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摘要 

 端粒維持機制在癌症進展與細胞老化中扮演關鍵角色。多數癌細胞依賴端粒

酶以維持端粒長度，然而約有 10-15%的癌症，特別是肉瘤，則使用另一種機制，

稱為非典型端粒延長模式（alternative lengthening of telomeres, ALT）。ALT 癌細

胞常對傳統化學治療藥物產生抗藥性，因此尋找新的治療策略至關重要。本研究

利用生物素標記的 lurbinectedin 結合 chem-seq 技術，探討其在 ALT 陽性癌細

胞中的基因組結合分佈。我們的結果顯示，lurbinectedin 偏好結合於端粒區域及 

G-四股螺旋結構（G-quadruplex, G4），此現象經由 motif 分析及 GC 含量富集

進一步確認。此外，lurbinectedin 亦顯示在基因啟動子（transcription start sites, 

TSS）有顯著結合，暗示其可能具備更廣泛的調控功能。本研究揭示 lurbinectedin 

於 ALT 癌細胞中標靶端粒與 G4 結構的潛力，提供未來治療策略的新方向。 

另一部分的研究著重於一種長鏈分編碼 RNA，稱之為（telomeric repeat-containing 

RNA, TERRA），此 RNA 包含端粒重複序列，源自亞端粒區域，參與端粒功能

及基因組穩定性的調控。然而，TERRA 表達與人類老化之間的關係仍未被充分

探討。本研究應用 RNA 納米孔定序（Nanopore RNA direct sequencing）及次世代

定序(Next  generation sequencing ) 結合生物資訊分析（TERRA-QUANT），量

化 TERRA 表達量，並進一步使用 poly(A)+/non-poly(A) TERRA 捕獲定序以解

析染色體端特定的多腺苷酸化偏好。分析結果顯示，TERRA 在血液、腦部及纖

維母細胞中隨年齡顯著增加。此外，早老症（Hutchinson-Gilford progeria syndrome, 

HGPS）患者的纖維母細胞則表現出異常的 TERRA 表達型態。此結果指出，

TERRA 可能為老化及相關疾病的重要分子標誌。 

 

 

 

關鍵字:替代性端粒延長、癌症、端粒重複序列核醣核酸、老化  
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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 
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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 RAP1, 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 RAD51, BLM and RPA; frequent telomere sister-chromatid exchanges; 

and high transcription of telomeric repeat-containing RNA (TERRA) that forms RNA-
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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 
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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 
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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 U2OS 

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 

U2OS 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% CO2. 

2 Biotin-lurbinectedin chromatin precipitation sequencing 

(ChemIP-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 2× 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 2× 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 2× PIC), mixing on a 
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rotator for 10 min at 4°C. 30 μl of 10% N-lauroylsarcosine was added to lysates, followed 

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

microtube (6 × 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 μl 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-HCl (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-HCl (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 μl elution buffer (100 mM NaHCO3, 1% SDS, and 50 mM Tris pH 8.0) 

at 85°C for 15-30 min twice for elution. 1 μl 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 μl 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 

Illumina. 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. 
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3 Library Preparation for Illumina Sequencing 

Chromatin immunoprecipitated (ChIP) DNA samples were subjected to library 

preparation using the NEBNext Ultra II DNA Library Prep Kit for Illumina (New England 

Biolabs, #E7104S), following the manufacturer’s protocol with minor modifications. For 

each sample, 25 µl of DNA was combined with 3.5 µl of End Prep Reaction Buffer and 

1.5 µl of End Prep Enzyme Mix, bringing the total volume to 30 µl. 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 µl of end-repaired DNA was mixed with 15 µl of Ligation 

Master Mix, 0.5 µl of Ligation Enhancer, and 1.25 µl of diluted adapter (5× 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 µl 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 0.3× volume (30 µl) 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 µl) of beads for 10 minutes. Beads were washed twice with 80% 

ethanol and air-dried. The DNA was eluted in 20 µl of 0.1× TE buffer. To determine the 

optimal cycle number for PCR amplification, 2 µl of size-selected DNA was mixed with 

NEBNext Ultra II 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 
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in a 50 µl reaction volume containing 25 µl Q5 Master Mix, 2 µl Universal Primer, 2 µl 

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, 0.9× volume of beads was added to 

the amplified DNA, incubated at room temperature, and washed twice with 80% ethanol. 

DNA was eluted in 52 µl of 0.1× TE buffer. A second 0.9× bead selection was performed 

to ensure library purity, followed by elution in 15 µl of 0.1× 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 Illumina (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 CHM13 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 
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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. 
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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 U2OS cells. In this approach, cells were treated with biotin-

labelled lurbinectedin (Bio-Lurbinectedin, PM120306, 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 
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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 U2OS 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 U2OS 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 q-arm telomeres in 

U2OS (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 U2OS 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 
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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 processes. 
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FIGURES AND TABLES 

 

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 (U2OS) 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 5. 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 U2OS 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, 
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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 U2OS 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 

U2OS 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% CO2. 

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 × 

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 × 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 × 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 Illumina RNA-seq 

Total RNA was isolated from 1 × 10⁷ cells with QIAzol Lysis Reagent. To remove 

genomic DNA, 0.4 U µl⁻¹ 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 μg of total RNA was 

mixed with 600 μl of DEPC-treated water, 300 μl of 20× SSC buffer, 10 μl of 10 μM 

biotinylated TERRA antisense oligonucleotide ((CCCTAA)₅-TEG-biotin), and 90 μl 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 6× 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 μl 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 2× SSC containing 0.1% NP-40 at 

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

containing 0.1% NP-40 at room temperature, and one wash with 1× 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 μl 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 μl 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 µg 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 µl GlycoBlue™. Precipitated RNA from 100 captures (≈ 50 mg input) 

yielded 3.4 µg TERRA-enriched RNA after centrifugation (21 100 × g, 4 °C, 20 min) and 

70 % EtOH wash, followed by elution in 20 µl 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 

μl and kept on ice. For each sample, 20 μl of NEBNext Oligo d(T)₂₅ magnetic beads were 

transferred to a 1.5 mL RNase-free tube and washed twice with 100 μl of 2× 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 μl of 2× RNA Binding Buffer and mixed 

thoroughly. Fifty microliters of the prepared beads were added to the 50 μl 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 μl 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 μl 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 μl of first-strand product was combined with 8 μl of 

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

yielding a final volume of 80 μl. 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 μl (1.8×) 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 μl of freshly 

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

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

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

combining 50 μl of the purified cDNA with 7 μl of NEBNext Ultra II End Prep Reaction 

Buffer and 3 μl 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 μl of diluted NEBNext Adaptor, 1 μl of 

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

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

was incubated at 20°C for 15 minutes. After ligation, 3 μl 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 μl (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 μl of 0.1× TE buffer. A total of 15 μl was recovered for PCR amplification. PCR 

enrichment was performed in a 50 μl reaction containing 15 μl of adaptor-ligated DNA, 

25 μl NEBNext Ultra II Q5 Master Mix, and 10 μl NEBNext Index Primer Mix (NEBNext 

Multiplex Oligos for Illumina). 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 μl (0.9×) NEBNext Sample Purification Beads, washed twice with 80% ethanol, and 

eluted in 23 μl of 0.1× TE buffer. Finally, 20 μl 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 

Illumina 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)₅ antisense probe and streptavidin magnetic bead purification, the eluted RNA 

was subjected to enzymatic polyadenylation in preparation for Oxford Nanopore direct 
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RNA sequencing. Up to 1 μg of purified RNA was incubated in a 20 μl reaction containing 

1× E. coli Poly(A) Polymerase Reaction Buffer, 1 mM ATP, and 1 μl 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 1.8× volume of RNAClean 

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

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

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

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

SQK-RNA004, Blue Cap), 1 μl of Murine RNase Inhibitor (NEB, Cat# M0314), and 1.5 

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

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 μl 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 μl of Induro Reverse Transcriptase (NEB, Cat# M0681), 

bringing the total volume to 39.5 μl. 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 μl of nuclease-free water. For sequencing adapter ligation, 8 μl of 

NEBNext Quick Ligation Reaction Buffer, 6 μl of RNA Ligation Adapter (RLA; SQK-

RNA004, Green Cap), and 3 μl of T4 DNA Ligase were added to the 23 μl RT product, 

yielding a total reaction volume of 40 μl. This ligation step was carried out at room 

temperature for 10 minutes. The adapter-ligated library was purified with 0.4× (16 μl) 

RNAClean XP beads and washed twice with 150 μl of Wash Buffer (WSB; SQK-RNA004, 

Orange Cap). The final library was eluted with 13 μl of RNA Elution Buffer (REB; SQK-

RNA004, Black Cap). To prepare for sequencing, the RNA library was quantified using 

the Qubit 1× dsDNA HS Assay Kit (Thermo Fisher Scientific, Cat# Q33230), ensuring a 

yield of at least 30 ng. A final sequencing mix of 75 μl was prepared by combining 12 μl 

of the library with 37.5 μl of Sequencing Buffer (SB; Red Cap) and 25.5 μl of Library 

Solution (LIS; White Cap). The mix was gently loaded onto a FLO-MIN004RA 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 



doi:10.6342/NTU202504254

38 
 

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 

Illumina 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 III 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 μM of a telomeric C-rich primer (5'-

(CCCTAA)₅-3') in a total volume of 13 μl. 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 μl of a reverse transcription master mix containing 4 μl of 

5× SuperScript IV buffer, 1 μl of 100 mM DTT, 1 μl of 10 mM dNTPs, and 1 μl of 

RNaseOUT™ Recombinant Ribonuclease Inhibitor (Thermo Fisher Scientific, 

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

Reverse Transcriptase (200 U/μl) 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 HeLa 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 

Illumina 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 U2OS-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, U2OS 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 U2OS, 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 U2OS 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, CHM13-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: Type I, II, and III, where Type I denotes canonical 

subtelomeric promoters (37 of 46 chromosome ends) that carry the characteristic 

61-29-37 bp tandem repeat adjacent to telomeric repeats, Type II refers to the atypical 

subtelomeric promoters on chr10p and chr17p 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—chr1p, chr2q, chr3p and chr18q—were enriched for 

poly(A)+ TERRA in both U2OS and HeLa cells, whereas others—chr8p, chr11p, chr15q 

and chr21q—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 U2OS 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 

U2OS, 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 U2OS and HeLa, 

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 CHM13-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 CHM13 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-CHM13 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 U2OS and HeLa cells. Our analysis revealed 

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

ends—such as chr1p, 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 U2OS 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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FIGURES AND TABLES 

 

Chapter 2 Figure 1. TERRA is enriched by TERRA-capture  

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

Illumina 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 U2OS cells. Reads from Illumina or Nanopore 

sequencing were mapped to the T2T-CHM13 genome. CPM, counts per million mapped 

reads. This data was published in 2025 in NAR [19]  

HeLa U2OS 
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Chapter 2 Figure 3. TERRA enrichment in U2OS and HeLa cells  

Genome browser screenshots showing TERRA enrichment in U2OS 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 U2OS and 

HeLa cells. 

(A) Density plots showing the distribution of TERRA bulk read lengths and telomeric 

repeat lengths in TERRA reads from U2OS 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-qPCR analysis of TERRA levels in HeLa and U2OS cells. Subtelomeric primers 

specific to individual chromosome ends were designed based on the T2T-CHM13 

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 U2OS 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) Log₂ ratios of poly(A)+ 

to poly(A)− TERRA reads mapped to individual chromosome ends and interstitial 

telomeric sequences (ITSs) in U2OS and HeLa cells. (C) Scatter plots showing the 

correlation between U2OS 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 CCGGTTGGTGCCCTGAATAA GCCTTGGGAGAATCTCGGTG 

CHM13-3q GCGCAGTCATTCTCAACACC ACAGGTGAACCCCTGGAGAT 

CHM13-4q AAAGCGGGAAACGAAAAGCC GCTGCATTTGAGTTGCGACA 

CHM13-8p TGCTGCATTTGTGTTCCGAC GGGAAACCAAAAGCCCCTCT 

CHM13-13q TGCCTTTGGGATAACTCGGG GGTGCGCAGGATTCAAAGAG 

CHM13-15q AGGGGCTGCATTAAAGGGTC TAGGACTGCTGCATTTGCGT 

CHM13-22q GGCTGCATGGACGGTGAATA TTCGTTTCCCGCTTTCCACA 

 

Chapter 2 Table 1. TERRA PCR primers sequence 
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Appendix 

Newly Published Paper Related to This Thesis: Yu-Hung Hsieh, Chin-Hua Tai, Meng-

Ting Yeh, Yu-Chen Chen, Po-Cheng Yang, Chien-Ping Yen, Hong-Jhih Shen, Chan-

Hsien Yeh, Hung-Chih Kuo, Der-Sheng Han, Hsueh-Ping Catherine Chu, Telomeric 

repeat-containing RNA increases in aged human cells, Nucleic Acids Research, Volume 

53, Issue 13, 22 July 2025, gkaf597 

  



doi:10.6342/NTU202504254

62 
 

 

  



doi:10.6342/NTU202504254

63 
 

 

 

 

 

 

  

  



doi:10.6342/NTU202504254

64 
 

 

 

 

  

  



doi:10.6342/NTU202504254

65 
 

 

 

 

  

  



doi:10.6342/NTU202504254

66 
 

 

 

  

  



doi:10.6342/NTU202504254

67 
 

 

 

 

  

  



doi:10.6342/NTU202504254

68 
 

 

 

 

 

 

 

  

  



doi:10.6342/NTU202504254

69 
 

 

 

 

 

 

  

  



doi:10.6342/NTU202504254

70 
 

 

 

 

 

  

  



doi:10.6342/NTU202504254

71 
 

 

 

  

  



doi:10.6342/NTU202504254

72 
 

 

 

 

 

 

  

  



doi:10.6342/NTU202504254

73 
 

 

 

 

 

  

  



doi:10.6342/NTU202504254

74 
 

 

 

 

 

 

  



doi:10.6342/NTU202504254

75 
 

 

 

 

 

  

  



doi:10.6342/NTU202504254

76 
 

 

 

 

  

  



doi:10.6342/NTU202504254

77 
 

 

 

 

 

 

  

  



doi:10.6342/NTU202504254

78 
 

 

 

 

 

  

  



doi:10.6342/NTU202504254

79 
 

 

 

 

 

 

 

  

  



doi:10.6342/NTU202504254

80 
 

 




