bio) followed by next generation sequencing using an Illumina MiSeq 

instrument and library quantification using the MAGeCK RRA167 software. Gene-specific and 

non-targeting gRNA libraries were cloned separately and pooled in appropriate quantities to 

maximize gRNA representation prior to lentivirus production.  

 

Flow-FISH telomere length and CRISPR/Cas9-based screening 

Cas9-expressing K562 cells were plated at 3 million cells per well in 12-well dishes at numbers 

sufficient for >3,000× library coverage. Cells were spinfected at 931g for 2 hours at 30 °C in 1 ml 

of media per well, in the presence of 10 μg/ml protamine sulfate (Sigma Aldrich). After the spin, 

3 ml of fresh media was added and cells were incubated overnight. Virus was removed on day 1. 

Puromycin selection at 2 μg/ml was performed from days 2-6. Sufficient virus was used to ensure 

between 20% and 50% of cells were infected. After puromycin selection, cells were cultured at 

>1,000× library coverage for the amount of time indicated in the figure legend. Flow-FISH was 

performed using an Alexa-647 conjugated telC-PNA probe (PNA bio) as described166,197. Cells 

were counterstained with DAPI and gated on DAPI low cells and then based on Alexa 647 

fluorescence as described in Figure S1. Cells were sorted using either a BD FACSARIA II or 

FACSARIA III. For the Brunello library, 200 million cells on each day were sorted using the above 

method on day 49 and 50 from the same population of cells. Samples from the two days were 

treated as replicates for downstream analysis. For the nucleotide metabolism gRNA library 

experiment, approximately 20 million cells were sorted from two populations that had been 

infected and cultured separately, and were treated as replicates for downstream analysis. Gates 

were adjusted throughout the sort such that approximately 5% of cells with the highest and lowest 



 73 

Alexa-647 fluorescence were collected. DNA from sorted cells was purified by phenol-chloroform 

extraction using standard procedures. Next, gRNAs were PCR amplified using Titanium Taq 

Polymerase (Takeda) and primers containing Illumina P5 and P7 binding sites196. PCR products 

were purified using a 1:1 ratio of sample purification SPRI magnetic beads (Beckman Coulter). 

Pooled, barcoded amplicons were sequenced on an Illumina Next seq using 75bp High Output 

chemistry. Data analysis and quality control was performed using the MAGeCKFlute pipeline 

(version 0.5.9.2)170. Briefly, FASTQ files were mapped using the count function with the control 

norm-method. Gene enrichment scores were calculated using the test function comparing the low 

Alexa 647 vs. high Alexa 647 populations for the nucleotide metabolism targeted library, or high 

Alexa 647 vs. unsorted and low Alexa 647 vs unsorted populations for the Brunello library, with 

the MAGeCK Robust Rank Algorithm using paired replicates and non-targeting guides as controls. 

Unbiased pathway analysis was performed using the hypergeometric test to identify KEGG 

pathways enriched using the FluteRRA function, which includes q-value estimation for false 

discovery rate control. 

 

Terminal restriction fragment length analysis 

Genomic DNA was isolated from cells using the Purelink Genomic DNA mini kit (Invitrogen). 1-

3 μg of gDNA was digested with RsaI (NEB) and HinfI (NEB) for 2-3 hours at 37 °C and loaded 

onto a 0.6% agarose gel followed by Southern blotting onto Hybond N+ Membrane (Amersham), 

then detection using the Telotaggg Telomere Length Assay Kit (Roche) with either the telomeric 

probe provided in the kit or an GGAAAG complementary probe, which was synthesized as 

described198 using the GGAAAG Probe Template oligonucleotide (see below). GGAAAG 

complementary probe was used at a working concentration of 1 ng/ml of DIG Easy Hyb (Roche). 
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After hybridization, detection was performed as described in the Telotaggg Telomere Length Assay 

Kit (Roche). Probed membranes were stripped by briefly rinsing in water then washing twice with 

0.2M NaOH, 0.1% SDS at 37 °C with for 15 minutes with shaking followed by hybridized and 

detection as described above. Where indicated, digestion with Exonuclease I (NEB) was performed 

at 37°C for 30 minutes in Cutsmart buffer (NEB), and treatment with Mung Bean Nuclease (NEB) 

was performed at 30°C for 30 minutes in Cutsmart buffer (NEB). When used in combination with 

Quantification was performed using the WALTER webtool199. Statistical analysis performed using 

Graphpad Prism V9.1.0. 

 

RNA isolation and RT-qPCR 

RNA was isolated from cells using Trizol Reagent (Invitrogen). RNA was DNAse treated with the 

TURBO DNA-free™ Kit (Invitrogen). cDNA was synthesized using the SuperScript™ III Reverse 

Transcriptase (Invitrogen) using random hexamers (Invitrogen). qPCR was performed using 

SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) in technical triplicate. Relative 

expression was quantified using ∆∆Ct methodology. 

 

TRAP assay 

Cell extracts for TRAP assays were made using TRAPeze™1X CHAPS Lysis Buffer (Roche) 

supplemented with RNASEin (Promega). Standard TRAP reactions (in Figure 2-7a and Figure 

S2) were performed as described200, with cell input normalized across samples using the Bio-Rad 

DC assay. TRAP assays were modified to enable unique dNTP concentrations in telomerase 

reactions from PCR reactions (in Figure 2-7d,e and Figure S7a-f) as follows: reactions were 

assembled with 1× TRAP buffer (20 mM Tris-HCl, pH 8.3; 1.5 mM MgCl2; 63 mM KCl; 0.05% 
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Tween 20; 1 mM EGTA), TS, ACX, TNST, and NT primers as described200 (see Primers/Oligos 

below), dNTPs were added at physiologic concentrations (dATP 24 μM, dGTP 5.2 μM, dCTP 29 

μM, dTTP 37 μM)76 unless otherwise mentioned in the figure legend, followed by telomerase 

extracts. TRAP assays were modified to detect GGAAAG repeats using the following primers: TS 

GGAAAG, TNST GGAAAG, ACX GGAAAG, and NT (see Primers/Oligos below). After 

addition of telomerase extracts, reactions were incubated for 30 minutes at 30 °C followed by heat 

inactivation at 95 °C for 5 minutes. Reactions were purified in order to remove dNTPs using the 

Oligo Clean and Concentrator Kit (Zymo) and eluted in 15 μl of water. 10 μl of elutate was then 

used in TRAP PCR reactions along with 1× TRAP buffer, 0.4U Titanium Taq Polymerase, and 50 

μM of each dNTP, and PCR was performed as described200. PCR products were resolved on 10% 

polyacrylamide gels (Bio-Rad), stained with Gel Red (Biotium), and imaged on a Bio-Rad Chemi-

Doc Touch Imager. Images were quantified for a given lane using ImageJ by measuring the signal 

of the telomerase repeat sized products divided by the signal of the internal control band for the 

lane, normalized to the same ratio for the untreated sample(s) in a given experiment200. Statistical 

analysis performed using Graphpad Prism V9.1.0.  

 

Targeted CRISPR/Cas9 gene editing 

37 pmol of Alt-R® S.p.Cas9 Nuclease V3 (IDT) and 50 pmol of chemically modified sgRNA(s) 

(Synthego) were complexed at room temperate for 20 minutes. 200,000-400,000 cells were 

combined with Cas9/gRNA complexes in 20 μl Buffer R (Thermo Fisher) with Alt-R® Cas9 

Electroporation Enhancer (IDT) followed by electroporation using the Neon Transfection System 

(Thermo Fisher) and the Neon Transfection 10 μl kit. K562 cells were electroporated with three 

pulses at 1,150 V for 10 ms. 293T cells were electroporated with one pulse of 1,200 V for 30 ms.  
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CRISPR/Cas9 gene editing efficiency determination 

Genomic DNA was isolated from cells using the Purelink Genomic DNA mini kit (Invitrogen) 

followed by PCR amplification with Q5® High-Fidelity DNA Polymerase (NEB) with the high 

GC enhancer, followed by either running on a 2% agarose gel or Sanger sequencing. Sanger trace 

files were analyzed using the Synthego ICE webtool V3.0 to calculate editing efficiency. Editing 

efficiency was determined using the same DNA used for TRF blotting. 

 

Cell cycle analysis by DNA content staining and flow cytometry 

Cells were prepared either for flow-FISH staining as described166 (for experiments in Figure S5) 

or by ethanol fixation (for data in Figure 2-6 and Figures S6 and S9), followed by rehydration 

and counterstaining using DAPI (BD Biosciences) and analysis on an LSR-II or Fortessa analyzer 

(BD Biosciences) using BD FACSDiva 8.0.2. Cells were gated on FSC/SSC as described in 

Extended Data Figure 1d using FlowJo V10.7.1.  

 

Immunoblotting 

For immunoblots in Figure 2-6 and Figure S8, cells were lysed in RIPA buffer (150 mM NaCl, 

1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris pH 8.0) supplemented with 

HALT protease inhibitor cocktail (Thermo Fisher), quantified using the Bio-Rad DC assay, and 10 

μg of lysate was combined with 2× Laemmli sample buffer (Bio-Rad) and run on a 10% SDS-

PAGE gel (Bio-Rad) followed by transfer to PVDF membrane (Bio-Rad) using standard 

procedures. For immunoblots in Figure S4, cells were lysed in 1× Laemmli sample buffer (Bio-

Rad) and run on a 10% SDS-PAGE gel (Bio-Rad) followed by transfer to PVDF membrane (Bio-
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Rad) using standard procedures. Human SAMHD1 was detected using primary antibody from 

either Abcam ab67820 (Figure S6a,c) or Origene OTI3F5 (Figure S6b) at 1:500 dilution and 

horseradish peroxidase conjugated goat-anti-mouse IgG H&L ab205719 at 1:1,000 dilution. 

pCHK1-S345 was detected using a rabbit monoclonal primary antibody from Cell Signaling 

Technologies (133D3) at 1:1,000 dilution. pRPA32-S33 was detected using a rabbit primary 

antibody from Bethyl Laboratories (A300-246A) at 1:1,000 dilution. Rabbit primary antibodies 

were detected using horseradish peroxidase conjugated goat-anti-rabbit IgG H&L antibody (Bio-

Rad, 1706515) at 1:3,000 dilution. Anti-beta-actin antibody directly conjugated to horseradish 

peroxidase (Santa Cruz Biotechnology C4; sc-47778 HRP) at 1:1,000 was used to quantify relative 

loading. Imaging was performed using a Bio-Rad Chemi Doc Imager. 

 

Liquid chromatography-mass spectrometry 

Extraction of and quantification of polar metabolites was performed as described174 using HPLC 

grade methanol (Fisher Scientific). If a given species was detected in multiple ion modes, the mode 

with the highest average signal in the untreated cells was used for analysis. 

 

 

Nanopore sequencing 

For sequencing of telomere end PCR products, amplicons were purified using the Qiagen PCR 

Purification kit and sequenced using the Plasmidsaurus amplicon sequencing service. Data from 

Plasmidsaurus nanopore sequencing and Sanger sequencing were aligned and displayed using 

Geneious Prime. T-free TRAP products were prepared for nanopore sequencing using the Ligation 

Sequencing Kit with the Native Barcoding Expansion (Oxford Nanopore Technologies SQK-
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LSK109, EXP-NBD104) according to the manufacturer’s instructions, except that a ratio of 4:1 of 

SPRI Purification Beads (Beckman Coulter) was used for all purification steps. Samples were 

pooled after barcode ligation, adapters were ligated per the manufacturer’s instructions, then 

products were loaded onto a Flongle flow cell (FLO-FLG001). Reads were first analyzed using 

the high accuracy mode (MinKNOW/Guppy) and reads which had passed quality standards (Q 

score > 9) from the high accuracy base calling were re-base called using super-high accuracy 

algorithm (MinKNOW/Guppy). Then, super-high accuracy base-called reads that had Q score > 

10 were used for further analysis. FASTQ files were analyzed in MATLAB as follows. Reads 

containing a match to the TS GGAAAG forward primer and the TAGGGAT portion of the reverse 

primer reverse complement were extracted and the base pairs between the primer binding sites 

were analyzed for their base pair composition using Version 1.0 of a custom MATLAB script which 

has been posted to public repository201. Software versions used: Geneious Prime 2019.2.3, 

MinKNOW 22.05.5, Bream 7.1.3, Configuration 5.1.5, Guppy 6.1.5, MinKNOW Core 5.1.0, 

MATLAB R2021a. Base pair frequency analysis and plotting in was performed using ggseqlogo202 

with R version 4.1.2. 

 

Telomerase immunopurification 

293T TERC-null cells were transfected as described above with 3xHA-TERT and TERC/EGFP in 

10-cm diameter dishes with reagents scaled up proportional to cell growth area. Two days after 

transfection, cells were harvested, washed once in PBS, and lysed in TRAPeze™1X CHAPS Lysis 

Buffer (Roche) supplemented with RNasin Plus (Promega) and HALT protease inhibitor cocktail 

(Thermo Fisher), followed by incubation on ice for 30 minutes and precipitation of insoluble 

material by centrifugation. Immunoprecipitation was performed as described in 
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https://www.colorado.edu/lab/cech/lab-protocols with minor modifications. Briefly, 75 μl of anti-

HA magnetic beads (Sigma-Aldrich, SAE0197, mouse IgG1 monoclonal antibody, Clone HA-7, 

50% beads by volume) were added to clarified lysates followed by 2 hours incubation at 4 °C 

while rotating. Prior to addition, beads were prepared by washing four times in 50 mM Tris-HCl 

pH 8.0, 1 mM MgCl2, 1 mM Spermidine, and 5 mM β-mercaptoethanol. After 

immunoprecipitation, telomerase bound beads were washed four times with 1 ml of telomerase 

buffer with 30% glycerol (50 mM Tris-HCl pH 8.0, 50 mM KCl, 1 mM MgCl2, 1 mM Spermidine, 

5 mM β-mercaptoethanol, 30% glycerol). After washing, a 50% bead slurry was made with 

telomerase buffer with 30% glycerol, then beads were aliquoted, snap frozen, and stored at -80 °C.  

 

Direct telomerase assay 

Reactions were performed as described in https://www.colorado.edu/lab/cech/lab-protocols with 

minor modifications. 20 μl reactions were assembled containing 6 μl of immunopurified 

telomerase, 5.2 μM dGTP, 3 μM dATP, 0.166 μM [α-P32] dATP (3,000 Ci/mmol, Perkin Elmer), 1 

μM PAGE purified 3x(TTAGGG) primer (IDT), 50 mM Tris-HCl pH 8.0, 50 mM KCl, 1 mM 

MgCl2, 1 mM Spermidine, an 5 mM β-mercaptoethanol. dTTP was added as indicated in the figure 

legend. Reactions were then incubated at 30 °C for 1 hour, then 100 μl of stop buffer (3.6 M 

ammonium acetate, 10 mg/ml glycogen) was added as well as 32P end-labeled PAGE purified 

TTAGGGTTAGGGTTAG primer (IDT) followed by the addition of 500 μl ethanol. Products were 

then incubated at -80 °C for 45 minutes, pelleted, washed with 1 ml 70% ethanol, dried, and 

resuspended in 10 μl water. Purified products were combined 1:1 with electrophoresis buffer (0.1× 

TBE, 50 mM EDTA, 0.1% Bromophenol blue, 0.1% Xylene Cyanol, 93% formamide), denatured 

at 95 °C for 5 minutes, then centrifuged at 18,000g for 5 minutes to precipitate insoluble material. 
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9 μl of samples were then loaded onto 10% acrylamide/7 M urea gels. After electrophoresis, gels 

were then dried using the Bio-Rad Gel Air Drying System and imaged using phosphorimaging on 

an Amersham Typhoon 5 Biomolecular Imager (GE Healthcare). End labeling of the loading 

control primer was performed using T4 PNK (NEB) and γ-32P-dATP 6,000 Ci/mmol (Perkin 

Elmer). Images were quantified using ImageJ as follows. For total telomerase activity 

measurement, telomerase product signal in a lane was quantified and normalized to the loading 

control band signal within the same lane. This ratio was then normalized to the average product to 

loading control ratio for the 0 μM dTTP lanes. For the analysis of telomerase repeat intensity, the 

signal of each repeat was quantified and first normalized to the loading control band signal for that 

lane. Then the ratio of a given repeat to loading control was divided by the corresponding ratio for 

the 0 μM dTTP lane, yielding a measure of relative repeat intensity, which was plotted for repeats 

1-4. Statistical analysis was performed using Graphpad Prism V9.1.0.  

 

 

Slot blotting 

Slot blotting was performed as described203 with minor modifications. Briefly, DNA concentration 

was normalized to 20 ng/μl using a nanodrop spectrophotometer. 3.3 μl of DNA was added to 16.5 

μl of denaturation solution (0.5 M NaOH, 1.5 M NaCl) and heated to 55 °C for 30 minutes. 495 μl 

of neutralization solution (0.5 M Tris-HCl, 1.5 M NaCl) was added to denatured DNA and 156 μl 

of this solution was added in triplicate to different slots on a Bio-Dot SF Apparatus (Bio-Rad) and 

blotted onto Hybond N+ Membrane (Cytivia). Membrane preparation and washing was performed 

as described203. For samples with paired GGTTAG and GGAAAG slot blots, the above recipe was 

doubled, and 156 μl was loaded onto parallel membranes in triplicate on each membrane. After 
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blotting, membranes were hybridized and detected as described above for TRF Southern blots 

using the probe indicated in the figure. Blots were analyzed using ImageJ. Statistical analysis was 

performed using Graphpad prism V9.1.0. 

 

shRNA construct cloning 

Oligonucleotides encoding shRNAs targeting SAMHD1 or luciferase control were annealed and 

cloned into the pLKO.1-puro vector using the Quick Ligation™ Kit (NEB). 

 

Expression construct cloning 

SAMHD1 expression constructs were cloned using primers with flanking Attb sites used to amplify 

SAMHD1 sequence derived from cDNA prepared as described above or EGFP from the pXPR-

011 vector using Q5 High Fidelity DNA Polymerase (NEB). Amplicons were cloned into the 

pCW5a7.1 vector in a single reaction using Gateway™ LR Clonase™ II Enzyme mix (Invitrogen), 

Gateway™ BP Clonase™ II Enzyme mix, (Invitrogen) and the Gateway™ pDONR™221 Vector 

(Invitrogen). Point mutations were introduced using the Q5 site directed mutagenesis kit (NEB) 

and verified using Sanger sequencing. The T-free TERC construct was generated using the Q5 site 

directed mutagenesis kit (NEB), and verified using Sanger sequencing. 

 

Plasmids 

4-in-1-dTomato lentiviral reprogramming vector was a gift from A Schambach. Lenti‐Cas9‐2A‐

Blast was a gift from Jason Moffat (Addgene plasmid # 73310). pXPR_011 was a gift from John 

Doench and David Root (Addgene plasmid # 59702). Human Brunello CRISPR knockout pooled 

library in lentiGuide-Puro was a gift from David Root and John Doench (Addgene #73178). 
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lentiGuide-Puro was a gift from Feng Zhang (Addgene plasmid # 52963). pLKO.1 - TRC cloning 

vector was a gift from David Root (Addgene plasmid # 10878). pCW57.1 was a gift from David 

Root (Addgene plasmid # 41393). psPAX2 was a gift from Didier Trono (Addgene plasmid # 

12260). pMD2.G was a gift from Didier Trono (Addgene plasmid # 12259). pBS U3-hTR-500 was 

a gift from Kathleen Collins (Addgene plasmid # 28170). pCDNA-3xHA-hTERT was a gift from 

Steven Artandi (Plasmid #51637). 

 

 

Data Availability 

gRNA library sequencing data and T-free TRAP sequencing data used for analysis have been 

deposited in the Sequence Read Archive (SRA) and are available under BioProject PRJNA851386 

(https://www.ncbi.nlm.nih.gov/sra/PRJNA851386). 

 

Code Availability 

The MATLAB script used to analyze the T-free TRAP sequencing data has been posted to a public 

repository201. Version 1.0 was used in this manuscript (https://doi.org/10.5281/zenodo.7607615). 
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Table 2-1.  

Compound Supplier Catalog # Purity Note 

Thymidine Sigma Aldrich T1895 ≥99% 
Default source 
used 

Thymidine 
Santa Cruz 
Biotechnology 

CAS 50-89-5 >98% 

Referred to as 
manufacturer 2 
in Extended 
Data Figure 3a 

Thymidine MP Biochemicals MP219475401 >99.9% 

Referred to as 
manufacturer 3 
in Extended 
Data Figure 3a 

Deoxyuridine Sigma Aldrich D5412 >98.5% 
Thymidine free 
according to 
manufacturer 

Deoxyadenosine Sigma Aldrich D8668 ≥99%   
Deoxyguanosine Sigma Aldrich D0901 ≥99%   
Deoxycytidine Thermo Scientific AC226720010 ≥99%   

Folic Acid Sigma Aldrich F8758 >97%   

Hydroxyurea 
Thermo Scientific 
(Acros Organics) 

AC151680050 ≥97.5%   

5-Fluorouracil 
(5FU) 

Sigma Aldrich F6627-1G ≥99%   

Aphidicolin Sigma Aldrich A0781 >98%   
 

Table 2-1. Small Molecules Used in this Study 
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Table 2-2.  

 
 

Table 2-2. Oligonucleotides Used in this Stud

Oligonucleotides and primers

Name Sequence (5' to 3')

shSAMHD1-1 oligo 1 CCGGCCCTGAAGAAGATATTTGCTTCTCGAGAAGCAAATATCTTCTTCAGGGTTTTTG

shSAMHD1-1 oligo 2 AATTCAAAAACCCTGAAGAAGATATTTGCTTCTCGAGAAGCAAATATCTTCTTCAGGG

shSAMHD1-2 oligo 1 CCGGGCCATCATCTTGGAATCCAAACTCGAGTTTGGATTCCAAGATGATGGCTTTTTG

shSAMHD1-2 oligo 2 AATTCAAAAAGCCATCATCTTGGAATCCAAACTCGAGTTTGGATTCCAAGATGATGGC

shLuciferase oligo 1 CCGGCGCTGAGTACTTCGAAATGTCCTCGAGGACATTTCGAAGTACTCAGCGTTTTTG

shLuciferase oligo 2 AATTCAAAAACGCTGAGTACTTCGAAATGTCCTCGAGGACATTTCGAAGTACTCAGCG

SAMHD1 K312A SDM F TGATGTGGACgcaTGGGATTATTTTG

SAMHD1 K312A SDM R ATGCCATTTCTTTTATTAGATAC

SAMHD1 H215A SDM F GCCATTTTCTgccATGTTTGATGGAC

SAMHD1 H215A SDM R CCATGACCGAGATCATGAC

P5 Lenti Guide Puro Seq ATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT[s]TTGTGGAAAGGACGAAACACCG

P7 Lenti Guide Puro Seq CAAGCAGAAGACGGCATACGAGATNNNNNNNNGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACT

TERC qPCR Fw GGGAGGGGTGGTGGCCATTTTT

TERC qPCR Rv CACCGCGAAGAGTTGGGCTCTG

GAPDH qPCR Fw CAGTCTTCTGGGTGGCAGTGA

GAPDH qPCR Rv CGTGGAAGGACTCATGACCA

SAMHD1 qPCR Fw TCACAGGCGCATTACTGCC

SAMHD1 qPCR RV GGATTTGAACCAATCGCTGGA

ACTB qPCR FW ATGATGATATCGCCGCGCTCGT

ACTB qPCR RV TGCCGTGCTCGATGGGGTACTT

AAVS1 sgRNA CUCCCUCCCAGGAUCCUCUC 

TK1 sgRNA 1 AAGGCACAGGACACACUGUU

TK1 sgRNA 2 GCAGCUUCUGCACACAUGAC

TK1 sgRNA 3 ACUGAGCAAUCUGGAAGCGA

TK2 sgRNA 1 CCAAGACGCGCGUUACCGGG

TK2 sgRNA 2 GCCGGGAAGUCGCGGGAGCC

TK2 sgRNA 3 CUCGCCCGGCUAUGCUGCUG

TYMS sgRNA 1 CGCCCGCCGCGCCAUGCCUG

TYMS sgRNA 2 CGAGCCGCGUCCGCCGCACG

TYMS sgRNA 3 CGUCAGGAAGGACGACCGCA

SAMHD1 sgRNA 1 AAAGCCACCGCGCCUGAGGA

SAMHD1 sgRNA 2 UCUGCGGAAGGGGUGUUUGA

SAMHD1 sgRNA 3 CUUGGAGGGCUGCUCGGAAU

TK1 FW AAAGCCCAAAAGCATCCCCT

TK1 RV TCTGCCCTGCTCTTTTCTGG

TK2 FW ATCCCAGAACCAAAGCCGAG

TK2 RV AAATGCGACCGGGTCTCTTT

TYMS FW TGCTGCTGGCTTAGAGAAGG

TYMS RV GTAAGGCGAGGAGGACGATG

SAMHD1 Gateway Cloning F GGGGACAAGTTTGTACAAAAAAGCAGGCTTAGCCGCCACCATGCAGCGAGCCGATTCCG

SAMHD1 Gateway Cloning R GGGGACCACTTTGTACAAGAAAGCTGGGTATCACATTGGGTCATCTTTAAAAAGCTG

EGFP Gateway Cloning F GGGGACAAGTTTGTACAAAAAAGCAGGCTTAGCCGCCACCATGGTGAGCAAGGGCGAGG

EGFP Gateway Cloning R GGGGACCACTTTGTACAAGAAAGCTGGGTATTAGGACTTGTACAGCTCGTC

GGAAAG SDM FW gaaagACAAAAAATGGCCACCACCC

GGAAAG SDM RV cctttcTGAGAAGGGCGTAGGCGC

TS AATCCGTCGAGCAGAGTT

GGAAAG TS AATCCGTCGAGCAGAGAA

ACX GCGCGGCTTACCCTTACCCTTACCCTAACC

GGAAAG ACX GCGCGGCTATCCCTATCCCTATCCCTTTCC

TNST AATCCGTCGAGCAGAGTTAAAAAGGCCGAGAAGCGAT

GGAAAG TNST AATCCGTCGAGCAGAGAAAAAAAGGCCGAGAAGCGAT

NT ATCGCTTCTCGGCCTTTT

GGTTAG Junction FW CGGTTTTTTAGGGTTAGGGTTAGGGTT

GGAAAG Junction RV GCGCGGCTTTCCCTTTCCCTTTCCCTTT

TERC-Null Geno FW GCGAAGAGTTGGGCTCTGTCA

TERC-Null Geno RV TCATCAGGATTCAGGCTATCACCC

GGAAAG Probe Template /5Phos/AAAGGGAAAGGGAAAGGGAAAGGGAAAGGGAAAGGGAAAGGGTAG ATA GTT GAG AGT C

Universal Priming /5Phos/GACTCTCAACTATC+T+A

Note: [s] refers to additional 0-8 bp spacers  to diversify library during sequencing as described25. +N indicates locked nucleic acid.
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Abstract 

Human telomere length is tightly regulated and associated with diseases at either extreme, but how 

these bounds are established remains incompletely understood. Here, we developed a rapid 

telomere synthesis assay and found that nucleoside salvage bidirectionally constrains human 

telomere length. Metabolism of deoxyguanosine (dG) or guanosine via purine nucleoside 

phosphorylase (PNP) to form guanine ribonucleotides strongly inhibited telomerase and shortened 

telomeres. Conversely, salvage of dG to its nucleotide forms via deoxycytidine kinase drove potent 

telomerase activation, the extent of which was controlled by the dNTPase SAMHD1. 

Circumventing limits on salvage by expressing Drosophila melanogaster deoxynucleoside kinase 

or augmenting dG metabolism using the PNP inhibitor ulodesine robustly lengthened telomeres in 

human cells, including those from patients with lethal telomere diseases. Our results provide an 

updated paradigm for telomere length control, wherein telomerase reverse transcriptase activity is 

actively and bidirectionally constrained by the availability of its dNTP substrates in a manner that 

may be therapeutically actionable. 

 

Introduction 

The ends of linear chromosomes are capped by hexameric repeat sequences termed 

telomeres, which are required for genomic integrity155,156. During genome replication, a terminal 

portion of telomeres is lost due to the inability of DNA polymerases to completely replicate linear 

chromosomes6,7. Loss of telomere sequence to a critically short length causes DNA damage 

signaling leading to cellular senescence and exit from the cell cycle27. In self-renewing cells, the 

telomerase reverse transcriptase (TERT) compensates for telomere shortening by synthesizing new 

5’-GGTTAG-3’ repeats using the telomerase RNA template (TERC) and dNTP substrates13,16,72,204. 
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In prevailing models of human telomere length regulation, the expression, abundance, and 

recruitment of telomerase are regarded as the critical factors counter-acting telomere attrition and 

thus determining cellular self-renewal capacity in health and disease21.  

In the human population, telomere length normally declines throughout life and has well-

defined upper and lower boundaries110,111,166, deviation from which at either extreme is linked to 

lethal diseases. Shorter telomere length is associated with reduced lifespan by mendelian 

randomization33, and germline mutations in the telomerase components and related genes which 

result in short telomeres lead to a spectrum of fatal degenerative diseases termed telomere biology 

disorders (TBDs)157 characterized by premature stem cell exhaustion. Conversely, long telomeres 

are associated with increased risks of various malignancies in the general population by mendelian 

randomization33,114, and rare germline mutations that lead to long telomeres predispose patients to 

melanoma, chronic lymphoblastic leukemia and other cancers115,116,120,121. Despite these 

associations, the cellular mechanisms constraining human telomere length remain incompletely 

defined. 

Nuclear dNTPs pools serve as common substrates for genome replication by DNA 

polymerases and reverse transcription by telomerase, and as such have generally been assumed to 

be sufficient for telomere lengthening capacity in cells. However, an emerging body of genetic and 

functional data suggests that dNTP metabolism impacts human telomere biology. Genetic variation 

in dNTP metabolism genes has been linked with telomere length by GWAS33,34, and germline 

mutations at the thymidylate synthase (TYMS) locus have been found to cause dyskeratosis 

congenita, the prototypical TBD32. Despite these and other205,206 clear genetic associations, the 

mechanisms and extent to which nucleotide metabolism controls telomerase activity in human 
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cells are not well understood, in large part due to barriers in eliciting measurable changes in 

telomere length after acute perturbations in the native cellular context. 

Here, we developed a rapid and robust human cell-based assay to dissect the metabolic 

regulation of telomerase reverse transcription. We reveal that nucleotide salvage efficiency 

bidirectionally controls telomerase activity and telomere length in human cells, to a degree as 

strong as that observed from manipulating core telomerase components. Overcoming limits on 

nucleotide salvage by deoxynucleoside kinase over-expression rapidly increased telomere length 

in human cell lines, and was effective in primary cells as well as cells derived from patients with 

TBDs. Our findings revise the prevailing model of human telomere length regulation by 

demonstrating significant constraints on telomerase reverse transcriptase activity due to nucleotide 

salvage efficiency and dNTP levels, in a manner that may be modifiable for therapeutic benefit. 

 
Results 

 

TRACE - a rapid human cell-based telomerase assay 

The absence of rapid, high-throughput assays to study telomerase activity in its native cellular 

setting has been a major barrier to assessing the impact of metabolic perturbations and identifying 

therapeutically useful targets. Current telomerase assays either rely on measuring telomere length 

changes in cells after continuous culture for several weeks, or measuring enzymatic telomeric 

repeat addition in cell lysates using exogenous dNTPs and primers, potentially obscuring critical 

aspects of telomerase regulation. To overcome these barriers, here we establish a method for 

Telomerase Rapid Assessment in the Cellular Environment, or TRACE (Figure 3-1a), wherein 

telomerase-null 293T cells206 are transfected with vectors encoding TERC and TERT48, leading to 

telomerase-mediated telomere lengthening detectable by Southern blot in less than 48 hours 
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(Figures 3-1b, and S11a,b). To evaluate how TRACE responds to small molecules, we applied 

the telomerase inhibitor BIBR1532207 for 30 hours in the assay and found dose dependent 

decreases in telomere synthesis (Figure S11c,d). To study the capability of TRACE to read out 

genetic impairment of telomerase components, we performed the assay using expression vectors 

encoding TBD-associated mutations in TERT208,209 or TERC210 and found that these pathogenic 

variants impaired telomere synthesis (Figure S11e-h). Collectively, these data demonstrate that 

the TRACE assay can rapidly read out small molecule and genetic modulation of telomerase 

activity in human cells. 
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Figure 3-1. Metabolite screening by TRACE assay reveals purine nucleoside 

supplementation inhibits telomerase activity in human cells. (A) Diagram of TRACE assay. 

(B) Terminal restriction fragment Southern blot (TRF) from TRACE assay performed as follows: 

TERC-/- 293T cells were transfected with the indicated expression vectors, cultured for 18 hours, 

then split and harvested at the indicated timepoints after splitting. (C-G) TRFs from TRACE 

assay where cells were transfected as in (B). 18 hours after transfection, cells were split and 

supplemented as indicated for 30 hours prior to harvesting. (H) Quantification of TRACE assays 

from (C-G), and (S1I-K), displayed as the relative telomere synthesis compared to untreated 

cells. (I) Quantification of TRACE assay performed as in c. Cells were treated with the indicated 

compounds at the following doses: dG, 100 μM; all other compounds, 500 μM. Experiment 

performed in biological triplicate. Includes data from (C-H) and (S1I-K). (J) Quantification of 

data from (F) performed in biological triplicate. (I-J) Data are presented as means; error bars 

indicate s.d. rC, cytidine; rU, uridine; dC, deoxycytidine; dA, deoxyadenosine; rA, adenosine; 

rG, guanosine. 
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Figure 3-1. (Continued) 
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Purine nucleosides inhibit telomerase 

We next utilized the TRACE assay to evaluate how the manipulation of nucleotide metabolism 

impacts telomerase activity. We supplemented cells with individual deoxynucleosides (dNs) and 

ribonucleosides (rNs) at a range of concentrations and found that pyrimidines drove telomerase 

activation in a dose dependent manner (Figures 3-1c and S11i-k), most robustly thymidine (dT) 

consistent with prior results206. In contrast, purine nucleoside supplementation caused telomerase 

inhibition, with the guanine nucleosides guanosine and deoxyguanosine (dG) inhibiting telomerase 

activity more potently than adenosine and deoxyadenosine (dA) (Figure 3-1d-i). Interestingly, dG 

inhibited telomerase activity to a greater degree at 100 µM than at 500 µM (Figure 3-1j), showing 

a dose dependent, non-linear relationship between telomerase activity and dG supplementation. 

Collectively, these results demonstrate that augmentation of purine metabolism via nucleoside 

supplementation can inhibit telomerase activity in human cells.  

 

PNP is required for telomerase inhibition by guanosine and deoxyguanosine 

We next investigated which metabolites of guanosine and dG mediate telomerase inhibition. First, 

because dG might undergo 5’-phosphorylation by deoxycytidine kinase (DCK), we tested if 

supplementation of 2’,5’-dideoxyguanosine (2,5ddG), a dG analog which cannot be directly 

phosphorylated by DCK (Figure 3-2a), would also inhibit telomerase activity. Similar to the 

effects of guanosine and dG, we saw a dose dependent inhibitory effect of 2,5ddG supplementation 

in the TRACE assay (Figure 3-2b). To evaluate the effects on telomere length in cells without 

telomerase overexpression, we treated 293T cells and K562 cells with either 2,5ddG or guanosine, 

and saw dose dependent telomere shortening after 21 days in culture (Figure 3-2c-e). These results 

indicate that phosphorylation of dG by DCK to form dG nucleotides is not responsible for dG’s 
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telomerase inhibitory effect. Furthermore, they validate the TRACE assay’s ability to identify non-

natural compounds that result in telomere shortening when applied to cells with endogenous levels 

of telomerase expression.  
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Figure 3-2. Metabolism of guanosine nucleosides by PNP and HGPRT to form guanine 

ribonucleotides inhibits telomerase activity and shortens telomeres. (A) Schematic of 

metabolic pathways for dG and 2,5ddG. (B) TRF from TRACE assay performed as follows: TERC-

/- 293T cells were transfected with the indicated expression vectors, cultured for 18 hours, then 

split and cultured in the indicated doses of 2,5ddG for 30 hours. (C and D) TRF Southern blot of 

293T cells or K562 cells cultured in the presence of the indicated compounds and doses for 21 

days. (E) Quantification of (C and D). (F) TRF from TRACE assay performed as in (B). Doses of 

compounds: ulodesine, 1μM; dG, 100μM; guanosine, 500μM; guanine, 500μM. (G) Schematic of 

guanine nucleoside salvage and catabolism. (H) Quantification of TRF from TRACE assay 

performed as in (B) with the indicated doses of guanine, uric acid, and xanthine. See (Figure S2) 

for corresponding representative TRFs. Experiment performed in biological triplicate. (I) TRF 

from TRACE assay performed as in (B). Doses of compounds: febuxostat, 100μM; dG, 100μM; 

guanosine, 500μM; guanine, 500μM. (J) TRF of indicated cells cultured with or without 100μM 

supplemented guanine for three weeks. Representative TRF shown from three biological 

replicates. See Figure S2 for quantification.(K) TRF from TRACE assay performed on TERC-/- 

293T targeted with the indicated sgRNA(s). Assay performed as in (B). dG, 100μM; guanosine, 

500μM; guanine, 500μM. Representative TRF shown from two biological replicates. (L) 

Quantification of TRF from TRACE assay performed using TERC-/- 293T targeted with the 

indicated sgRNA(s). Assay performed as in (B). See Figure S2 for corresponding representative 

TRFs. Experiment performed in biological duplicate. (M) TRF from TRACE assay performed as 

in (B) Representative TRF shown from two biological replicates. (H and L) Data are presented as 

means and error bars indicate s.d. 
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Figure 3-2. (Continued) 
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Both guanosine and dG nucleosides are catabolized by purine nucleoside phosphorylase 

(PNP) to yield guanine and the associated sugar. We thus asked whether treatment with PNP 

inhibitors would rescue telomerase inhibition from guanine nucleoside supplementation in the 

TRACE assay. When we applied the PNP inhibitor ulodesine211, we found that telomerase activity 

was no longer inhibited by guanosine or dG, whereas ulodesine alone had no effect (Figure 3-2f). 

These results pointed to a common downstream catabolite, and consistent with this, we found that 

guanine itself strongly inhibited telomerase activity in the TRACE assay in a manner that could 

not be reversed by ulodesine (Figure 3-2f). Similar results were obtained using the structurally 

distinct PNP inhibitor forodesine212 (Figure S12a). These data support a model wherein telomerase 

inhibition by guanine nucleosides results from their common catabolism by PNP to form guanine. 

 

Guanine ribonucleotides inhibit telomere lengthening in human cells 

Guanine can be further catabolized into xanthine by guanine deaminase (GDA) followed by 

conversion into uric acid by xanthine oxidase (Figure 3-2g). We asked if telomerase inhibition 

from purine nucleosides could be due to the accumulation of the guanine degradation products 

xanthine or uric acid. To test this hypothesis, we compared the effects of directly supplementing 

cells with guanine, xanthine, or uric acid in the TRACE assay. Whereas guanine supplementation 

potently inhibited telomerase activity, xanthine and uric acid had minimal effects at doses up to 

500 µM (Figures 3-2h and S12b-d). As a complimentary approach to evaluate whether the 

accumulation of guanine catabolic products drives telomerase inhibition, we tested the xanthine 

oxidase inhibitor febuxostat213 in the TRACE assay and found it was unable to rescue telomerase 

activity from treatment with either dG, guanosine, or guanine (Figure 3-2i). Together, these 

findings suggest that guanosine and dG supplementation drive telomerase inhibition via the 
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accumulation of guanine, rather than its downstream degradation products. To study these effects 

under conditions with physiologic telomerase expression, we treated unmanipulated 293T or K562 

cells with 100 µM guanine for 21 days and found reproducible telomere shortening (Figures 3-2j 

and S12e). To test this in diploid primary cells, we treated normal human fibroblasts in which 

TERT was stably expressed with guanine for 21 days, and similarly observed inhibition of telomere 

lengthening (Figures 3-2j and S12e). Collectively, these results indicate that conversion of 

guanosine and dG into guanine causes telomerase inhibition, and show that guanine 

supplementation shortens telomeres in human cells. 

 Guanine can be salvaged by hypoxanthine-guanine phosphoribosyltransferase (HGPRT) to 

generate GMP (Figure 3-2g). We thus asked if guanine salvage into cellular ribonucleotide pools 

via HGPRT is required for telomerase inhibition after guanine supplementation. Using 

CRISPR/Cas9, we generated HPRT1 deficient TERC-/- 293T cells and verified efficient on-target 

gene inactivation (Figure S12f). We similarly used CRISPR/Cas9 to generate TERC-/- 293T cells 

deficient for APRT, encoding adenine phosphoribosyltransferase which converts adenine to AMP, 

and GDA encoding guanine deaminase which catabolizes guanine to xanthine (Figure 3-2g). The 

AAVS1 safe harbor locus was targeted as a control. Using the TRACE assay we found that, relative 

to AAVS1-targeted cells, telomerase activity in HPRT1-targeted cells was minimally inhibited by 

guanosine, dG or guanine (Figures 3-2k and S12h). In comparison, telomerase inhibition by 

guanine in GDA- or APRT-targeted cells was similar to control cells (Figures 3-2l, S12h,i). Taken 

together, these data support a model where treatment with guanosine, dG, or guanine leads to 

salvage of guanine by HGPRT to form guanine ribonucleotides, which in turn results in telomerase 

inhibition.  
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Guanine supplementation has been shown to reduce nucleotide levels including ATP as 

well as the telomerase substrates dGTP and dTTP downstream of its salvage into ribonucleotide 

pools214,215. ATP is an allosteric activator of ribonucleotide reductase (RNR)82 which is the rate-

limiting enzyme in the de novo dNTP synthesis pathway. Therefore, the depletion of ATP levels 

and subsequent inhibition of RNR and dNTP production offer a potential explanation for the 

downregulation of telomerase activity following guanine supplementation (Figure S12j). To test 

this, based on prior work showing dT augments dTTP and dGTP production216 and dT 

supplementation upregulates telomerase activity206, we asked if the inhibitory effect of guanine 

treatment could be rescued by increasing dT nucleotide salvage. Using the TRACE assay, we found 

that dT supplementation could fully rescue cells from the telomerase inhibitory effects of guanine 

treatment (Figure 3-2m). Taken together, our results indicate that the inhibitory effects of guanine 

occur due to depletion of dNTP pools downstream of GMP accumulation. 

 

DCK inefficiently salvages dG to promote telomerase activation 

In the TRACE metabolite screen, we found that dG supplementation had a non-linear effect on 

telomerase activity, with 100 µM dG inhibiting telomerase activity to a greater degree compared 

to 500 μM dG (Figure 3-1h). We repeated this analysis using a broader dG dose range, and again 

found that while 100 μM dG strongly inhibited telomerase activity, 500 μM had a smaller 

inhibitory effect, and 2.5 mM dG increased telomere synthesis above baseline (Figure 3-3a). 

Given dGTP is a telomerase substrate, we wondered if salvage of excess dG by DCK into dG 

nucleotides could underlie the increased telomerase activity observed with high dose dG, 

potentially counteracting the inhibitory effects on telomerase from the “default” pathway of dG 

breakdown into guanine (Figure 3-3b). To address this question, we used a series small of 
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molecule and genetic approaches to alter DCK function. DCK is known to prefer dC as a substrate 

compared with dG217, and dC supplementation has been shown to inhibit dG salvage by DCK218 

(Figure 3-3b). Thus, we first asked if dC supplementation could block a potential telomerase 

activating effect of high dose dG. Using the TRACE assay, we found that while dC itself had a 

minimal effect on telomerase activity, the addition of dC to 500 μM dG led to shorter telomeres 

than 500 µM dG alone (Figure 3-3c), consistent with the notion that substrate competition at the 

level of DCK blocks telomerase stimulation from dG nucleotide salvage. Next, we applied the 

DCK inhibitor DI-87219 to cells treated with increasing doses of dG in the TRACE assay. In 

comparison to the effects of dG alone, we found reduced telomerase activity at 500 μM and 2.5mM 

dG in the presence of DI-87 (Figure. 3-3d). Similarly, when we inactivated DCK in TERC-/- 293T 

cells using CRISPR/Cas9 (Figure S13a) we found that dG no longer stimulated telomerase activity 

at high doses (Figure 3-3d). Finally, given DCK is inefficient at phosphorylating dG, we asked if 

increasing cellular DCK activity would enable dG-dependent telomerase activation at lower doses. 

We generated DCK overexpressing TERC-/- 293T cells for use in the TRACE assay and found 

that dG could now promote telomerase activation at doses as low as 20 μM, with strong activation 

at 80 μM. In contrast, eGFP-expressing control cells remained inhibited by dG at 40 and 80 μM 

doses (Figure 3-3e). These findings rigorously demonstrate that dG at high levels can be salvaged 

by DCK to form deoxyguanosine nucleotides that effect net telomerase activation, on a backdrop 

where dG is otherwise metabolized via guanine into guanosine ribonucleotides that cause 

telomerase inhibition. Collectively, these results indicate that dG nucleotide salvage capacity and 

pathway choice dictate the net effect of dG on telomerase activity in human cells.  
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Figure 3-3. Salvage of dG nucleotides via DCK activates telomerase in a manner modulated 

by the dNTPase SAMHD1. (A) TRF Southern blot of TRACE assay from TERC-/- 293T cells 

transfected with the indicated expression vectors, cultured for 18 hours, then split and cultured in 

the indicated doses of dG for 30 hours. A representative blot is shown from two biological 

replicates. (B) Schematic of dG salvage pathways. (C) TRF Southern blot of TRACE assay 

performed as in (A) where cells were treated with dG and dC as indicated. (D) TRF Southern blot 

of TRACE assay performed as in (A) using either TERC-/- 293T cells (left), or TERC-/- 293T cells 

which had been targeted with sgRNAs targeting DCK (right). Cells were treated with DI-87 at 

2µM and with dG as indicated. A representative blot is shown from two biological replicates. (E) 

TRF Southern blot of TRACE assay performed as in (A) using TERC-/- 293T cells overexpressing 

eGFP or DCK. Cells were treated with dG as indicated. (F) TRF Southern blot of TRACE assay 

performed as in (A) using TERC-/- 293T cells targeted with sgRNA(s) against AAVS1 or SAMHD1. 

Cells were treated with dG as indicated. A representative blot is shown from two biological 

replicates. (G) TRF Southern blot of TRACE assay performed as in (A) using TERC-/- 293T cells 

targeted with sgRNAs against SAMHD1. Cells were treated with DI-87, dC, and dG as indicated. 
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Figure 3-3. (Continued) 
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SAMHD1 restricts telomerase activation from salvaged dG nucleotides 

Salvage of dG into nucleotides by DCK could be promoting telomerase activity at the mono-, di-, 

or triphosphate levels. The dNTPase SAMHD1 restricts cellular deoxyribonucleotide triphosphate 

levels including dGTP and is a negative regulator of telomere length205,206 (Figure 3-3b). To 

determine if dG salvage acts at the nucleotide triphosphate level, we asked what impact SAMHD1 

disruption would have on telomerase activation after dG supplementation. We thus used SAMHD1 

deficient TERC-/- 293T cells206 in the TRACE assay and evaluated the effects of dG treatment. 

Unlike the strong telomerase inhibition from 100 μM dG seen in control cells, we found that 

SAMHD1 deficient cells showed robust telomerase activation at the same dose, an effect that 

increased further using 500 μM dG (Figure 3-3f). In contrast, when we applied guanosine or 

guanine to SAMHD1 deficient cells, we found that telomerase activity was inhibited to a similar 

degree compared to cells in which SAMHD1 was intact (Figure S13b). These results suggest that 

the telomerase activation seen after dG salvage by DCK is not only mediated by dGTP, but potently 

restricted by SAMHD1. To verify that the dG dependent telomerase activation in the absence of 

SAMHD1 was occurring via DCK salvage, we tested the effect of inhibiting DCK and found that 

DI-87 strongly inhibited telomerase activation in SAMHD1 deficient cells after dG treatment 

(Figure 3-3g). Similarly, we found that dC, which competes with dG as a DCK substrate, also 

restricted the telomerase activation from dG in SAMHD1 deficient cells (Figure 3-3g). These 

results indicate that the dNTPase SAMHD1 restricts telomerase activation from dG nucleotide 

salvage downstream of DCK and provide further support for a model where net dGTP 

accumulation promotes telomerase activity. 

 

  



 104 

Nucleoside salvage efficiency limits telomerase activity and telomere length 

Given the strong activation of telomerase from dG when we overexpressed DCK, which is 

relatively inefficient at phosphorylating dG, we wondered if altering cellular metabolism to drive 

more efficient deoxynucleoside salvage could further promote telomerase activity. The Drosophila 

melanogaster deoxynucleoside kinase (Dm-dNK) is a highly efficient kinase with broad specificity 

and eight-fold more activity on dG than DCK79,81,220 (Figure 3-4a). Thus we generated Dm-dNK 

expressing TERC-/- 293T cells and applied the TRACE assay in the setting of dG. Surprisingly, 

we found Dm-dNK expressing cells showed higher baseline telomerase activity compared to 

control eGFP expressing cells without added dG, indicating that overexpressing Dm-dNK and 

increasing cellular nucleoside salvage capacity is sufficient to promote telomerase activity even in 

the absence of exogenous nucleoside supplementation (Figure 3-4b,c). When we applied dG to 

Dm-dNK expressing cells we found a further dose dependent enhancement of telomerase activity 

increasing up to 500 μM dG (Figure 3-4c). In contrast to the striking telomerase activation from 

dG supplementation, treatment with guanosine or guanine continued to show inhibitory effects 

telomere synthesis, albeit to a lesser degree, consistent with the specificity of Dm-dNK for dNs 

(Figures 3-4d,e). We next asked whether overexpressing Dm-dNK could promote telomere 

lengthening in long term culture of human cells without telomerase overexpression. When we 

infected cells with Dm-dNK overexpression constructs and compared them with eGFP expressing 

control cells, we found Dm-dNK overexpression led to robust telomere lengthening in 293T cells 

over 25 days of culture (Figures 3-4f,h). Whereas a similar level of Dm-dNK expression (driven 

by a CMV promoter) was not well tolerated in K562 cells, use of a doxycycline-inducible Dm-

dNK expression construct also showed telomere lengthening compared to controls (Figures 3-

4g,h). Taken together, these findings indicate that deoxynucleoside salvage capacity is limiting for 
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telomere synthesis in human cells, and can be manipulated to increase telomerase activity and 

drive telomere lengthening. 
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Figure 3-4. Expression of an efficient deoxynucleoside kinase from Drosophila 

melanogaster promotes telomerase activity from dG treatment and lengthens telomeres. (A) 

Schematic of Dm-dNK activity. (B-E) TRF Southern blot of TRACE assay from TERC-/- 293T 

cells overexpressing either eGFP or Dm-dNK which were transfected with the indicated 

expression vectors, cultured for 18 hours, then split and cultured in the indicated doses of dG, 

guanine, or guanosine for 30 hours. (F) TRF Southern blot of 293T cells which were transduced 

with lentivirus for constitutive overexpression of eGFP or Dm-dNK and cultured for one month. 

A representative blot is shown from three biological replicates. (G) TRF Southern blot of K562 

cells which were transduced with lentivirus for doxycycline inducible overexpression of eGFP or 

Dm-dNK and cultured for one month in the presence of 1μg/ml of doxycycline. A representative 

blot is shown from two biological replicates. (H) Quantification of (F and G). Data are presented 

as means and error bars indicate s.d. 
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Figure 3-4. (Continued) 
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Manipulating deoxynucleoside salvage drives telomere lengthening in cells from TBD 

patients 

TBDs are caused by hypomorphic mutations in the core telomerase components and other telomere 

maintenance genes. Based on our findings showing overexpression of Dm-dNK could promote 

telomere lengthening, we asked if the expression of Dm-dNK could overcome genetic defects in 

telomere synthesis and yield telomere lengthening in cells from TBD patients. To address this 

question, we utilized a panel of fibroblasts from TBD patients carrying pathogenic mutations in 

TERC, DKC1 which encodes a member of the telomerase holoenzyme, or TINF2 which encodes 

a component of the telomere shelterin complex. We first determined that ectopic expression of 

Dm-DNK robustly increased telomere length in normal human skin fibroblasts stably expressing 

TERT (Figure 3-5a). Next, we overexpressed Dm-dNK in TBD patient fibroblasts expressing 

TERT, and found that overexpression of Dm-dNK drove striking increases in telomere length by 

thousands of base pairs after three weeks in culture (Figure 3-5b). These data indicate that 

deoxynucleoside salvage capacity limits telomere length in human diploid cells, and that 

augmenting dNTP salvage restores telomere length in cells from patients with TBDs. 
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Figure 3-5. Manipulation of deoxynucleotide salvage by expressing Dm-dNK or treatment 

with dG plus ulodesine drives telomere lengthening in fibroblasts from patients with TBDs. 

(A) TRF Southern blot from TERT expressing fibroblasts from a healthy donor overexpressing 

eGFP or Dm-dNK as indicated and cultured for five weeks. (B) TRF Southern blot from TERT 

expressing fibroblasts from TBD patients harboring mutations in the indicated genes 

overexpressing eGFP or Dm-dNK as indicated and cultured for one month. (C) TRF Southern blot 

from TERT transformed fibroblasts from a healthy donor which were treated with 1µM ulodesine 

and dG as indicated for three weeks. (D) TRF Southern blot from TERT transformed fibroblasts 

from TBD patients harboring mutations in the indicated genes which were treated with 1µM 

ulodesine and dG as indicated for three weeks.(E) Quantification of median telomere length from 

(D). Statistical significance determined using paired two-sided t-test. Error bars indicate standard 

deviation. 
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Figure 3-5. (Continued) 
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Next, based on our findings that the pathway by which dG is metabolized influences 

telomerase activity in a bidirectional manner, we hypothesized that shifting the balance towards 

deoxynucleoside salvage rather than catabolism using small molecules would drive telomere 

elongation in long term culture. To test this hypothesis in primary human cells, we treated normal 

fibroblasts stably expressing TERT with the PNP inhibitor ulodesine. We also tested ulodesine in 

combination with supplemented dG, because treatment of human subjects with PNP inhibitors has 

been shown to increase serum dG levels221. We found that, while treatment with either ulodesine 

or with dG alone did not lead to detectable changes in telomere length, the combination of 

ulodesine with 100 μM dG led to robust telomere lengthening after 21 days in culture (Figure 3-

5c). We next asked if the combination of treatment with ulodesine and dG could promote telomere 

lengthening in cells derived from patients with TBDs. Remarkably, we found that treatment with 

the combination of ulodesine and 100 μM dG for three weeks drove telomere lengthening across 

all mutant genotypes tested (Figure 3-5d and 3-5e). Collectively, these findings indicate that 

deoxynucleotide salvage limits telomere lengthening in human cells, and that genetic and small 

molecule-based manipulation of deoxynucleoside salvage can promote telomere restoration in the 

setting of TBD-causing genetic defects. 

 

Discussion 

Telomere length must be kept within a tight window to maintain human health. Genetic 

dysregulation of telomere length homeostasis leading to either aberrantly short or long telomeres 

predisposes to lethal diseases. Telomere length is generally considered to be governed by the 

expression and abundance of telomerase, and the recruitment of telomerase to the chromosome 

end by shelterin proteins21. Here, we reveal that reverse transcription by telomerase in human cells 
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is constrained by the availability of dNTP substrates for 5’-GGTTAG-3’ repeat synthesis. Based 

on our findings, we propose an updated model for the regulation of telomerase reverse 

transcription, wherein modulation of nucleotide synthesis and salvage plays an active, critical role 

in human telomere length homeostasis in normal and disease states. While strategies to 

therapeutically target canonical regulators of telomerase – expression, abundance, recruitment – 

have met with limited success to date, our findings suggest that well-trodden paths of 

pharmacologically manipulating nucleotide synthesis or salvage could lead to new treatments for 

genetic telomere diseases and other degenerative disorders.  

 This work was stimulated by several emerging lines of human genetic evidence implicating 

nucleotide metabolism in telomere length control32–34, hitherto lacking mechanistic explanations 

consistent with prevailing models of telomere length control. Independent genetic and functional 

studies have converged on thymidine metabolism as the central player in the regulation of human 

telomerase activity and telomere length32,206. These findings appear to contrast prior studies using 

purified telomerase showing that dGTP rather than dTTP plays a dominant role in the control of 

enzymatic activity71–74. Here, we sought to comprehensively determine the relationship between 

nucleotide metabolism and telomerase reverse transcriptase activity in intact human cells and 

developed the TRACE assay.  Unlike prior methods, TRACE enables detection of telomere length 

changes in human cells within hours and can be applied to study the impact of metabolic 

perturbations on telomerase reverse transcriptase activity. We were thus able to screen nucleoside 

metabolites for their effects on telomere synthesis and identified a bidirectional and limiting role 

of guanine nucleoside salvage in telomerase regulation. Our findings indicate that the low 

efficiency of dG phosphorylation by DCK restricts dG nucleotide accumulation and limits 

telomerase activation from dG supplementation. In the TRACE assay, very high doses of dG were 
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able to overcome this inefficiency and promote telomerase activation. Furthermore, increasing the 

efficiency of dG salvage by DCK overexpression yielded potent telomerase activation. These data 

indicate that dGTP accumulation drives strong telomerase activation in human cells, in line with 

the effects of dGTP levels on purified human telomerase71,73,74 and in yeast cells100. These results 

are also consistent with recent observations of negative regulation of telomere length by the 

dNTPase SAMHD1, which preferentially degrades dGTP205,206. Along these lines, the sensitivity 

of telomerase to dGTP may contribute to the telomerase activation seen after dT 

supplementation206. dTTP has been shown to allosterically act on RNR to increase dGTP 

production82. The upregulation of dGTP after dT treatment may offer an explanation for the 

surprising finding that telomere repeat synthesis is stimulated by dT supplementation even when 

telomerase is modified to no longer use dTTP as a substrate206. Of note, the efficiency of dT salvage 

by TK1 is orders of magnitude higher than the efficiency of dG salvage by DCK79–81, potentially 

explaining the more robust effect of dT than dG supplementation on telomere elongation in cells. 

Together, under this model, our findings provide a mechanism for human GWAS data linking the 

cytosolic deoxynucleoside kinases TK1 and DCK with telomere length34, acting at the level of 

nucleoside salvage efficiency. Overcoming normal human physiologic limits on salvage capacity 

by overexpressing a highly efficient deoxynucleotide kinase from Drosophila melanogaster drove 

robust telomere lengthening, including cells derived from TBD patients. In sum, these findings 

reveal that deoxynucleoside salvage efficiency actively constrains telomere synthesis by 

telomerase under physiological conditions, and can be manipulated to overcome impaired telomere 

maintenance in the setting of TBD-causing genetic defects. 

In addition to revealing the importance of deoxynucleoside salvage capacity for telomerase 

regulation, we also surprisingly found that guanine or guanine nucleoside supplementation led to 
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telomerase inhibition, and guanine treatment drove telomere shortening across multiple cell types 

including cancer cell lines. Guanine supplementation has been found to deplete dNTPs including 

dTTP and dGTP214,215. While the mechanism underlying dNTP depletion from guanine 

supplementation has not been established, guanine salvage into ribonucleotides pools has been 

shown to reduce ATP levels in human cells214,215. ATP is an allosteric activator of ribonucleotide 

reductase (RNR)82 which is the rate-limiting enzyme in the de novo dNTP synthesis pathway, 

including the telomerase substrates dGTP and dTTP. Based on this model, we hypothesized that 

guanine could be inhibiting telomerase by reducing dNTP levels, and asked if upregulating dNTP 

synthesis could rescue telomerase inhibition in guanine treated cells. We found that augmenting 

dNTP production by supplementing with dT could fully rescue cells from guanine-mediated 

telomerase inhibition. These results support a model whereby guanine salvage inhibits telomerase 

by limiting dNTP availability for telomere synthesis. More broadly, our data showing that dG 

nucleoside supplementation bidirectionally controls telomerase activity can be unified under a 

model wherein the dNTP substrates required by telomerase are either increased or decreased, 

depending on net dG metabolism into guanosine deoxyribonucleotides versus ribonucleotides. 

Telomerase activation is a critical step in tumorigenesis in many cancers, and effective anti-

neoplastic telomerase inhibitors have been long-sought after but remain largely elusive. dNTP 

levels are elevated in most cancers76 by means including the upregulation of the rate limiting 

thymidine salvage enzyme TK1. Similarly, deoxynucleoside kinases are expressed in many viruses 

which cause human disease including the oncogenic viruses Epstein-Barr virus and Human 

Herpesvirus-8222 which also upregulate telomerase activity as part of their progression223.  It has 

been proposed that the increased dNTP levels in cancer cells enables efficient genome replication 

and frequent cell divisions. Based on our data, it is also possible that elevated dNTP levels provide 



 115 

a selective advantage to tumor cells by lifting a metabolic constraint on telomere synthesis by 

telomerase. Several nucleotide analog chemotherapy drugs are known to inhibit dNTP synthesis 

such as gemcitabine, clofarabine, and 5-fluorouracil, and we therefore speculate that telomerase 

inhibition may contribute to their anti-tumor activity. The intersection between nucleotide 

metabolism and telomerase activity offers a new avenue to examine how cellular self-renewal 

limits are bypassed in chronic viral infections and tumorigenesis, and how this may be interrupted 

therapeutically. 

Manipulation of dNTP metabolism also plays an essential role in the treatment of a variety 

of disorders beyond cancer, such as purine synthesis inhibitors azathioprine and mycophenolate 

mofetil in autoimmune disorders, uridine monophosphate in patients with CAD deficiency and 

deoxypyrimidines in patients with TK2 deficiency. Based on the robust telomere lengthening we 

observed from overexpressing Dm-dNK as well as from using ulodesine plus dG in primary human 

cells from patients with genetically-diverse TBDs, our data suggest that strategies to shift 

deoxynucleoside metabolism towards dNTP accumulation could be a promising therapeutic 

strategy to augment telomerase activity in TBDs. PNP inhibitors have been shown to be well-

tolerated, and to increase serum dG levels and cellular dGTP levels224,225, and thus based on our 

data, may be able to promote telomere lengthening as a single agent.  

Nuclear dNTP pools serve as common substrates for genome replication by DNA 

polymerases and for telomere synthesis by telomerase, yet these DNA synthesis machines must 

perform fundamentally different tasks. While replicative DNA polymerases copy billions of base 

pairs of sequence with high fidelity within hours during S phase of the cell cycle, telomerase 

activity is tightly tied to the rate of telomere attrition which is estimated to be ~50-100 base pairs 

per cell division at each chromosome end27,30. Additionally, unlike replicative DNA polymerases, 
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telomerase has no defined endpoint for telomere repeat synthesis once it has begun.  Tight 

regulation of TERC and TERT expression and control of telomere end accessibility by the shelterin 

and CST complexes have long been proposed to explain the homeostatic limit of human telomere 

length226. However, in our recent206 and present work collectively, we have overcome this limit 

through manipulation of dNTP levels using four different approaches: thymidine supplementation, 

dG supplementation plus PNP inhibition, SAMHD1 inactivation, and deoxynucleoside kinase 

overexpression. Nuclear dNTP pool homeostasis is under competing selective pressures including 

the need to maintain genome fidelity and to restrict the proliferation of DNA viruses, retroviruses, 

and selfish genetic elements. Given the extreme sensitivity of cellular telomerase activity to 

changes in dNTP metabolism that we observed in this study, we propose that selective pressures 

on cellular dNTP levels may have shaped telomere length homeostasis throughout evolution. 

Conversely, the need to maintain reverse transcription by telomerase may contribute to the lower 

bound of tolerable dNTP levels: further reductions of dNTPs can cause diseases of telomerase 

insufficiency, as seen in patients with inherited TYMS locus mutations who develop dyskeratosis 

congenita32. We expect that this telomerase-inclusive perspective will offer new insights on how 

competing constraints on nucleotide flux have impacted cellular metabolism and genome integrity 

throughout evolution. 
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Materials and Methods 

 

Human Subjects 

Biological samples were procured under Boston Children’s Hospital Institutional Review Board-

approved protocols, after written informed consent in accordance with the Declaration of Helsinki. 

The patient with mutation of the TINF2 gene presented with dyskeratosis congenita and bone 

marrow failure in early childhood, consistent with the mutation leading to the p.T284P amino acid 

change in the ‘hot spot’ region of TINF2, a site where mutations are frequently associated with the 

TBD dyskeratosis congenita.  

 

Cell Models 

293T cells (American Type Culture Collection, ATCC) were cultured in Dulbecco’s Modified 

Eagle Medium (DMEM, Gibco) supplemented with 10% fetal bovine serum, MEM Non-Essential 

Amino Acids (Gibco), L-glutamate (Corning), and penicillin/streptomycin (Corning) and 

subcultured using trypsin (Gibco). K562 cells (American Type Culture Collection, ATCC) were 

cultured in RPMI 1640 supplemented with 10% fetal bovine serum, MEM Non-Essential Amino 

Acids (Gibco), L-glutamate (Corning), and penicillin/streptomycin (Corning). Fibroblasts cells 

were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Gibco) supplemented with 15% 

fetal bovine serum, MEM Non-Essential Amino Acids (Gibco), L-glutamate (Corning), and 

penicillin/streptomycin (Corning) and subcultured using trypsin (Gibco). The normal human 

fibroblast line NHSF2 was a gift from A. Klingelhutz, University of Iowa. The TBD patient 

fibroblasts with the DKC1 del37L (GM01774)43 mutation were obtained from the Coriell Cell 

Repository. The TBD patient fibroblasts with the DKC1 A353V mutation have been described194. 
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The TBD patient fibroblasts with the TERC+/- 821 base pair deletion have been described193. The 

TBD patient fibroblasts with the TIN2 p.T284P mutation were generated by culturing punch 

biopsies under glass coverslips until fibroblast outgrowths were apparent. All fibroblast lines were 

infected with pCW57.1 TERT lentivirus, selected in puromycin, and cultured in the presence of 

1µg/ml doxycycline (Sigma-Aldrich) during experimental perturbations.  

 

Lentivirus production and transduction 

293T cells were transfected with psPAX2 (plasmid 12260; Addgene) and pMD2.G (plasmid 

12259; Addgene) in addition to the appropriate transfer vector using Lipofectamine 2000 

(Invitrogen) per the manufacturer’s instructions. Lentivirus containing media was harvested 48 

and 72 hours after transfection, filtered using 0.45 µM filters (VWR International), and stored at -

80°C until use. Lentiviral transduction was performed via spinfection at 931G for 2 hours in media 

supplemented with protamine sulfate (Sigma-Aldrich) at 10µg/ml. 24 hours after removal of virus 

containing media, cells were selected using blasticidin (InvivoGen) at 10µg/ml for 5-10 days or 

puromycin (Sigma-Aldrich) at 1µg/ml for 4-7 days. 

 

TRACE Assay 

On the evening prior to transfection, TERC-/- 293T cells were plated at 0.75*106 cells per ml of 

media into a six well plate. The following day, cell media was replaced approximately one hour 

prior to transfection. Transfection was performed as follows. For each well of a six well plate, 8 

µl of Lipofectamine 2000 (Invitrogen) was mixed with 150ul of Opti-MEM serum free media 

(Gibco) and incubated for 5 minutes. In a separate tube, 416ng pcDNA-3xHA-TERT and 2083 ng 

of either pBS-U3-TERC or pMAX-eGFP as indicated were mixed into 150 µl of Opti-MEM. These 
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two solutions were then combined, mixed gently, and incubated for 5 minutes followed by 

dropwise addition to cells. 18 hours after transfection, cells were split into treatment conditions 

and cultured for 30 hours unless otherwise indicated. Cells were then harvested and pellets were 

stored at -80°C until DNA isolation and terminal restriction fragment length analysis (described 

below). 

 

Terminal Restriction Fragment Length Analysis 

DNA was isolated from cell pellets using the Pure Link Genomic DNA Miniprep kit (Invitrogen). 

0.5-3 µg of DNA was digested with RsaI (NEB) and HinfI (NEB) for 2 hours at 37°C. DNA was 

then separated by electrophoresis on a 0.6% agarose gel followed by Southern blotting onto 

Hybond-N+ membrane (Amersham). Detection was performed using the TeloTAGGG Telomere 

Length Assay Kit (Roche) using the provided probe at the recommended concentration or a probe 

complimentary to the C-rich strand of the telomere synthesized as described198 using the 

CCCTAA-probe oligonucleotide (See Oligonucleotides, below). Where indicated, Southern blots 

were stripped using two washes with 0.2M NaOH and 0.1% sodium dodecyl sulfate (SDS) at 37°C 

for 15 mins with shaking followed by detection as described above. Telomere length quantification 

was performed with the WALTER webtool (v2.0) 199. TRACE assay experiments were quantified 

using ImageJ (Version 2.9.0/1.54f) as follows: First, calculate the ratio (R) of signal above 5kb 

(largely newly synthesized telomere) to below 5kb (largely pre-existing telomere signal for TERC-

/- 293T cells) for each sample. Then, to calculate background normalized ratios (Rb), for each 

sample expressing TERC, subtract R for eGFP expressing cells on the same blot (removing 

background signal contribution) from sample R. Then, to calculate the relative telomere synthesis 

for a given sample, divide the Rb of experimental samples by the untreated control sample on the 
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same blot (normalizing relative to untreated). Statistical analysis was performed using GraphPad 

Prism (version 10.0.0). 

 

CRISPR/Cas9 gene editing 

Gene editing was performed using the Neon™ Transfection System 10 μL Kit (Invitrogen) by 

complexing 37 pmol Alt-R S.p. Cas9 Nuclease V3 (IDT) and 50 pmol chemically modified 

sgRNA(s) (Synthego) at room temperature for 20 minutes followed by addition of 200,000 cells 

suspended in 20 µl buffer R (Thermo Fisher Scientific) with Electroporation Enhancer (IDT). The 

cell mixture was electroporated using a Neon Transfection System (Thermo Fisher Scientific) 

using the following settings: HEK 293T, 1200V, 30ms, 1 pulse; K562 1150 V, 10ms, 3 pulses. 

After electroporation, cells were plated into normal media. Editing efficiency was evaluated by 

isolating genomic DNA from cells at least 3 days after electroporation followed by PCR 

amplifying the target locus. PCR products were visualized by electrophoresis on a 2% agarose gel. 

 

Recombinant DNA Cloning 

Constructs to express variants in TERT associated with TBDs were generated from the pCDNA-

3xHA-hTERT vector using the Q5 site directed mutagenesis kit (NEB) and were verified by Sanger 

sequencing. 

 

The DCK expression construct was cloned from 293T cell cDNA into the pLX304 backbone 

(plasmid 25890; Addgene) by Gibson assembly using the HiFi DNA assembly mix (NEB). The 

final construct expresses DCK with a C-terminal fusion to a V5 epitope tag which is present in the 

pLX304 backbone and the sequence was verified by Sanger sequencing. The cDNA was 
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synthesized by isolating RNA from cells using TRIzol Reagent (Invitrogen), then treating RNA 

with TURBO DNA-free Kit (Invitrogen). Complementary DNA was synthesized using 

SuperScript III Reverse Transcriptase (Invitrogen) with oligo-dT priming (Invitrogen).  

The PLX304-eGFP construct was generated by PCR amplifying the eGFP sequence from 

the pXPR_011 vector (plasmid 59702; Addgene) using attB-flanked primers followed by Gateway 

cloning (Invitrogen) according to the manufacturers protocol into the pLX304 backbone. The final 

construct expresses eGFP with a C-terminal fusion to the V5 epitope tag which is present in the 

pLX304 backbone. The sequence was verified by Sanger sequencing  

The CMV driven Dm-dNK expression construct pLX304 Dm-dNK V5 was cloned from 

the pOpen-dromedNK plasmid Project (plasmid 165579; Addgene) into the pLX304 backbone by 

Gibson assembly using the NEB HiFi DNA assembly mix. The final construct expresses Dm-dNK 

with a C-terminal fusion to a V5 epitope tag which is present in the pLX304 backbone. The 

sequence was verified by Sanger sequencing  

The doxycycline inducible Dm-dNK expression construct was generated by isolating the 

insert from the pLX304 Dm-dNK V5 using SacI (NEB) and SalI (NEB), and ligating it into the 

pCW57.1 backbone (plasmid 41393; Addgene) which had been digested with NheI (NEB) and 

SalI (NEB) using Quick Ligase (NEB) generating pCW57.1 Dm-dNK V5. The sequence was 

verified by Sanger sequencing. The blasticidin resistant version of this vector used in Figure 4 was 

generated by digesting pCW57.1 Dm-dNK V5 with NotI and SpeI and ligating the Dm-dNK 

containing fragment into the pCW57-MCS1-P2A-MCS2 (Blast) vector (plasmid 80921; Addgene) 

which had also been digested with NotI and SpeI using Quick Ligase (NEB).  

The doxycycline inducible eGFP expression construct was generated by PCR amplifying 

the eGFP sequence from the pXPR_011 vector using attB-flanked primers followed by Gateway 
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cloning (Invitrogen) according to the manufacturers protocol into the pCW57.1 backbone. The 

sequence was verified by Sanger sequencing. The blasticidin resistant version of this vector used 

in Figure 4 was generated by digesting pCW57.1 eGFP with NotI (NEB) and SpeI (NEB) and 

ligating the Dm-dNK containing fragment into the pCW57-MCS1-P2A-MCS2 (Blast) vector 

which had also been digested with NotI (NEB) and SpeI (NEB) using Quick ligase (NEB).  

All PCR reactions required for molecular cloning were performed using the Q5 polymerase 

(NEB).  

 

Oligonucleotides 

sgRNAs were purchased from Synthego, all other oligonucleotides were synthesized by IDT.  
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Table 3-1.  

REAGENT or RESOURCE SOURCE IDENTIFIER 
Chemicals, peptides, and recombinant proteins 
Thymidine Sigma Aldrich T1895 
Deoxyadenosine Sigma Aldrich D8668 
Deoxyguanosine Sigma Aldrich D0901 
Deoxycytidine Thermo Scientific AC226720010 
Uridine Sigma Aldrich U3003 
Cytidine Sigma Aldrich C4654 
Guanosine Sigma Aldrich G6264 
Adenosine Sigma Aldrich A4036 
BIBR1532 Sigma Aldrich 5088390001 
2,5 ddG Biosynth ND08406 
Guanine Sigma Aldrich 51030 
Ulodesine MedChemExpress HY-19480 
Forodesine Sigma Aldrich SML3378 
Febuxostat Sigma Aldrich SML1285 
Uric acid Sigma Aldrich U2625 
Xanthine Sigma Aldrich X7375 
DI-87 MedChemExpress HY-133141 
Experimental models: Cell lines 
Human: 293T TERC -/- Mannherz and 

Agarwal206 
NA 

Human: HEK293T ATCC Cat. No. CRL-1573; 
RRID:CVCL_0045 

Human: K562 A gift from Dr. Stuart 
Orkin 

Cat. No. CCL-243; 
RRID:CVCL_0004 

Human: Normal (NHSF2) fibroblast Westin et al.227 NA 
Human: TERC+/- 821 base pair deletion 
patient fibroblast 

Agarwal et al.193 NA 

Human: DKC1 del37L patient fibroblast Wong and Collins43 Coriell Cell 
Repository GM01774 

Human: DKC1 A353V patient fibroblast  Paulsen et al.194 NA 
Human: TINF2 T284P patient fibroblast This study NA 

 

Table 3-1. Chemicals and cell lines. 
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Table 3-2.  

 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Recombinant DNA 
pBS U3-hTR-500  Fu and Collins.228  Addgene 28170 

pCDNA-3xHA-hTERT  Venteicher et al.229 Addgene 51637 

pmaxGFP  Lonza NA 

pHIV7/SF-U3-TER-500  Agarwal et al.193 NA 

pHIV7/SF-U3-TER-500 G319A  Boyraz et al.210 NA 

pcw57.1 TERT Puro  Reilly et al230 NA 
pLX304 eGFP This study NA 
pLX304 DCK This study NA 
pLX304 Dm-dNK This study NA 

pCW57.1 eGFP (Blast) This study NA 

pCW57.1 Dm-dNK (Blast) This study NA 

pCDNA-3xHA-hTERT K570N This study NA 

pCDNA-3xHA-hTERT T567del This study NA 

Software and algorithms 
ImageJ NIH 2.9.0/1.54f 
Prism 10 GraphPad 10.0.0 

 

Table 3-2. Recombinant DNA and software. 
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Table 3-3. 

Supplemental Table 1. 

Oligonucleotide Sequences 

 

Name Sequence 

TERT_SDM_K570N_FW CGTTTCAAAAcAACAGGCTCTTTTTC 

TERT_SDM_K570N_RV TGGTCTCCGTGACATAAAAG 

TERT_SDM_T567del_FW GTCACGGAGAcgTTTCAAAAGAAC 

TERT_SDM_T567del_RV ATAAAAGAAAGACCTGAGC 

AAVS1 sgRNA CUCCCUCCCAGGAUCCUCUC  

HPRT1 sgRNA 1 UCUUGCUCGAGAUGUGAUGA 

HPRT1 sgRNA 2 UAAAUUCUUUGCUGACCUGC 

HPRT1 sgRNA 3 AAAAUCUACAGUCAUAGGAA 

HPRT1 FW AGGCATGGGGTCTCACTATA 

HPRT1 RV GCTTTGATGTAAAGTACTAGTGAATATGT 

APRT sgRNA 1 UCCGCCUCUGCGCGCGCCGA 

APRT sgRNA 2 GGCCGCAUCGACUACAUCGC 

APRT sgRNA 3 AUGGCGGCGCGGAAGGAGGC 

APRT FW AAGGACGCCTGCACAGC 

APRT RV CCAGGCGTGGTATTCAGGTG 

GDA sgRNA 1 CGCCAGGGGCGGCAUCUGAG 

GDA sgRNA 2 GUGAUCCCGCAGCACCUCCA 

GDA sgRNA 3 GGGGUCGAGCGCACUCCGAC 

GDA FW TAAGCGGGGGCAGGACAA 

GDA RV CACTGCTCCCGACTTCTGG 

DCK sgRNA 1 GACGCAAGGCUGGGGUGUCG 

DCK sgRNA 2 GCAGCUUCUCUUGGGCGGGG 

DCK sgRNA 3 AUCAAGAAAAUCUCCAUCGA 

DCK FW AAAGTCAAACCCCGACACCC 

DCK RV TTCAAAGCGCGCCTCACA 

pLX304-DCK Gibson Insert FW GTCGGGATCAGCCGCCATGGCCACCCCGCCCAAG 

pLX304-DCK Gibson Insert RV TAGGCTTACCCAAAGTACTCAAAAACTCTTTGACCTTTTC 

pLX304-DCK Gibson Backbone 

FW 

GAGTACTTTGGGTAAGCCTATCCCTAACCCTC 

pLX304-DCK Gibson Backbone 

RV 

CCATGGCGGCTGATCCCGACAGTTAGCCAG 

eGFP attB FW GGGGACCACTTTGTACAAGAAAGCTGGGTATCAACTTTTAGTT

GCTTTTGATGGGC 

eGFP attB RV GGGGACAAGTTTGTACAAAAAAGCAGGCTTAGCCGCCACCATG
GTGAGCAAGGGCGAGG 

Dm-dNK Gibson Insert FW CGGGATCAGCCGCCATGGCGGAAGCAGCAAGCTG 

Dm-dNK Gibson Backbone RV TGCTTCCGCCATGGCGGCTGATCCCGACAGTTAGCCAG 

Dm-dNK Gibson Insert RV GGATAGGCTTACCGCGTGCAACACGCTGACG 

Dm-dNK Gibson Backbone Fw TGCACGCGGTAAGCCTATCCCTAACCCTC 

C-Rich-Strand Probe Template /5Phos/TTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTA

GGGTAGATAGTTGAGAGTC 

Universal Priming /5Phos/GACTCTCAACTATC+T+A 

Note: /5Phos/ represents 5’ phosphorylation. +N represents locked nucleic acid. 

 

Table 3-3. Oligonucleotides. 
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In this thesis, I developed rapid and high throughput methods to study telomere length and 

telomerase activity in human cells. By performing the first genome-wide assessment of human 

telomere length regulating genes, I identified nucleotide metabolism as a pathway critical for 

human telomere length homeostasis. I found that telomere length control by nucleotide metabolism 

is telomerase dependent, and propose this occurs by altering the dNTP substrates available for 

reverse transcription by telomerase. Augmenting dNTP levels via supplementation of thymidine 

nucleoside, inhibition of the dNTPase SAMHD1, supplementation of deoxyguanosine plus the 

PNP inhibitor ulodesine, or overexpression of the Drosophila melanogaster deoxynucleoside 

kinase (Dm-dNK) promoted robust telomerase activation and telomere lengthening in human cells, 

including cells from patients with lethal telomere biology disorders (TBDs). In contrast to the 

known pathways governing telomere length in humans, nucleotide metabolism has been 

therapeutically manipulated to treat diseases for decades and may offer a path forward for the 

treatment of the telomere-related diseases. My findings provide mechanistic insight into the recent 

associations between nucleotide metabolism genes, telomere length, and human disease, and 

establish nucleotide metabolism as a critical, active determinant of telomerase activity in human 

cells.  

 

Rapid and high throughput methods for studying telomere length within the cellular 

environment 

Combining Flow-FISH and CRISPR/Cas9 for high throughput telomere length screening: Pooled 

CRISPR/Cas9 screens offer a powerful approach to investigate genotype-phenotype associations 

in human cells231. Flow-FISH is a hybridization based method to quantify telomere repeat content 

in cells that is clinically used in conjugation with flow cytometry to measure human telomere 
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length110,111,166. Here, I used high throughput Flow-FISH telomere length screening to perform the 

first genome-wide screen for telomere length regulating genes in human cells. My screen was 

robust as indicated by the identification of known telomere length regulating genes, including 

enrichment of sgRNAs targeting TERT in cells with short telomeres and sgRNAs targeting POT1, 

TERF1 in cells with long telomeres. Based on the enrichment of pyrimidine nucleotide metabolism 

pathway genes as hits in my genome-wide screen, I performed a targeted screen focused on the 

nucleotide metabolism pathway which identified SAMHD1 and several thymidine nucleotide 

metabolism genes as telomere length regulators, setting the stage for my subsequent studies.  

 Changes in telomere length accumulate with time leading to some additional variables to 

consider when designing telomere length Flow-FISH screening experiments compared with other 

screening phenotypes. As telomere length changes can accumulate with each cell division, 

extending culture time following gRNA library introduction can improve signal to noise ratio. With 

longer time in culture, precautions to maintain gRNA diversity should be taken, namely increasing 

the cells maintained during culture to prevent loss of library diversity with cell splitting. Telomere 

length can drift over time in some cell lines, and this should be taken into account while 

interpreting results, as perturbations which alter cell growth rate could be misinterpreted as having 

telomere length altering effects. Selection of a cell line known to have stable telomere length is 

preferable when designing a telomere length Flow-FISH CRISPR/Cas9 screen. I found telomere 

length Flow-FISH assays invaluable for identifying and dissecting the relationship between 

nucleotide metabolism and telomere length homeostasis. Future studies of telomere length control 

pathways could consider pathway-specific telomere length Flow-FISH CRISPR/Cas9 screening 

as a powerful initial approach to rapidly profile genes across a pathway or complex. Applying 

Flow-FISH based telomere length assessment to other pooled genetic screening approaches, such 
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as assessment of gene variant libraries or CRISPR base editing libraries could prove invaluable for 

high-throughput investigation of telomere length control. 

TRACE enables rapid telomerase activity measurement in human cells: Most assays of 

telomerase activity require either evaluation of cells after culture for weeks or investigate 

telomerase from cellular extracts using exogenously supplied dNTPs and oligonucleotide 

substates, which could obscure telomerase-relevant biology, and makes assessment of the effects 

of cellular metabolic perturbations challenging. To address these challenges, I developed the 

Telomerase Rapid Assessment in the Cellular Environment (TRACE) assay, which enables robust 

and reproducible measurement of genetic and small molecule perturbations to telomerase activity 

in less than two days. I applied TRACE to rapidly screen cellular nucleosides for their effects on 

telomerase activity and to evaluate the bidirectional control of telomerase by guanine nucleosides. 

This assay led me to identify both natural (guanine) and non-natural (2,5-ddG) small molecules 

which inhibit telomerase and shorten telomeres when applied to cells. The rapid readout of TRACE 

makes it well suited to study perturbations which can restrict cell growth in long term culture. This 

feature enabled us to discover the non-linear relationship between telomerase activity and 

deoxyguanosine (dG) supplementation, where at very high doses dG can be salvaged by DCK to 

promote telomerase activity. The high doses of dG needed to observe this activation inhibited cell 

growth and would have been difficult to study without the TRACE assay’s rapid readout. The 

TRACE assay relies on overexpression of the telomerase catalytic components TERT and TERC 

and is therefore not well suited for study of telomerase biogenesis. Additionally, the high levels of 

cellular telomerase in the TRACE assay could obscure aspects of telomerase regulation. Despite 

these limitations, the TRACE assay can enable rapid profiling of key aspects of telomerase 
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regulation, and may be particularly valuable going forward in the study of the metabolic control 

of telomere synthesis.  

 

Nucleotide metabolism controls human telomere length 

My work has identified dNTP metabolism as a critical and modifiable pathway governing telomere 

length homeostasis in human cells. Based on my findings, I propose that nucleotide metabolism 

perturbations alter human telomere length by controlling telomerase activity at the level of its 

dNTP substrates: dGTP, dTTP, and dATP. Here, I summarize the five distinct means I uncovered 

by which manipulation of nucleotide metabolism can impact telomere length, and discuss their 

anticipated effects on dNTP pools: 

1. Impairment of thymidine synthesis genes drives telomerase inhibition and telomere 

shortening. In my targeted telomere length Flow-FISH screen focused on the nucleotide 

metabolism pathway, I identified four genes involved in thymidine synthesis which had 

gRNAs enriched in the short telomere population, indicating loss of these genes drives 

telomere shortening: TYMS, the rate limiting enzyme for de novo thymidine nucleotide 

synthesis; TK1, the enzyme which salvages thymidine in the cytosol; DTYMK, which 

converts dTMP to dTDP; and DCTPP1, which degrades dCTP to generate dCMP, which 

can be further metabolized to dTTP87. I further validated these findings through targeted 

CRISPR/Cas9 genome editing of TK1 and TYMS which drove telomere shortening in long 

term culture, validating my screening hits. Collectively, these data indicate that impaired 

dTTP synthesis reduces telomere length in human cells. 

2. Supplementation with thymidine increases telomere length in human cells. Thymidine 

supplementation increases cellular dTTP levels which can secondarily increase dGTP 
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levels and dATP levels while depleting dCTP levels via allosteric regulation of 

ribonucleotide reductase by dTTP78,216. I found that supplementation of cell culture media 

with thymidine drove telomere lengthening in several cell lines, including 293T cells, K562 

cells, fibroblasts expressing TERT, and iPSCs including both wildtype and TBD patient 

derived iPSCs. Thymidine supplementation increases dTTP accumulation in the nucleus 

via the salvage pathway kinase TK190, and I found that loss of TK1 prevented telomere 

lengthening from thymidine treatment, indicating that nuclear accumulation of thymidine 

nucleotides mediated the telomerase activation from thymidine treatment. Similarly, 

deoxyuridine treatment increased telomere length in a manner that required TYMS, the 

enzyme which converts dUMP to dTMP, providing further support for the notion that 

increased thymidine nucleotide levels leads to telomere lengthening. I found telomere 

lengthening from dT treatment was negatively regulated by the dNTPase activity of 

SAMHD1, suggesting that the telomere lengthening effects from dT occur at the 

triphosphate level. Collectively, these observations indicate that thymidine mediated 

increases in dTTP as well as potentially secondary increases in dGTP and dATP, stimulates 

telomere elongation in human cells. 

3. Guanine nucleoside supplementation bidirectionally controls telomerase activity and 

telomere length. My findings indicate that supplementation with low-dose deoxyguanosine 

or with guanosine leads to telomerase inhibition via catabolism by PNP to form guanine 

followed by incorporation of into ribonucleotide pools through HGPRT. Guanine treatment 

and has been shown to reduce the levels of dTTP and dGTP when applied to cells214,215 

which may occur via inhibition of RNR. I found that thymidine treatment rescued 

telomerase inhibition from guanine treatment, suggesting that guanine inhibits telomerase 



 132 

activity by depletion of dNTPs. Guanine treatment led to telomere shortening in long term 

culture of several cell lines including fibroblasts expressing hTERT, K562 cells and 293T 

cells. Conversely, I found that supplemented deoxyguanosine can inefficiently be 

converted via DCK to deoxyguanosine nucleotides at high doses leading to telomerase 

activation. Overexpressing DCK or the Drosophila melanogaster deoxynucleoside kinase 

(Dm-dNK) sensitized cells to telomerase activation from deoxyguanosine, indicating that 

conversion into deoxyguanosine nucleotides promotes telomerase activation. Inhibition of 

the dNTPase SAMHD1 also sensitized cells to telomerase activation from 

deoxyguanosine. In fibroblast cells expressing hTERT, including cells derived from TBD 

patients, supplementation with deoxyguanosine in combination with the PNP inhibitor 

ulodesine drove telomere lengthening. Collectively, these data indicate that the salvage of 

deoxyguanosine to form dGTP increases telomere length, while flux of guanine 

nucleosides into ribonucleotide pools via HPRT leads to telomere shortening, potentially 

via inhibition of RNR leading to reductions in dGTP and dTTP levels. 

4. Increasing cellular nucleoside salvage capacity by overexpressing Dm-dNK increases 

telomere length. Drosophila melanogaster deoxynucleoside kinase (Dm-dNK) is active on 

all four canonical deoxynucleosides and is highly efficient compared with the human 

deoxynucleoside kinases220. I found that overexpression of Dm-dNK increased telomerase 

activity and telomere length even in the absence exogenous supplemented 

deoxynucleosides. Telomere lengthening from Dm-dNK was particularly robust in 

fibroblasts expressing hTERT, including fibroblasts from TBD patient cells. Expressing 

Dm-dNK in human cells has been shown to increase the levels of cellular dNTPs, in 
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particular dTTP232, supporting the notion that elevation of dNTP levels promotes telomere 

elongation in human cells. 

5. Impairment of the dNTPase SAMHD1 drives telomere elongation and sensitizes cells to 

telomere synthesis effects from thymidine and deoxyguanosine treatment. The dNTPase 

SAMHD1 is a major negative regulator of cellular dNTP levels93, and I found that 

inhibition of SAMHD1 led to robust telomere elongation in numerous settings. sgRNAs 

targeting SAMHD1 were highly enriched in cells with long telomeres in my telomere length 

CRISPR/Cas9 screening, and targeted inactivation of SAMHD1 via CRISPR/Cas9, or 

shRNA knockdown drove telomere elongation in cells including 293T cells, K562 cells, 

and iPSCs derived from healthy donors or from patients with TBDs. Further, I found that 

loss of SAMHD1 sensitized cells to the telomere lengthening effects of thymidine, and to 

the telomerase activating effects of deoxyguanosine, suggesting that these 

deoxynucleosides promote telomerase activity at the triphosphate level. SAMHD1 has 

roles beyond its dNTPase activity, however I found that while telomere lengthening from 

thymidine treatment was restricted in cells overexpressing wildtype SAMHD1, 

overexpression of dNTPase deficient SAMHD1 failed to prevent telomere lengthening 

from thymidine. Taken together, these data indicate that the loss of SAMHD1 dNTPase 

activity lengthens telomeres in human cells.  

These findings collectively support a model where telomere length homeostasis is maintained 

within a tight window by dNTP levels, and show that both genetic and small molecule 

manipulations of dNTP metabolism can lead changes in telomere length across diverse human cell 

types.  Together, my findings indicate that upregulation of dNTP levels, in particular dTTP and 

dGTP, increases telomere length in human cells. 
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Recent human genetic studies have additionally associated dNTP metabolism genes with telomere 

length. These include GWAS studies linking variation in dNTP genes with human telomere length 

measured in the blood, based on data from the UK Biobank33,34. Targeted examination of whole 

exome sequencing data from a DC patient registry identified eight families with mutations at the 

TYMS locus32, indicating that inherited defects in a dNTP metabolism gene can cause TBDs. 

Collectively, these human genetic data, combined with my findings as well as a complementary 

recent study investigating telomere lengthening in cells from SAMHD1 deficient patients205 

demonstrate that dNTP metabolism is a critical determinant of telomere length homeostasis in 

humans.  

 

The telomerase substrate-level control model to explain the link between dNTP metabolism 

and telomere length. 

How could alterations in dNTP metabolism influence telomere length? Here I propose a unified 

model where dNTP metabolism controls telomere length via substrate level regulation of 

telomerase 5’-GGTTAG-3’ repeat synthesis. This hypothesis is based on the above data as well as 

the following observations about the relationship between dNTPs, dNTP metabolism, and 

telomerase activity: 

 

Telomere lengthening from manipulation of dNTP metabolism requires telomerase. My findings 

indicate that the effect of dNTP metabolite changes on telomere length occurs via alterations of 

the specific activity of telomerase based on several lines of evidence. First, I found that, in contrast 

to wildtype 293T cells, telomerase deficient TERC -/- 293T cells showed no changes in telomere 
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length from thymidine treatment or from inhibition of SAMHD1. The telomerase dependent nature 

of telomere length changes from SAMHD1 inhibition were recently verified by another group205. 

Similarly, I found that fibroblast cells, which do not express TERT at baseline, showed no telomere 

length changes from thymidine exposure, whereas fibroblast cells engineered to express TERT 

showed robust telomere lengthening from thymidine treatment. These data support a model where 

manipulation of dNTP metabolism alters the rate of telomere synthesis by telomerase.  

 

Purified telomerase enzymatic activity is sensitive to changes in dNTP levels within the physiologic 

range: The concentrations of the telomerase substrates dTTP, dGTP and dATP have been known 

to influence the enzymatic activity of purified telomerase since the first biochemical description 

of a human telomerase activity72. While early experiments studying telomerase generally used 

high, non-physiological concentrations of dNTPs, recent studies using more physiologic dNTP 

levels have similarly found that changes in any of telomerase’s substrates can alter telomerase 

activity, and indicate that the processivity of telomere repeat synthesis is most sensitive to changes 

in dGTP levels64,71,77. Collectively, these data demonstrate that alterations of the telomerase 

substrate dNTPs within a physiologic range influence telomerase reverse transcriptase activity. 

 

dNTP metabolism manipulations increase the specific activity of telomerase in human cells: 

Telomerase activation could be explained by an increase in the abundance of telomerase, so I asked 

if manipulation of dNTP metabolism impacted the levels of telomerase in the cell. I found that the 

addition of 100 µM thymidine to 293T cells more than doubled the rate of telomere synthesis (In 

the absence of telomerase, I found 293T cells telomeres shorten by 57 +/- 21 bp per day, while 

treatment with 100 µM thymidine caused to ~90bp per day telomere lengthening compared with 
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untreated cells. Thus, telomerase lengthens telomeres by ~147 bp per day in the presence of 100 

µM thymidine vs ~57 bp per day untreated cells). However, the same dose of thymidine did not 

lead to a detectable change in the abundance of active telomerase enzyme as measured by the 

TRAP assay. Together, these data indicate that changes in the abundance of telomerase do not 

explain the telomere lengthening effects from thymidine treatment, and suggest that manipulation 

of dNTP metabolism influences the specific activity of telomerase. Along similar lines, I found 

that fibroblasts with higher telomerase expression showed greater increases in telomere length 

following thymidine treatment, a finding consistent with the hypothesis that dT supplementation 

increases the number of telomere repeats synthesized by each telomerase enzyme. In further 

support of this notion, in the TRACE assay, where telomerase is highly overexpressed, diverse 

manipulation of dNTP metabolism can cause dramatic changes in telomere synthesis by telomerase 

within a minimal timeframe of drug exposure. For example, splitting cells into cultures 100 µM 

thymidine promotes telomerase activation within only 30 hours by nearly four-fold. Further 

increases in telomere synthesis can be observed in the setting of cells which lack SAMHD1 or 

overexpress either DCK or Dm-dNK. In these cells, high dose dG can lead to increases in total 

cellular telomeric repeat content by more than 10-fold with only 30 hours. Telomerase can also be 

rapidly inactivated by manipulating dNTP metabolism, for example treatment with 5FU, which 

inhibits TYMS, effectively ablates telomerase activity over 30 hours of treatment in a manner 

which could be completely rescued by bypassing the dTTP synthesis block using thymidine. Given 

the tight time window of exposure to these compounds, a secondary effect of dNTP metabolism 

manipulation on the abundance of telomerase appears unlikely to explain the observed results. 

Instead, an increase of the specific activity of telomerase offers a more likely mechanism.  

 



 137 

In the substrate-level control model (Figure 4-1), following telomerase assembly, recruitment, and 

binding the telomere end, homeostatic levels of dNTPs promote telomere repeat synthesis by 

telomerase within a physiologic window. Deviations in dNTP substrate levels from this baseline 

in either direction lead to an alteration of telomerase activity. Reduction of dNTP-substrate levels 

inhibits telomerase activity and causes net telomere shortening. Conversely, increased dNTP 

substrate levels promote telomerase activity leading to telomere elongation.  
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Figure 4-1. An updated model of human telomere length regulation. To date, most data indicate 

that human telomere length is regulated by (1) the abundance of telomerase holoenzyme and (2) 

its interplay with telomere binding proteins. Based my findings and emerging human genetic data, 

I propose a revised model encompassing a third critical dimension of telomere length regulation 

in human cells: control of dNTP substrate levels available for telomere 5’-GGTTAG-3’ repeat 

synthesis by telomerase. dNTP substrate accumulation is limited by salvage efficiency including 

(a) deoxyguanosine (dG) metabolism by DCK, and (b) thymidine (dT) conversion to dTTP via 

TK1. dTTP can enhance dGTP production by allosteric binding to RNR. Overcoming salvage 

constraints through dG or dT supplementation or by augmenting kinase activity robustly increases 

telomerase activity and telomere length. Conversely, guanine nucleoside metabolism via PNP and 

HGPRT to form guanosine ribonucleotides decreases telomere length, potentially by inhibiting 

RNR and depletion of dNTPs. Mutations that impair dTTP de novo synthesis lead to reduced 

telomerase substrate levels and impaired telomerase activity, as observed in patients with TYMS 

locus mutations who develop dyskeratosis congenita. The dNTPase SAMHD1 limits the 

accumulation of telomerase dNTP substrates and restricts telomerase activity. My model provides 

a mechanistic framework for the recent association between genetic variation in dNTP metabolism 

genes and telomere length in states of health and disease32–34. 
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Figure 4-1. (Continued) 

 

 

 

 

 



 140 

Consideration of alternative mechanisms by which dNTP metabolism could influence 

telomere length homeostasis 

dNTP metabolism contributes to several cellular processes that are relevant for telomere 

homeostasis including nuclear genome replication and repair. In addition to the substrate level 

control model, I have considered and tested alternative explanations for how dysregulation of 

dNTP homeostasis could lead to telomere length changes:  

 Cell cycle timing disruption: Thymidine supplementation has been used to synchronize 

cells in S phase of the cell cycle, which is understood to occur via elevated dTTP levels 

allosterically inhibiting the production of dCTP via RNR216. As telomerase has been shown to 

synthesize telomere repeats during S phase of the cell cycle68,233,234 it appeared possible that 

lengthening S phase could extend the time available for telomere synthesis by telomerase and 

thereby promote telomerase activity. To test this hypothesis, I asked whether doses of thymidine 

which do not impact the cell cycle still alter telomere synthesis. I found that low dose thymidine 

which had no detectable effects on cell growth over one month still drove telomere lengthening in 

293T cells. Further, I found that a low dose of thymidine simultaneously increased the growth rate 

of K562 cells and increased telomere length over one month of culture. These data indicate that 

slowing of cell cycle progression is not sufficient to explain the telomere length changes observed 

from thymidine. 

 Replication stress signaling: Replication stress signaling can be triggered by insufficient 

dNTP levels during S phase leading to replication fork stalling, accumulation of single stranded 

DNA, and activation of the ATR kinase235. Telomeres are known to be particularly prone to 

replication stress, which may be due to their repetitive sequences, binding of both proteins and 

RNA, and tendency to form G quadruplexes when single stranded184,236. The connection between 
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replication stress and telomere length homeostasis is nuanced. Several studies have found 

telomeric replication stress can drive telomere trimming237,238 while other literature suggests 

replication stress signaling may increase the localization of telomerase to telomeres183. 

Furthermore, treatment with aphidicolin, a compound which induces replication stress by 

inhibiting DNA polymerase alpha239, has been shown to increase telomere length in long term 

culture184, a finding which I replicated. At high doses, thymidine treatment is understood to induce 

replication stress by depleting dCTP levels via allosteric regulation of RNR by dTTP216,240. I asked 

whether replication stress could contribute to the telomere lengthening from thymidine treatment. 

I found that low doses of thymidine which had no detectable effects on replication stress signaling 

or on cell cycle progression still promoted robust increases in telomere synthesis, suggesting that 

replication stress signaling is not necessary for telomerase activation by this pathway. Furthermore, 

I showed that compounds which induce replication stress and arrest cells in S phase via dNTP 

depletion, namely the TYMS inhibitor 5FU and the RNR inhibitor hydroxyurea, inhibited 

telomerase activity rather than activating it, indicating that the induction of replication stress is not 

sufficient for telomerase activation. While I cannot exclude that replication stress signaling could 

contribute to telomere lengthening from high dose thymidine, my findings suggest that replication 

stress signaling is likely not a major factor contributing to telomerase activation from lower doses 

of thymidine. Of note, treating cells with the replication stress inducing compound aphidicolin has 

been shown to increase levels of dNTPs241, potentially by reducing their consumption by stalling 

DNA polymerase activity, or by elevated replication stress signaling, which has been associated 

with increased RNR activity242–244. Based on my findings, dNTP pool increases may offer an 

alternative explanation for why aphidicolin treatment increases telomere length.  
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 Allosteric effect of nucleotides on telomerase: One hypothesis that I considered might be 

underlying the robust telomerase activation from thymidine supplementation was that dTTP might 

be allosterically activating telomerase. I tested this hypothesis by altering the telomerase RNA 

template to encode 5’-GGAAAG-3’ repeats (termed T-free telomerase). I then evaluated how dTTP 

levels altered the enzymatic activity of T-free telomerase both using the TRAP assay36, and by 

directly visualizing telomerase extension products using radiolabeled nucleotide substrates 

(termed the direct telomerase assay). I found that dTTP stimulated T-free telomerase activity in 

these assays, suggestive of an allosteric effect. Upon further examination of this phenomena using 

the direct telomerase assay, I found that in addition to dTTP, other nucleotide triphosphates that 

are also not substrates of T-free telomerase could cause a similar activating effect, including ATP, 

and ATP also stimulated wildtype telomerase activity (not shown). Future work is needed to 

identify the mechanisms underlying the activating effect I observed, for example whether it is 

related to allosteric action on telomerase itself, whether it is mediated through another factor 

copurifying with the enzyme, or by another means.  

I also attempted to study the relevance of this apparent allosteric effect of dTTP on 

telomerase activity in human cells by expressing T-free telomerase, supplementing thymidine, and 

measuring the accumulation of T-free telomerase repeats. I found that supplementation with 

thymidine increased T-free repeat synthesis, suggesting that dTTP accumulation can promote 

telomerase activity even when it does not serve directly as a substrate for repeat synthesis by 

telomerase. However, dTTP accumulation has been shown to act allosterically on RNR to increase 

dATP and dGTP production78,216. In light of my results demonstrating that elevated dGTP synthesis 

increases telomerase activity in human cells, as well at the extensive literature showing that 

telomerase enzymatic activity is highly sensitive to dGTP levels71,73,74,77, an accumulation of dGTP 



 143 

from thymidine treatment offers a straightforward explanation for the T-free telomerase activation 

I observed in cells. Additionally, my finding that ATP appears to have a similar activating effect as 

dTTP on T-free telomerase enzymatic activity in direct telomerase assays also argues against the 

notion that an allosteric activating effect of dTTP plays a dominant role in telomerase activation 

in cells from thymidine treatment. Cellular ATP levels are ~100 times higher that dTTP levels76, 

and thus would be expected to tonically activate telomerase by this mechanism at baseline. Further, 

salvage of supplemented thymidine to produce dTTP consumes ATP, and would not be expected 

to alter total cellular nucleotide triphosphate levels. Collectively, my findings in human cells are 

consistent with a model where dNTP metabolism perturbations alter telomere length via changes 

in the substrate-level regulation of telomerase activity. 

 Alterations of C-strand synthesis by CST: dT supplementation is known to deplete dCTP 

levels via allosteric inhibition of RNR by dTTP216, which has been proposed to explain why 

thymidine treatment arrests cells in S phase of the cell cycle216. dCTP is not required for telomere 

repeat synthesis by telomerase, however it is required for telomeric C-strand fill in by the CST-

Polα/Primase complex. Disruption of the C-strand fill in machinery via depletion of CTC1 or 

STN158,59, or by genetic138,245 or small molecule184 Polα inhibition leads to telomere elongation by 

telomerase, potentially by increasing the accessibility of the G-strand overhang to telomerase 

binding. It is conceivable that the depletion of dCTP from high dose thymidine supplementation 

could therefore contribute to the telomerase activation from dT by inhibiting C-strand fill in. I did 

observe an increase in the ratio of telomere G-strand signal to C-strand signal at high molecular 

weights in the TRACE assay using high doses of dT, which could be explained by increased G-

strand synthesis by telomerase, active inhibition of C-strand fill in via dCTP depletion, or a 

combination of both processes. Along these lines, one could envision that strong activation of 
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telomerase activity via elevated dNTP pools could lead to rapid increases in the length of the G-

strand telomere overhang which could dilute the cellular G-strand overhang binding factors that 

restrict telomerase activity such as POT1 or CST, thus causing a positive feedback effect on 

telomerase activity. Of note, loss of SAMHD1 elevates all dNTP levels including dCTP93,205, and 

I found that SAMHD1 depletion drove robust telomerase-dependent telomere lengthening, a 

finding which has also been observed by another group205. Therefore, the inhibition of C-strand 

fill in via dCTP depletion does not appear necessary for telomerase activation from dNTP 

metabolism manipulation. Going forward, a detailed examination of the relative contributions of 

substrate-level telomerase activation and impaired C-strand fill in to changes in telomere synthesis 

from manipulation of dNTP metabolism could be of interest. 

 

Why thymidine?  

Given the current human population genetic data32–34, there appears to be an enrichment of 

thymidine metabolism genes associated with telomere length, including TYMP, TK1, and TYMS. 

It should be noted that other pyrimidine metabolism genes including DCK and CDA, as well as 

SAMHD1, which contributes to the restriction of all dNTP levels, have been associated with 

human telomere length by GWAS as well33,34. Furthermore, I found that supplemented thymidine 

drives telomere lengthening across many cell types which express TK1, while supplementation 

with the other nucleosides had minimal effects on telomere length over 10 days of culture in 293T 

and K562 cells. These data raise the question of why thymidine metabolism appears so critical for 

telomere length homeostasis when dGTP has been identified as more important than dTTP for the 

activity of purified telomerase as discussed above. 
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My data indicate that the low efficiency of dG phosphorylation by DCK restricts dG 

nucleotide accumulation and telomerase activation from dG supplementation. In the TRACE 

assay, I found that very high doses of dG were able to overcome this inefficiency and promote 

telomerase activation. In line with this finding, I found that DCK overexpression sensitized cells 

to telomerase activation from dG. Furthermore, in addition to being inefficiently salvaged by DCK, 

I found that dG can also be broken down by PNP to form guanine which, followed by subsequent 

salvage by HGPRT to generate guanosine ribonucleotides, inhibits telomerase activity and 

shortens telomeres. Thus, dG supplementation can bidirectionally influence telomere length 

depending on its metabolic shunting. In contrast, I found that that thymidine is efficiently salvaged 

by TK1 to promote telomerase activation and telomere lengthening even at low doses. The 

efficiency of its incorporation into deoxyribonucleotide pools provides a simple explanation for 

why thymidine stands out in these experiments. Additionally, dTTP is known to allosterically 

regulate RNR to increase dGTP synthesis216, therefore alterations which impact dTTP levels may 

lead to concordant changes in dGTP levels which also influence telomerase activity.  

As for the apparent lack of genetic association between dGTP metabolizing genes with 

human telomere length, it should be noted that both SAMHD1 and DCK can participate in 

deoxyguanosine nucleotide metabolism, and that SAMHD1 inhibition increases dGTP levels to a 

relatively higher degree compared with the other dNTPs93. Additionally, there are no 

deoxyguanosine nucleotide specific metabolizing genes which have been described in humans. In 

contrast, there are several genes specific to thymidine metabolism. Finally, as the manipulation of 

thymidine metabolism has been found to have minimal effects on ribonucleotide pools214, 

dysregulation of thymidine metabolism may be more tolerable compared with mutations which 
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impact dGTP metabolism while simultaneously causing dysregulation of guanine ribonucleotide 

metabolism.  

 

Why telomeres? 

Nuclear dNTPs pools are common precursors for telomerase activity as well as for DNA 

replication, begging the question of why patients with inherited TYMS deficiency present with a 

telomere biology disorder phenotypes32 rather than manifestations common in patients with 

inherited defects in the nuclear DNA replication machinery who present with disorders 

characterized by short stature such as the microcephalic primordial dwarfisms (MPDs)246.  

One potential contributing factor to the apparent sensitivity of telomerase to dNTP 

metabolism deficiency is the relatively high Km values of dNTP utilization by telomerase (4-120 

µM)71 compared with the replicative DNA polymerases (0.2-10 µM)75 relative to the cellular dNTP 

levels (5-40 µM)76. Another contributing factor for why telomerase may be uniquely sensitive to 

alterations in dNTP metabolism could be the fundamental differences in the task of telomere 

synthesis compared to DNA replication. The rate of telomere synthesis must be tightly linked to 

the rate of telomere attrition to maintain telomere homeostasis, and even small changes in 

telomerase activity could become magnified over successive cell divisions. Thus, alterations in 

dNTP substrate levels which fractionally alter telomerase activity could lead to large changes in 

telomere length over time. In contrast with telomerase, DNA polymerases and have a defined 

endpoint: the completion of genome replication. As the duration of S phase is influenced by 

numerous factors in addition to dNTP levels such as the presence of DNA damage and histones247, 

the rate of cell division may be less sensitive to small changes in dNTP levels compared with 

telomerase. This high sensitivity of telomerase activity to small alterations of dNTP homeostasis 
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is exemplified by my finding that low-dose thymidine treatment can robustly increase telomere 

length without altering the detectable rate of cell growth over the course of one month of treatment. 

 

Telomeres, nucleotides, and human disease 

dNTP metabolism dysregulation has been observed in multiple disorders including cancer, viral 

infections, and inherited genetic diseases. My results demonstrate that telomerase is highly 

sensitive to changes in dNTP metabolism. Here I discuss how the dysregulation of telomerase 

activity may contribute to these disorders based on my findings. 

 Cancer: dNTP levels have been shown to be commonly elevated in cancer cell lines 

compared with non-transformed cell lines76. This could be partially explained by an increased 

fraction of cells in S phase of the cell cycle when dNTP levels are highest85. Others have proposed 

that upregulation of dNTP levels may actively drive tumorigenesis by promoting genome 

instability85. Based on my results, an alternative explanation for this association could be that 

increased dNTP levels promote telomere synthesis by telomerase. One avenue to study this 

possibility could be evaluating tumors harboring somatic mutations in the dNTPase SAMHD1. 

Somatic SAMHD1 mutations are found recurrently in cancers including chronic lymphocytic 

leukemia (CLL), where these mutations have been hypothesized to promote mutagenesis and 

inflammation248. Given my data and others205 showing SAMHD1 strongly restricts telomerase 

activity in human cells, it appears possible that SAMHD1 mutations may alternatively be selected 

for in these cancer because of their telomerase activating effects. Inhibitors of dNTP metabolism 

have been widely used to treat cancer, including 5FU, gemcitabine, and clofarabine96, and based 

on my findings, the inhibition of telomerase activity from these compounds could potentially 

contribute to their anti-tumor efficacy. 
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 Viral infections: Viruses which require DNA synthesis as part of their lifecycle have been 

shown to manipulate human cellular dNTP metabolism by diverse mechanisms. For example, 

several oncogenic viruses including Epstein-Barr virus and HHV8 (Kaposi sarcoma Herpesvirus) 

are known to encode thymidine kinases222. These viruses have also been shown to upregulate 

telomerase activity as part of disease progression223. Based on my findings, the upregulation of 

thymidine synthesis in these viruses may promote telomere lengthening and contribute to viral 

progression. The dNTPase SAMHD1 is a restriction factor for several DNA viruses and 

retroviruses including HIV94,249,250. SAMHD1 has been proposed to inhibit viral replication by 

suppressing dNTP levels available for DNA synthesis94. Several viruses employ strategies to 

counteract SAMHD1251, including lentiviruses which encode proteins that induce the proteasomal 

degradation of SAMHD1252, as well as EBV which expresses BGLF4 to phosphorylate and 

inactivate SAMHD1253. Based on my findings, increased telomerase activity from inhibition of 

SAMHD1 could enable enhanced replication of virally infected cells. Along similar lines, the 

innate cellular antiviral response involves upregulation of interferons, and SAMHD1 has been 

identified as an interferon response gene244,254. Chronic viral infections255 and interferon alpha 

treatment256 have both been associated with shortened telomeres in clinical studies. This telomere 

shortening in patients with chronic interferon signaling has been proposed to result from increased 

cell turnover255 as well as downregulation of telomerase expression257. Based on my findings, the 

increased expression of SAMHD1 downstream of interferon signaling could also contribute to a 

telomere shortening in this setting via degradation of dNTPs and inhibition of telomerase. 

 Aicardi-Goutières Syndrome: Inherited mutations in SAMHD1 lead to Aicardi-Goutières 

Syndrome254, a severe autoinflammatory disease understood to be cause by an accumulation of 

cytosolic nucleic acids which trigger a chronic antiviral response258. The source of the cytosolic 
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nucleotides triggering viral responses in these patients is thought to be endogenous retroelements 

such as LINE1258. SAMHD1 has been shown to limit LINE1 activity, potentially via depleting 

dNTP levels and thereby inhibiting LINE1 reverse transcription259. In support of the hypothesis 

that increased retroelement activity is the underlying cause of disease, treatment with reverse 

transcriptase inhibitors has shown promise patients with AGS260. I found that loss of SAMHD1 

led to telomere elongation in several cell lines. In strong support of my findings, another group 

showed that SAMHD1 inhibition lengthens telomeres in cells expressing telomerase, and that AGS 

patient fibroblast have increased telomere elongation with exposure to telomerase205. While a 

systematic evaluation of the telomere length in these patients has not been performed, one study 

examining UK Biobank data showed that rare inherited predicted loss of function mutations in 

SAMHD1 are associated with increased telomere length33. Collectively, these data suggest that 

AGS patients with SAMHD1 mutations may have long telomeres. AGS is rare and identified 

patients are generally young and face high mortality rates, thus an evaluation of complications 

from overly long telomeres such as predisposition to cancer is challenging261, however one AGS 

patient with a germline SAMHD1 mutation was reported with early onset CLL (diagnosed at age 

24)248. A tissue specific analysis of telomere length in these patients may shed light on where dNTP 

restriction by SAMHD1 plays a role in telomere length control. 

  

dNTP metabolism in patients with telomere biology disorders 

Defective dNTP synthesis driven by inherited mutations at the TYMS locus have been recently 

identified as causing the TBD dyskeratosis congenita (DC)32. My data results suggest that lack of 

dTTP synthesis leads to reduced dNTP substrate levels for telomerase causing impaired telomerase 

activity and reduced telomere length, offering an explanation for the short telomere length 
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observed in these patients. While sample sizes are small, it is interesting to note that the TYMS 

mutant DC patients reported have a relatively higher rate of early onset mucocutaneous findings 

and relatively lower rate of hematopoietic failure compared with a typical DC presentation. Based 

on our model, TYMS mutations lead to reduced telomere synthesis via the substrate-level control 

of telomerase activity, a manner distinct from the other known TBD genes. The relative 

dependence of a tissue on de novo dTTP synthesis via TYMS compared with salvaged dTTP 

synthesis via TK1 could therefore contribute to differences in tissue specific DC phenotypes 

observed in TYMS mutant patients compared with other DC patients. Going forward, it will be 

worthwhile to monitor disease progression in these patients in order to characterize what other 

TBD manifestations they may develop. 

By linking dNTP metabolism telomere length homeostasis, my work may also have 

implications for the management of TBD patients. For example, my findings raise questions about 

the safety of administering compounds which inhibit dNTP synthesis to patients with TBDs, 

including immunosuppressive agents such as methotrexate and antineoplastic agents such as 5FU, 

as these compounds may inhibit telomerase activity could accelerate disease progression. 

Furthermore, it would be interesting to examine whether inherited mutations in other dNTP 

metabolism genes including DCK, TK1, DTYMK, DCTD, DCTPP1, DUT, RRM1, and RRM2 could 

cause TBDs as well. Of note, two families with mutations in DUT, the gene which converts dUTP 

to dUMP and thereby promotes dTTP synthesis262, have been identified as presenting with skin 

abnormalities similar to those seen in DC patients as well as bone marrow failure and diabetes32,95. 

My model raises the hypothesis that impaired dTTP production in patients with DUT deficiency 

could lead to reduced telomerase activity, potentially contributing to the overlapping 

manifestations between these patients and DC patients. Furthermore, as somatic variants predicted 



 151 

to increase telomerase activity are recurrently found in the blood of TBD patients154, it may be of 

interest to examine TBD patients for somatic mutations in genes which negatively regulate 

telomere length via restricting dNTP pools, for example the dNTPase encoding gene SAMHD1. 

 

Therapeutic prospects to promote telomerase activity via dNTP metabolism to treat the 

TBDs 

Therapeutic manipulation of nucleotide metabolism has been used for decades to treat conditions 

ranging from gout, to inborn errors of metabolism, to autoimmune disease, to cancer. These 

therapies include supplementation with native metabolites as well as nucleoside analogs, and other 

small molecules96,97,191,263. The prospect of manipulating dNTP metabolism to therapeutically 

control telomerase activity is an exciting avenue of further research opened by my investigations. 

Here, I will discuss promising therapeutic opportunities guided by my findings: 

Thymidine (dT): I found that supplementation with dT led to telomerase activation and 

telomere lengthening in several human cell lines, including cells derived from TBD patients. dT 

has been investigated therapeutically in humans, initially in the 1970s for the treatment of 

cancer264, and later for the treatment patients with mitochondrial DNA depletion caused by 

inherited mutations in TK2, which encodes the mitochondrial thymidine kinase265. A mouse model 

of TK2 deficiency developed by Michio Hirano and colleagues was found to recapitulate many 

disease features, and became a useful model to study strategies for the treatment of TK2 deficient 

patients266. TK2 salvages dT and deoxycytidine (dC) in the mitochondria to form dTMP and dCMP. 

Hirano and colleagues therefore tested supplementing dTMP plus dCMP in their mouse model and 

found increased mitochondrial DNA levels and prolonged lifespan267. The authors also found that 

dTMP and dCMP are rapidly dephosphorylated following supplementation and noted that that dT 
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and dC were likely the bioavailable compounds. Further investigation has shown that dT plus dC 

supplementation268, or dT supplementation alone leads to similar benefits in the TK2-mutant 

mouse model269. Based on these promising findings, oral dTMP and dCMP began to be 

administered through compassionate use to TK2-deficient mitochondrial DNA depletion syndrome 

patients in Spain and the United States in 2011. Later, patients were transferred to treatment with 

dT plus dC270 based on the aforementioned preclinical findings. Clinical studies are ongoing, 

however a retrospective study found that dT plus dC (and dTMP plus dCMP) was highly effective, 

with remarkable increases in motor function and lifespan, and with tolerable side effects97. 

Collectively, these data indicate that dT can be effectively administered orally and reach bioactive 

doses in circulation, with acceptable safety profiles in patients including children. Based on these 

results as well as my findings demonstrating that dT supplementation increases telomere length in 

human cells, including TBD patient cells, an investigation of dT supplementation as an oral therapy 

for TBD patients may be of significant interest. 

dT can be catabolized by TYMP to form thymine and the associated sugar. Inherited defects 

in TYMP lead to Mitochondrial neurogastrointestinal encephalomyopathy (MNGIE)271, a disease 

characterized by gastrointestinal dysmotility and motor dysfunction. In MNGIE patients, the 

impaired degradation of dT by TYMP causes ~50 fold increases in circulating levels of dT, which 

can reach up to ~10 micromolar in the plasma272. Elevated dT causes cellular dTTP accumulation 

that, via allosteric action on RNR, leads to reduced dCTP levels. This reduction in dCTP levels is 

thought to drive inefficient mitochondrial DNA replication and subsequent mitochondrial DNA 

depletion273. Based on this disease mechanism, it is conceivable that supplemental dT could have 

deleterious effects on mitochondrial function. While oral dT appears to be beneficial for 

mitochondrial function in the setting of inherited TK2 deficiency, these patients may be somewhat 
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protected from a potential dT-mediated mitochondrial depletion due to the underlying 

dysregulation of their mitochondrial dNTP pools. Additionally, given these patients are treated 

with a combination of dT plus dC, dC salvage may also protect against mitochondrial DNA loss 

via dCTP pool depletion. The combination of dT and dC could therefore be considered in a trial 

for TBD patients. Additionally, the apparent negative effects of elevated dT levels on 

mitochondrial function seen in MNGIE patients may be mitigated in patients with functional 

TYMP, as would be expected in TBD patients. Going forward, given the association between 

deficiency in TYMP, elevated dT levels, and mitochondrial depletion, it could be valuable to 

monitor mitochondrial function in a trial using oral dT for TBD patients. Telomere length testing 

in patients being treated with dT plus dC for TK2 deficiency could provide information relevant 

to the design of a trial for dT in TBDs. While dT supplementation appears to be a promising 

approach, there are several drawbacks to using this nucleoside therapeutically, including its poor 

bioavailability and short half-life. Additionally, our data indicate that telomere lengthening from 

dT treatment requires that cells express both telomerase and TK1. The co-expression of telomerase 

and TK1 in TBD relevant cells such as hematopoietic stem cells will therefore be of interest for 

further study. 

As discussed above, the upregulation of dNTP synthesis has been implicated in the 

pathogenesis of infections with DNA viruses, retroviruses, and endogenous retroelements. Unlike 

these pathogenic forms of DNA synthesis, telomerase does not require a full repertoire of dNTP 

substrates for its activity, as dCTP is not encoded in the telomerase RNA template. Thanks to the 

intricate allosteric regulation of RNR (Figure 4-2a)78,82,216, thymidine metabolism is, in a sense, 

complementary to the substrate requirements of telomerase: dTTP accumulation drives dGTP 

synthesis which in turn drives dATP synthesis while depleting dCTP synthesis. Therefore, I 
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hypothesize that thymidine metabolism offers a means to increase telomerase activity 

independently from the activity of DNA viruses and pathogenic retroelements (Figure 4-2b). In 

illustration of this phenomena, I have shown that dT supplementation drives robust telomerase 

activation and telomere lengthening in human cells, whereas supplementation of dT to human cells 

has been shown to inhibit HIV proliferation192 as well as proliferation of the LINE1 

retroelement274. These divergent effects of dT treatment on telomerase activity and pathogenic 

DNA synthesis suggest that dT supplementation may offer wider or unique therapeutic window 

compared with approaches to upregulate all four canonical dNTPs, as would occur in the setting 

of SAMHD1 inhibition for example, as discussed below. 
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Figure 4-2. Unique activation of telomerase from thymidine supplementation driven by 

RNR allosteric regulation. A. Schematic of how thymidine (dT) supplementation influences 

dNTP levels via allosteric regulation of RNR. dT can be efficiently salvaged by cellular kinases 

to generate high dTTP levels. Allosteric binding of dTTP to RNR promotes reduction of GDP to 

form dGDP and while inhibiting the reduction of the pyrimidines CDP and UDP. Allosteric 

binding of dGTP promotes ADP reduction by RNR. B. Schematic of the net effect of dT 

supplementation on dNTP pools and the anticipated effects on telomerase and other DNA 

synthesizing enzymes. Telomerase synthesizes 5’-GGTTAG-3’ repeats, thus is activated by dT 

supplementation, while other pathogenic DNA synthesizing elements are inhibited via dCTP 

depletion. 
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Figure 4-2. (Continued) 
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PNP inhibitors: I found that treatment with dG plus the PNP inhibitor ulodesine led to 

telomere lengthening in human cells including TBD patient fibroblast cells. PNP inhibitor 

treatment has been show to increase circulating dG levels as well as cellular dGTP levels in clinical 

studies, and therefore may increase telomerase activity and promote telomere lengthening as a 

single agent221. However, dGTP elevations from PNP inhibition are dependent on cellular DCK 

and SAMHD1 levels, and therefore may be cell type restricted218. While PNP inhibitors appear 

well tolerated225, in some cell types PNP inhibition can lead to toxicity, potentially due to highly 

increased dGTP levels275. This phenomena has been proposed to explain the T-cell deficiency 

observed in patients with germline PNP deficiency218.  

SAMHD1 inhibition: I found that SAMHD1 inhibition led to rapid telomere lengthening 

in multiple cell lines including TBD patient derived iPSCs, a finding in line with a recent report 

from another group205. The development of small molecule SAMHD1 inhibitors is being actively 

pursued276, which could offer a promising approach for systemic treatment for TBD patients. 

SAMHD1 has been ascribed roles in addition to limiting dNTP pools, including contributing to 

homologous recombination and resolving replication stress176,177. Selective inhibition of the 

dNTPase activity of SAMHD1 using a small molecule-based approach could therefore limit off 

target effects compared with protein depletion. As discussed above, the elevation of all four dNTPs 

following SAMHD1 inhibition may increase endogenous retroelement proliferation and trigger 

excess interferon signaling, as has been hypothesized to occur in SAMHD1 deficient AGS 

patients92,258. Reverse transcriptase inhibitors have shown promise in AGS patients, including 

patients with SAMHD1 mutations260, and could therefore be considered in combination with 

SAMHD1 inhibition, provided they do not have inhibitory activity against the telomerase reverse 

transcriptase.  
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Dm-dNK expression: I found that ectopic expression of Dm-dNK drove dramatic increases 

in telomere length in human cells including fibroblasts from TBD patients. Overexpression of Dm-

dNK has been previously considered in the treatment of TK2-related mitochondrial depletion 

disorder, where in a TK2 deficient mouse model, germline Dm-dNK overexpression improved 

lifespan, increased dTTP pools, rescued mitochondrial depletion, and had no apparent effects on 

nuclear genome integrity277,278. Engineered expression of Dm-dNK could be considered in the 

setting of autologous hematopoietic cell transplant in TBD patients, and could perhaps be delivered 

simultaneously with genome editing enzymes aimed at correcting the TBD causing mutation in 

the patients’ cells. 

 

An evolutionary perspective on the relationship between telomeres, telomerase, and dNTP 

metabolism 

Telomere length is tightly distributed in the population and is associated with diseases at either 

extreme33,114,116,121,157. I have shown that telomere length homeostasis is highly sensitive to changes 

in cellular dNTP metabolism: alterations leading to higher dNTP levels cause telomere 

lengthening, while impairment of dNTP synthesis causes telomere shortening. Elevated dNTP 

pools have been linked with numerous diseases including viral infections, autoinflammatory 

diseases, and cancer. I propose that competing selective pressures to restrict dNTP pools provides 

a potential mechanism by which population telomere length may deviate from its evolutionary 

optimum. 

Host-virus conflicts have been shown to drive strong and rapid evolutionary selection both 

on virus genes and host genes279,280. One example of this phenomena involves the dNTPase 

SAMHD1. SAMHD1 was identified as a lentiviral restriction factor, and subsequently was 
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demonstrated to restrict the propagation of several DNA viruses and retroviruses by depleting 

dNTP pools available for genome replication92,94. Several primate lentiviruses encode the 

accessory proteins Vpx and Vpr which target SAMHD1 for proteasomal degradation, 

demonstrating the critical importance of SAMHD1 in restricting lentiviral infections. Examination 

of the evolution of lentiviruses and the species they infect has revealed an evolutionary arms race 

between host SAMHD1 and viral Vpx/Vpr, with strong positive selection on the SAMHD1 

residues which bind to Vpx/Vpr281–283. In addition to restricting exogenous retroviruses, SAMHD1 

has also been shown to limit the propagation of endogenous retroelements, including LINE1284. 

LINE1 has generated approximately one third of the human genome285, has been shown to drive 

rapid evolution in hosts genes279, and remains an active cause of human disease285,286. Inherited 

mutations in SAMHD1 can cause the Aicardi-Goutières syndrome (AGS), a severe inflammatory 

disorder254. In SAMHD1 mutant AGS patients, elevated dNTP pools have been proposed to enable 

increased activity of retroelements, leading to elevated levels of cytosolic polynucleotides and 

chronic interferon signaling92,258. In support of the notion that elevated retroelement activity plays 

a role in AGS pathogenesis, nucleoside reverse transcriptase inhibitors have shown promise in 

clinical trials for the treatment of AGS, including in SAMHD1 deficient patients260. SAMHD1 has 

also been implicated in the restriction of DNA viruses, and some of these viruses have been found 

to actively counteract SAMHD1, for example in the case of the EBV protein BGLF4 which has 

been shown to inactivate SAMHD1253. Furthermore, DNA viruses commonly carry dNTP 

synthesizing genes including thymidine kinases and ribonucleotide reductases287,288. Collectively, 

these data suggest that dNTP pools are under strong negative selective pressure to limit 

proliferation of DNA synthesizing viruses and endogenous retroelements. 



 160 

Given my data demonstrating that telomerase activity is highly sensitive to changes in 

dNTP metabolism, including being negatively regulated by the dNTPase activity of SAMHD1, I 

propose that evolutionary pressures to restrict dNTP pools offer a possible mechanism by which 

telomere length in the population may deviate from its evolutionary optimum (Figure 4-3). By 

driving selection for individuals with low dNTP pools, DNA viruses or retroelements could 

simultaneously select for shorter telomere length in the population leading to higher rates of TBDs. 

Telomere synthesis is highest in the germline and during development. Therefore, viruses which 

cause congenital infections as well as endogenous retroelements may be particularly relevant for 

applying selective pressures on dNTP pools that could influence telomere length.  
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Figure 4-3 

 

 

 

  

 

 

Figure 4-3. A model for how competing evolutionary pressures on dNTP pools could reduce 

telomere length in the population.  
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In addition to evolutionary pressures on dNTP pools driving changes in telomere 

homeostasis, the need to maintain telomerase activity could also influence dNTP pool homeostasis.  

I found that telomerase activity in human cells is highly sensitive to dNTP metabolism 

perturbations, and germline mutations in the rate limiting de novo thymidine synthesis gene TYMS 

have recently been associated with TBD dyskeratosis congenita32. Together, these findings suggest 

that the need to maintain telomere synthesis by telomerase may place a lower bound on tolerable 

dNTP pools. This lower bound may be enabling the continued proliferation of DNA viruses and 

pathogenic retroelements in the population. 

Telomerase has been hypothesized to have emerged from a retroviral element23, and is 

related to reverse transcriptases from group II introns289,290. The tension between promoting 

telomerase activity and restricting pathogenic retroelement proliferation may have been most 

intense early on in the specialization of telomerase, before this enzyme had the opportunity to 

significantly diverge from its pathogenic retroelement ancestors. One outstanding question about 

the origin of telomeres remains: why is the ancestral telomeric repeat TTAGGG24? The highly 

conserved allosteric regulation of RNR82 may offer an answer to this question: elevated dTTP 

levels stimulate dGTP production, and dATP production while inhibiting dCTP production (Figure 

4-2a). Therefore, the emergence of a telomerase encoding only T’s, A’s, and G’s may have provided 

an evolutionary advantage by allowing cells to upregulate thymidine synthesis to increase 

telomerase activity while restricting other retroelements which need the full complement of dNTPs 

for their proliferation (Figure 4-2b). Future investigations into the co-evolution of dNTP 

metabolizing genes, human DNA viruses and pathogenic retroelements, and telomerase may reveal 

an ongoing evolutionary battle over dNTP pool homeostasis.  
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Concluding Statement 

Human telomere length is tightly regulated and associated with severe diseases. In this thesis, I 

have identified dNTP metabolism as a critical and previously unappreciated pathway controlling 

human telomere length. I rigorously demonstrate that telomere length changes from dNTP 

manipulations are mediated by alterations in the specific activity of telomerase. I propose that 

dNTP substrate-level regulation of telomerase activity underlies this connection, offering 

mechanistic insight into the recent association of human genetic variation in dNTP metabolism 

genes with telomere length and telomere related disease. By uncovering dNTP metabolism as a 

critical pathway for telomere length control, I identified small molecule and genetic approaches to 

lengthen telomeres in human cells, including in cells from patients with TBDs, opening new paths 

forward towards identifying treatments for these lethal diseases. Given its unique substrate 

requirements and enzymatic mechanism, I propose telomerase is uniquely sensitive to changes in 

dNTP pools amongst the nuclear DNA synthesis machines, and hypothesize that the need to 

maintain telomerase activity may place a lower bound on tolerable dNTP levels. Nuclear dNTP 

pool homeostasis is under competing selective pressures including the need to restrict the 

proliferation of pathogenetic reverse transcriptases, and I propose that these pressures have likely 

impacted telomere length homeostasis throughout evolution. Harnessing the unique substrate 

requirements for 5’-GGTTAG’-3 repeat synthesis by telomerase may enable a window to augment 

telomerase activity while limiting the activity of pathogenic retroelements. The regulation of 

telomerase activity by nucleotide metabolism offers a new paradigm for telomere length control 

and could shed light on the origin and evolution of telomerase. 
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Figure S1. Telomere length CRISPR/Cas9 screening using flow-FISH. a-c. Histogram of GFP 

fluorescence from (a) K562 cells; (b) K562 cells transduced with the pXPR-011 vector which 

expresses EGFP and a gRNA targeting EGFP; (c) K562 cells expressing Cas9 and transduced with 

the pXPR-011 vector, 13 days post transduction. Presence of GFP-negative cells in (c) indicates 

functional Cas9 nuclease activity. d-g. Representative gating strategy for flow-FISH telomere 

length screening. Data from nucleotide metabolism library infected K562 cells, replicate 1. Cells 

are gated to enrich for single cells (e,f), and gated on low DAPI fluorescence to enrich for cells 

with 2N genome copy number and aid in identifying gRNAs which promote telomere elongation 

independent from changes in total DNA content (g) followed by gating on high and low TelC-

Alexa 647 probe fluorescence populations. Gates adjusted to maintain approximately 5% of cells 

throughout the duration of the sort. h,i. gRNA enrichment in high (h) and low (i) telomere 

fluorescence populations compared to unsorted populations from K562 cells expressing Cas9 

which were cultured for 49 days followed by flow-FISH sorting of the 5% of cells with the highest 

and lowest telomere population in two replicates performed on consecutive days. Enrichment score 

calculated using the MAGeCK RRA software. Known telomere length regulating genes indicated 

with orange dots, other genes indicated are involved in nucleotide metabolism. j. KEGG pathway 

enrichment analysis performed on the genes with gRNAs enriched in the sorted short telomere 

population (i), analysis performed using the MAGeCKFlute software package (see Methods). Plot 

includes top enriched KEGG terms, plotting -log10 adjusted P value, which includes q-value 

estimation for false discovery rate control, dot size indicates number of genes identified in that 

pathway out of the short telomere enriched genes. 
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Figure S1. (Continued) 
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Figure S2. Characterization of TERC-null 293T cells. a. Schematic of TERC genotypes in 

TERC-null 293T cells generated by genome-editing, including a deletion of the essential box H 

domain on one allele, and an 821 bp TERC locus deletion which encompasses 74 bp from the 3’ 

end of TERC on the other allele. b. Ethidium bromide stained agarose gel of PCR of 293T or 293T 

TERC-null genomic DNA using primers flanking the deletions indicated in a. c. Sanger sequencing 

of gel-purified PCR products from the (1) higher molecular weight bands in b, indicating that the 

non-deleted allele lacks the box H domain, and (2) the ∆821 bp deleted band from b, with trace 

file showing the deletion junction in a genomic context. d. RT-qPCR of TERC expression relative 

to GAPDH in wildtype 293T and TERC-null 293T cells, performed in technical triplicate, P value 

calculated by unpaired t test. Data are shown are means and error bars indicate standard deviation. 

e. Telomerase activity measured via the TRAP assay, performed on 5-fold serial dilutions of 

lysates. HI indicates heat inactivated lysate. IC indicates the internal control product. f. TRF of 

wildtype and TERC-null 293T cells. Days of culture were recorded beginning approximately two 

months after gene editing. Telomere length gradually declines with passage until cells universally 

senesce. g. Quantification of f, line fit using simple linear regression. Data presented in this Figure 

are the results of single experiments unless otherwise indicated. 
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Figure S2. (Continued) 
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Figure S3. dT nucleotide metabolism perturbations and their effects on telomere length and 

polar metabolite homeostasis. a. TRF of 293T cells treated with the indicated dose of dT for 10 

days. The 0µM dT lane is the same image as the rightmost lane in Fig. 2-2f. Manufacturer 2 = 

Santa Cruz Biotechnology; manufacturer 3 = MP Biomedicals. b,c. Genomic DNA from 293T or 

K562 cells manipulated with the indicated sgRNA(s) followed by dT treatment was PCR amplified 

using primers specific to the TK1 (a) or TK2 (b) genomic loci. Amplicons were separated by 

agarose gel electrophoresis, demonstrating the three pooled gRNAs targeting either TK1 or TK2 

generated on-target genomic deletions. First lane is a molecular weight marker. PCR products were 

Sanger sequenced and editing efficiency was quantified using the Synthego ICE algorithm (shown 

as “Knockout Score”). The model fit of the ICE quantification is also displayed. Genomic DNA 

used in this figure was the same as the DNA used to generate Fig. 2-3b-e. d. Quantification of Fig. 

2-3b,d, n=3 biological replicates for each cell line, P values calculated using paired two sided t 

test. e. Polar metabolite profiling by liquid chromatography mass spectrometry of 293T cells 

treated with or without 100µM dT for 24 hours, performed in biological triplicate, P value 

calculated by unpaired two-sided student’s t test of average signal intensity in treatment vs control 

samples, nucleotide and nucleoside species detected in all samples displayed. Note: dGTP not 

detected. f. TRF of 293T cells treated with the indicated compound for 10 days. dU= deoxyuridine. 

g. Detection of CRISPR/Cas9 editing of TYMS locus using TYMS specific primers, performed as 

in b-c. Genomic DNA used was the same as the DNA used to generate data in figures Fig. 2-3 g-

j. Data in d and e are shown as means, and error bars indicate standard deviation. 
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Figure S3. (Continued) 
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Figure S4. Manipulation of SAMHD1 levels by CRISPR/Cas9, shRNA, and lentiviral 

expression. a. Immunoblot of 293T and K562 cells electroporated with Cas9 and the indicated 

gRNA(s) using primary antibodies against SAMHD1 or β-Actin, corresponding to cell lines 

evaluated in Figure 2-4b. b. Immunoblot of K562 cells transduced with vectors expressing the 

indicated shRNA, corresponding to cell lines evaluated in Figure 2-4c. c. qRT-PCR of SAMHD1 

expression compared to β-Actin, performed in technical triplicate. Means of the replicates are 

shown. d. Immunoblot of 293T cells transduced with vectors expressing the indicated shRNA. e. 

TRF of indicated cell lines transduced with the indicated shRNA and cultured for 15 days, and 

quantification of the TRF using the WALTER webtool. The boxplot displays the 75th, 50th and 

25th percentile molecular weight of the telomere signal distribution in the TRF blot. f. Immunoblot 

of 293T cells transduced with vectors to overexpress either EGFP or the indicated SAMHD1 

variant and treated with the indicated dose of dT, corresponding to cell lines evaluated in Figure 

2-4i-j. Data presented in this Figure are the results of single experiments unless otherwise stated. 

 

 

  



 203 

Figure S4. (Continued) 
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Figure S5. 

 

Figure S5. Cell cycle assessment of cells treated with dT a-d. DAPI staining of 293T (a,b) and 

K562 (c,d) cells treated with the indicated of dose of dT for 7 or 8 days respectively, measured by 

flow-cytometry, plotted as histograms of DAPI intensity, displaying representative samples from 

each treatment arm (a,c), and the percentage of cells in different stages of the cell cycle (b,d) gated 

based on the lines drawn on the histogram, gates determined based on untreated samples, n=2 

biological replicates for 293T cells treated with 200µM dT and n=3 biological replicates for all 

other conditions, data presented are means, error bars indicate standard deviation. 
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Figure S6. Evaluation of telomere length and cell cycle progression changes from treatment 

with dT, aphidicolin, 5FU, or hydroxyurea. a. TRF Southern blot of 293T cells treated with the 

indicated doses of aphidicolin and hydroxyurea for 10 days. b. TRF Southern blot of 293T TERC-

null cells transfected with TERT in addition to the indicated vector, cultured for 18 hours, then 

treated with the indicated dose of dT for 30 hours. c. TRF Southern blot of 293T TERC-null cells 

transfected with TERT in addition to the indicated vector, cultured for 18 hours, then treated with 

the indicated dose of dT for two days. d. TRF Southern blot of 293T TERC-null cells transfected 

with the indicated expression vectors, cultured for 18 hours, then treated with the indicated dose 

of dT for five days. e-h. Cell cycle analysis by DAPI staining and flow cytometry of 293T TERC 

null cells transfected with TERC and TERT expression vectors, cultured for 18 hours, then treated  
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Figure S6. (Continued) 
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Figure S7. T-Free Telomerase is sensitive to dT nucleotide manipulations a. Representative 

modified TRAP assay performed on super- telomerase extracts using the indicated dose of dTTP 

and physiologic levels of dATP, dCTP and dGTP (See Methods). b. Quantification of a, n=2 

biological replicates. c. GGAAAG TRAP assay performed on lysates from 293T TERC-null cells 

overexpressing T-free super-telomerase demonstrates linearity between cell input amount and 

telomerase signal. Fivefold serial dilutions performed. HI, heat inactivated. d. Quantification of 

lanes 1-3 from c. e. Representative modified GGAAAG TRAP assay performed on super 

telomerase extracts generated using the indicated TERC vector. Assay performed with the 

indicated dose of dTTP and physiologic levels of dATP, dCTP and dGTP (see Methods), HI, heat 

inactivated. f. Quantification of e, using two-sided unpaired student’s t test, n=3 biological 

replicates. g. Representative modified GGAAAG TRAP assay performed on T-free super-

telomerase extracts supplemented with the indicated dose of dTTP and physiologic levels of dATP 

and dGTP. h. Quantification of g as in f, n=3 biological replicates. i. Diagram of GGAAAG TRAP 

product sequencing and analysis strategy. Note * indicates T’s encoded by the partially 

complementary reverse primer, preventing analysis of base composition in that portion of the read. 

j. Quantification of base pair composition of representative GGAAAG TRAP products from g with 

0μM or 25μM dTTP, by nanopore sequencing (see Methods). Bits of information calculated using 

Shannon entropy, and plotted using ggseqlogo. k. Quantification of base pair composition of 

GGAAAG TRAP products from g using nanopore sequencing (see Methods). P value calculated 

using two-sided student’s t test. n=3 biological replicates. l. Quantification of Fig. 2-7d, plotting 

the signal in the indicated telomerase product repeat relative to the signal of the corresponding 

repeat in the lane without dTTP added, normalized for loading (see Methods).  
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Figure S7. (Continued) 

 

m. TRF Southern blot of 293T TERC-null cells transfected with TERT in addition to the indicated 

vector, cultured for 18 hours, then treated with the indicated dose of dT for 30 hours, probed with 

a GGTTAG complementary probe. Lanes 1-4 are the same blot shown in Figure S6b. n. Blot from 

m was stripped and re-probed with a probe complementary to the GGAAAG repeat. o. Slot blot 

of DNA from 293T TERC-null cells overexpressing EGFP and TERT, showing linear relationship 

between DNA input and signal, rows are technical triplicates. p. Quantification of o. q. Slot blot 

of DNA from 293T TERC-null cells overexpressing T-free super telomerase, rows are technical 

triplicates. r. Quantification of q. s. Slot blot of DNA from 293T-TERC null cells transfected with 

TERT and TERC, cultured for 18 hours, then treated with dT as indicated for 30 hours. Denatured 

DNA for each sample was split and loaded onto parallel blots which were probed for the indicated 

target. Performed in technical triplicate. t. Quantification of s, P values calculated with one way 

ANOVA using Dunnett’s multiple comparisons test for each probe. For b,d,f,h,k,p,r, and t, the 

mean of the data is presented and error bars indicate s.d., ns = P>0.05. 
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Figure S7. (Continued) 
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Figure S8. T-free telomerase products accumulate extrachromosomally. a. TRF Southern blot 

of 293T TERC-null cells transfected with vectors encoding TERT and T-free TERC, cultured for 

18 hours, then treated with the indicated dose of dT for 30 hours, and probed with a GGAAAG 

complementary probe. DNA was treated with RsaI/HinfI, ExoI, and Mung Bean Nuclease (MBN) 

as indicated and gel purified to enrich for high molecular weight DNA fragments as indicated. b. 

Right from a displayed with higher exposure. c. Image of ethidium bromide signal of 

corresponding agarose gel from a. 
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Figure S8. (Continued) 
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Figure S9. Effects of dT on iPSC cell cycle progression and replication stress signaling. a. Cell 

cycle analysis of wildtype iPSCs cultured in the indicated of dose of dT for 24 hours, measured by 

DAPI staining and flow cytometry, displayed as histograms of DAPI intensity, n=2 biological 

replicates, the mean of the replicates is presented. b. Representative histograms of DAPI signal for 

cells in a. Gates defined based on untreated cells. c. Immunoblot of cells treated as in a, all images 

of the same membrane blotted with the indicated primary antibodies. UV treated cells used as a 

positive control. Blot shows the results from a single experiment. 
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Figure S9. (Continued) 

  



 214 

Figure S10. 

 
Figure S10. Relationship between dT nucleotide metabolism and telomere synthesis. 
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Figure S11. TRACE assay is sensitive to genetic and small molecule perturbations to 

telomerase homeostasis. (A) TRF from (1B) was stripped and re-probed for the C-strand strand, 

showing TRACE can assay for double stranded telomere synthesis. (B) TRF from TRACE assay 

performed as follows: TERC-/- 293T cells were transfected with the indicated expression vectors, 

split and harvested at the indicated timepoints after transfection. (C) TRF from TRACE assay 

performed as follows: TERC-/- 293T cells were transfected with the indicated expression vectors, 

split 18 hrs after transfected and cultured in the indicated doses of BIBR1532 for 30 hours prior 

to harvesting. A representative blot from two independent experiments is shown. (D) 

Quantification of (C). (E) TRF from TRACE assay where TERC-/- 293T cells were transfected 

with expression vectors harboring the indicated point mutations followed by culture for 90 hours. 

A representative blot from two independent experiments is shown. (F) Quantification of (E). 

Statistical significance was determined using paired two-sided t-test. (G) TRF from TRACE 

assay performed as in (E). A representative blot from two independent experiments is shown. (H) 

Quantification of (G) as in (F). (I-K) TRF from TRACE assay where cells were transfected as in 

(B), then split 18 hours after transfection and cultured in the indicated compounds for 30 hours 

prior to harvesting. The data in (D), (F), and (H) are presented as means and error bars indicate 

range. 
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Figure S11. (Continued) 

 
  



 217 

Figure S12. Telomerase inhibition from guanine supplementation. (A) TRF Southern blot of 

TRACE assay from TERC-/- 293T cells transfected with the indicated expression vectors, cultured 

for 18 hours, then split and cultured in the indicated compounds for 30 hours. Doses used: 

forodesine, 1μM; dG, 100μM; guanosine, 500μM; guanine, 500μM. (B-D) TRF Southern blot of 

TRACE assay performed as in (A). (E) Quantification of TRF Southern blot from Fig. 2j. 

Biological replicates per cell line: 293T, n=5; K562, n=3; Fibroblasts + hTERT, n=3. P values 

calculated using paired two-sided t-test. Data are plotted as means and error bars indicate s.d. (F 

and G) Genomic DNA from TERC -/- 293T cells manipulated with the indicated sgRNA(s) was 

PCR amplified with primers specific to the HPRT1, APRT or GDA loci as indicated, showing the 

pools of three sgRNAs targeting either HPRT1, APRT, or GDA generated targeted genomic 

deletions. (H and I) TRF Southern blot from TRACE assay. Performed on TERC-/- 293T targeted 

with the indicated sgRNA(s). Assay performed as in (A) with cells split into media containing the 

indicated doses of guanine. A representative set of blots is shown from two biological replicates. 

(J) Proposed model illustrating how salvaged guanine ribonucleotides could inhibit RNR and 

reduce telomerase activity in a manner which can be rescued by dT. 
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Figure S12. (Continued) 
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Figure S13. DCK and SAMHD1 contribute to telomerase regulation in response to 

manipulation of guanine nucleotide metabolism. (A) Genomic DNA from TERC -/- 293T 

cells manipulated with the indicated sgRNA(s) was PCR amplified with primers specific to the 

DCK locus, showing the three pooled sgRNAs targeting DCK generated on-target genomic 

deletions. (B) TRF Southern blot from TRACE assay of TERC-/- 293T cells targeted with the 

indicated sgRNA(s) which were transfected with the indicated expression vectors, cultured for 

18 hours, then split and cultured in the indicated doses of guanine or guanosine for 30 hours. 

Note DNA was overloaded in the lane which had the SAMHD1 sgRNAs targeted cells treated 

with 20 µM guanine, which accounts for the abnormally high signal intensity. 
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Figure S13. (Continued) 
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