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Abstract

Telomere maintenance mechanisms play crucial roles in cancer progression and
cellular aging. While most cancers rely on telomerase to sustain telomere length,
approximately 10-15% of cancers, particularly sarcomas, utilize the alternative
lengthening of telomeres (ALT) pathway. ALT cancers often exhibit resistance to
conventional chemotherapeutic agents, highlighting the need for alternative treatment
strategies. In this study, we employed chem-seq with biotinylated lurbinectedin to
investigate its genome-wide binding profile in ALT-positive cancer cells. Our results
reveal that lurbinectedin preferentially binds to telomeric regions and G-quadruplex
(G4) structures, as confirmed by motif analysis and GC content enrichment.
Furthermore, lurbinectedin exhibits notable binding at transcription start sites (TSS),
suggesting broader regulatory roles. These findings reveal the mechanism by which
lurbinectedin efficiently eliminates ALT cancer cells through targeting telomeres.
Second part of my thesis focuses on telomeric repeat-containing RNA (TERRA), a long
non-coding RNA transcribed from subtelomeric regions. TERRA serves as a key
regulator of telomere function and genome stability, but its relationship to human aging
remains poorly understood. To address this, we combine Nanopore RNA direct
sequencing and next-generation sequencing to annotate TERRA transcription regions.

We established a customized bioinformatics pipeline (TERRA-QUANT) to quantify

v
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TERRA levels. Coupling this with poly(A)+ and non-poly(A) TERRA capture

sequencing allowed us to uncover chromosome-specific polyadenylation preferences

conserved across cell types. Our analyses also demonstrated that TERRA expression

significantly increases with age in blood, brain, and fibroblasts. Notably, abnormal

TERRA expression patterns were detected in Hutchinson-Gilford progeria syndrome

(HGPS) fibroblasts. These results suggest that TERRA may serve as a molecular

marker for aging and age-associated diseases.

Keywords: alternative lengthening of telomeres, cancer, telomeric repeat-containing

RNA, aging.
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Chapter 1 Lurbinectedin target telomeres in ALT

cancer

INTRODUCTION

1 Telomeres and the Need for Maintenance Mechanisms

Telomeres are nucleoprotein structures located at the ends of linear chromosomes,
composed of tandem TTAGGG repeats and associated with a specialized protein complex
known as shelterin [1, 2]. This complex, which includes TRF1, TRF2, TIN2, POT1, TPP1
and RAPI, plays essential roles in protecting chromosome ends from being
misrecognized as DNA double-strand breaks (DSBs), thereby suppressing activation of
the DNA damage response (DDR) and preventing end-to-end chromosomal fusions [2].
Through the formation of T-loops and regulation of DNA repair pathway accessibility,
shelterin maintains telomere integrity and contributes to genome stability [3]. During each
round of DNA replication, telomeres undergo gradual shortening due to the end-
replication problem, in which lagging-strand synthesis cannot fully replicate the 3’ end of
linear DNA [4]. Additional shortening may result from oxidative stress and nucleolytic
processing [5]. As a result, telomeres limit the replicative capacity of somatic cells.
Critically short telomeres trigger a persistent DDR and induce cellular senescence or

apoptosis [6]. To achieve cellular immortality, one of the hallmarks of cancer, tumor cells
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must circumvent telomere attrition by activating a telomere maintenance mechanism
(TMM) [7]. While the majority of human cancers (~85-90 %) upregulate telomerase—a
reverse transcriptase that elongates telomeres using an RNA template [7, 8]—a significant
subset (~10-15 %) utilize an alternative, telomerase-independent strategy to maintain

telomere length [9].

2 Alternative Lengthening of Telomeres in Cancer

The alternative lengthening of telomeres (ALT) is a telomerase-independent
pathway that sustains chromosome ends in roughly 10-15 % of human tumours—most
frequently in mesenchymal cancers such as osteosarcomas, liposarcomas and high-grade
gliomas—and operates through homologous-recombination—driven DNA synthesis in
which a shortened telomere invades a homologous template (another telomere, a sister
chromatid or an extrachromosomal C-circle) and copies sequence via break-induced
replication or mitotic DNA synthesis [9, 10]. This recombination activity generates
hallmark features: extreme telomere-length heterogeneity; abundant extrachromosomal
telomeric DNA—including C-circles that serve as quantitative ALT markers [11]; ALT-
associated PML bodies (APBs) containing telomeric DNA, PML protein and repair
factors such as RADS51, BLM and RPA; frequent telomere sister-chromatid exchanges;

and high transcription of telomeric repeat-containing RNA (TERRA) that forms RNA-

2
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DNA hybrids (R-loops) [12]. Genetically, ALT is strongly linked to loss-of-function
mutations or epigenetic silencing of the chromatin remodelers ATRX or DAXX, whose
absence destabilizes telomeric heterochromatin, derepresses TERRA and promotes
unscheduled recombination [ 13, 14]. Functionally, ALT telomeres are prone to secondary
structures such as G-quadruplexes and persistent R-loops, leading to replication stress
and chronic activation of ATM/ATR signaling; although these structures facilitate the
recombination necessary for telomere elongation, they simultaneously expose ALT cells
to DNA-damage-induced vulnerabilities that distinguish them from telomerase-positive
tumors [15, 16].
3 Therapeutic Challenges in ALT-Positive Tumors

Although tumors that rely on the alternative lengthening of telomeres (ALT) account
for only about 10-15 % of all cancers, they are over-represented in mesenchymal
malignancies—particularly osteosarcoma, liposarcoma and high-grade glioma—and are
frequently associated with pronounced genomic instability and poor prognosis [11, 14].
Because these tumors lack telomerase activity, standard telomerase-targeted agents are
ineffective, and they often display intrinsic or rapidly acquired resistance to first-line
chemotherapies such as doxorubicin, cisplatin and etoposide. Their heavy reliance on
homologous-recombination repair suggests that inhibitors of DNA-damage-response

kinases (e.g., ATR or CHK1) should be efficacious, yet clinical and pre-clinical studies

3
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have yielded inconsistent responses, pointing to a highly adaptable repair network [17,
18]. The relative rarity and biological heterogeneity of ALT-positive cases further
complicate trial design and impede the development of robust companion biomarkers,

leaving this aggressive subgroup of cancers therapeutically underserved [15].

4 G-Quadruplexes, R-Loops, and Telomeric Vulnerabilities
G-quadruplexes (G4s) are four-stranded DNA or RNA structures formed by stacked
guanine tetrads stabilized by Hoogsteen hydrogen bonding and monovalent cations. They
commonly form in guanine-rich regions, including telomeric DNA, gene promoters and
replication origins [16, 19]. At telomeres, G4 structures can impede replication fork
progression, alter telomere elongation and promote DNA-damage signaling [16]. In ALT
cells, where telomeres are actively transcribed into TERRA and recombinogenic, G4s are
particularly abundant and may participate in both telomere elongation and genome
instability [19]. R-loops are another class of noncanonical nucleic-acid structures
consisting of RNA-DNA hybrids and a displaced single-stranded DNA strand. In the
telomere context, R-loops are typically generated co-transcriptionally by TERRA and are
prevalent in ALT cells [12]. While R-loops may support telomere recombination by
exposing single-stranded DNA, excessive R-loop formation leads to replication-

transcription conflicts, replication-fork stalling and DNA damage [20]. The concurrent

4
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presence of G4s and R-loops at ALT telomeres creates a structurally complex and fragile
chromatin environment—one that may be exploited by DNA-binding agents capable of

recognizing or stabilizing such features [21].

5 Lurbinectedin for cancer treatment application in ALT
cancer

Lurbinectedin is a synthetic tetrahydroisoquinoline alkaloid structurally related to
trabectedin, originally derived from the marine tunicate Ecteinascidia turbinata. The drug
binds to the DNA minor groove at specific GC-rich sequences, interferes with RNA-
polymerase-II-mediated transcription and induces DNA damage, particularly in
transcriptionally active genomic regions [22]. Mechanistically, lurbinectedin causes
stalling of RNA polymerase II, recruitment of nucleotide-excision-repair factors and
formation of single- and double-strand breaks, ultimately leading to apoptosis [22].
Clinically, lurbinectedin has demonstrated efficacy in small-cell lung cancer and is being
investigated in other solid tumors [23, 24]. While its genome-wide binding pattern had
not been systematically studied, its sequence preference and transcription-blocking
activity raise the possibility that lurbinectedin may selectively localize to G4-enriched or
transcriptionally vulnerable chromatin regions. Given that ALT telomeres are GC-rich,

G4-prone and sites of active transcription, we hypothesized that lurbinectedin may exhibit
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preferential binding to ALT-specific telomeric regions and interfere with their function.
This model suggests that lurbinectedin might exploit the unique vulnerabilities of ALT
cells by exacerbating DNA damage at already fragile telomeric loci, thereby inducing
selective cytotoxicity [25].
6 Objectives of This Study

In this study, we sought to characterize the genome-wide DNA binding profile of
lurbinectedin in ALT-positive cancer cells. To this end, we performed chem-seq in U20S
cells using biotinylated lurbinectedin (Bio-Lurbinectedin) to identify high-confidence
binding sites across the genome. We then examined the sequence and chromatin features
associated with Bio-Lurbinectedin peaks, including G-quadruplex content, GC
composition, proximity to transcription start sites (TSSs), and subtelomeric enrichment.
By integrating Bio-Lurbinectedin chem-seq data with G4 ChIP-seq and epigenomic
annotations, we aimed to determine whether lurbinectedin preferentially targets ALT
telomeres and G4-rich regulatory regions. These results provide mechanistic insight into
the interaction between lurbinectedin and chromatin architecture in ALT cells and support

its potential use as a therapeutic agent targeting telomerase-independent cancers
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MATERIALS AND METHODS

1 Cell culture

U20S and Hela cells were consistently tested and confirmed to be free of
mycoplasma contamination. Cells were cultured using Gibco Dulbecco's Modified Eagle
Medium (DMEM) with 10% fetal bovine serum, L-glutamine, and 1%

penicillin/streptomycin in a 37°C incubator supplied with 5% COx.

2 Biotin-lurbinectedin chromatin precipitation sequencing
(ChemlIP-seq)

Cells were fixed in PBS containing 1% formaldehyde for 10 min at room
temperature (RT). The reaction was quenched by adding 1/10 volume of 1.25 M glycine
and incubated at RT for 5 min. Cells were washed with ice-cold PBS and lysed in 0.5 ml
Buffer 1 (50 mM HEPES, 150 mM NaCl, 1 mM EDTA (pH 8.0), 0.5% NP-40, 0.25%
Triton X-100) supplemented with 2x complete EDTA-free Protease Inhibitor Cocktails
(PIC, Roche, Cat#04693132001), and incubated for 10 min with rotation at 4°C. After
centrifugation at 21,100 g for 10 min at 4°C, cells were resuspended in Buffer 2 (200 mM
NaCl, 5 mM EDTA, 2.5 mM EGTA, 10 mM Tris pH 8.0) supplemented with 2x PIC, and
rotated at 4°C for 10 min. After centrifugation, cells were resuspended in Buffer 3 (5§ mM

EDTA, 2.5 mM EGTA, 10 mM Tris pH 8.0, and freshly added 2x PIC), mixing on a

7
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rotator for 10 min at 4°C. 30 pl of 10% N-lauroylsarcosine was added to lysates, followed

by incubation on a rotator for 10 min at 4°C. 130 pul of samples were loaded into Covaris

microtube (6 X 16 mm) for sonication, using the program with 12-height-level for water-

bath, at 4-7°C, 5% duty cycle, intensity 4 and 200 bursts per cycle for 10 min to generate

fragmented DNA size (200-500 bp) for biotin-lurbinectedin ChemCP-seq. Biotin-

lurbinectedin bound chromatin per sample was captured using Dynabeads™ M-280

Streptavidin (20 pl of beads per capture, washed with Buffer 1 twice and resuspended in

Buffer 3) on a rotator at 4°C for 2 h. Beads were washed with low salt buffer (20 mM

Tris-HCI (pH 7.5), 2 mM EDTA, 1% Triton-X 100, 0.1% SDS, and 150 mM NaCl) 2

times and high salt buffer (20 mM Tris-HCI (pH 7.5), 2 mM EDTA, 1% Triton-X 100,

0.1% SDS, and 500 mM NaCl) 2 times, 5 min each at 4°C with rotation. Beads were

resuspended in 50 pl elution bufter (100 mM NaHCO3, 1% SDS, and 50 mM Tris pH 8.0)

at 85°C for 15-30 min twice for elution. 1 pl of 20 mg/ml RNase A was added to each

sample and incubated at 37°C for 20 min. Samples were further incubated with 5 pul of 20

mg/ml Proteinase K at 55°C overnight. After reverse crosslinking, DNA was purified

using a Plus DNA Clean / Extraction Kit. Eluted DNA was subjected to library

construction using NEBNext Ultra II DNA Library Prep kit (NEB, Cat#E7645S) for

[Nlumina. Paired-end 150bp reads were obtained by NovaSeq systems. Part of the eluted

DNA was analysed by qRT-PCR to assess the amount of the telomeric DNA.

8

doi:10.6342/NTU202504254



3 Library Preparation for Illumina Sequencing

Chromatin immunoprecipitated (ChIP) DNA samples were subjected to library
preparation using the NEBNext Ultra Il DNA Library Prep Kit for [llumina (New England
Biolabs, #E7104S), following the manufacturer’s protocol with minor modifications. For
each sample, 25 pl of DNA was combined with 3.5 pl of End Prep Reaction Buffer and
1.5 pl of End Prep Enzyme Mix, bringing the total volume to 30 ul. The reaction was
incubated in a thermocycler as follows: 20°C for 30 minutes, 65°C for 30 minutes, then
held at 4°C. Subsequently, 30 ul of end-repaired DNA was mixed with 15 ul of Ligation
Master Mix, 0.5 pul of Ligation Enhancer, and 1.25 ul of diluted adapter (5x dilution). The
ligation reaction was performed at 20°C for 15 minutes and held at 4°C. Adapter-ligated
DNA was then treated with 3 pl of USER enzyme at 37°C for 30 minutes. Size selection
was performed using magnetic beads for fragment size enrichment. The ligated DNA was
mixed with 0.3x volume (30 pl) of sample purification beads and incubated at room
temperature for 10 minutes. The supernatant was transferred to a fresh tube and mixed
with 0.5% volume (50 pl) of beads for 10 minutes. Beads were washed twice with 80%
ethanol and air-dried. The DNA was eluted in 20 pl of 0.1x TE buffer. To determine the
optimal cycle number for PCR amplification, 2 pl of size-selected DNA was mixed with
NEBNext Ultra IT Q5 Master Mix and subjected to qPCR. The amplification cycles were

based on Ct values obtained from the qPCR assay. Library amplification was carried out

9
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in a 50 pl reaction volume containing 25 ul Q5 Master Mix, 2 pl Universal Primer, 2 pl
Index Primer, and size-selected DNA. The PCR program was: 98°C for 30 seconds,
followed by variable cycles (based on qPCR evaluation) of 98°C for 10 seconds and 65°C
for 75 seconds, with a final extension at 65°C for 5 minutes. Amplified libraries
underwent a second round of size selection. Initially, 0.9x volume of beads was added to
the amplified DNA, incubated at room temperature, and washed twice with 80% ethanol.
DNA was eluted in 52 ul of 0.1x TE buffer. A second 0.9% bead selection was performed
to ensure library purity, followed by elution in 15 pl of 0.1x TE buffer. Library fragment
size distribution was assessed using a Bioanalyzer (Agilent Technologies) with High
Sensitivity DNA kits. Library concentrations were quantified using the NEBNext Library
Quant Kit for [llumina (New England Biolabs, #E7630S), following serial dilutions and

qPCR amplification with standard curves.

4 Sequencing data analysis

Chem-seq raw FASTQ reads were trimmed by Trim-galore (v0.6.3) with parameters:
—illumina —fastq -q 30. Trimmed reads were aligned to the CHM 13 reference genome
using bowtie2 aligner (v2.4.2) with the default setting. BAM files were sorted and
deduplicated with SAMTools (v1.18). Enriched peaks were determined using MACS2

(v2.2.9.1)with cutoff values: — p value 0.01. Bedtools intersect (v2.3.0) was used to

10
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determine overlapping regions of two interested data. Bedtools fastaFromBed (v2.3.0)

converted a region to fasta information for motif sequence analysis, which was conducted

using MEME Suite (v5.3.2). Bigwig files were generated using DeepTools (v3.3.1)

bamCoverage. Normalized bigwig files were normalized to inputs by DeepTools (v3.3.1)

bamCompare with parameters: —operation subtract, —centerReads, —normalizeUsing

CPM, —scaleFactorsMethod None. Metaplots were generated using DeepTools (v3.3.1)

computeMatrix and plotProfile. Heatmap were generated using DeepTools (v3.3.1)

computeMatrix and plotHeatmap. For GC content, the genome was divided into six GC

content groups. Lurbinectedin binding sites from Chem-seq data were intersected with

these groups using Bedtools intersect (v2.3.0). Binding site distributions were normalized

by genome length and compared to a random background. Percentage of counts in regions

were generated by BEDTOOLS coverageBed(v2.31.1) -counts.

11
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RESULTS

1 Bio-lurbinectedin recognizes G-rich DNA

To investigate the genomic binding sites of lurbinectedin, we performed Bio-
lurbinectedin Chem-seq in U20S cells. In this approach, cells were treated with biotin-
labelled lurbinectedin (Bio-Lurbinectedin, PM 120306, Chapter 1 Figure 1) for 10 minutes,
and drug-bound chromatin fragments were captured using streptavidin-coated beads,
followed by next-generation sequencing. This method enables unbiased genome-wide
identification of lurbinectedin binding sites. Quantitative PCR (qPCR) analysis of the
captured DNA revealed that lurbinectedin binds telomeric TTAGGG repeats within ten
minutes of treatment (Chapter 1 Figure 2A). Motif analysis using MEME Suite (Motif-
based Sequence Analysis Tools) revealed that lurbinectedin has a strong binding
preference for G-rich sequences, while base-composition profiling showed that most of
the peaks lie in regions whose GC content exceeds 50 % (Chapter 1 Figure 2B, C).
Together, these observations confirm a strong preference of lurbinectedin for guanine-

and GC-rich sequences.

2 Lurbinectedin preferentially binds ALT telomeres
Given our earlier observation that lurbinectedin targets G-rich regions, we next asked

whether this preference extends to ALT telomeres. Metaprofiles aligned at chromosome
12
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endsMetaprofiles aligned at chromosome ends displayed a sharp rise in Bio-lurbinectedin
signal within the last 25 kb of every arm in U20S cells (Chapter 1 Figure 3A, B). To
compare the telomeric targeting of lurbinectedin between ALT and non-ALT cells, we
performed Bio-lurbinectedin Chem-seq in HeLa cells and analyzed previously published
Chem-seq data from A549 cells, both representing non-ALT backgrounds. The results
showed that lurbinectedin preferentially binds to telomeres in U20S cells, whereas such
enrichment was not observed in HeLa or A549 cells, indicating distinct telomeric binding
patterns between ALT and non-ALT cell lines Chapter 1 (Figure. 3C). Genome-browser
snapshots further illustrated dense peak clusters at multiple p- and g-arm telomeres in
U20S (Chapter 1 Figure 4).
3 Lurbinectedin binging sites are associate with G-quadruplex
To further explore whether the preferential binding of lurbinectedin to telomeres is
linked to G-quadruplex (G4) DNA structures and specific genomic features, we next
examined the overlap between Bio-lurbinectedin Chem-seq peaks and G4 ChIP-seq data,
as well as their distribution relative to transcription start sites. Intersecting Bio-
lurbinectedin peaks with G4 ChIP-seq data showed that roughly one-third of
experimentally mapped DNA G-quadruplex (G4) loci overlap Chem-seq peaks—far
above the frequency obtained with randomized peaks (Chapter 1 Figure 5).

In addition to telomeres, metagene plots on TSSs revealed a second binding hotspot.
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Metagene profiles revealed an enrichment of lurbinectedin binding near transcription start

sites (TSSs) (Chapter 1 Figure 6A), particularly those marked with high levels of active

histone mark H3K4me3 (Chapter 1 Figure 6B).
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DISUCSSION

In this study, we demonstrated that lurbinectedin preferentially binds to telomeric
regions and G-quadruplex (G4) structures specifically in ALT-positive cancer cells. Using
Bio-lurbinectedin Chem-seq in U20S cells, we identified a significant enrichment of
lurbinectedin at chromosome ends, while this phenomenon was not observed in non-ALT
cells such as HeLa. This ALT-specific accumulation was supported by metagene analysis
and genome browser inspections. Motif analysis and GC content profiling further
revealed that lurbinectedin favors guanine-rich, GC-rich sequences, consistent with its
known DNA-binding properties.

Notably, we observed that Bio-lurbinectedin peaks overlapped substantially with
previously defined G4 ChIP-seq peaks, indicating that lurbinectedin targets DNA G-
quadruplex structures in addition to telomeres. Furthermore, we found lurbinectedin
binding enriched at transcription start sites (TSSs), especially those marked by high
H3K4me3 signals, suggesting a preference for transcriptionally active regions. However,
telomeric targeting remained the most prominent feature unique to ALT cells.

Together, our results support a model where lurbinectedin exploits ALT-specific
telomere structures—characterized by high G4 and R-loop levels—as preferential
binding targets. This property may underlie lurbinectedin's selective cytotoxicity against

ALT cancer cells observed in previous studies. Our Chem-seq data provide genome-wide
15
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confirmation of lurbinectedin’s binding landscape and offer mechanistic insights.

By integrating these results with other studies from our laboratory, which

demonstrated that lurbinectedin induces R-loops and recruits XPF endonuclease leading

to DNA double-strand breaks at telomeres in ALT cells, we propose a mechanistic model:

lurbinectedin binds to G4-rich telomeric DNA, stabilizing G4 structures and promoting

R-loop formation. These R-loops then recruit XPF, which introduces DNA breaks,

resulting in telomere dysfunction and cell death. While our study specifically focused on

mapping lurbinectedin binding sites, these combined findings suggest that the drug’s

ALT-selective cytotoxicity arises from both its binding specificity and downstream DNA

damage Processces.
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Chapter 1 Figure 1. Structure of Bio-lurbinectedin
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Chapter 1 Figure 2. Bio-lurbinectedin recognizes G-rich DNA

(A) Telomeric DNA enrichment in Bio-lurbinectedin capture, quantified by qPCR. Data
represent mean = SEM from three independent experiments. P-values were calculated
using unpaired t-test. (B) Motif analysis of Bio-lurbinectedin Chem-seq peaks using
MEME, revealing G-rich sequence motifs. (C) GC content distribution of Bio-
lurbinectedin Chem-seq peaks. The red line indicates the percentage of randomized

peaks.
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Chapter 1 Figure 3. Bio-lurbinectedin is enriched at chromosome ends

(A-B) Metaplot of Bio-lurbinectedin Chem-seq coverage at chromosome ends within 0—
25 kb from telomeric regions from two biological replicates. (C) Metaplots of Bio-
lurbinectedin Chem-seq coverage at chromosome ends (0-25 kb from telomeres) in

ALT (U20S) and non-ALT (HeLa and A549) cell lines.
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Chapter 1 Figure 4. Enrichment of lurbinectedin Chem-seq at telomeres
(A) Genome browser views showing Bio-lurbinectedin Chem-seq coverage at multiple
chromosome ends. (B) Genome browser views showing examples of the enrichment of

lurbinectedin Chem-seq at telomeres.
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Chapter 1 Figure S. Lurbinectedin binding sites are associated with DNA G-

quadruplex (G4) structures in ALT cancer cells.

(A) Number and percentage of Bio-lurbinectedin Chem-seq peaks in U20S cells

overlapping with G4 ChIP-seq peaks from HaCaT cells. (B) Bar graph showing the

number of G4 binding sites containing Bio-lurbinectedin Chem-seq peaks. Random

peaks were used as a control for overlap comparison. P-values were calculated using

Fisher’s exact test.
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Chapter 1 Figure 6. Lurbinectedin binding at transcription start sites

(A) Metagene analysis of Bio-lurbinectedin Chem-seq coverage around transcription

start sites (TSSs). (B) Bar graph presenting the coverage of Bio-lur Chem-seq at TSSs

with high or low H3K4me3 levels. P-values were calculated using Mann—Whitney test.
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Chapter 2 Telomeric Repeat-Containing RNA is
associated with human aging

INTRODUCTION

1 Telomeres and Transcription at Chromosome Ends

Telomeres are nucleoprotein structures at eukaryotic chromosome ends composed
of tandem TTAGGG repeats bound by the shelterin complex (TRF1, TRF2, TIN2, RAP1,
POT1, TPP1); these complexes are essential for preventing DNA-damage signaling and
chromosome fusion [1]. Although telomeres were initially deemed transcriptionally
silent—the telomere-position effect (TPE) showed telomere-proximal reporters were
repressed [2]—subsequent work revealed that telomeres themselves are transcribed,
giving rise to the long-non-coding telomeric repeat-containing RNA (TERRA) [3].
Telomeric transcription was first detected in Trypanosoma brucei [4], later in mouse and
Arabidopsis [5], and human HeLa cells [3], underscoring evolutionary conservation.
TERRA molecules comprise UUAGGG repeats plus subtelomeric sequence, range from
several hundred nucleotides to kilobases, and occur in both polyadenylated and non-
polyadenylated forms [6].

2 TERRA Biogenesis, Structure, and Regulatory Mechanisms

TERRA is transcribed by RNA polymerase II from multiple chromosome ends,
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frequently initiating in CpG-rich subtelomeric promoters that contain conserved 61-29-

37-nt tandem repeats [7]. Epigenetic state—DNA methylation and histone marks such as

H3K4me3, H3K27ac and H3K9me3—together with transcription factors CTCF and

ATRX shapes TERRA output [8]. Approximately 90 % of transcripts are non-

polyadenylated, whereas a minor (~7 %) poly(A)" fraction is more stable and

differentially localized [6]. TERRA readily forms RNA-DNA hybrids (R-loops) at

telomeres, and is enriched in ALT cancer cells and broadly linked to genome instability

[9].

3 Functional Roles of TERRA

TERRA plays multifaceted roles in maintaining telomere integrity and regulating

chromatin structure. TERRA suppress heterochromatin formation in the subtelomeric

regions in mouse embryonic stem cells [ 18], and modulates telomerase activity by acting

as a negative regulator of telomerase access to chromosome ends [11]. TERRA is also

involved in the formation of RNA:DNA hybrids known as R-loops, particularly at

telomeres in ALT cells, where it promotes homologous-recombination-based telomere

elongation [9, 12]. While R-loops can facilitate recombination, excessive accumulation

leads to replication stress and genome instability [12]. Beyond its telomeric functions,

TERRA binds non-telomeric chromatin regions and regulates gene expression both in cis

and in trans [13]. It interacts with various chromatin regulators and transcription factors,

26

doi:10.6342/NTU202504254



contributing to broader genome organization. A notable interaction is with ATRX, a

chromatin remodeler involved in histone variant deposition. TERRA limits ATRX

recruitment to repetitive chromatin regions, thereby influencing heterochromatin

composition without completely displacing ATRX from the genome [14]. Additionally,

TERRA contains guanine-rich sequences capable of forming G-quadruplex structures

(G4), which influence transcriptional regulation near promoters [10]. TERRA also can

regulate gene expression via regulating ATRX and G4 structures near the transcription

start sites. It has been reported that TERRA depletion in mouse embryonic stem cells

results in decrease of G-quadruplex structures and increase of ATRX occupancy at TSSs

[18]. TERRA itself is bound and regulated by multiple RNA-binding proteins, including

members of the hnRNP family such as RALY, which stabilizes non-polyadenylated

TERRA transcripts [15]. In budding yeast lacking telomerase, TERRA levels increase

during replicative senescence, while experimental ablation of TERRA by expressing an

artificial antisense TERRA transcript delays the onset of senescence [16]. Similarly,

increased TERRA expression has been reported in Hutchinson—Gilford progeria

syndrome (HGPS) patient cells, linking TERRA dysregulation to premature aging and

altered telomeric chromatin states [17].
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4 Technological Challenges and Experimental Strategy

Short-read RNA-seq, Northern blot and RNA-FISH offer limited resolution and
cannot reliably assign TERRA transcripts to specific chromosome ends. To overcome
these, we employed Oxford Nanopore direct RNA sequencing in U20S cells, generating
long reads that defined genome-wide TERRA-producing loci. The resulting
chromosome-end annotations were validated and extended by sequencing native RNA
from HeLa cells. We then pursued a multi-pronged strategy: (i) locus-specific RT-qPCR
with CHM13-based subtelomeric primers; (ii) separation of total TERRA into poly(A)+/—
fractions for abundance profiling; and (iii) expression analysis across multiple human

tissues.
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MATERIALS AND METHODS

1 Cell culture

U20S and HeLla cells were consistently tested and confirmed to be free of
mycoplasma contamination. Cells were cultured using Gibco Dulbecco's Modified Eagle
Medium (DMEM) with 10% fetal bovine serum, L-glutamine, and 1%

penicillin/streptomycin in a 37°C incubator supplied with 5% CO..

2 RNA extraction

Total RNA was extracted from cell pellets using QIAzol Lysis Reagent (Qiagen, Cat.
No. 79306) according to the manufacturer’s protocol with minor modifications. Cells
were first collected by centrifugation and washed once with cold phosphate-buffered
saline (PBS). The resulting cell pellet was lysed directly in 1 mL of QIAzol Lysis Reagent
by thorough pipetting until complete homogenization was achieved. The lysate was
incubated at room temperature for 5 minutes to permit the dissociation of nucleoprotein
complexes. For phase separation, 0.2 mL of chloroform was added to the homogenate.
Tubes were tightly capped, shaken vigorously for 15 seconds, and incubated at room
temperature for an additional 2 minutes. The samples were then centrifuged at 12,000 x
g for 15 minutes at 4°C to separate the mixture into aqueous and organic phases. The

upper aqueous phase, containing RNA, was carefully transferred to a new RNase-free
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microcentrifuge tube. To precipitate RNA, an 1.25x volume of isopropanol was added to
the aqueous phase, mixed by gentle inversion, and incubated at -30°C for over night.
Samples were centrifuged again at 12,000 x g for 10 minutes at 4°C to collect the RNA
pellet. The pellet was washed once with 75% ethanol (prepared with RNase-free water)
and centrifuged at 12,000 x g for 5 minutes at 4°C. After removing the supernatant, the

RNA pellet was briefly air-dried and then resuspended in DEPC-treated water.

3 TERRA capture for [llumina RNA-seq

Total RNA was isolated from 1 x 107 cells with QIAzol Lysis Reagent. To remove
genomic DNA, 0.4 U pl™ DNase I (Invitrogen, AM2238) and 10 mM ribonucleoside-
vanadyl complexes (New England Biolabs, E7760S) were added and incubated at 37 °C
for 15 min; the reaction was quenched with 5 mM EDTA, and the sample was repurified
with QIAzol Lysis Reagent. For each TERRA capture reaction, 500 pg of total RNA was
mixed with 600 pl of DEPC-treated water, 300 ul of 20x SSC bufter, 10 pl of 10 uM
biotinylated TERRA antisense oligonucleotide ((CCCTAA)s-TEG-biotin), and 90 ul of
DEPC-treated water. The RNA and probe were separately denatured at 70°C for 2 minutes,
then combined and incubated again at 70°C for 8 minutes to promote hybridization. The
mixture was subsequently transferred to a 44°C incubator and rotated for 1 hour to allow

annealing. During the annealing step, MyOne C1 streptavidin magnetic beads
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(Invitrogen™) were prepared by vortexing and washing twice with DEPC-treated water.

Beads were then resuspended in 6x SSC buffer and incubated at 37°C for at least 10

minutes for equilibration. After annealing, the RNA-probe mixture was cooled from 44°C

to 37°C. Then, 100 pul of prepared beads were added to the annealed RNA-probe mixture

(total 1 ml), and the sample was rotated at 37°C for 15 minutes to capture the hybridized

TERRA molecules. Beads were subsequently washed to remove nonspecifically bound

material. Washing steps included four washes with 2x SSC containing 0.1% NP-40 at

37°C, one wash with 1x SSC containing 0.1% NP-40 at 37°C, one wash with 1x SSC

containing 0.1% NP-40 at room temperature, and one wash with 1x SSC without NP-40

at 37°C. For each wash, beads were resuspended in buffer, rotated for 5 minutes, and

separated on a magnetic stand. After the final wash, beads were resuspended in 30 pl of

DEPC-treated water and heated at 70°C for 5 minutes to elute the captured RNA. The

eluate was separated by magnet, collected, and the elution step was repeated once more

to maximize RNA recovery. Eluates from multiple captures were pooled and precipitated

by adding 0.1 volume of 3 M sodium acetate, 2 pl of GlycoBlue™ coprecipitant, and 3

volumes of 100% ethanol, followed by incubation at —30°C for several days. Precipitated

RNA was collected by centrifugation, washed twice with 70% ethanol, air-dried, and

resuspended in RNase-free water.
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4 TERRA capture for Nanopore Direct RNA-seq

Cells from two hundred 150-mm dishes were harvested and extracted with TRIzol as
above, but without DNase treatment. Each capture used 500 pg total RNA; ten captures
were pooled, and precipitated for 3 days at —20 °C with 3 vol 100 % EtOH, 1/10 vol 3 M
NaOAc and 2 pl GlycoBlue™. Precipitated RNA from 100 captures (= 50 mg input)
yielded 3.4 ng TERRA-enriched RNA after centrifugation (21 100 x g, 4 °C, 20 min) and

70 % EtOH wash, followed by elution in 20 pl water.

5 Poly(A)+ and Poly(A)— TERRA Isolation

Following TERRA capture, RNA samples were subjected to poly(A)+ and poly(A)—
fractionation using the NEBNext® Poly(A) mRNA Magnetic Isolation Module (NEB,
#E7490), following the manufacturer’s standard protocol with minor modifications.
TERRA-enriched RNA was first diluted with nuclease-free water to a final volume of 50
ul and kept on ice. For each sample, 20 pl of NEBNext Oligo d(T).s magnetic beads were
transferred to a 1.5 mL RNase-free tube and washed twice with 100 pl of 2x RNA Binding
Buffer (provided in the kit) by gentle pipetting. Beads were separated from the wash
buffer using a magnetic stand, ensuring minimal disturbance to the bead pellet. After the
final wash, beads were resuspended in 50 pl of 2x RNA Binding Buffer and mixed
thoroughly. Fifty microliters of the prepared beads were added to the 50 ul RNA sample,
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and the mixture was pipetted gently to ensure homogeneity. The samples were
immediately placed into a thermal cycler with a heated lid set at >75°C and subjected to
the following incubation: 65°C for 5 minutes, followed by cooling to 4°C. Upon
completion of the thermal program, samples were incubated at room temperature for 10
minutes to enhance binding. Beads were then magnetically separated, and the supernatant
containing poly(A)— RNA (non-polyadenylated TERRA fraction) was carefully removed
and saved for downstream analysis. The beads bound with poly(A)+ RNA were subjected
to two washes with 200 ul of NEBNext Wash Buffer at room temperature to remove
residual non-specific RNA. After washing, poly(A)+ RNA was eluted from the beads by
adding 50 pl of NEBNext Tris Buffer, followed by heating at 80°C for 2 minutes and
immediate cooling to 25°C. Beads were magnetically separated, and the supernatant

containing the purified poly(A)+ TERRA RNA was collected.

6 Library Preparation for Illumina Sequencing

After first-strand cDNA synthesis from TERRA-enriched RNA, second-strand
synthesis was performed using the NEBNext® Ultra II Directional RNA Library Prep Kit
for Illumina (New England Biolabs, Cat# E7765) according to the manufacturer's
instructions. Specifically, 20 pl of first-strand product was combined with 8§ ul of

NEBNext Second Strand Synthesis Reaction Buffer (with dUTP Mix, 10X), 4 ul of
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NEBNext Second Strand Synthesis Enzyme Mix, and 48 ul of nuclease-free water,

yielding a final volume of 80 ul. The reaction was incubated at 16°C for 1 hour in a

thermocycler with the lid set to <40°C. The resulting double-stranded cDNA was purified

using 144 ul (1.8x) of NEBNext Sample Purification Beads. Beads were mixed

thoroughly with the cDNA by pipetting, incubated at room temperature for 5 minutes,

then separated on a magnetic stand. The beads were washed twice with 200 pl of freshly

prepared 80% ethanol, air-dried until no visible liquid remained (3—5 minutes), and eluted

in 53 pl of 0.1x TE buffer. After a brief incubation, 50 pl of the eluate was collected for

end-repair. End repair and A-tailing were performed in a total volume of 60 pl by

combining 50 pl of the purified cDNA with 7 ul of NEBNext Ultra IT End Prep Reaction

Buffer and 3 pl of NEBNext Ultra II End Prep Enzyme Mix. The mixture was incubated

at 20°C for 30 minutes, followed by 65°C for 30 minutes, and held at 4°C. Adaptor

ligation was then carried out by adding 2.5 pl of diluted NEBNext Adaptor, 1 pl of

NEBNext Ligation Enhancer, and 30 pl of NEBNext Ultra II Ligation Master Mix to the

60 ul end-prepped cDNA, resulting in a 93.5 pl reaction volume. The ligation reaction

was incubated at 20°C for 15 minutes. After ligation, 3 pl of USER enzyme was added

and incubated at 37°C for 15 minutes to degrade the second strand, ensuring strand

specificity. The ligated library was purified and size-selected using 90 pl (0.9%) of

NEBNext Sample Purification Beads. After incubation and magnetic separation, the
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beads were washed twice with 80% ethanol, briefly air-dried, and the DNA was eluted in
17 ul of 0.1x TE buffer. A total of 15 ul was recovered for PCR amplification. PCR
enrichment was performed in a 50 pl reaction containing 15 pl of adaptor-ligated DNA,
25 Wl NEBNext Ultra II Q5 Master Mix, and 10 ul NEBNext Index Primer Mix (NEBNext
Multiplex Oligos for [llumina). The thermal cycling conditions were: 98°C for 30 seconds,
followed by 10—14 cycles of 98°C for 10 seconds and 65°C for 75 seconds, with a final
extension at 65°C for 5 minutes. The exact cycle number was determined by prior qPCR-
based evaluation to prevent overamplification. After PCR, libraries were cleaned up using
45 ul (0.9%) NEBNext Sample Purification Beads, washed twice with 80% ethanol, and
eluted in 23 pl of 0.1x TE buffer. Finally, 20 ul was recovered and assessed for quality
and concentration using the Agilent Bioanalyzer (High Sensitivity DNA Kit) and Qubit
dsDNA HS Assay Kit, respectively. Qualified libraries were pooled and sequenced on the

[llumina NovaSeq or MiSeq platform using paired-end 150 bp reads.

7 Nanopore Direct RNA Sequencing Library Preparation
Following the enrichment of TERRA RNA through hybridization with a biotinylated
(CCCTAA)s antisense probe and streptavidin magnetic bead purification, the eluted RNA

was subjected to enzymatic polyadenylation in preparation for Oxford Nanopore direct

35

doi:10.6342/NTU202504254



RNA sequencing. Up to 1 pg of purified RNA was incubated in a 20 pl reaction containing

1x E. coli Poly(A) Polymerase Reaction Buffer, 1 mM ATP, and 1 pul of E. coli Poly(A)

Polymerase (New England Biolabs, Cat# M0276S). The reaction was maintained at 37°C

for 30 minutes to ensure the addition of a poly(A) tail compatible with Nanopore library

preparation. Upon completion, the RNA was purified using a 1.8x volume of RNAClean

XP beads (Beckman Coulter, Cat# A63987), washed twice with 70% ethanol, air-dried

briefly, and resuspended in 8 pl of nuclease-free water (Thermo Fisher Scientific, Cat#

AM9937). RT adapter annealing and ligation were then performed by adding 3 ul of

NEBNext Quick Ligation Reaction Buffer (NEB, Cat# B6058), 1 ul of RT Adapter (RTA;

SQK-RNAO004, Blue Cap), 1 ul of Murine RNase Inhibitor (NEB, Cat# M0314), and 1.5

ul of T4 DNA Ligase (NEB, Cat# M0202M) to the polyadenylated RNA. This 14.5 pl

mixture was incubated at room temperature for 10 minutes to facilitate efficient ligation

of the RT adapter. Subsequently, reverse transcription was performed by adding a freshly

prepared 23 pl master mix containing nuclease-free water, 10 mM dNTPs (NEB, Cat#

N0447), and 5% Induro RT Reaction Buffer (NEB, Cat# M0681) to the ligation reaction,

followed by the addition of 2 pl of Induro Reverse Transcriptase (NEB, Cat# M0681),

bringing the total volume to 39.5 pl. The reaction was incubated at 60°C for 30 minutes

to synthesize cDNA, and the enzyme was inactivated by heating at 70°C for 10 minutes.

The resulting RNA—-cDNA hybrids were then purified using 1.8 RNAClean XP beads
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and eluted in 23 pl of nuclease-free water. For sequencing adapter ligation, 8 pl of
NEBNext Quick Ligation Reaction Buffer, 6 pl of RNA Ligation Adapter (RLA; SQK-
RNAO004, Green Cap), and 3 ul of T4 DNA Ligase were added to the 23 ul RT product,
yielding a total reaction volume of 40 pl. This ligation step was carried out at room
temperature for 10 minutes. The adapter-ligated library was purified with 0.4x (16 ul)
RNAC]lean XP beads and washed twice with 150 pl of Wash Buffer (WSB; SQK-RNA004,
Orange Cap). The final library was eluted with 13 pl of RNA Elution Buffer (REB; SQK-
RNAO004, Black Cap). To prepare for sequencing, the RNA library was quantified using
the Qubit 1x dsDNA HS Assay Kit (Thermo Fisher Scientific, Cat# Q33230), ensuring a
yield of at least 30 ng. A final sequencing mix of 75 pl was prepared by combining 12 pl
of the library with 37.5 ul of Sequencing Buffer (SB; Red Cap) and 25.5 pl of Library
Solution (LIS; White Cap). The mix was gently loaded onto a FLO-MINO04RA flow cell
pre-equilibrated with Flush Buffer and Flush Tether. Sequencing was performed on the

MinION platform using MinKNOW software with live basecalling enabled.

8 NGS Sequencing for TERRA RT-qPCR Products

Total RNA was first extracted using TRIzol™ Reagent (Invitrogen™, Cat#
15596018) following the manufacturer’s instructions. For reverse transcription, 500 ng

of total RNA was used as input and incubated with 2.5 nM random hexamer primers and
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SuperScript™ IV Reverse Transcriptase (Thermo Fisher Scientific, Cat# 18090200)
under the recommended conditions to generate cDNA. Subsequent amplification of
telomeric repeat-containing RNA (TERRA) was performed via quantitative PCR using
IQ™ SYBR® Green Supermix (Bio-Rad, Cat# 170-8882), with primer sequences
designed based on the CHM13 reference genome (see Supplementary Table 6 in the
original publication). Following RT-qPCR, the amplified TERRA products were purified
using the Gel/PCR DNA Fragment Extraction Kit (FAVORGEN, Cat# FAGCK 001-1).
Purified PCR products were then subjected to DNA library construction using the
NEBNext® Ultra II DNA Library Prep Kit for Illumina (New England Biolabs, Cat#
E7645S), following the manufacturer’s guidelines for adapter ligation, size selection, and
PCR enrichment. Sequencing was conducted using a paired-end 150 bp run on an

[llumina NovaSeq platform.

9 Analysis of TERRA Expression by TERRA-QUANT

To quantitatively assess TERRA expression across different human tissues and cell
lines, we utilized TERRA-QUANT, a computational pipeline developed based on the
TERRA transcription regions identified in the T2T-CHM13 reference genome. Public
RNA-seq datasets were first downloaded and pre-processed using SRAToolkit and

TrimGalore. The processed reads were aligned to the T2T-CHM13v1.1 genome using the
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STAR aligner with default settings. To facilitate quantification, we modified the GTF
annotation file to include both telomeric repeat regions and subtelomeric regions
corresponding to Type I, II, and Il TERRA transcription units. Read counts were
calculated using HTseq-count (-m intersection-nonempty --nonunique all) to obtain
expression values for both annotated genes and TERRA regions. For chromosome-end-
specific analysis, we extracted high-confidence mapped reads (MAPQ > 30 for paired-
end or MAPQ = 255 for single-end reads) using SAMtools. These reads were filtered to
include only those mapped within subtelomeric TERRA regions, excluding reads mapped
exclusively to pure telomeric repeats. For quantifying total TERRA levels, STAR-aligned
reads were filtered for primary alignments (MAPQ > 1), duplicates were removed, and
TERRA-mapped reads were aggregated. These counts were then normalized together
with all other gene expression counts using the YARN R package, which enables cross-

sample normalization across diverse tissues and conditions.

10 cDNA Synthesis and Quantitative PCR

All TERRA-enriched RNA obtained after capture and fractionation was used for
complementary DNA (cDNA) synthesis. The RNA was reverse transcribed using
SuperScript™ IV Reverse Transcriptase (Thermo Fisher Scientific, Cat#18090200)

according to the manufacturer’s protocol with minor modifications. Specifically, the
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entire amount of TERRA RNA was mixed with 1 uM of a telomeric C-rich primer (5'-

(CCCTAA)s-3") in a total volume of 13 pl. The mixture was heated at 65°C for 5 minutes

to denature RNA secondary structures and immediately chilled on ice for at least 1 minute.

Following primer annealing, 7 pul of a reverse transcription master mix containing 4 ul of

5x% SuperScript IV buffer, 1 pl of 100 mM DTT, 1 ul of 10 mM dNTPs, and 1 pl of

RNaseOUT™ Recombinant Ribonuclease Inhibitor (Thermo Fisher Scientific,

Cat#10777019) was added to each reaction tube. Subsequently, 1 pl of SuperScript™ IV

Reverse Transcriptase (200 U/ul) was added, and the reactions were incubated at 55°C

for 10 minutes, followed by 80°C for 10 minutes for enzyme inactivation.
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RESULTS

1 HeLLa TERRA Profiling by Integrated Long- and Short-
Read Sequencing

To verify the TERRA transcription regions, we performed TERRA-capture RNA-
seq in telomerase-positive cells (HeLa) using both Nanopore direct RNA sequencing and
[llumina capture RNA-seq. First, we performed RT-qPCR to detect TERRA enrichment
after TERRA capture and found tens of thousands-fold enrichment was observed after
TERRA capture (Chapter 2 Figure 1). TERRA enrichment in HeLa was detected at
defined chromosome ends, showing a consistent pattern with U20S-defined transcription
regions. This was confirmed by heatmaps comparing Nanopore and Illumina signal
intensity (Chapter 2 Figure 2) and genome browser views illustrating subtelomeric
enrichment profiles (Chapter 2 Figure 3).
Nanopore sequencing of captured TERRA from HeLa yielded 153 high-quality reads with
a mean length of 982 bp and a maximum length of 4639 bp (Chapter 2 Figure 4). In
comparison, U20S TERRA reads had a mean length of 721 bp and a maximum of 2478
bp. For the pure telomeric repeat tracts within TERRA reads, the mean length was 284 bp
in HeLa and 222 bp in U20S, with maximum lengths of 1487 bp and 1080 bp,
respectively.

These observations demonstrate that telomeric repeat tracts within TERRA transcripts
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span several hundred to over one thousand nucleotides in both cell types. Given the
inherent fragility of RNA molecules, it is possible that some TERRA transcripts were
partially degraded during sample preparation, potentially leading to shorter observed

lengths and increased variation in transcript size.

2 Validation of subtelomeric primers for chromosome-specific
TERRA

We designed seven primer pairs targeting unique subtelomeric regions in the T2T-
CHM13 assembly and confirmed exclusive alignment to their intended chromosome ends.
RT-qPCR revealed that U20S cells exhibit significantly higher TERRA levels than HeLa
when assayed with these CHM13 primers (Chapter 2 Figure 5A). To assess specificity,
we sequenced the RT-PCR amplicons by Illumina and calculated the fraction of reads
mapping back to each target end (Chapter 2 Figure 5B). CHM13-1q, -3q, -8p and -15q
primer sets yielded high percentage on-target reads, whereas CHM13-4q, -13q and -22q
showed partial off-target mapping—predominantly to 8q—consistent with local sequence
homology (Chapter 2 Figure 6). In parallel, we tested eight previously published
subtelomeric primer sets designed against hg38; none achieved comparable specificity,
with each amplifying TERRA across multiple chromosome ends (Chapter 2 Figure 4B).

Overall, CHMI3-derived primers robustly outperformed hg38-based sets in
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chromosome-specific TERRA detection.

3 Polyadenylation profiles of TERRA across chromosome

ends

To quantify TERRA expression in short-read RNA-seq datasets, we developed a
bioinformatics pipeline termed TERRA-QUANT based on TERRA transcription regions
(Chapter 2 Fig. 7A). TERRA-QUANT measures reads mapped to these regions, including
all three transcript classes: Typel, II, and III, where Typel denotes canonical
subtelomeric promoters (37 of 46 chromosome ends) that carry the characteristic
61-29-37 bp tandem repeat adjacent to telomeric repeats, Type Il refers to the atypical
subtelomeric promoters on chrlOp and chrl7p that lack the 61-29-37 bp repeat but still
initiate TERRA transcription. Besides the transcription that occurs at chromosome ends,
TERRA is also generated from interstitial telomeric sequences (ITSs), which are defined
as Type III TERRA transcription regions. For total TERRA levels, only reads mapped to
TERRA transcription regions are counted, followed by normalization using the YARN
package. For chromosome-end-specific analysis, TERRA-QUANT quantifies reads from
subtelomeric regions only, excluding pure telomeric repeat reads to avoid multi-mapping
bias. Because conventional RNA-seq predominantly captures polyadenylated transcripts,

we next sought to distinguish the genomic origins of poly(A)+ versus non-poly(A)
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TERRA. Following TERRA capture, we split each sample into poly(A)+ and poly(A)-
fractions using the NEBNext® Poly(A) mRNA Magnetic Isolation Module, then
performed deep Illumina sequencing on both. Analysis of chromosome-end-specific read
counts revealed that certain loci—chrlp, chr2q, chr3p and chr18q—were enriched for
poly(A)+ TERRA in both U20S and HeLa cells, whereas others—chr8p, chrllp, chrl5q
and chr21gq—were predominantly represented in the poly(A)— fraction (Chapter 2 Figure
7B). Importantly, the ratio of poly(A)+ to poly(A)— reads at each chromosome end was
highly correlated between U20S and HeLa (Pearson’s r = 0.70, p < 0.0001, Chapter 2
Figure 7C), indicating that locus-specific polyadenylation of TERRA is a conserved
feature across these cell types.

4 TERRA Expression Increases with Human Aging.

Applying TERRA-QUANT to poly(A)-enriched RNA-seq datasets from blood,
brain, and skin fibroblasts, we observed age-associated TERRA upregulation. Across 222
blood samples, TERRA expression increased significantly with age, with older donors (>
60 years) exhibiting higher levels than middle-aged and young individuals (Chapter 2
Figure 8A, B). In brain tissues, analysis of 90 RNA-seq datasets similarly revealed a
positive correlation between age and TERRA expression (Chapter 2 Figure 9A, B). We
further analyzed 132 fibroblast RNA-seq datasets and observed a consistent increase in

TERRA levels in samples from aged donors (> 75 years) compared to younger individuals
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(Chapter 2 Figure 10A, B). Hutchinson—Gilford progeria syndrome (HGPS) is a rare

premature aging disorder caused by LMNA gene mutations, leading to nuclear shape

abnormalities, genomic instability, and accelerated telomere attrition. Fibroblasts derived

from HGPS patients exhibited abnormally heterogeneous TERRA expression profiles

compared to age-matched controls (Chapter 2 Figure 10C), likely reflecting altered

telomere status and chromatin structure in progeroid cells.
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DISUCSSION

In this study, we defined the transcription regions and expression profiles of TERRA
across different cell types, tissues, and age groups using a combination of capture RNA-
seq, Nanopore direct RNA-seq, and the TERRA-QUANT pipeline. Our work established
four key findings: (1) confirmation of TERRA transcription regions in telomerase-
positive cells, (2) validation of chromosome-specific detection using CHM13-based
subtelomeric primers, (3) characterization of polyadenylation profiles across
chromosome ends, and (4) demonstration that TERRA expression increases with human
aging.

First, by performing TERRA capture RNA-seq in HeLa cells and comparing it with
U20S, we showed that telomerase-positive cells also express TERRA from defined
chromosome ends. Nanopore sequencing revealed that telomeric repeat tracts in TERRA
transcripts spanned several hundred nucleotides, consistent across U20S and HelLa,
although with differences in mean length. These observations confirm that TERRA is
broadly present beyond ALT contexts and that its structure is conserved.

Second, we validated a set of CHM 13-derived subtelomeric primers that outperform
hg38-based primers in detecting chromosome-specific TERRA expression. While hg38
primers have been widely used, they often amplify TERRA transcripts arising from

multiple chromosome ends due to sequence similarity, reducing their specificity. In
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contrast, most CHM 13 primers demonstrated significantly improved on-target specificity.

However, some CHM13 primer sets—such as those targeting 4q, 13q, and 22q—still

captured signals from unintended loci like 8p, reflecting the inherent sequence homology

shared among subtelomeric regions. This highlights a key technical challenge: even with

improved primer design based on the T2T-CHM 13 assembly, complete chromosome-end

specificity remains difficult to achieve by RT-qPCR. Nonetheless, CHM13-derived

primers represent a substantial advancement over hg38-based sets, providing a more

reliable tool for locus-specific TERRA analysis.

Third, we uncovered that TERRA polyadenylation profiles vary systematically

across chromosome ends. Commonly available RNA-seq datasets predominantly use

poly(A)-enriched RNA libraries, which may overlook the substantial fraction of TERRA

molecules lacking poly(A) tails. To address this, we performed both poly(A)+ and

poly(A)— TERRA capture sequencing in U20S and HeLa cells. Our analysis revealed

that poly(A)+ TERRA transcripts are preferentially produced from certain chromosome

ends—such as chrlp, 2q, 3p, and 18q—while others, like chr8p, 11p, 15q, and 21q,

mainly give rise to poly(A)— TERRA. Importantly, this locus-specific polyadenylation

pattern was conserved between U20S and HeLa cells, indicating that the bias is an

intrinsic property of TERRA transcription rather than a cell-type-specific phenomenon.

These results also underscore the importance of considering both poly(A)+ and poly(A)—
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fractions when studying TERRA expression profiles.

Finally, we observed consistent upregulation of TERRA with human aging across

blood, brain, and fibroblasts, using both publicly available and laboratory-generated

datasets. Our analysis demonstrated that older donors exhibited higher TERRA levels

than younger individuals in all tested tissue types. In fibroblasts derived from

Hutchinson—Gilford progeria syndrome (HGPS) patients, TERRA expression profiles

were abnormally heterogeneous compared to age-matched controls. These findings

suggest that increased TERRA expression is a common feature of aging and may reflect

changes in telomere transcription regulation associated with age-related cellular states.
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Chapter 2 Figure 1. TERRA is enriched by TERRA-capture

RT-gPCR results show TERRA enrichment in HeLa cells after TERRA capture for

[Nlumina RNA-seq. cDNA synthesis was performed using either random or telomeric-

specific primers for Illumina RNA-seq.
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Chapter 2 Figure 2. HeLa TERRA Profiling by Integrated Long- and Short-Read
Sequencing

Heatmap showing TERRA read counts from different chromosome ends and interstitial
telomeric sequences (ITSs) in HeLa and U20S cells. Reads from Illumina or Nanopore
sequencing were mapped to the T2ZT-CHM13 genome. CPM, counts per million mapped
reads. This data was published in 2025 in NAR [19]
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Chapter 2 Figure 3. TERRA enrichment in U20S and HeLa cells
Genome browser screenshots showing TERRA enrichment in U20S and HeLa cells,

displaying a similar pattern between the two cell lines. This data was published in 2025

in NAR [19]
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Chapter 2 Figure 4. TERRA length distribution from nanopore reads in U20S and
HeLa cells.

(A) Density plots showing the distribution of TERRA bulk read lengths and telomeric
repeat lengths in TERRA reads from U20S and HeLa cells. Nanopore reads mapped to
T2T-CHM13 TERRA transcription regions were used for analysis. (B) Statistical
analysis of TERRA bulk read lengths and telomeric repeat lengths in TERRA reads.
This data was published in 2025 in NAR [19]
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Chapter 2 Figure 5. Validation of TERRA RT-PCR products

(A) RT-gPCR analysis of TERRA levels in HeLa and U20S cells. Subtelomeric primers
specific to individual chromosome ends were designed based on the T2T-CHM 13
genome. Data represent mean = SD from three biological replicates. P-values were
calculated using two-tailed Student’s t-test. This data was published in 2025 in NAR
[19] (B) Proportion of TERRA reads mapped to target chromosome ends relative to all
subtelomeric reads within TERRA transcription regions. Colored bars indicate the
percentage of TERRA reads on each target chromosome end, while empty bars

represent reads mapped to non-target chromosome ends.
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Chapter 2 Figure 6. NGS sequencing to validate TERRA RT-PCR products

Heatmaps showing TERRA counts per million (CPM) mapped to TERRA transcription

regions at specific chromosome ends in U20S and HeLa cells.
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Chapter 2 Figure 7. Polyadenylation profiles of TERRA across chromosome ends
(A) Workflow of the bioinformatics pipeline for TERRA expression quantification.
Reads mapped to TERRA transcription regions were counted, and normalization across
different tissues was performed using the YARN package. (B) Log: ratios of poly(A)+
to poly(A)— TERRA reads mapped to individual chromosome ends and interstitial
telomeric sequences (ITSs) in U20S and HeLa cells. (C) Scatter plots showing the
correlation between U20S and HeLa cells in poly(A)+/poly(A)— TERRA ratios. This
data was published in 2025 in NAR [19]
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Chapter 2 Figure 8. TERRA expression increases with age in human blood cells
(A) Scatter plot showing the correlation between TERRA levels and age in blood cells;
each dot represents total normalized TERRA reads from all chromosome ends per
individual. P-values were calculated using Pearson’s correlation (B) Normalized
TERRA counts in blood cells grouped by age: young (<30 years), adult (30-59 years),
and old (>60 years). Bars represent median with interquartile range. P-values were
calculated using the Mann—Whitney U test. This data was published in 2025 in NAR
[19]
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Chapter 2 Figure 9. TERRA expression increases with age in human brain cells
(A) Scatter plot showing the correlation between TERRA levels and age in brain cells.
P-values were calculated using Pearson’s correlation (B) Normalized TERRA counts in
brain cells grouped by age. P-values were calculated using the Mann—Whitney U test.

This data was published in 2025 in NAR [19]
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Chapter 2 Figure 10. TERRA expression increases with age in human fibroblast
cells and abnormal TERRA profiles in Hutchinson—Gilford progeria syndrome
patients

(A) Scatter plot showing the correlation between TERRA levels and age in fibroblasts
cells. P-values were calculated using Pearson’s correlation (B) Normalized TERRA
counts in fibroblasts cells grouped by age. P-values were calculated using the Mann—
Whitney U test. (C) TERRA expression in fibroblasts from HGPS patients. Each dot
represents the TERRA level of an individual. Bars indicate median with interquartile
range. P-values were calculated using the Kolmogorov—Smirnov test. This data was

published in 2025 in NAR [19]
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Primer ID

Forward

Reverse

CHM13-1q
CHM13-3q
CHM13-4q
CHM13-8p
CHM13-13q
CHM13-15q

CHM13-22q

CCGGTTGGTGCCCTGAATAA
GCGCAGTCATTCTCAACACC
AAAGCGGGAAACGAAAAGCC
TGCTGCATTTGTGTTCCGAC
TGCCTTTGGGATAACTCGGG
AGGGGCTGCATTAAAGGGTC
GGCTGCATGGACGGTGAATA

GCCTTGGGAGAATCTCGGTG
ACAGGTGAACCCCTGGAGAT
GCTGCATTTGAGTTGCGACA
GGGAAACCAAAAGCCCCTCT
GGTGCGCAGGATTCAAAGAG
TAGGACTGCTGCATTTGCGT
TTCGTTTCCCGCTTTCCACA

Chapter 2 Table 1. TERRA PCR primers sequence
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Abstract

Telomeric repeat-containng RNA (TEARM), transcrbed from subtelomeric regions toward telomeric ends, poses challanges in deciphearing its
complete sequences. Ltilizng TERRA-capture ANA-seq and Oxdord Nanopore direct RMA sequencng to acquire ful-length TERRA, we anno-
tate TERRA ranseription regions in the human TZT-CHMI3 reference gename. TERRA ranscripts encormpass hundreds to over a thousand
nucleotdes of telemer: repeats, pradomirantly orginating from B1-28-37 bp repeat prormoters enriched with HIKAme3s, AMNA Fol 1, CTCF and
Froops. We develop a biolnfermatics wal, TERRA-QUANT, for guantifying TERRMA using RMA-seq datasets and find that TERRA increases with
age in blood, brain, and fibroblasts. TERRA upregulation in aged leukocytes & confirmed by reverse ranscaption quantitalive pobmearase chan
reaction. Single-cell ANA-seg analysis demonsates TERAA expression across varous cell types, with upregulation shaarved in neuwrons dusing
human ermbryonic stem cell differentiaton. Addtionally, TERRA levels are elevatad in bran cells in the early stage of AMzhesmer's digeaze. Our
siudy provides evidence linking TERRA 10 hurnen aging and diseages.

Graphical abstract
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Introduction

Chromosome ends synthesize a heterogeneous population of
long noncoding RNAs called "TERRA”™ 1], which are com-
posed of the relomeric repear sequence UUAGGG and se-
quences unique to the subtelomeric region of each chromo-
some. TERRA is rranscribed by RNA polymerase 1 |2], and
its expression is regulared by CpG islands in the subrelomeric
regions and regulated during cell evele progression [3-5]. In
human cells, only a fracrion of TERRA undergoes polyadeny-
lation [&], while the majoricy remains non-polyadenylated and
is stabilized by RALY 7], a member of the hnRNP family that
interacts with both protein-coding and long noncoding RNAs
18], The segulatory regions influencing TERRA expression

lllumina paired-end

£ DBE LA PESIEHEIE | /Eos e e U o dno-alspae) sty Wolj papeoumog

TERR&,
levels
RMA-s2q Aging A
TERRA QUANT —> Alzheimer's [
diseaze
TERRA annctation
in T2T.LHML Tissues

have been identified by the presence of three repetitive mo-
rifs, referred to as 61-29-37 hase pair (bp) repear sequences,
fearuring a high GC conrent, and common to several human
chromoesome ends [4). The defect in DNA methylransferase
enzyme DNMT3E results in DNA hypomerhvlation in the
subrelomeric regions and upregulation of TERRA expression
[3,9-11]. Stadies have shown thar TERRA expression can be
regulared by several rranscription regularors, including CTCE,
ATRX, NRF1, HSF1, p53, Snaill, ZNF148, ZEX, EGR1, and
PLAGT |3, 12-17]. TERRA can form RNA:DNA hybrids wich
relomeric DNA, facilitaring relomere extension in telomerase-
negative cancer cells using a mechanism rermed “alternarive
lengthening of relomeres™ |ALT) [18-21].
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TERRA exhibirs binding capabilities with telomeric DNA
binding proteins |22-24] and non-telomeric DNA binding
proteins such as chromarin modifiess [24]. It binds 1o both
relomesic and non-telomeric chromarin, regulating relomere
integrity and gene expeession i cis and in trans [23-25). For
instance, TERRA interacts with ATRX, a protein involved in
histone H3.3 recruitment and H3K%me3 formarion |26], and
prevents ATRX from binding to chromarin [24, 27 TERRA
depletion leads 1o increased ATRX recruitment to repetitive
sequences such as eDNA, retrotransposons, subrelomeric se-
quences, and telomeric repears, as well as the regions close to
rranscription start sites [24, 27). Furthermore, TERRA plays
a erucial role in modulating DNA G-guadeuplex [G4) soruc-
rures around the transcriprion star sites, suggesting a function
of TERRA bevond welomere biclogy [27).

Flevated TERRA levels are accompanied by telomere ar-
rricion |5, 28-30] and damage [9, 31, 32]. For instance, un-
capping telomeres by TRF2 depletion upregulares TERRA
expression [32]. Cells derived from patients with 1CF {im-
munodeficiency, centromeric instability, and facial anoma-
lies) syndrome display accelerared telomere shortening, pre-
mature replicative senescence, and significantly elevared levels
of TERRA |9, 10]. Bidirecrional velomeric transcription is in-
duced by DMNA damage ar welomeres in Hurchinson—Gilford
progeria syndrome (HGPS) fbroblass |33]. Reducing telom-
ere length by ablating Bqi4 in Rssion yeast results in a greatly
increased TERRA expression [ 34]. When both telomerase and
homologous recombination mechanisms are absent in bud-
ding yeast, the accumulation of RNA:DNA hybrids at telom-
eres resules in telomere loss and increased rares of cellular
senescence [35]. TERRA levels are elevared ar semescence in
budding yeast cells lacking relomerase, while TERRA abla-
ton by expression of an ardficial antisense TERRA {anti-
TERRA) delays senescence | 36). Furthermaore, telomere shorr-
ening induced by TNF-x in mice is mediated by TERRA ele-
vation [37]. While major progress has been made in TERRA
involvement in relomere lengthening and cellular senescence
in yeast, TERRA expression during human aging is poorly
investigared.

Examining TERRA transcripts presents several challenges,
such as unassembled genomic sequences ar various chromo-
some ends and the lack of an annotated TERRA profile in
the human genome. To address these questions, we enriched
TERRA transcripts using antiscnse oligos to capture TERRA
and conducred Nanopore direct RNA sequencing {RNA-seq).
Through sequence alignment o the T2T-CHM 13 genome ref-
erence, we achieve the delineation of TERRA transcription re-
gions ar the end of chromesomes. Urilizing our bioinformarics
ool to quantify TERRA levels from publicly available RNA-
seq) darasers, we demonstrare thar TERRA is upregulared due-
ing human aging. Additionally, our analyses reveal differential
TERRA expression in various tissues and in individuals with
human diseases.

Materials and methods

Call cultura

U204 and Hela cells were obtained from ATCC and con-
sistently confirmed 1o be free of mycoplasma contamination.
Cells were culured using Gibeo Dulbecco's modified Eagle
medium (DMEM) with 10% feral bovine serum, w-glutamine,
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and 1% penicillingstrepromycin in a 37°C incubaror sup plied
with 5% CO:.

TERRA capture for lllumina RNA-seq

To enrich TERRA, total RNA was extracted from 1-% 107
cells using the TRIzol™ Reagent {Invitrogen, Catd 15596018
following the manufacrurer’s protocol. The total RNA was
wreared with DMase [ [Invitrogen, AM2238) and supplied with
ribonuclecside vanadyl complexes [VRC, New England Bi-
alabs, E7760%) ar 37°C for 15 min o climinare DMNA (0.4
wnir/pl DNase 1 and 10 mM WVRC). The enzyme was inacti-
vated by 5 mM of EDTA. The DNase I-rreated RNA sample
was then subjecred o a second round of purification using
TRIzol™ reagent. For one TERRA-capture experiment, a to-
tal of 20 ug of the DMNase I-teeated RNA was used. The RNA
sample was dissolved in 90 wl of 63 55C buffer (0.9 M NaCl,
0.9 M sodivm citrare). The RNA sample and 10 ul of 1
uM biotinylated TERRA antisense probe [5'-(CCCATT)s-
FBioTEG] were individually denarueed ar 70°C for 2 min, and
then were mixed rogether {final: 20 pg RNA, 2% 550 buffer,
100 nM probe) for an additional 8 min ar 70°C, The RMA-
probe annealing was carried owr by gradually decreasing the
emperature from 70°C 1w 44°C, followed by incubarion ar
44°C for an additional 30 min. To caprure TERRA RNA, 100
ul of steepravidin beads {MyOneC1, Invitrogen, Car# 65002}
were prepared and mixed with the sample. The mixture was
then incubared on a eorating wheel ar 37°C for 15 min. The su-
pernatant was sepasated feam beads by a magnet and carefully
removed. Beads were washed four times with 2 SSC buffer
containing 0.1% NP-40 (0.3 M MNaCl, 0.3 M sodium cireare,
0.1% NP-40) ar 37°C, followed by rwo washes with 13 §5C
buffer containing 0.1% NP40 (0,15 M NaCl, 0,15 M sodium
citrate, 0.1% NP-40), once at 37°C and once ar room rempers-
arure. Finally, beads were washed once with 1= S5C buffer
withour NP4 (0,15 M NaCL 0.15 M sodiem citeare) at 37°C,
Washed beads were resuspended in 100 pl of nuclease-free wa-
ter and incebated at 70°C o elure RNAL The elution step was
repeated owice. The elured RNA sample was concentrated by
precipitaning in 3= volume of 100%, echanol (300 wl}, contain-
ing 0.1 volume of 3 M NaOAc (40 wl, Thermao Fisher Scien-
rific, AMS740) and 2 pl of GlycoBlee™ (Invitrogen, AM9515)
avernight at —30°C. The RNA was precipitated by centrifu-
garion ar 4°C and 21 100 = g The ENA peller was washed
owice with 70% EtOH and elured in 30 pl of nuclease-free wa-
wer. RNA concentration was measured using Qubic RNA HS
kit {Invitrogen, 328520, The caprured RNA was converted
inte complementary DNA (cDNAJ, followed by paired-end 11-
lumina sequencing and RT-qPCR (reverse transcription quan-
titative polymerase chain reaction).

lMurmina RMNA-seq library praparation

The ¢DMA library was consorucred using the NEBMNexr™
Ulera I Directional RMA Library Prep Kic (New England
Biolabs, E77605) according to the manufacrurer’s inscruc-
rion with some modifications. The fiest-serand synthesis step
was carried our by Superscript IV [Thermo Fisher Scientific,
Car# 18090010, The TERRA-caprured RNA sample (30 ul)
was divided inte two equal halves for the reverse transeription
reaction, Half of the TERRA-caprured sample was reverse
rranscribed using 2 uM random hexamers (Thermo Fisher
Scientific, 48190011) and the other half using 1 uM of elom-
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eric C-rich primer 5-{CCCTAALs-3 . These twa groups are re-
ferred 1o as the random and specific groups, respectively, fol-
lowed by reverse teanscriprion, second-steand synthesis, end
vepair, adapror ligation, and size selection. Libraries were am-
plified using NEBMext Ulea 1T Q5 Master Mix {New Eng-
land Biclabs, #M0544L) with oprimal cycles determined by
qPCR, and size-selecred rwice using AMPure XP beads. Fi-
nally, the DNA was eluted in 15 pl of 0.1= TE buffer and
stored ar —20°C. The library size distriburtion was assessed
using the Agilent 2100 Bioanalyzer. Each library was quan-
tified using the NEBMexr Library Quant Kit (Mew England
Biolabs, #E76305). The pooled libearies (fragment size 300—
500 bp) were subjected ro paired-end 150 bp sequencing on
Hlumina MiSeq or NovaSeq plarformes.

Reverse transcription and guantitative PCR

TERRA enrichment was assayed by RT-qPCR using cDNA.
The reverse transcription was performed vsing random hex-
amers (Thermo Fisher Scientific, #48150011} and Super-
Script™ IV Reverse Transcriprase [Thermo Fisher Scientific,
Carg 150902000 {fnal: 1 pM random hexamer, 400 uM
dNTE, 1= SuperScript IV buffer, § units/ pl SuperScript IV re-
verse transcriptase, 4 mM DTT, 16 units/ wl RNaseOUT). The
qPCR analysis was conducred using a 1:5 dilution of TERRA-
enriched cDNA and aserial dilution of control cDNA, ranging
from 1= o 1000 dilurion {1% ro 0.001 % of input), to gen-
erate a standard curve. Subrelomeric primer sequences (hg38-
2q, CHM13-1g, CHM13-3q, CHM13-8p, and CHM13-15q)
are listed in Supplementary Table 56, The gqPCR reaction
was performed with I SYBR Green Supermix (Bio-Rad,
Caré 170-5882) using the CFX Real-Tume PCR Derccrion
System. The thermal cycling condirions were as follows: ini-
ial heat activation of polymerase ar 95°C for 3 min, fol-
lowed by 35 cycles of denaturation ar 93°C for 15 &, an-
nealing and extension at $8°C for | min. Data analysis was
carried our using CFX Maestro software v1.1 [Bio-Rad). For
Hlumina samples, the srandard curve was generated from
a series of dilubons from the inpur. TERRA RNA abun-
dance was normalized 1o GAPDH. TERRA-caprured sam-
ples were compared to the control sample (no caprure)
calculare TERRA eorichment. For Hlumina samples, TERRA
enrichment ratio was caleulated using the ddCr method,
where the Cr value of TERRA was normalized to that of
CAPDH.

TERRA capture for Nanopore direct RNA-seq

We harvested cells from 200 of 150-mm culre dishes for
BMA exrraction. The TERR A-caprure procedure followed the
method described previously with a few modifications, First,
the RNA samples were not treated with DMase L Second, the
input RMA amount for each caprure was increased ro 500 ug.
Third, to achieve the required RNA guancity for Nanopore
direct RNA-seq, 10 captures were pooled. RNA was concen-
trated by precipitation with 3= volume of 100% ethanol,
1/10x volume of 3 M NaOAc (Thermo Fisher Scientific,
AMOT40), and 2 pl of GlycoBlue™ {Iavitrogen, AM9513)
for 3 days at —20°C. One hundred caprures (a roral of 50
mg inpur RNA} were required to acguire a sufficient amount
of TERRA-enriched BNA for sequencing. Subsequently, RMA
was precipitated by centrifugarion ar 4°C ar 21 100 = g for
20 min. The peller was washed with 70% ethanol and elured

TERRA associates with human aging 3

in 20 ul of nuclease-free warer. Finally, a total of 3.4 pg BNA
was obrained afrer caprure. Next, 1.5 ug of TERRA-enriched
RMA was polvadenylated using E. coli polyid) polymesase
(New England Biolabs, #8M02765) at a final concenrration of
0,25 Ufplin 1x poly(A) polymerase reaction buffer with 1
mM dATP ar 37°C for 30 min. To prevent RNA degradarion,
the reaction included 2 units/pl RNaseOUT (Thermo Fisher
Scientific, Card 1077701 9). The polyadenylation reaction was
rerminated by adding 10 mM EDTA. Polvadenylared RNA
was purified using 2% sample volume of AMPure XP RNA
beads (Beckman Coulter, A6&514), following the manufac-
rurers prowcol, RNA was elured in 20 pl of nuclease-free wa-
rer. RN A concentrarion was measured using Qubit RNA high-
sensitivity assay | Thermo Fisher Scienrific, Q32852). The frag-
ment size was assessed using Bioanalyzer {Agilent RNA 000
Pico Kit). TERRA-enriched RNA was subjected 1o Nanopore
direct ENA sequencing | Card SQK-RNAQO2 ) with an R9.4.1
flow cell (FLO-MINLO).

Analysis of TERRA-capture |llumina RNA-sag

The fastq files were subjecred to a quality fileer [ > 20, and
Hlumina adaptor sequences were trimmed using Trimgalose
viLA.T (rrimgalore —illuming —pair Read | fastg Read2 fastg
-0 Jpathftofoutpur). The reads were aligned o the T2T-
CHM13 genome using the STAR aligner v2.7.%a (star
—runMode alignReads —genomeDir fpath o/ T2T-CHMI3 -
ourSAMrype BAM SorredByCoordinare —ourFileNamePrefix
ourpur_pach;/id —readFilesln trimmed_Read1.fasg
rrimmed_Read2 fasegl. The aligned BAM files were in-
dexed by samrools v1.17 (samtools index -b exp.bam -o
exp.bam.bai) and converted to coverage hles in bigwig
formar by decpTools v3.3.1 bamCoverage, with RPEM as
the normalizarion method (bamCoverage -b BAM _files —
normalizellsing RPEM —binSize 30 -of bigwig -0 ourpur.bw).
Furthermore, a comparison was performed berween TERRA-
caprured groups and no-captured RNA-seq dara [contrel)
using loga ratio analysis by bigwigCompare (deepTools). The
coverage files {bigwig) were visualized on the Integrative Ge-
nomics Viewer (IGV] v2.16.0. TERRA transcription regions
were manually assigned according to TERRA enrichment,
Nanopore reads, and CAGE [cap analysis of gene expression)
rags at chromosome ends of the T2T-CHM13 genome. The
BED and GTF files of TERRA rranscription regions were used
for TERRA quancification. Te quantfy TEREA read counts,
the aligaments were extracted from che BAM fles using sam-
rools v1.17 (samtools view -b -h -M -L TERRA_region.bed
—ferch-pairs input.bam -0 TERRA_region_alignment.bam),
and filtered with MAPQ = 30

Analysis of TERRA Nanopore direct RNA-seq

Fast5 files were processed using Guppy base caller
{guppy_GPUS.0.7) with a default quality fleer of O = 7
{guppy -i Spath/roffasts ¢ ena_r9.4.1_70bps_hac.cfg -s
Spath o fourpur_fastq). Afrer base calling, reads were aligned
o CHM13 reference genome using the minimap2 aligner
¥2.22 (minimap2 -ax splice -uf -k14 /path/to/CHM 13 mmi
TERRA_Nanopore_fastg = TERRA_Nanopore_aligned sam).
The alignment  was  converred o BAM  for-

mat  and  sorted  using samtools w117 [sam-
rools view -b TERRA_Nanopore_aligned sam
-0 TERRA MNanopore_aligned. bam; sam-
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tonls S0t TERRA Nanopore_aligned.bam -0
TERRA MNanopore_aligned.sorred.bam). A bam  in-
dex  was  created by sameools w117 [samrools
index TERREA Manopore_aligned.sormed. bam -0

TERRA Nanopore_aligned.sorred.bam.bai).  The  aligned
reads displayed on the genome browser were manually
examined to assist in defining TERBA reanscription re-
gions. Reads aligned o TERRA transcription regions
were seleced  wsing samrools w117 with the TERRA
rranscription region bed file [samrools view -b -h -M -L
TERRA region.bed TERRA_ Nanopore_aligned.sormed.bam
-0 Nanopore_ TERRA_regions_aligned bam), and the counrs
of each TERRA region were quantified. For the analy-
sis of TERRA from individual chromosome ends (Fig.
1Dy, the unique reads were filtered based on MAPQ (=1),
FLAG walues (FLAG = 0, or 16 for primary alignments,
FLAG = 2048, or 2064 for supplementary alignmens)
provided by minimap2 (Supplementary Table $5.1). The sup-
plementary alignments with the same vead IDs were removed
{Supplemencary Table 85.2).

Analysis of ChiP-seq datasets

The ChiP-seq datasers are listed as the follows: U208
H3K4me3 (GSEL14703) [38], U205 RNA polymerase
I {GSEST324) [39], U208 CTCF (GSEETEI (40,
U205 MeDIP-seq (GSERLLAS) [41], UI05 DRIP-seq
(GSEI15957) [42], and Hela CAGE-seq (GSE121351).
Additionally, the annotated CpGooisland BED file was
downloaded from UCSC jassembly: T2T-CHMI3; group:
Expression and Regolation; track: Cpl lslands; rable:
hub_3671779_cpelsland ExtUnmasked). Reads with quality
scores below (30 were filtered our, and adapror sequences
were trimmed using TrimGalore v0.6.7 {trimgalore —illumina
—pair -g 30 Readl.fastg Read2 fastg -o fpach/to/oucpur).
The processed reads weree aligned ro the CHM13 genome
using bowrie2 with defaule serrings. The resulting Sequence
Alignment Map (SAM] files were converted into Binary
Alignment Map (BAM) formar, sorred, duplicare reads
were removed, and the files were indexed using sam-
wols v1.17 (samtools view -b expsam -0 exp.bam, sam-
rools sorr exp.bam -0 expsorted.bam, samrools rodup
expsorted.bam -0 expsorred rmdup_bam, samrools index
exp.soried. rmdup.bam -0 exp.sorted. rmdup. bam.bai). ChIP-
seq coverage files (bigwig) were generated using deepTools
v3.3.1 bamCompare, normalizing using CPM method and
subtracring o input signal {bamCompare -b1 ChIP_BAM _file
b2 Inpur_BAM_file —normalizellsing CPM —hinSize 30 -
operation subtract -of bigwig -0 outpur.bw). Meta-analysis
surrounding the £1-29-37 nr repear regions was performed
using deepTools v3.3.1 computeMarrix and plortHearmap
{compureMarrix reference-point —referencePoint center -a
500 -b 500 -5 ChIP-seq_coveragebw -B 61 29 37 re-
gionbed -0 Marrixgz, plotHeatmap -m Marixgz -
colorMap bwr -0 outpur_mera-analysis.pdf). For visual-
irarion on CHM 13 genome, the bigwig files were examined
in 106

Analysis of TERRA expression by TERRA-QUANT

RMA-seq datasets were downloaded and pre-processed us-
ing the previcusly described methods (SRAToolkit and Trim-
Galore commands). The processed reads were aligned
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the T2T-CHMI13v1.] genome using STAR aligner with de-
faulr sertings. Annotared TERRA transcription regions were
divided into subtelomeric and relomeric repear portions
and incorporated inte the CHMI13 GTF fle. Read counts
for both human genes and TERRA were calculated ‘using
HTseq-count (hrseq -f bam -5 nofves/reverse -t transeript
—idatrr gene_name -m o iNTErSECTiGN-NONEMpPLY —Ioninig e
all BAM_file CHMI13_GTF with_ TERRA_regions = our-
put_count.rxt). For quantifying TERRA feom individual cheo-
mosome ends, reads were extracted with MAPQ = 30 for
paired-end reads, or with MAPG = 255 for single-end reads
by samtools. Only reads mapped to the subtelomeres within
defined TERRA transcription regions were caboulated for
chromosome-arm-specific TERRA. For toral TERRA quantifi-
cation, reads were aligned by STAR with defaulr settings, and
duplicares were removed and filtered with primary alignments
IMAPD = 1) by samiools, The reads mapped w TERRA
segions and all human genes were then analyzed together
and normalized using the YARN package [43] in the R lan-
guage. The roral TERRA levels in human tssues were calou-
lated based on reads mapped o all TERRA manscription re-
gions with proximal TSSs located ar chromosome ends [Type
1 and Type I, but not Type I, including both subrelom-
eric regions and pure telemeric repears. "TERRA levels™ re-
fer o normalized TERRA read counts, representing the rel-
ative expression of TERRA transcripts compared 10 a con-
wrol gene set aceoss all samples. Counrs for other genes were
obtained wsing HTseq-count, and all counts were merged for
downstream normalizaton. For normalization, gene counts—
including TERRA and other genes quantified using HTseq-
count—were processed using the YARN R package, which
supports multi-sample normalization across diverse tissues
amd cell types.

NGS sequencing for TERRA RT-qPCR products

BEMNA was exrracted using TRIzol™ Reagent {Invitrogen,
Car# 15596018). Reverse rranscription was performed using
the SuperScript™ IV system (Thermao Fisher Scientific, Car#
1E090200) with random hexamers (2.5 nM). The RT-gPCR
reaction was conducted by using IQ SYBR Green Supermix
(Bio-Kad, Car# 1 70-8882). The design of the primer sequences
was based on the CHMI13 genome (Supplementary Table 56).
TERRA RT-qPCE products were purified using Gel /PCR Pu-
rification Mini Kit (FAVORGEM, Cardf FAGCK 001-1) be-
fore DNA library preparation. Flured DNA was subjected to
library construction using NEBMext Uliea 11 DNA Libeary
Prep Kic (NEB, Caréf E76455). Paired-end 150 bp reads were
obtained from an Muminag NovaSeq svstem. The sequenc-
ing reads of TERRA RT-qPCR products underwent qual-
iy filtracion (2 = 30) and adaprers pruning using TrimCa-
lore (v0.6.3) (hrrpsigithub.com'FelivK ruegen TrimGalore).
Trimmed reads were aligned to the CHMIL3 genome using
STAR aligner, filtering with MAP(Q = 30 by samioals. SAM
files were transformed to BAM files, and were deduplicated
using samrools (v.1.18). Bigwig files were generared by Deep-
Tools (v.3.3.1) bamCoverage {bamCoverage -nommalizellsing
CPM, —centerReads, and —extendReads 150). To assess the
proportion of PCR products in the TERRA transcription re-
gions, we calculared the read counts of PCR products on
TERRA transcription regions using samtools (w113} view
samtools view —ferch-pairs, -h, -b, -M (—use-index), and
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Figure 1. Identification of TERRA transcription regions by shoet-resd and leng-read ANA-seq in hurran oalls, (&) The flowechart of TERRA-capture
RM&-seg TERRS was :anbur:d b"- using biotinylsted anfisense oliges. Captured TERRS RAs were subjected o lluming or Owlord Marepore leng-read
RNA direct sequencing. {B} D tion of three types of TERRA transcription regions. TERRA trarscription start sites were determined by TERRA
enrichment frarm lllurmina shoet-reads, Manopare larg reads, and CAGE-seq. (C) Heatrmap rapresents TERRA arvichrmeant [log; values| at different
chromasome ends and inbarstitial telomenc sequences ITSs) based on llumina resd caunts of TERRA transcripts in UZ0S calls, cOMA, was syrithe sieed
using randomn or telamerc spacific primers far library cartruction. Capture: TERRA capture RMA&-=eq. Control: reqular ANA-seq with ribasomal RMA
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-L {—target-file)] with a bed fle including TERRA transcrip-
Lo fEgions.

PolylA)+ and polylA)l— TERRA capture sequencing
and analysis

TERRA RMA was fiest enriched by hybridization with
a biotin-labeled Corich relomeric probe. Following this,
polyadenylated TERRA transcripts were selectively isolared
using the NEBMext™ poly(A) MRNA Magneric Isolation
Module (E74905, New England Biolabs), allowing for the sep-
aration of poly(Als and paly{A)— fractions. Both RNA frac-
rions were then subjected to strand-specific library prepara-
rion (MEBNext™ Uleea I Direcrional RNA Libeary Prep Kit,
E7Ta05) for Mlumina sequencing, using 150 bp paired-end
reads. To further enhance the representation of TERRA an-
scripts during eDMNA synthesis, C-rich telomeric primers were
used, ensuring prefevential reverse transcription of TERRA
RMNA. The fastq files obrined from TERRA-caprure Ilu-
mina RMNA-seq were subjecred o a qualicy fileer (2 = 30),
and Hlumina adapror sequences were trimmed using Trim-
galore w067, The reads thar passed che qualicy fleer
were aligned to the T2T-CHM13 genome using the STAR
aligner v2.7.%. [star —runMode alignReads —genomeDir
dpathfio/ TET-CHML3 —ouSAMype BAM  SortedByCo-
ordinate —ourFileNamePrefix  ourpur_path/id —readFilesln
rrimmed_Readl fastq  crimmed_Read2 faseq). To  gquanrify
TERRA read counts, the alignments were extracted from the
BAM files using samiools v1.17 {samrools view -b -h -g 30).
Reads mapped o TERRA rranscription regions, including
Types 1, 1L, and 111, were gathered as total TERRA reads.
The proportion of TERRA reads in polviAl+ and polyiAj—
samples was calculared as the number of TERRA reads in
each region divided by the woral TERRA reads. The rado
of polvi&)+ o polyiAl— reads was determined by percent-
age of total TERRA reads in poly(A)+ over percentage of total
TERRA reads in poly(A)—. Enrichment of polyiA)+ relaive to
poly{ A)— was represented as the log: values of this rario.

Research participants for collecting blood cells
Blood samples were collecred as previously described [44).
The study was approved by the institutional review board
(IRE No. 201601091 RIND} of the Nadonal Taiwan Uni-
versity Hospital, All participants weee provided with writ-
ren informed consent before pamicipation in the study.
Trial registravion: ClinicalTrials. gov: NCTO2779088. Reg-
istered 200 May 2016, horps-clinicaltrials govior2kevdares!
MNOTO2T7I088.

Telomere length measurement in blood cells

Blood samples were collected from the paricipants as
previously described [44]. Briefly, genomic DNA was ex-
rracted from frozen human buffy coars using the QIAamp™
DNA Mini Kic (QIAGEN, Hilden, Germany, #Car 51306).
Cruanticative analysis was performed by quancitative poly-
merase chain reaction {qPCR). The selative relomere length
for each pareticipant was caleulared using the telomere-
ro-single copy gene (T/S) rato, defined as the number
of telomeric repeats (T) divided by a standard reference
DMNA (8). The 36B4 gene was used as the single-copy
DMNA. A standard curve was geneeated from a series of
dilutions of genomic DINA from HeLa cells, and was used
for calibration for each gPCR plate. Primers for telom-
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cric DNA and 3684: 36B4 forward primer Sequence: §-
CAGCAAGTGGGAAGGTGTAATCC-3 and J6B4| feverse
primer sequence: §-COCATTCTATCATCAACGGG TACAA-
35 relomeric DNA forward  primer  sequénces §-
GGTTTTTGAGGGTGAGGGTGAGLGTCAGGG TGAGGLT-
3 and relomeric DNA  reverse primer sequences -
TOCCGACTATOCCTATCCCTATCCCTATCOCTAT COCTA-
3.

Quantification of TERRA by RT-gPCR in blood
samples

BEMNA was extracted from buffy coat samples vsing TRI-
zol (Thermo Fisher Sciencific, Cacd 15596018) and puri-
fied by acid—phenol:chloroform (Thermo Fisher Scientific,
Car# AM9®722). RNA was treated with ezDNase™ En-
zyme [Thermo Fisher Scientific) to eliminate contaminat-
ing genomic DNA. Reverse transcription was carried out
using the SuperScript™ IV system {Thermo Fisher Scien-
rific, Car# 18090200). Random (2.5 nM) hexamers com-
bined with telomeric repear peimers (025 aM) o enrich
TERRA eDNA. The protocol for wral TERRA qPCR was
similar to that for the telomere qPCR using telomeric re-
peat primers. Beta-2 microglobulin (B2M) was used as the
reference gene. B2M primers: forward primer sequence, -
CTATCCAGOGTACTOCAAAG-3'; reverse primer sequence,
SUGAAAGACCAGTCCTTGOTGA-3. TERRA BENA  ex-
rracred from U208 cells was used 1o obtain a standard curve
for calibration berween samples from different gPCR plates.
The relative TERRA expression level was analyzed using
the TERRA RNA/EZM ENA ratio. Subrelomersic primers
{hg38-2q) for TERRA RT-gPCR in blood cells are listed in
Supplementary Table 56, Data points from samples with poor
REMNA quality—assessed by RT-gPCR analysis of the B2M con-
rrol were excluded from the analysis,

Analysis of TERRA expression across differant
tissues

FPublicly available RNA-seq darasers were gathered from
NCBI GEO darasers |32, 45, 46]. Sample sources are doc-
umented in Supplementary Table 57. To compare TERRA
levels across different rissues o cell lines, we employed
the YARN R package [43]. The whole gene counts derived
from all RNA-seq datasers were merged in the same ex-
pression table for the following process. The Aloration of
low-expressed genes was performed based on an expression
threshold (CPM = 1) TERRA counts for cach sample were
determined wsing TERRA-QUANT as described previously.
Mormalization of all dara was performed using the gsmooth
method [47].

Single-cell and single-nucleus RNA-seq analysas

Newronal single-cell RNA-seq datasers (GSE186698) and
FPEMC single-cell RNA-seq darasers (GSELST007) were
downloaded as previously described (Supplementary Table
58). Alignmenr, barcode assignment, and unique molecular
identifier (UMI) counting were peeformed using CellRanger
V7.0 48] with a default sering (MAPQ) = 255). Down-
stream analysis of CellRanger ourputs was performed us-
ing Sewrat v 4.0 [49]. The low-qualicy cells were filtered
out if the number of genes detecred or mitochondria gene
reads were three mean absclure deviations away from the
average. Genes expressed in fewer than three cells are ex-
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cluded. Two thousand highly variable genes were identified
using the variance stabilizing transformaton method and
were used for principal component analysis, The top 20 prin-
cipal components were selected for cell clustering. The re-
sult was visualized with uniform manifold approximarion
and projection (UMAP). Dara integration was performed
by using FindInregrationAnchors() and InregrareDvatal) fune-
tions according o the union of the top 2000 highly vari-
able genes of each dara. Plors of TERRA, ATRX, and MAP2
were generated by seCustomize v2.0.1 (Samuel Marsh, Maélle
Salmon, and Paul Hoffman, 2023, hops:idoiorg/ 10,5281/
zenodo. 101 61832). In neveonal differentiation samples, cells
positive for CD29, CD44, and CD105 bur negative for
CD14, CD34, and CD45 were classified as mesenchymal
stem cells; cells expressing 50X2 and Mestin were idenci-
fied as newroecpichelial cells, while those positive for MAP2
were categorized as mamure neurons. Cells in PEMC were
annotated by the expression of representatve cell markers:
CD4* T cells (CD4, IL7R, and CD3G). NK cells (NCAM
and NKGT), CDS* T cells (CDEA and CDEB), B cells (CD19
and MS4A1), monocyres (CDM4 and CD16), and dendrinc
cells (IL3IRA). Single-nuclens RNA-seq datasers were obtained
from the Rush Alzheimer's Disease Cenrer (RADC) Research
Resource Sharing Hub ar Synapse {hops:fwww.synapse.org!
#Synapse:synlB485175) with DOL: 1007303 /syn LB485175.
The ROSMAF metadara can be found ar hrrps:ifarassynapse.
org/#15ynapse:synd 1 57322, Denails of individual samples, in-
cluding those with no patholeay (13 individuals), AD-carly
patholegy (% individuals), and AD-late pachelogy (3 indi-
viduale), unlized in the analysis of this soedy are oudined
in Supplemencary Table 59, In Alzheimer’s disease samples,
we assigned cell types by marker genes: excitatory newrons
(NRGN], inhibitory newrons (GADL), asteocyres [AQDP4),
oligodendrocyres [MBP), microglia {CSFIR and CDI4), and
oligodendrocyre progenitor cells (WCAN).

Alzhgimer's disease patient-derived IPSC
differentiation to neurons

To generate cortical neurons, induced pluripotent stem cells
(iPSCs) derived from an Alzheimers disease (AD) panent
carrving the PLITL mutation in presenilin-1 (PS1j—the car-
alytic subunit of y-secretase—and mutation-corrected iso-
gene controls were wsed. iIPSCs were dissociated with dispase
and culrured in suspension using human embrvonic stem cell
(RESC) medium lacking bFGE bur supplemenred with 100 nb
LIMN193189 and 10 uM SB431542 to initate neural induc-
tion. Cells were then ransferred to N2 medium and celmared
until neural roserte structures formed. These neural rosettes
were manually isolated and further culured in NI medinm
o promote newral sphere formartion. The resulting newral
spheres were plated onto Marrigelcoared six-well plates and
culoured in NIF medium 1o induce cortical neuron differenti-
ation. The differentiated cortical neurons were subsequently
collected for RT-qPCR analysis.

Results

MNanopore direct RNA sequencing for TERRA
transcripts

To investigate TERRA cranscripts in human cells, we cap-
ruced RMNA molecules containing UUAGGG eepeats by us-
ing biotnylated antisense oligos in U205 cells (Fig. 1A)
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The TERRA-engiched RNA samples were subjecred 1o twa
different sequencing methods: Mumina paired-end sequenc-
ing and Nanopore direct RNA sequencing. For Iumina se-
quencing, TERR A-enriched RNA was reverse transcribed us-
ing either random hexamers (random group) ar elomere-
specific primers {specific group) for ¢DNA library consoroc-
rion. For Nanopore dirccr RNA sequencing, enriched TERRA
malecules were polyadenylared by poly(A) polymerase before
library preparation (Fig. 1A). Approximartely, a few hundred-
o over 2000-fold envichment was observed after TERRA cap-
roee (Supplementary Fig. S1A). The reads from both methods
were aligned to the T2T-CHMIL3 human genome reference,
which includes neaely complete coverage of the enrire genome
including subtelomeric and trelomeric regions [50].

TERRA transcription regions at ehromaosome ends

The criteria for identification of TERRA transcription regions
included the observations of Nanopore reads, CAGE rags,
and TERRA enrichment within 100 kb of chromosome ends
(Fig. 1B and Sepplementary Fig. $1B). Compared o riboso-
mal depleted RNA-seq (contrel), TERRA-caprure RNA-seq
{enriched by anrisense oligos) exhibired an increase in read
counts derived from chromosome ends in U208 cells, shown
by TERRA cnrichment in logy values from Hlumina sequenc-
ing dara [Fig. 1C). In cases where no CAGE-seq tags mapped
to the subtelomeric regions, we estmated transcription start
sites {T58s) based on subrtelomeric regions with Nanopore
long reads and TERRA enrichment. We identified 39 chromo-
some ends thar contain TERRA rranscription {Supplementary
Tables 51 and $2). Notably, cheSp, chel8p, and che20p cach
potentally contain two TERRA transcription start sites (one
proximal and one distal to elomere ), while other chromosome
ends have a single TERRA ranscription start site located near
the telomeric repeat tracts (Supplemencary Fig. $1C) The dis-
tance of the identified TERRA TSS from the telomeric repeat
rract per chromosome end is shown in Supplementary Fig. 82
These resulis demonsteate the presence of TERRMA transcrip-
rion across 3 majority of chromosome termini in U205 cells
(Fig. 1D), aligning with a recent study showing that TERRA is
detectable ar most chromosome ends in human cell lines [51].

To further verify the TERRA transceiption regions, we pee-
formed TERRA-caprure RMNA-seq in another cell line (HeLa).
The TERRA enrichment was also observed in defined TERRA
cranscription regions at chromosome ends in Hela cells
(Supplemencary Fig. 53), showing the consistency of TERRA
cranscription regions berween owo different cell lines.

Naorably, most CAGE tags were mapped (o the 37 bp re-
pear regions (Supplementary Fig. 541 In agreement with this,
TERRA Nanopore reads were aligned with the 37 bp repears
at their 5' rermini |Supplementary Fig. 54). These results sug-
gest thar the regions preceding the 37 bp repears may function
as porential TERRA promoters, supporting previous soudies
thar showed the importance of the 29 bp repeat regions in
regularing transcription acriviry |4, 21).

We classified three distincr rypes of TERRA transcrip-
ion regions according to their locations and promoters [Fig.
1B). The majority of telomeres {37 our of 46 chromosome
ends) were characterized as Type I TERRA teanscriprion re-
gions by the presence of 61-29-37 bp sepeats at che pro-
maoter {Supplementary Fig. 54). Only chelOp and chel7p
rermini were characterized as Tvpe II TERRA transcrip-
tion region, which lacks 61-29-37 bp repears (Fig. 1B and
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Supplementary Fig. 54). TERRA rranscription regions with
61-29-37 bp repears or CAGE mags are summarized in
Supplementary Tables §1 and 52. Not all Type I TERRA pro-
maoters encompass all cheee reperiive morifs. Sixteen chromo-
some ends are composed of all three repetitive mortifs, while
21 chromosome ends lack either one or two repetitive movifs
(Supplementary Fig. $5A and Supplementary Table $3). To in-
vestigate the impact of the 29 bp repeat element on TERRA
expression, we compared TERRA levels ar chromosome ends
with or without the 29 bp repears. Our analysis revealed no
significant difference in TERRA expression between these re-
gions (Supplementary Fig, S5B), implying the presence of an
additional promoter thar lacks the 29 bp repeats for TERRA
[rAnSCripIion.

TERRA transcription from interstitial telomeric
rapeats
In addiion o TERRA transcription at chromosome ends,
TERRA can be transcribed from 1TSs, classified as Type I
TERRA wranscription regions [Fig. 1B-D, Supplementary Fig.
54, and Supplementary Table 54). We quantified Type L, 11,
and I TERRA transcriprion and found char most TERRA
rranscripts in U205 cells onginare from chromosome ends
(Type 1 + 1) (Fig. 1E and Supplementary Fig. 53E). Type
I accounts for only ~4% of Nanopore and %1% of 1I-
lumina TERREA reads in U2ZOS bur is more prominent in
Hela cells, comprising 46% of Nanopore and 17.7% of
Hlumina reads. In the T2T-CHM13 genome, we identified
79 ITS sites containing telomeric repeats longer than 200
base pairs (Supplementary Fig. $5C), Among these, 19 sites
showed TERRA enrichment and Nanopore reads contain-
ing long telomeric repears at the 3 ends, Norably, Type HI
TERRA transcription regions exhibit CAGE tags, and the pro-
maoters usually comprise the 37 bp repeats without 2% bp
repeats (Supplementary Fig. 54). These results indicate that
maost TERRA rranscripts originated from the 37 bp repear re-
gions, regardless of whether TERRA derived from chromo-
some ends or ITS. Genome browser views demonstrated some
examples of TERRA transcription regions carrving these fea-
mures (Supplementary Fig. 541

Interestingly, we observed antisense TERRA transcriprs,
named ARIA [52] in Nanopore direct RNA-seq dara. ARIA
reads were mapped to chromosome 2, a region containing
an ancestral telomere—telomere fusion site [53]. The 7' ends
of ARIA reads comprise C-rich telomeric eepeats near the
junction of the relomere—elomere fusion site, following the
unigue sequences aligned 1o chromosome 2 (Supplementary
Fig. 55D). TERRA rtranscripts were also observed near the
junction bur were not directly connecred o ARIA rranscripts
{Supplementary Fig. 53D,

The length of telomeric repeats in TERRA
transcripts

We sought o elucidare the length of relomeric repear racts
within TERRA maolecules by analyzing Nanopore sequencing
reads thar aligned ro subtelomeric regions and exrended into
the relomeric repears. Among TERRA reads mapping to chro-
maosome ends, the maximum lengths are 2478 bp in U205
cells and 4639 bp in Hela cells (Fig. 24 and B). The mean
lengths of bulk TERRA reads were 721 bp in U205 cells and
982 bp in Hela cells. For the pure relomeric tracts in TERRA
reads, the maximum lengrhs observed were 1080 bp in U205
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cells and 1487 bp in Hela cells, while the mean lengths wene
223 and 284 bp in U205 and Hela cells, respectvely. Overall,
relomeric repeat teacts within TERRA reads ranged from sev-
eral hundred nuclestides to over 1000 nucleotides. Borplots
of Nanopore TERRA reads per chromosome arm, grouped by
types of TERRA ranscription regions, revealed considerable
variability in length of bulk TERRA reads and relomeric re-
peats across chromosomes in both U205 and Hela eells iFig.
20). The maximum bulk TERRA read lengths were longer
in Type | compared o Type 1T and Type I in both cells
Mean telomeric repear lengihs in TERRA reads were slighty
shorwer in Type 11 in both cell lines. Given the fragilivy of
BENA molecules, it is possible thar some TERRA transcripts
were partially degraded during sample preparation, poten-
tially resulting in shorter observed lengths and increased vari-
ation in cranscript size. Mevertheless, our findings are con-
sistent with previous reports indicatng that TERRA tran-
scriprs generally exceed 1 kb in length and char the avers
age telomeric repear lengrh within TERRA is ~200-300 bp
132, 54].

TERRA promoters are associated with H3K4me3,
Paol ll, CpGs, and R-loops at distinct repeat elements
in Type | TERRA transcription regions

Mext, we searched for common features among the transcrip-
tion start sites of TERRA. ChlP-seq data for RNA polymerase
I [39], H3K4me3 |38], CTCF [40], and DNA methylation
[41] were analyzed using TITZCHM 3 peference genome. Ad-
ditionally, DRIP-seq dara [42] were investigated 1o examine
the profiles of R-loops surteunding the 61-29-37 bp repeats
of TERRA promaorees locared in the subtelomeric regions of
the Type I TERRA transcription regions. The mera-analysis
revealed epigenetic profiles corresponding to each repear el-
ement {Fig. 3A). The 61 bp repeat element exhibited an en-
richment of CTCE, RNA polymerase 11, and B loops. The 29
bp repeat element showed an envichment of DNA methyla-
tion compared 1o other repears. Remarkably, CAGE rags and
H3K4me3 were enriched ar the 37 bp repear vegions. The
disteibution of analyzed epigenetic marks along the TERRA
promoter is, illustrared in Fig. 3B, and an example of the
genomic view of these marks is shown in Fig. 3C. We con-
clude thar DNA methylanon predominantly occurs ar 29 bp
repeats, while RNA polymerase 1T and H3K4me3 are enriched
ar 61 and 37 bp repear, respecrively, in Tvpe | TERRA tran-
SCTIPOON TEgions.

Our observations suggest that TERRA are rranscribed
mainly from the 6§1-29-37 bp repear regions. Only chelOp
and chel7p do nor contain the 61-29-37 repears adjacent o
TERRA rranscription regions. It is worth noting thar while
cerrain TERRA rranscription regions lack 29 bp repears, they
still consist of 61-37 bp repears. Intriguingly, even in regions
withour 29 bp repears, DNA merhylation was srill derected
in the Cpls islands berween the 61 and 37 bp repeart racts
{Supplementary Fig. S6A)

To investigate the correlation berween these epigenetic
marks and TERRA levels, we compared TERRA expression
with the abundance of these epigenetic marks ar TERRA pro-
maorers. The promoter regions were selected from 3 kb up-
seream of the transcription starr sites, where the §1-29-37 bp
repeats were located. Scatrer plots demonstrared rhar TERRA
expression is positively correlated with H3K4me3, R-loops,
and CTCF ar chromosome ends (Fig. 3D}
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TERRA-QUAMNT for measuring TERRA expression

To analyze TERRA expression using publicly available shorr-
read RN A-seq darasets, we established a bicinformarics roal,
dubbed TERRA-QUANT, for measuring TERRA levels based
on the transcription regions defined in this study (Fig, 4A).
TERRA-QUANT quantifies reads mapped to TERRA tran-
scrption regions, including reads from Types 1, 11, and 1L
For total TERRA levels from chromosome ends, only TERRA
reads mapped to Type I and 11 TERRA mranscription regions
were selected and subsequently underwent YARN normaliza-
tion, For cheomosome-end-specific TERRA analysis, we sepa-
rated reads from subtelomeric regions and pure telomeric re-

71

nd epigenetic marks at indeddual
wars calculbsted by comparing TERRA

pear tracts, and only quanrified subrelomeric reads and ex-
cluded pure relomeric repear reads.

To test the reliability of this rool, we applied TERRA-
QUANT 1o analyze TERRA expression in Hela cells using
Hlumina sequencing dara obrained from a previows study |32].
The previous study enriched TERRA BNA by using biotiny-
lated antisense oligos o capoure TERRA from nuclear RNA.
Maorably, TERRA read counts were detecred at the majority of
chromaosome ends in the TERRA capruse group, whereas they
were absent ar multiple chromosome ends in the control group
withour TERRA caprure {Fig. 4B). TRF2 deficiency led ro in-
creased TERRA read counts at multiple chromosome ends
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compared to wild-type eells (Fig. 4B). Additionally, TERRA
read counts from chromosome ends in Hela cells were signif-
wantly lower than those in U208 cells (Fig. 4C). These resulis
are consistent with earlier studies showing elevated TERRA
levels upon TRF2 depletion |4, 32], affirming the robustness
of the TERRA-QUANT methodology.

To further validate the annotations for TERRA transcrip-
tion regions, we designed subtelomeric primer sers specific
o CHM13-1q, 34, #p, and 15 chromosome ends based on
the TAT-CHM 13 genome sequence (Supplementary Table 56).
We vsed these subtelomeric primers 1o detecr TERRA fol-
lowing TERRA capture and observed over 1000-fold enrich-
ment (Supplemencary Fig. 56B), indicating that the primers
efficiently amplified TERRA transcripts. Notably, RT-qPCR
analysis using these subtelomeric primers revealed increased
TERRA levels from various chromosome ends in U208 com-
pared ro Hela cells (Fig. 4D). Subsequently, the RT-gPCR
products were subjected o [llumina sequencing w validate
their sequences. We observed thar the reads of RTqPCR prod-
ucts were predominantly mapped to their tasger chromosome
ends (Supplementary Fig. S60). These resuls indicare the
specificity of these subrelomeric primers.

Poly{A)+ and non-polylA) TERRA capture
sequencing

Since most publicly available RNA-seq darasers are gen-
erated from polyadenylared RNA—and only a portion of
TERRA ranscripts are polyadenylated—we sought to investi-
gate the genomic origins of TERRA molecules with and with-
our poly(A) rails. To achieve this, we performed TERRA cap-
rure followed by an addirional poly{A) selection step to sep-
arate poly[Al+ and poly[A]— fractions. Both polyiAl+ and
polyiAl— TERRA fracrions were subjected o llumina se-
quencing. We analyzed the ratio of polyl&)+ o polylA)—
TERRA reads in both U208 and Hela cells and found
thar cerrain chromosome ends, such as chrlp, chelq, che3p,
and 18q, produced more polyld)+ TERRA transcripts in
both cell lines (Fig. 4E and Supplementary Fig. 56D). In
contrast, vther chromosome ends, including chelp, chellp,
chel3qg, and che2lq, prodeced more polyiA)l— TERRA wan-
scripts. Notably, we observed a strong positive coreelation
(Pearson r = 0.7, P = .0001) between UZOS and Hela
cells in the ratio of polylAl+ o polyiAl— across differ-
ent chromosome ends (Fig. 4F), suggesting thar polyadeny-
lation parerns in TERRA are largely consistent across cell
tvpes.

ALTpositive osteosarcomas show elevated TERRA
lavals

We gathered rRNA-deplered RNA-seq darasets from a pre-
vious study, which included three biological replicates of 13
human osteosarcoma cell lines, with 4 cell lines caregorized
as ALT negarive (# = 12) and 9 cell lines classified as ALT
positive (1 = 27) [45). The RNA-seq reads of these datasers
were aligned ro the T2T-CHM13 genome and processed us-
ing TERRA-QUANT. Total TERRA levels were then dever-
mined by cumulating TERRA reads from all chromosome
ends. Norably, ALT-positive cells exhibited a higher level of
toral TERRA, and a lower RINA level of relomerase reverse
rranscriptase ([ TERT) (Fig. 54 and B). These resulrs agree with
the previous Anding showing ALT cells with elevared TERRA
expression |1, 54

73

TERRA increases along with human aging in blood
cells

To compare TERRA expression across different ages, we
collected poly(Aj-enriched RNA-seq datsers from a previ-
ous study [46], which comprised 222 human blood sam-
ples for analysis. These blood samples cover a range of
ages from 24 1o 73 years old and were separared into theee
groups: young [=30 years old), mid-age adult (30-39 years
ald}, and old groups (=60 vears old). Interestingly, TERRA-
QUANT analysis demonstrated that toral TERREA levels ac-
cumulared from all chromosome ends were positively coree-
lared wirh age (Fig. 5C). When grouped by different ages, to-
ral TERRA levels were significantly increased in old individ-
ualg, compared to voung and mid-age individuals (Fig, 50
For chromosome-end-specific analysis, reads mapping to in-
dividual chromosome ends were low, prevenring statistical
analysis (Supplementary Fig. 57A). Notably, TERRA reads
were predominately mapped to Type [ transcription regions
{Supplementary Fig. S7B).

Mext, we confirmed cthe associatnon of TERRA levels wich
aging by collecting Blood samples from individeals of vari-
ous ages and conducted quantitative PCR o measure telomere
lengrh and TERRA levels. The samples were grouped by adult
121-60 years) or old (=60 vears) ages. Genomic DNA was
extracted from buffy coats, and wlomere lengeh (T/S ratio)
was analyzed by quandcative PCR. We ohserved chac relom-
ere lengrhs significancly deceeased in elderly people in both
males and females (Fig. SE). Interestingly, total TERRA RNA
levels in blood samples determined by RT-gPCR were signif-
icantly elevated in old males and females (Fig. 3F), and were
negatively correlated with telomere lengths (Fig. 5G). Using
subtelomeric primers for RT-qPCR also showed a significant
increase in TERRA expression in the old group compared ro
the adult growp (Fig. 5H), confirming an elevanion in TERRA
levels in aged leukocytes.

TERRA is upregulated in the aged brain

To explore the relationship berween TERREA and human
aging, we analyzed published poly(a)-enriched RNA-seq
datasets obrained from wvariows human nssues including
brains, hearrs, and ovarics [46] by TERRA-QUANT. The
scatter plots displayed a significant positive correlation be-
rween total TERRA levels and age in brains, bur nor in
avaries of hearts (Fig. 6A). Remarkably, rotal TERRA levels
in brain rissues exhibited an upregulation in the old group
{=60 vears old), compared to the adule group (30-5% years
ald} (Fig. 6B). Considering that ATRX is impaortant for new-
ronal development and functionality [$5, 56, 57], we analyzed
ATREX expression in human brains. Interestingly, the levels of
ATRX, which is a TERRA-interacting protein [24], declined
in old individeals {Supplementary Fig. 57C) and displayed
an anticorrelation with TERRA expression in brain tissues
{Supplementary Fig. 57D).

Elevated TERRA levels in aged fibroblasts and
abnormal TERRA profiles in Hutchinson=Gilford
prageria syndrome patients

Mext, we quantfied TERRA expression in fibroblasts ob-
rained from healthy individuals of various ages and pa-
rients diagnosed with HGPS, a generic disorder characres-
ized by premature aging fearures in childhood. Toral TERRA
levels, analyzed by TERRA-QUANT using poly|Al-enriched
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RMA-seq datasets, displayed a significant upregulation in fi-
broblasts derived from healthy older individuals (Fig. 6C
and DV, with an exponential increase observed in those over
75 vears old. Chromosome-end-specific analysis showed thar
TERRA increased at multiple chromosome ends in the old
group {Supplementary Fig. SBA). Type 1 TERRA transcrip-
rion was dominant in fibroblasts compared ro Types 11 and

those of their age-marched controls. Norably, HGPS patients
displayed an aberrant and diverse TERRA expression partern
compared o healthy individuals {Fig. 6E).

Single-cell RNA-saq analysis reveals high TERRA
levels in neurons

BAL09E | LGSR L FESRRIIE

5Z0E &or g1 uo rsank g

1 [Supplementary Fig. S8B). Considering thar HGPS parients
were below 30 years old, we compared TERRA levels wich

75

We assessed TERRA levels across various cell types by ana-
lyzing published RNA-seq datasers from human tissues, in-
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cluding adipose, blood, bone, brain, hearr, lung, ovary, pan-
creas, and retina (Supplementary Table 57). Among these ris-
sues, TERRA levels were paricularly high in blood, bone,
and ovary |Fig. 7A). Given the highest level in blood cells,
we sought o identify the specific cell types exhibiting high
TERRA expression. To achieve this, we analyzed single-cell
RMA-seq darasets |58] from peripheral blood mononuclear
cells obtained from healthy young individuals. Notably, den-
dritic cells displayed the highest TERRA level among various
immune cells |Fig. 7B}

To investigate the potential role of TERRA in newrons, we
examined TERRA levels using single-cell RNA-seq darasers
obrained from hESCs undergoing neuronal differentiation
159). The hESCs were converted to neuromesodermal progen-
itoes (NMPs) with distinee HOX profiles along roscrocandal
axis by modulation of Wart, FGF, and retinoic acid signaling,
and were further differenriated into venreal newron pheno-
types. Six different NMP cultures from hESCs were gener-
ated corresponding to HOX parterning periods: 24, 48, 72,
120, 168, and 216 h. The cultures exhibited a progeessive ex-
pression of caudal HOX paralogs, corresponding to cervical
(HOX1-8; observed in 24, 48, and 72 h), thoracic (HOX1-
9; observed in 120 h), lumbar (HOX1-11; observed in 168
hi, and lumbosacral spinal regions (HOX1-13; observed in
214 hj. Cells were clustered based on gene expression into
mesenchymal cells, neuroepithelial cells, and neurons. No-
tably, higher levels of TERRA were observed in neurons com-
pared 1o newroepithelial cells and mesenchymal cells {Fig.
7O Additionally, TERRA levels displaved a concordant ex-
pression pamern with ATRX during newronal differentiation
{Fig. TD-F).

Elevated TERRA leveals during the early stage of
Alzheimer's disease progression

MNexr, we sought to analyze TERRA levels using TERRA-
QUANT in neuronal disorder diseases. We analyzed published
single-nucleus RNA-seq datasers fram the peefrontal corex
of patients with Alzheimer’s disease (AD} [60]. Postmortem
human brain samples were chrained from participants en-
rolled in the Religious Order Study and Rush Memory and
Aging Project (ROSMAP) [61]. Individuals wich AD pachol-
ogy were categorized into owo subgroups according o the
previous study [60], reflecting distiner stages of AD patholog-
ical progression: (i) early-pathology characterized by amyloid
burden, modest nearofibrillary tangles, and cognitive impair-
ment; and (i) late-pathology marked by higher amyloid lev-
els, elevared neurohibrillary rangles, increased global pachol-
ogy, and cognitive impairment. Nowbly, increased TERRA
levels were shserved in various types of beain cells in the caely
stage of AD pathology compared to no AD pathology, with
mare profound TERRA levels in excitatory nearons (Fig. 76
and Supplementary Fig. 59A). To fusther investigate TERRA
in AD neurons, induced pluripotent stem cells (iPSCs) de-
rived from an AD patient, along with mutation-corrected iso-
genic control cells, were generated. The AD patient casried the
P117L mutation in presenilin-1 (PS1mut), the caralytic sub-
unit of y-secretase. Notably, RT-gPCR demonstrated thar AD-
PSImur neuronal cells differentiared from iPSCs exhibiced sig-
nificancly higher TERRA levels compared o control cells {Fig.
TH), further supposting the upregulation of TERRA expres-
sion in AD newrons.

TERRA associates with human aging = 15

Discussion

In this study, we investigated TERRA transcripts i human
cells using Nanopore divect RMA-seq and TERRA eapouse
RNA-seq. We identified TERRA rranscription regions ar 39
chromosome ends and urilized these defined regions to quan-
tify TERRA expression across various rissues. Our bicinfor-
matics pipeline is versatile, accommodaring different RNA-
seq) darasets, including single-cell RNA-seq experiments. No-
tably, substantial mapped reads per cell were observed in
single-cell RNA-seq darasers withour YARN noemalization
{Supplementary Fig. 89A-C), indicating thar TERRA can be
detected ar the single-cell level.

Some discrepancies were observed berween our findings
and those reported by Rodrigues f al. |51] regarding TERRA
expression at specific chromosome ends in Hela and U205
cells. A comparison of our and their sesults revealed con-
sistent identification of TERRA expression ar 31 chromo-
some ends, while 3 chromosome ends were consistently found
o lack derecrable TERRA expression (Supplementary Fig.
5900, Our analysis revealed eight addirional chromosome
ends expressing TERRA thar were not reported by Ro-
drigues er al., while their soedy identified four ends absent
from our daraser. We arrribute these differences primarily
to the distiner mapping strategies applicd. Rodrigues et al.
used a limired reference consisting of 25 kb subselomeric re-
gions, whereas we utilized the entire genome for read align-
ment. When we applied 25 kb subrelomeric regions as a
reference genome for mapping our daa, the resules aligned
closely with their findings. These observations suggest thar
the choice of mapping steategy impacts the seasitivity and
specificity of TERRA derection ar individual chromosome
ends.

Commonly available datasets largely comprise BNA sam-
ples enriched with poly(A) rails. Nevertheless, a significant
portion of TERRA molecules lack polyiA) rails, which may
limit the detecrion of TERRA using poly|{A) enriched RNA-
seq data. To investigate potential biases toward specific chro-
maosome ends in datasets derived from polyiA)-eariched RNA-
seq libraries, we performed polvid)+ and poly(Al— TERRA
capiure sequencing in U205 and Hela cells. Our analysis re-
vealed that polylAl+ TERRA rranscripts may preferentially
be produced from certain chromosome ends and vice versa,
consistent with the previous study | 7). This preference is con-
served in both U208 and HeLa cells. Although there were de-
rectable preference in TERRA derection from specific chro-
mosome ends using poly(Aj-enriched RNA-seq dacasers, we
still observed TERRA eriginating from multiple chromosome
ends in aged fibroblasts, despire this bias (Supplementary Fig.
SEA) For analysis of ol TERRA levels in human tissues,
we accumulated TERRA reads from all chromosome ends
to enhance read counts, thereby increasing overall TERRA
counts for quantifying total TERRA levels. Due to low read
counts mapped o individual chromosome ends, analyzing
chromosome-end-specific TERRA levels remains challenging
using publicly available RN A-seq darasers from human tis-
sues. TERRA-enriched sequencing and longer read lengths
could enable more precise quantification of TERRA ar spe-
cific chromosome ends,

Utilizing TERRA-QUANT for quancfying TERRA levels
across diverse tissues, we detected TERRA expression in most
tissues examined. Notably, high TERRA levels weee observed
in blood and bone tissues, raising the possibilicy of a role
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Single-cell FN&-seq shawing narmalized TERRA cours n various immune cells frem PBMC. ME, nature killer cell; DC, dardritic cells. Salid ines,
median, Dashed lines are interguartile range. P walues, by Manr=Whitney U est. (€] Single-cel ANA-seq analysis of normakzed TERRA counts in
hESCs urdergoing neurcnal differentiation with vanous BOX patterning periods. (24, 72, 48, 120, 168, and 216 h. MSC, mesenchyrmal stam cells. Salid
lines, median. Dashed lines are nterquartie range. Fyalues, by Mann-Whitney O test, iD-F). URMAP plots of single-cel RMA-seq datasets from hESCs
wndergaing neurcnal diferentiation using wariaus HOX patterning periads. Colors according te TERRA, ATRE, or neuran marker MAP2 exprassion levals.
1G] TERFA lerwels in cels isclated from the prefromal corbes of individuals with Alzheirrer's disease 1809, Single-rucleus RNA-seq datasets wene
chitairad from the ROSMAP praject, and grauped inta healthy {na AD pathologyl, eerly-AD pathology, and lae-AD pathalogy. Solid lnes, madan, Dashed
lines are mierquartie range. Fvalues, by Mann-Whitney U test. {HI RFgPCR araksis showing elevated TERRA levels n AD rewrans. A0-PS1mut ar Cirl
rurons ware differentisted fram iPSC. AD-PSimut camrying P70 mutation in PST gare. Cirl mutatior-corrected imagenic contral. Fuealues, by
tws-tgiled Student's Mest. p= I TERRA levals noemalized to GAPDH.
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for TERRA in immune-related processes. The earier research
has shown thar TERRA can be secreted via extracellular ex-
osomes to stimulate inflammaroey cytokines during relomere
dysfunction |62, 63]. TERRA also interacts with ZBEP1 to ac-
tivate immune response under conditions of eeplicative cri-
sis |64]. However, it is important to note that such ZBP1-
TERRA complex-mediared immune activation is unlikely to
occur under normal physiological conditions in healthy blood
cells. Notably, we observed elevared roral TERRA levels in
fibroblasts, brain, and blood cells as individuals aged. The
telomere shortening may contribute 1o TERRA upregula-
tion during aging. However, neurons are postmitotic cells
thar are not expected to undergo telomere shorrening. There-
fore, the increase of TERRA in the brain is unlikely w re-
sult from telomere shomening, bur may instead be associ-
ared with oxidadve stress, neuronal damage, and telomere
dysfunction in the aging brain. It has been previously re-
pored that relomeric transcription is indwced by DNA dam-
age at telomeres in HGPS fibroblasts [33]. In our analysis,
fibeoldasts devived from HGPS patients demonsteated ab-
normal TERRA expression, with some individuals showing
high levels while others displayed lower levels. We reason
thar the diverse TERRA counts observed in HGPS parients
could be atribured to variable relomere lengths or defects in
telomere integrity. Previous studies have shown thar telom-
ere lengrh in HGPS patients is generally shorter, yer exhibirs
variability |63, 66). Low TERRA counts in some HGPS pa-
tients could result from either low TERRA expression or
the loss of subtelomeric and relomeric DNA ar chromosome
ends.

Esxamination of single-nuclens RNA-seq darasers and RT-
qPCR analysis of TERRA levels unveiled an upregulation of
TERRA levels in Alzheimers disease (AD) newrons, AD is as-
sociated with several cellular stress responses—such as oxida-
tive stress and chronic inflaimmardion |67-69]|—thar are also
known o wpregulate TERRA expression |37, 70|, Maoreover,
the accumulation of DNA G4 structures has been reporied
in AD neurons |71], and TERRA has also been implicared in
promoting G4 formation |27). These results indicare elevared
TERRA levels correlare with increased DNA G4 formation
and oxidative stress, which are aligned wirh the observarions
in AD neurons. Taken together, these connections provide a
compelling rationale for furcher investigation into the role of
TERRA in AD pathogenesis.

Upregulation of TERRA and ATRX during neuronal differ-
entiation implies the potential funcrion of TERRA in neuronal
cells. Interestingly, the inverse relationship berween TERRA
and ATRX in the aged brain was observed, suggesting thar
low levels of ATRX might contribute to the dysfuncrion of the
aged neurons. Previous research indicated thar che absence of
ATRX leads 1o cognitive impairment and promotion of cel-
lular senescence [72], further highlighting the significance of
exploring the interplay berween TERRA, ATRX, and aging-
relared cellular processes in the brain and newronal tissues, It
is plausible that proper levels of TERRA and ATRX ave cru-
cial for maintaining normal gene expression in neuronal cells,
and dysregulation of TERRA and ATEX may impact neuron
funcrion during aging.

Our study provides the annotation of TERRA transcripts in
the T2TZCHMIL 3 genome reference and introduces the bioin-
formarics tool “TERRA-QUANT™ for quantifying TERRA
levels. This lays che foundation for studying TERRA in diverse
conditions, cell rypes, and human discases.

TERRM associates with human aging. 17
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