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Abstract of Thesis

Single Cell RNA-seq Analysis of Telomeric Transcripts

Telomeres are repetitive DNA regions located at the termini of eukaryotic
chromosomes. These structures prevent loss of functional genome at every cell division,
as well as protect the chromosome ends from fusion with other chromosomes and from
the inappropriate induction of DNA damage response. Factors critical to the function of
telomeres include the Telomeric- Repeat Containing RNA (TERRA) transcribed from
telomere regions. TERRA has been shown to exhibit cross-regulation with a number of
telomere maintenance factors, including shelterin and telomerase. Additionally, TERRA
is known to modulate telomeric chromatin as well as recruit a number of complexes to
the telomeric DNA. Still, much of TERRA biology remains to be elucidated. In this study
we sought to (1) identify and quantify TERRA expressions at the level of a single cell,
(2) analyze gene-expression patterns associated with TERRA expression, and (3)
investigate distinctions in cell phenotypes based on TERRA expression. To perform these
analyses, we applied existing and newly developed tools on 25 tumor and normal
publicly available single-cell RNA sequencing (scRNA-seq) datasets that profile the
single-cell gene expressions of samples from prostate cancer, cholangiocarcinoma,
neuroblastoma, normal fetal adrenal and normal embryo. Applying our novel method, for
the first time we quantitatively detect TERRA expression at the single cell level, and
show that TERRA-expressing cells exhibit whole-transcriptome profiles distinct from the
rest of the cells in a dataset. This observation was consistent across different cancer and

normal datasets. We show that evaluating TERRA expression at the dimension of a cell



holds great potential for shedding light on TERRA biology.
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Chapter 1: Introduction

1.1 Telomeres Structure and Function

Telomeres are specialized structures located at the end of each chromosome arm
and are highly conserved among all eukaryotes. Mammalian telomeres are composed of
(TTAGGG)n tandem repeats of varying length. Human telomeres range from under 10 to
15 kb at birth [45]. Telomere length, however, is highly heterogeneous, varying between
the tissues of the same individual, cell types, and even between specific chromosomes
[3]. A common feature of all telomeres is their progressive shortening with each cell
division, which makes them an essential biomarker of aging. Once telomeres reach a
critical (short) length they signal cell senescence and activate a number of pathways
including DNA damage response [38]. While short telomeres are associated with age-
related pathologies, normal telomere attrition is important in preventing carcinogenesis

by limiting cell proliferation [13, 4].

Telomeres protect the integrity of the organism’s genome in a number of ways.
First, telomeres evolved to prevent loss of functional DNA at each cell division, which
would otherwise occur due to the end-replication problem [12]. Additionally, telomeres
protect the DNA strands against nucleolytic degradation, chromosomal fusion, and from
the inappropriate induction of the DNA Damage response (DDR) [51, 12]. Many of

these functions are achieved due to the structure of telomeres. Telomeres begin as a



linear G-rich DNA region and terminate in a double loop conformation, termed T-loop
(Telomere Loop) and D-loop (Displacement Loop), where telomeric DNA folds onto
itself followed by the invasion of the 3’ single strand overhang into the double-stranded
telomeric DNA [51] [Figure 1]. This loop structure essentially hides the abrupt ends of
the DNA within itself, thus preventing the DNA repair machinery from recognizing the

ends as the double-stranded break and inducing the inappropriate DDR.

T-Loop

G strand overhang

Figure 1: Telomere structure. G-rich double stranded region terminates in Telomere
Loop; G- rich single-stranded overhang invades the double-stranded region forming
Displacement Loop.

1.2 Telomere biogenesis and maintenance



Telomeres are maintained by several proteins and enzyme complexes. Primary
factors involved in telomere biogenesis and maintenance are telomerase and shelterin
complexes. Also important but more obscure is the impact of the Telomere Repeat-
Containing RNA (TERRA). This long non-coding RNA, discovered in 2007 by Azzalin
et al. originates from telomeric and sub-telomeric regions, which were previously thought
to be transcriptionally silent, and is closely associated with normal and pathological

telomere function.

1.2.1 Telomerase

Telomerase is an enzyme complex responsible for synthesizing telomeric DNA.
In humans it consists of six main subunits: telomerase reverse transcriptase (TERT),
telomerase RNA component (TERC), Dyskerin (DKC1), nucleolar protein 10 (NOP10),
nonhistone protein 2 (NHP2) and the glycine—arginine-rich protein 1 (GAR1) [51, 21].
Each of these components is critical to proper function of telomerase. TERC is used as
the template for addition of each TTAGGG repeat by reverse transcriptase action of
TERT; the remaining components are thought to stabilize and protect TERC [51, 20, 22].
Mutations in the genes coding for telomerase subunits were shown to be heavily

implicated in the telomere-associated disorders [51, 22].

Telomerase activity compensates for loss of telomeric DNA at each replication.

However, while this activity is ubiquitous in early development it progressively



decreases to very low or non-existent levels with biological aging [56]. Exceptions to this
are tissues with high renewal rates such as epithelial, bone marrow, adult germ cells,
regenerating tissues, as well as cancer cells where telomerase reactivation leads to

uncontrolled proliferation [56, 51, 21].
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Figure 2: Human telomerase enzyme complex. Telomerase reverse transcriptase (TERT)
uses C- rich telomerase RNA component (TERC) as a template to synthesize telomeres
by adding TTAGGG tandem repeats. Dyskerin (DKC1), nucleolar protein 10 (NOP10),

nonhistone protein 2 (NHP2) and the glycine—arginine-rich protein 1 (GAR1) are
essential for telomerase biogenesis and stabilization.

1.2.2 Shelterin

Shelterin is another complex imperative to telomere biology. It consists of six

major subunits: Telomeric repeat-binding factor 1 and 2 (TRF1 and TRF2), TRF1 -



interacting nuclear protein 2 (TIN-2), Protection of telomeres 1 (POT1), Repressor and
Activator Protein 1 (Rap-1) and TPP1 [Figure 3] [12]. Several copies of the shelterin are
bound to telomeres at any time and are responsible for stabilizing and protecting the
telomere structure. Notably, shelterin plays a crucial role in the telomere replication — its
proper function prevents replication fork stalling, which is a frequent event at telomeres
due to the repetitive nature of their sequence and their propensity to form secondary
structures [12, 7, 49]. Deficiency in any of the shelterin subunits carries the potential to

impair its function and lead to dysfunctional telomeres.

TPP1 and POT1 are bound to the telomeric single strand (ss) overhang, TRF1 and
TRF?2 are bound to the double stranded (ds) region with RAP1 interacting with TRF2,
while TIN2 connects the TRF1 and TRF2 to TPP/POT1. TRF2 is responsible for the
prevention of the DNA damage response activation and T-loop formation thus being
critical to the end-protection and chromosomal stability [24, 33]. Similarly, POT1 was
shown to play an important role in inhibition of ATR kinase contributing to the protection
of telomeres from DDR [29]. Conflicting opinions have been published on the primary
role of RAP1 in shelterin, but some suggested that it contributes to the protective function
of TRF2 [43]. TRF1 is reported to be a crucial factor in facilitating telomere replication,
primarily by assisting in helicase unwinding and preventing formation of replication-
impeding structures [28, 12]. TIN2 acts as a bridge connecting the ds- binding subunit of
shelterin to the ss-binding subunit, thus stabilizing the complex. Further research will
help understand the role of TIN 2 in the function of shelterin, but existing studies showed

that its depletion leads to dysfunction of the



remaining components of shelterin [19, 43].

Figure 3: Human shelterin enzyme complex contains 6 subunits: Telomeric repeat-
binding factor 1 and 2 (TRF1 and TRF2), TRF1 -interacting nuclear protein 2 (TIN-2),
Protection of telomeres 1 (POT1), Repressor and Activator Protein 1 (Rap-1) and TPP1.
Sheltering protects and stabilizes telomere structures.

1.2.3 TERRA

TERRA molecules are highly heterogeneous in length and sequence making it a
complex target for investigation. Nevertheless, extensive research in recent years shed
light on aspects of TERRA biology highlighting its role in telomere homeostasis, gene

regulation, and pathogenesis.



1.2.3.1 TERRA transcription and expression

TERRA is transcribed by RNA Polymerase II beginning in the region
immediately adjacent to telomeres (subtelomeric region) and continuing in the 3’
direction toward the end of the chromosome arm [50, 2]. RNA Pol II uses the C-rich
strand of the telomeric DNA as the template strand, thus the TERRA sequence is
expected to contain the subtelomeric sequences followed by the canonical telomeric
sequences TTAGGG (UUAGGQG) at the 3’ end.

Transcription originates in the CpG islands within subtelomeric regions - the
putative TERRA promoters identified by a number of research groups [6, 2]. Whether all
chromosomes produce TERRA transcripts is debated. Presence of a number of potential
promoters as well as the absence of stop codons in the telomeres contributes to highly
heterogeneous length of TERRA molecules. What signals the end of TERRA
transcription is currently unclear. A number of studies reported that TERRA length can

be as short as 100 nucleotides [6].

Human TERRA can be either 3° polyadenylated or 5’ 7-methylguanosine capped,
with polyadenylated species being less frequent (about 7% of all TERRA) and having
longer half-life (8hrs) [6]. The polyadenylation status of TERRA also impacts whether it

is localized to the cytosol or nucleus [41].

Factors regulating TERRA expression are numerous and include cell cycle,
cellular processes (like oxidative stress and the DNA damage response), proteins

responsible for telomere maintenance and other gene products (like heat shock factorl



and p53).

subtelomere telomere

Figure 4: Telomere repeat-containing RNA is transcribed by RNA Polymerase 11
beginning in the subtelomere region and terminating along the telomere tract.

1.2.3.2 TERRA and chromatin

IncRNAs are prolific chromatin modulators. A number of studies provided
evidence that TERRA recruits chromatin-modulating proteins and alters chromatin state
in telomeric and extra-telomeric DNA, ultimately affecting gene expression and signaling
pathways [14]. One chromatin modulator, ATRX, has been shown to interact with
TERRA, where it interferes with ATRX-driven chromatin modulation at telomeres [10].
Notably, ATRX mutations are highly associated with TERRA expression and this

association is implicated in a number of cancers [10].



Another impactful result of TERRA-chromatin interaction is the formation of R-
loops. These structures are implicated in a number of processes including telomeric DNA

replication and homologous recombination at telomeres [6].

In summary, TERRA alone and in association with other chromatin modulators is

capable of regulating hundreds of genes across the genome.

1.2.3.3 TERRA and shelterin

TERRA is directly involved in maintaining telomere homeostasis by interacting
with telomere maintenance factors. Shelterin complex assembly is dependent on TERRA
localization to the telomeres. Specifically, TERRA was shown to interact with the TRF1
and TRF2 subunits of shelterin [5, 41]. Consistent with this observation other studies
found that TRF2 depletion is associated with higher levels of TERRA [41].

Given the critical function of TRF2 in proper shelterin function, and thus telomere
protection, we can suspect that TRF2-TERRA interaction is implicated in many telomere

pathologies.

1.2.3.4 TERRA and telomerase

While a number of studies have revealed interactions between TERRA and

telomerase, the underlying mechanisms of these interactions remain to be explored.



One possibility for the TERRA-telomerase association is the complementary sequence of
the 3’ end of TERRA and the telomerase RNA template complex hTERC (UUAGGG),
which may manifest as the TERRA- TERC competition for telomerase binding. This
suggestion can be supported by previously found association between increased TERRA

expression and inhibition of telomerase activity [2].

1.3 Telomere dysfunction

Telomere dysfunction is implicated in a large number of disorders including
aplastic anemia, pulmonary fibrosis, dyskeratosis congenita, as well as in a variety of
cancers [45]. While many genes and gene products impact telomere biology, telomerase,

shelterin and TERRA have been the focus of research in the field of telomere disorders.

Repetitive sequence and the tendency to form secondary structures make
telomeres hotspots for replication stress often manifesting as collapsed replication forks
and double- stranded breaks. Interestingly, TERRA was found to contribute to such
events when it forms R- loops in telomeric and subtelomeric chromatin thus impairing
replication fork progression [53, 46, 17]. Nevertheless, TERRA plays an important role in
telomere protection and deficiencies in TERRA function lead to damage-prone telomeres.
For example, TERRA is known to regulate many genes integral to telomere maintenance;
additionally, TERRA is directly involved in telomere capping [10, 36]. Consistent with

this knowledge, a number of studies found that TERRA depletion lead

10



increased telomere damage [5, 6].

As mentioned previously, human telomerase expression falls to low or
undetectable levels in most somatic tissues. Without telomerase to compensate for the
loss of terminal nucleotides at each cell division, telomere attrition eventually leads to
critically short telomeres and the onset of cellular senescence. Cancer cells, however,
overcome this event by reactivating telomerase. Over 80% of all cancers sustain

uncontrolled proliferation by maintaining telomere length via telomerase.

Remaining fraction of all cancers overcome senescence by initiating an alternative
pathway of telomere lengthening termed ALT. ALT is a break-induced homologous
recombination-based mechanism initiated in 10-15% of all cancers. ALT pathway
remains poorly understood but a number of studies found features strongly associated
with it. The primary hallmark of ALT cancers is the loss-of-function mutations in
ATRX/DAXX genes along with upregulated expression of TERRA. Interestingly,

presence of ALT mechanism indicates different prognosis based on the cancer type [32].

To conclude, telomere biology disorders stem from deficiencies in many telomere
maintenance factors leading to telomeres which are too short, prone to damage, or are

subjected to improper lengthening.

11



1.4 Scope and aims of the study

In this study we sought to explore the context of TERRA expression at the
dimension of a single cell. There are two main aspects to our inquiry. First we wanted to
identify general features (such as cell type and phenotype) associated with TERRA
expression. The second aspect is focused on the links between TERRA expression and
telomere maintenance factors.

Aware of TERRA’s roles in telomere function, we wanted to see whether TERRA
expression is associated with the deregulation of or mutations in telomere maintenance
genes. To accomplish these goals we asked following questions:

1. Can we detect TERRA transcripts at cell level and quantify the expression levels
by condition, tissue and cell type?

2. Can we identify TERR A-specific cell phenotypes?

3. Can we detect cell-level expressed single-nucleotide variants (sceSNVs) in
telomere- associated genes?

4. Does correlation exist between presence of sceSNVs in telomere- associated
genes and TERRA expression? Does correlation exist between deregulation of telomere-

associated genes and TERRA expression?

The overall aims of this work were to:

1. Develop method to assess cell-level TERRA expression and identify cells

expressing TERRA

12



2. Identify cell phenotype differences associated with TERRA expression

3. Assess presence of expressed telomere-associated sScSNV

13



Chapter 2: Materials and methods

To our knowledge no previous work attempted to identify TERRA transcripts and
explore associated features at the level of a single cell. We believe this approach can add
valuable information to the existing knowledge on TERRA and telomere biology.

The main strength of this approach stems from the ability to examine TERRA expression
in the context of cellular features yielding a deeper understanding of links between

TERRA expression and cellular processes [Figure 5].

genes and processes

TERRA s
VavAl
- SCRNA seq, differential expression
Pave
)
putative O
TERRA expression + cell phenotype =  associations with

Figure 5: Single cell RNA sequencing approach will lend a deeper understanding of
links between TERRA expression, telomere function, and cellular processes.

2.1 Datasets

We analyzed 25 publicly available tumor and normal scRNA-seq datasets: prostate
cancer, cholangiocarcinoma, neuroblastoma, normal fetal adrenal and normal embryo.
These datasets were generated using the 10XGenomics Chromium 3’-UTR workflow.
Raw sequencing reads were pre-processed using standard protocols for filtering low-

quality reads, trimming adapter sequences, and filtering of unwanted reads.

14



2.2 sceSNV discovery

Alignments and SNV calls were performed using scExecute, a single cell RNA-
seq analysis tool developed by our lab [15]. scExecute allowed us to seamlessly execute a
chain of commands to process a library of sequencing reads stratified by cell barcodes
and unique molecular identifiers yielding a wealth of information on cells of interest.

scExecute pipeline included:

1. Barcode-aware alignment using STARSolo module of STAR v.2.7.7a against the
latest GRCh38/hg38 assembly [25].
2. SNV discovery using two variant callers - GATK and Strelka2 [1, 27]. Only high-
quality SNVs called by both tools were included in the analysis.

Variant call outputs were annotated with SeattleSeq [40]. Downstream analyses
and data visualization were performed using Seurat (for normalization and scaling of the
expression data) and SingleR (for cell type identification) and DESeq2 (for differential

expression) [31].

15



2.3 TERRA discovery

Because no accepted protocol exists for detection of TERRA in single cell RNA-

seq data, we developed the following method:

1. We used Integrative Genomics Viewer [44] to identify most centromere-distal
gene coordinates on each chromosome. Gene coordinates were verified via NCBI Gene
to exclude gene’s sequences from the end region of interest.

2. The region between telomere-proximal coordinate of these genes and the end of

the chromosome arm was designated as the region of interest for further analysis.

3. Coordinates of telomeric regions were verified with UCSC Genome Browser —
Table Browser [26].
4. SAMtools and Bash scripting were used to extract reads in the regions of interest

from whole transcriptome data.
5. The resulting datasets were searched for at least 5 tandem repeats of the canonical

telomere sequences and their coordinates were verified against those obtained in step 3.

16



Chapter 3: Results and Discussion

3.1 Putative TERRA Transcripts

We used the following criteria for putative TERRA designation:

1. Sequencing read mapped to the previously defined end-chromosome region.
2. Sequencing read contains at least 5 TTAGGG tandem repeats.
3. Tandem (TTAGGG)5 repeats map to the previously defined telomeric region.

We detected reads corresponding to the criteria for putative TERRA reads in all
samples. Proportion of cells containing TERRA reads ranged from 0.064% to 1.137%
with cholangiocarcinoma dataset containing the highest number and embryo dataset
containing the lowest [Figure 7]. Majority of cells containing TERRA reads had low

abundance (<10) of the molecule.

Figures 9-13 illustrate frequency of TERRA transcripts per cell. For example, 5
cells in embryo dataset contained 1 TERRA read, 4 contained 2 TERRA reads and 2 cells

contained 3 TERRA reads [Figure 9].

All putative TERRA reads originated from the following chromosomes: 1, 2, 3, 4,
12, 13, 22 and X. All samples had TERRA reads originating from chromosome X;
chromosome 22 had second highest occurrence [Figure 8] appearing in 4 out of 5
samples. Overall highest enrichment was observed in chromosomes 13, 22, and X.

Employing the UMAP algorithm for dimension reduction we visualized cells

harboring TERRA across cell type clusters [Figure 6] in the cholangiocarcinoma dataset.
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Figure 6: Visualization of TERRA-harboring cells (red) across cell type clusters. Figure
6A illustrates clusters by cell type. Figure 6B shows TERRA-harboring cells (red) and
TERRA-null cells (green) overlaid on cell type cluster plot; TERRA cells in this figure
originated from chromosome 22 of cholangiocarcinoma dataset.
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Figure 7: Proportion of cells containing TERRA reads of the total number of barcoded
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sample type.
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Figure 9: Frequency of TERRA occurrence per cell in the embryo dataset. Y-axis
identifies the number of cells. X-axis identifies the number of TERRA reads per one cell.
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Figure 10: Frequency of TERRA occurrence per cell in the prostate dataset. Y-axis
1dentifies the number of cells. X-axis identifies the number of TERRA reads.
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3.2 Single Nucleotide Variants in Telomere-Associated Genes

Genes of interest were selected based on current knowledge on telomere and
TERRA biology. We identified a number of telomere-associated SNVs in TERRA-
bearing cells of all samples [supplementary materials table 1]. Overall majority of SNVs
appeared in NOP10 gene. When looking at the overall sceSNVs in all cells of all
samples, NOP10 SNVs comprise a low fraction, between 0.211% and 0.014%. NOP10

and GARI1 sceSNVs consistently appeared in all cells with >5 TERRA transcripts.

25



ATRX SNVs appeared in all cancer, but not in embryo or fetal adrenal datasets.

3.3 TERRA-Associated Phenotype Features

To identify phenotypical differences in cells based on TERRA expression we
performed differential expression analysis on the cholangiocarcinoma dataset. We found
that cells expressing 10+ TERRA molecules exhibited deregulation in a number of genes
and pathways. First we saw significant (FDR < 0.05) downregulation of all mitochondrial

genes [Figure 14].

We also observed significant upregulation of CYC1 [Figure 15]. Consistent with
these observations, we also found that the oxidative phosphorylation pathway was
deregulated. Finally, we observed markers of activated lysosomal pathways in cells with
>10 TERRA reads. Differential expression analysis will be performed on remaining

datasets.
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Figure 14: Downregulation of mitochondrial genes involved in electron transport chain
in cells with >10 TERRA (identified as “TERRA”) compared to cells <10 TERRA
(identified as “noTERRA”).
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Figure 15: Upregulation of CYC1 gene in cells with >10 TERRA (identified as
“TERRA”) compared to cells <10 TERRA (identified as “noTERRA”).

We believe that due to stringent quality control in the employed methodology we
can reliably identify detected telomeric transcripts as TERRA. While TERRA enrichment
in our results is low, it is consistent with observations in previous research that TERRA
abundance is generally low. Observation of the deregulated mitochondrial genes and
pathways in cells with higher TERRA expression may hint at possible telomere
dysfunction. Previous studies found a complex crosstalk exists between telomeres and
mitochondria [7, 54, 42, 57]. First, telomere dysfunction leads to potent DDR response
which, in turn, leads to p53 upregulation. P53 was shown by studies to downregulate
PGC-1a - an important factor in mitochondrial biogenesis and function [57].

Interestingly, mitochondrial dysfunction was shown to produce reactive oxygen
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species which, upon translocation to the nucleus, directly target telomeric DNA leading
to DSBs [42]. Additionally, studies found that three of major telomere maintenance

factor, TIN2, TERT and TERC, localize to mitochondria [48, 8, 9].
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Figure 16: Illustration of crosstalk between telomeres and mitochondria.

Studying sceSNV profiles of TERRA-harboring cells can reveal a variety of
important insights. For example, we know that TERRA and telomere maintenance factors
exhibit cross- regulation. Therefore, identifying expressed gene variants in telomere
maintenance genes associated with TERRA levels will yield additional insight into both
TERRA and telomere function. In this study we observed a relatively high frequency of
sceSNVs in NOP10 - a gene responsible for stabilizing TERT in the telomerase complex.
A number of detected NOP10 SNVs are listed as likely pathogenic in the dbSNP and
ClinVar, two genetic variant databases. These variants are thought to cause Dyskeratosis
Congenita, a disorder caused by deficient telomere biogenesis leading to short telomeres.
While the small number of observations doesn’t allow us to draw conclusions about
possible links between NOP10 variants and TERRA expression, they warrant further

inquiries into such relationship.

29



We also saw a trend in the sceSNV occurrence of the ATRX gene. ATRX
variants were observed only in the cancer, but not normal datasets. Existing research
showed that ATRX mutations are highly associated with upregulated TERRA expression
in ALT cancers [34]. Specifically, neuroblastoma and cholangiocarcinoma are suggested

to be one of the cancer types often exhibiting ALT mechanism [34, 29].
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Chapter 4: Considerations and Future Directions

This work is continuing at present. Currently in progress:

1. Replication of the described analyses on the remaining samples and visualization
of the results.

2. Development of validation methods for TERRA detection in scRNA-seq data

3. Further investigation of sceSNV profiles in TERRA-harboring cells based on
TERRA expression threshold.

4. Transcriptome-wide expression analysis based on TERRA expression.

Due to the novelty of our method, multiple iterations of above-described analyses
are needed. It will be most beneficial to examine both cancer and normal datasets.
Specifically, significant advantage can be gained from studying samples from telomere
biology disorders compared to normal samples.

Overall criteria for identifying TERRA in scRNA-seq data needs to be further

developed. One important aspect of these criteria is the presence and number of the
telomeric tandem repeats at the 3’ end of TERRA. In the current study we used 5 tandem
repeats as a threshold for TERRA identification, being guided by 2 recent RNA- seq
studies of TERRA which used 4 and 6 tandem repeats in their analyses [55, 52].

Validation methods for TERRA expression levels are needed. One possible
method would be to analyze two types of cancers: those known to rely on ALT telomere
maintenance versus those marked by telomerase reactivation. Knowing that TERRA
expression is expected to be higher in ALT cancers, this strategy can increase confidence
in our observations of TERRA.

It is important to note that any TERRA appearing in our datasets would most
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likely be polyadenylated due to technical consideration of the 10X Genomics sequencing
method.
Nevertheless, studying relative abundance of this TERRA in different contexts of

a single cell will yield a wealth of information.
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Chapter 5: Conclusions

In this work we offer a new strategy for investigation of TERRA expression and
the associated features. For the first time we show that TERRA expression can be
evaluated at the level of a single cell. The distinct advantage of this approach is that it
offers a way to learn of possible associations between TERRA expression and other
cellular features. Specifically, this method can yield insights into TERRA biology in the
context of cell type, cell cycle, expressed SNVs, genome-wide expression profiles, and
more. Our method yields a particular strength to studying TERRA expression in cancers,
where prolific cell heterogeneity is obscured by bulk- cell methods. Better understanding
of TERRA biology will help to further understand the role of telomeres in health and

disease.
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