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INTRODUCTION

Background and Context. Telomere maintenance mechanisms (TMM) are activated in the
majority of human malignancies and represent a key enabling feature of sustained tumor
proliferation [Sung & Cheong, 2021], yet comprehensive pan-cancer assessments of their activity
remain limited. Telomeres are specialized nucleoprotein structures at the ends of linear eukaryotic
chromosomes that protect genome integrity by preventing chromosomal end-to-end fusions and
DNA damage responses [Blackburn, 1991]. In most somatic cells, telomeres shorten with each cell
division, eventually triggering replicative senescence or apoptosis, whereas cancer cells overcome
this limitation by reactivating TMMs, which is recognized as a hallmark of cancer [Hanahan &
Weinberg, 2011].

Two principal mechanisms have been characterized to date. The telomerase-dependent
mechanism (TEL) relies on activation of the telomerase ribonucleoprotein complex, comprising the
catalytic subunit TERT, the RNA template TERC, and accessory factors [Cohen et al., 2007]. The
alternative lengthening of telomeres (ALT) is a telomerase-independent, homologous
recombination-based pathway that maintains telomere length through templated synthesis using
telomeric DNA from sister chromatids, non-sister chromosomes, or extrachromosomal telomeric
repeats [Reddel, 2003; Cesare & Reddel, 2010]. Although these mechanisms have historically been
considered mutually exclusive, increasing evidence indicates that tumors may co-activate both TEL
and ALT, or display the hallmarks of neither, suggesting that telomere maintenance is more diverse
and context-dependent than previously assumed [Gocha et al., 2013; Barthel et al., 2017].

Despite their fundamental role in tumor biology, TMM activity has been most often inferred
indirectly from canonical mutational markers, such as TERT promoter mutations or ATRX loss,
which only partially capture the underlying pathway dynamics. Functional, transcriptome-level
evaluation of TEL and ALT pathway activity across cancer types is therefore needed to characterize
their heterogeneity, to identify subgroups defined by distinct TMM phenotypes, and to evaluate their
prognostic and therapeutic implications.

Low-grade gliomas (LGG) constitute a particularly informative model for studying telomere
biology. These tumors are characterized by recurrent mutations in /DHI1/IDH2, ATRX, and TP53,
by molecular subgroups defined by /DH status and 1p/19q co-deletion, and by marked variation in
telomere length across subtypes [Louis et al., 2021]. Such genetic heterogeneity provides a unique
context for examination of how molecular background shapes telomere length and TMM pathway
activation, and for evaluation of the prognostic value of telomere-related features in clinically
annotated cohorts [Sung et al., 2020].

Considering these aspects, a systematic pan-cancer evaluation of TMM pathway activity at the
transcriptome level, combined with an in-depth study of telomere length dynamics and TMM
regulation in LGG, is needed to resolve the heterogeneity of telomere maintenance and its
prognostic value.

Objectives and Tasks
The research objective of this study is to conduct a pan-cancer evaluation of TMM across
various cancer types using RNA sequencing data. Furthermore, we delve deeper into TMM aspects
in the context of genetic subtypes, specifically within LGG tumors.
To achieve this aim, the following tasks were set:
1. Pan-cancer analysis of telomere length maintenance mechanisms and TMM phenotyping
of cancer subtypes.
2. Identification of specific characteristics of telomere maintenance mechanisms across
cancers.
3. Assessment of the association of TMM phenotypes with disease clinical characteristics
and outcome.
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4. Assessment of the association of TMM pathway branches, telomere length, with tumor
molecular subtypes in low-grade glioma, and their impact on disease clinical
characteristics and outcomes.

Scientific Novelty

1. For the first time, we conducted a pan-cancer analysis of TEL and ALT pathway activity
using a Pathway Signal Flow (PSF)-based approach, enabling functional characterization
beyond mutation-based inference.

2. We showed that canonical genetic markers, such as TERT promoter mutations and ATRX
loss, only partially explain TEL and ALT pathway activity, revealing substantial
heterogeneity across and within tumor types.

3. Weintroduced a novel tumor classification approach based on TEL and ALT PSF activity
profiles, enabling functional phenotyping of tumors beyond traditional genomic subtypes.
Moreover, we demonstrated that TMM-based phenotypes are associated with patient
survival, highlighting their potential prognostic relevance.

4.  We demonstrated that IDH-wildtype (IDH-wt) tumors exhibit significant ALT pathway
activity, largely driven by RADS5I, despite the prevailing view that this subtype is
primarily associated with TEL-mediated telomere maintenance.

Practical Significance of the Work. This pan-cancer analysis across 33 tumor types revealed
heterogeneous, context-dependent activation of both TEL and ALT pathways. TMM activity was
not strictly mutually exclusive, as both mechanisms could be co-activated within tumors and even
at the single-cell level, indicating that telomere maintenance is a dynamic rather than binary process.
The identification of distinct TEL-dominant, ALT-dominant, co-activated, and TMM-inactive
phenotypes underscores the value of TMM profiling in research and clinical settings. These
phenotypes, together with their strong association with molecular alterations, may serve as a basis
for patient stratification and risk assessment. In low-grade gliomas, telomere length and pathway
activity were strongly associated with /DH and ATRX status. Elevated RAD51 transcriptional signal
was the principal contributor to the PSF-inferred ALT signature, particularly in IDH-wt tumors,
suggesting that R4D5[-mediated homologous recombination may underlie ALT-type telomere
maintenance in this subtype. Shorter telomeres were linked to increased TEL pathway activation,
mainly through “TERT”, while overall ALT activity remained stable across telomere length
categories, varying only at specific pathway nodes. TMM phenotypes also showed clinically
relevant survival differences, with high combined ALT and TEL activity associated with the poorest
prognosis. Overall, this work establishes TMMs as a dynamic, heterogeneous hallmark of
malignancy and provides a framework for translating telomere maintenance profiles into diagnostic,
prognostic, and therapeutic practice.

Dissertation Approval. The main results of the research were presented at “Science and
Technology Convergence Conference” 28-29 September 2022, Yerevan; “International Congress
on Informatics: Information Systems and Technologies” 27-28 October 2022, Belarus; “17th RAU
annual conference” 06 December 2023, Yerevan; “Genome Bioinformatics for Health” 12-14 June
2024, Germany, and at the meetings of the Scientific Council of the Institute of Molecular Biology
NAS RA.

The Volume and Structure of the Dissertation. This dissertation comprises 116 pages of
computer-formatted English text, including 2 tables and 40 figures, consisting of the following
sections: Introduction, Literature Review, Materials and Methods, Results and Discussion,
Conclusions, Inferences, References (including 187 sources).

Publications. The results of the work are presented in 3 scientific publications.
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MATERIALS AND METHODS

Data Sources. The pan-cancer analysis was based on RNA-sequencing, somatic mutation, and
clinical data obtained through the Genomic Data Commons (GDC) portal for 33 The Cancer
Genome Atlas Program (TCGA) tumor types, comprising 11,123 samples, including both primary
tumors and tumor-adjacent normal tissues. Detailed in-depth analysis of telomere length dynamics
and TMM regulation was performed on the TCGA-LGG cohort (506 samples with available
telomere length estimates from [Barthel et al., 2017]). Validation in an independent cohort used 176
LGG samples from the Chinese Glioma Genome Atlas (CGGA). Single-cell RNA-sequencing data
of glioblastoma (GEO accession GSE84465) were used to assess TMM heterogeneity at the single-
cell resolution, with 3,567 cells classified into six cell types. The independent Chronic Obstructive
Pulmonary Disease (COPD) (GSE124180) dataset was used as a supporting and negative-control
cohort.

Data Preprocessing. Raw RNA-seq counts were normalized for library size using DESeq2 (v
1.34.0) and log-transformed. Batch effects were assessed and corrected using SVA (v 3.42.0) for
the pan-cancer cohort and Limma (v 3.50.3) for the supporting cohorts. Normalized data were mean-
centered and converted into fold-change (FC) values. For the LGG cohort, tumors were classified
as Long TL or Short TL based on the tumor-to-blood telomere length ratio (>1 or <1, respectively).
Samples with ambiguous or discordant /DH and transcriptomic subtype annotations were excluded,
182 samples with concordant /DH classification and transcriptomic subtype were retained for IDH-
stratified analyses. Single-cell GBM data were processed in Seurat (v 5.0.1) with SCTransform
normalization, cell-type annotation via ScType, and pseudobulk aggregation per sample and cell
type before PSF computation.

Pathway Signal Flow (PSF) Algorithm. Pathway activity was quantified using the PSF
algorithm [Nersisyan et al., 2017], which integrates relative gene expression with pathway topology
to estimate node-level activity. The algorithm propagates signals from input nodes through pathway
branches to terminal (sink) nodes, weighting interactions by activation or inhibition effects and the

strength of upstream contributions. Unlike over-representation analysis or gene set enrichment
analysis, PSF explicitly accounts for signal propagation, activation, inhibition, and complex
formation, providing a structure-aware estimate of pathway activity. To assess TMM states in cancer
cells, we applied the TMM evaluation strategy developed by our research group [Nersisyan et al.,
2019; Hakobyan et al., 2023], which employs the PSF algorithm. TMM pathways were
reconstructed through extensive literature curation, identifying 37 ALT-related and 26 TEL-related
genes across 19 and 13 studies, respectively.

TMM Phenotyping. TMM phenotypes were defined by mapping samples into a two-
dimensional ALT versus TEL PSF space. Activity thresholds for low, middle, and high categories
were determined separately for TEL and ALT using segmented regression on sorted PSF values,
identifying breakpoints in the activity distribution. Five phenotypes were defined: ALT °¥ TEL "%,
ALT ¥ TEL hie" ALT hieh TEL 'ov, ALT hieh TEL hieh and ALT ™iddle TEL middle. The same approach
was applied to single-cell GBM data using cohort-specific thresholds.

Additional Bioinformatic and Statistical Analyses. Tumor purity was evaluated using five
computational methods (including ESTIMATE, ABSOLUTE, LUMP, IHC, and a combined
approach) as described by Aran et al. [2015]. Microsatellite instability (MSI-high (MSI-H), MSI-
low (MSI-L), microsatellite-stable (MSS) ) status was retrieved using TCGAbiolinks for seven
applicable TCGA cohorts. American Joint Committee on Cancer (AJCC) clinical stage information
was obtained from TCGA, with stages consolidated into Stage I-IV groups. Mutation data for TEL-
and ALT-pathway genes were obtained from cBioPortal, and samples were classified as mutated if
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at least one pathway gene carried a mutation. Survival analyses used Kaplan-Meier curves with the
log-rank test, and hazard ratios were estimated with Cox proportional hazards regression (univariate
for the pan-cancer cohort; multivariate for LGG, with covariates including age, treatment, telomere
length, and TMM phenotype). Differential gene expression was performed with DESeq2 using ALT
low TEL 'o% as the reference group, and Gene Ontology enrichment was performed with
clusterProfiler (v 4.2.2) (Benjamini-Hochberg q < 0.05). Proteomic validation was performed using
the Cancer Proteome Atlas for 153 genes, with mRNA-protein correlation evaluated by Pearson
correlation. Statistical significance was assessed by the Mann-Whitney U test, Kruskal-Wallis with
Dunn’s post hoc, or Fisher’s exact test as appropriate, with p < 0.05 considered significant.

RESULTS AND DISCUSSION

Pan-cancer Assessment of TEL and ALT Pathway Activity. Application of the PSF-based
framework to 33 TCGA tumor types and matched normal tissues revealed that both TEL and ALT
pathways show significantly higher activity in tumors than in matched normal samples in the
majority of cancer types, with the most pronounced difference observed in cervical squamous cell
carcinoma and endocervical adenocarcinoma (Figures 1, 2).
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Figure 1. Telomerase-dependent (TEL) pathway activity across 33 TCGA cancer types and
matched normal tissues. Box plots display the distribution of TEL PSF scores (logio-transformed,
y-axis) across all primary tumor samples and their tumor-adjacent normal counterparts. Each cancer
type is shown as a colored box; matched normal tissues are denoted by the prefix “N_".
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The TEL pathway showed elevated activity in colon, rectum, stomach, and cholangiocarcinoma
samples, while the ALT pathway exhibited markedly greater variability across cancer types, with
the highest activity in cholangiocarcinoma, stomach adenocarcinoma, and acute myeloid leukemia
(Figures 1, 2). In a subset of tumor types, including pheochromocytoma and paraganglioma,
sarcoma, prostate adenocarcinoma, melanoma, and thymoma, adjacent normal tissues displayed
elevated TEL or ALT activity, suggesting molecular changes in histologically normal tissue within
the tumor field.

Importantly, simultaneous activation of TEL and ALT pathways was observed in several tumor
types, supporting the conclusion that telomere maintenance is not a strictly binary process and that
co-activation may contribute to telomere maintenance flexibility in pathway usage and potentially
to therapeutic resistance.
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Figure 2. Alternative lengthening of telomeres (ALT) pathway activity across 33 TCGA cancer
types and matched normal tissues. Box plots display the distribution of ALT PSF scores (logio-
transformed; y-axis) across all primary tumor samples and their tumor-adjacent normal counterparts.
Each cancer type is shown as a colored box; matched normal tissues are denoted by the prefix “N_”.

This variability may reflect the tissue-specific regulation of recombination-based telomere
maintenance and aligns with earlier reports suggesting that tumors of mesenchymal origin are more
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likely to activate the ALT pathway compared to epithelial tumors [Cesare et al., 2010; Henson et
al., 2010].

TMM Phenotyping and Stratification Across Cancer Types. Stratification of samples by
segmented regression-based thresholds defined five TMM phenotypes: ALT 'o% TEL 'o%, ALT low
TEL high, ALT hieh TEL 'o%, ALT high TEL high and ALT middle TEL, middie (Figyre 3).
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Figure 3. Classification of ALT and TEL TMM into five phenotypes. Cancer (orange) and
normal (blue) samples were categorized into five phenotypes based on their TEL PSF and In-
transformed ALT PSF values. The vertical and horizontal lines indicate the thresholds used for
stratification. ALT-high threshold (ALT In PSF >3.10), ALT-low threshold (ALT In PSF < 1.35),
TEL-high threshold (TEL PSF > 1.12), and TEL-low (TEL PSF < 0.61).

The ALT ¥ TEL ° phenotype was the most prevalent (approximately 64.5% of cancer
samples), the ALT middle TEL middle phenotype was identified in 28% of samples, and at least one
“high” phenotype was observed in approximately 8% of cases. One possible explanation for this
observation is the presence of ALT-positive cells that maintain telomeres independently of ALT-
associated PML bodies (APB) formation and in the absence of telomerase activity. Colorectal
adenocarcinoma and cholangiocarcinoma showed the highest proportions of dual-activated
phenotypes (~40%), while several tumor types (ACC, GBM, CHOL, DLBC, MESO, LIHC, OV,
READ, UVM) lacked the ALT "ig" TEL high phenotype. This suggests potential lineage- or context-
specific constraints on the co-activation of both TMM pathways.

Single-cell GBM Phenotyping. Single-cell analysis of glioblastoma identified a co-active ALT
high TEL high state in approximately 2.5% of cells, indicating that TEL and ALT signatures can coexist
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within individual cells, and 32% of cells fell into the dual-active ALT hieh TEL high AT T high TEL low.
or ALT ' TEL Meh categories (Figure 4).
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Figure 4. Stratification of ALT and TEL TMM phenotypes for single-cell GBM. The color
coding corresponds to the cell type. SC GBM is divided into five groups based on their TEL PSF
and ALT (In) PSF values: ALT Mg TEL 'o¥, ALT % TEL o, ALT middle TE], middle ' AT T high TEL
high ‘and ALT % TEL h¢" phenotypes. The vertical and horizontal lines show the thresholds used:
ALT-high threshold (ALT In PSF > 5.19), ALT-low threshold (ALT In PSF < 3.50), TEL-high
threshold (TEL PSF > 2.63), and TEL-low (TEL PSF < 0.52).

Tumor Purity, Microsatellite Status, and Clinical Stage Association with TMM Pathway
Branch Activity. TMM phenotype classification was found to be largely independent of tumor
purity, as estimated by five computational approaches, supporting the robustness of phenotype
assignment (Figure 5 A, B). All TMM phenotypes were represented across a broad range of tumor
purity values, suggesting that phenotype assignment is largely independent of tumor purity.



>

1.00
w
w .
3 0.75 e
I . > e
(+4]
<| 2
2 0.50 -
‘=' 3 5
5 i
£ 0.25 :
3
ALT—highTEL—high ALT-high TEL-low ALT—IOWTEL—high ALT-low TEL-low ALT-middle TEL-middle
B hiah low! high__ high
10 ALT = TEL " ALT = TEL
—: . s - > i
w po oo e
=
<
_10 . . ‘ '-‘..
low__ high
oW
ALTTEL ALT TEL
0 1 2 3
TEL PSF

Figure 5. Distribution of tumor purity across TMM phenotypes. A, Tumor purity estimates
(ABSOLUTE method) are shown for five TMM phenotypic groups. B, Samples are mapped in the
TMM space based on their TEL PSF and In-transformed ALT PSF values, stratified into five
phenotypic categories using defined threshold lines. Color represents tumor purity levels. ALT-high
threshold (ALT In PSF > 3.10), ALT-low threshold (ALT In PSF < 1.35), TEL-high threshold
(TEL PSF > 1.12), and TEL-low (TEL PSF < 0.61).

Analysis of MSI status across seven TCGA cohorts (n = 1,759 samples) revealed significantly
elevated TEL and ALT pathway activity in MSI-H tumors relative to MSI-L and MSS tumors
(Kruskal-Wallis test, TEL: p=5.1 x 107 ALT: p =4.8 x 107'%) (Figure 6). Pairwise comparisons
revealed that MSI-H tumors exhibited significantly higher TEL activity compared to MSI-L (p =
0.018) and MSS (p = 1.8 x 107'%). MSI-L tumors also showed elevated TEL activity compared to
MSS (p = 0.0088). ALT pathway activity was also significantly different across groups. MSI-H
tumors had significantly higher ALT activity than MSI-L (p =2.3 x 10~7) and MSS (p <2.2 x 107'%)
(Figure 6). These findings suggest a broad activation of telomere maintenance mechanisms in
tumors with high MSI, likely reflecting genomic instability and a heightened requirement for
telomere elongation. These findings align with prior observations that associate high telomerase
activity with MSI tumors [Cortes-Ciriano et al., 2017; Vidaurreta et al., 2007; Vilar et al., 2010].

In the stratified analysis across seven cancer types, the following trends were observed: TEL
Pathway (Figure 6 C): MSI-H tumors consistently exhibited higher TEL PSF scores compared to
MSS, with significant differences observed particularly in UCEC (p = 0.0015) and STAD (p <
0.0001). Some cancers, like COAD and UCS, showed moderate increases, though not always
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statistically significant, and for the PAAD cancer type, the MSI-H phenotype was missing (Figure
6C, D).

ALT Pathway (Figure 6 D): MSI-H samples showed markedly higher ALT activity in COAD
and STAD (all p <0.0001). A significant increase in ALT activity was observed in MSI-L samples
in certain cancer types, including UCEC (p = 0.0027).

TEL activation in MSI-H tumors was driven predominantly by the “TERT” and “TERC”
branches, whereas ALT activation in MSI-H tumors involved a broader set of branches, including
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“Holliday junction processing”, “strand invasion”, “templated synthesis”, and “APB recruitment”.
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Figure 6. PSF activity plots of TEL and ALT TMM pathways for MSI and MSS tumors.
Comparison of A, the TEL, and B, the ALT TMM PSF activities for MSI and MSS tumors.
Statistical significance between the MSS and MSI groups was assessed using the Kruskal-Wallis
test followed by Dunn’s test for multiple comparisons. C, TEL, and D, ALT pathway activity across
seven cancer types. The color coding corresponds to the MSS/MSI status. Statistical analysis for
MSS/MSI comparison used Dunn’s test.

TEL pathway activity also showed a clear stage-dependent increase across clinical stages I-IV,
with the most pronounced increase observed for the “TERT” branch (p < 0.0001 between Stage I
and Stage IV) (Figure 7). Higher TEL pathway activity in advanced clinical stages is consistent with
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a role for telomerase in tumor progression in cancers, and with the role of TERT expression and
telomerase enzymatic activity [Hanahan et al., 2011; Shay et al., 2011].
The ALT pathway remained largely stable across stages.
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Figure 7. TEL pathway branch activity across tumor clinical stages. Boxplots display the In-
transformed PSF scores for individual TEL branches and overall TEL activity across clinical stages
(Stage I to Stage IV). Statistical analysis for Stage comparison used Dunn’s test.

Mutational Landscape of TEL and ALT Pathways. Samples harbouring mutations in TEL-
or ALT-pathway-associated genes exhibited slightly elevated pathway activity compared with
wildtype (WT) samples (Mann-Whitney U test, TEL p =7.4 x 10%; ALT p =3.1 x 107'%) (Figure 8
A, B). However, mutations in the canonical TMM regulators 7ERT and ATRX did not produce
uniform effects at the pan-cancer level. TERT mutations were not significantly associated with TEL
activity in the global analysis (p = 0.49), and ATRX mutations did not significantly alter ALT activity
(p = 0.13) (Figure 8 C, D). At the level of individual cancer types, statistically significant
associations were observed in specific contexts: TERT-mutated TGCT samples showed elevated
TEL activity (p = 0.023), while ATRX-mutated GBM and KICH tumors displayed elevated ALT
activity (p =0.0011 and p = 0.0075, respectively). These findings indicate that canonical mutations
only partially explain pathway activity, and that transcriptome-level analysis provides additional
information beyond mutational status.
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Figure 8. Activity plots of ALT and TEL pathways for TEL/ALT pathway genes mutated/WT
and TERT/ATRX mutated/WT genes samples. A, The TEL and B, the ALT pathway genes
mutated/WT sample plots for 33 cancer types. C, The TERT mutated/TERT WT samples TEL
pathway activity patterns across all cancer types. D, The ATRX mutated/ATRX WT samples ALT
pathway activity patterns across all cancer types. Statistical significance between mutated and WT
samples for each gene and pathway was assessed using the Mann-Whitney U test.

Survival Outcomes and TMM Phenotypes. Survival analysis across the pan-cancer cohort
revealed that the ALT Me¢" TEL high phenotype was consistently associated with the poorest overall
survival (OS) and progression-free survival (PFS). Pairwise log-rank comparisons demonstrated
significantly worse OS in the ALT "&h TEL h¢h group compared with ALT % TEL lo%, ALT middle
TEL ™iddle and ALT !°¥ TEL " phenotypes (Figure 9 A, B). Cox proportional hazards regression
confirmed an elevated hazard of death for the ALT hieh TEL hieh group (HR = 1.9, 95% CI: 1.3-2.7,
p <0.001) and a modest but significant increase for the ALT ™iddle TEL, middle groyp (HR = 1.1, p =
0.008) (Figure 9 C, D). Similar trends were observed in individual cancer types also. Our findings,
consistent with prior reports, suggest that TMM activity delays cellular senescence and enhances
proliferative potential, contributing to more aggressive tumor behavior and reduced patient survival.
A study by Roderwieser et al. [2019] demonstrated that the activation of TEL and ALT pathways
defines distinct neuroblastoma subgroups, both linked to poor prognosis.
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Figure 9. Survival outcomes and Hazard ratios for ALT and TEL tumors. Survival and hazard
ratio forest plots for ALT and TEL tumors A, and C, Overall survival. B, and D, Progression-free
survival curves. Significance was calculated using a log-rank test for K-M plots, and a Cox
proportional hazards regression model was used to estimate hazard ratios. Reference group ALT "%
TEL 'ov,

Differential Gene Expression and Gene Ontology Enrichment and Protein-Level
Expression Analysis of Differentially Expressed Genes. Differential gene expression analysis
across TMM phenotypes, using ALT '°% TEL °¥ as reference, identified a recurrent set of genes
upregulated in dual-active and high-activity phenotypes, including MCM7, MCM10, TRIP13, TPX2,
RADS51, RAD51API1, POLQ, ASPM, HMMR, GTSEI, and KIF2C genes involved in DNA
replication, mitotic progression, and homologous recombination. Conversely, ADAMTSS, TSPAN7,
MYHI11, ZBTB16, OGN and MTNDIP23 were consistently downregulated. Gene Ontology
enrichment confirmed strong over-representation of cell-cycle checkpoint signaling, DNA
replication, chromosome segregation, and DNA recombination across multiple phenotype
comparisons. Protein-level validation in TCGA confirmed elevated FOXM1 protein expression
across TMM phenotypes (Kruskal-Wallis p < 2.2 x 107'¢), with moderate and strong correlation
between mRNA and protein levels for FOXMI (PCC = 0.515) and BCL2 (PCC = 0.784) in pan-
cancer samples (Figure 10).
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Figure 10. Correlation plots of the relationship between protein expression versus RNA-seq
gene expression, and proteome-level TMM phenotype activity plots for all cancer types. A,
Scatter plot showing the Pearson correlation between FOXMI mRNA expression and protein
abundance (both loga-transformed) across pan-cancer samples. B, FOXM1 protein expression levels
stratified by TMM phenotype. C, Scatter plot showing the Pearson correlation between BCL2
mRNA expression and protein abundance (both log-transformed) across pan-cancer samples. D,
BCL2 protein expression levels stratified by TMM phenotype. B, and D, Global differences across
TMM phenotypes were assessed using the Kruskal-Wallis test; pairwise comparisons were
performed using the Mann-Whitney U test. PCC and corresponding p-values are indicated within
panels A, and C.

Telomere Length, IDH status, and TMM Regulation in Low-grade Glioma. In the TCGA-
LGG cohort, TEL pathway activity was significantly higher in tumors with short telomeres
compared with long-telomere tumors (Mann-Whitney U test, p = 0.034), driven predominantly by
the “TERT” branch (p = 2.9 x 107"). In contrast, overall ALT pathway activity did not differ
significantly between Long-TL and Short-TL groups, suggesting that ALT activation is not strictly
governed by telomere length but is shaped by broader genomic and recombinational context (Figure
11). The lack of a significant correlation between TL ratio and either TEL or ALT PSF values further
suggests that TMM activation may not scale linearly with telomere length in LGG. This could reflect

15



the threshold-based or switch-like nature of TMM activation, particularly for ALT, which is often
activated in response to broader genomic instability rather than telomere shortening alone.

Interestingly, while ALT activity did not differ significantly between Long TL and Short TL
tumors, previous reports indicate that ALT-positive cells often harbor highly heterogeneous
telomere lengths, sometimes even longer than those in telomerase-positive cells. Thus, the presence
of ALT activity may not directly mirror telomere erosion but may reflect regulatory triggers.
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Figure 11. Relationship between telomere length and PSF scores for TEL and ALT pathways.
Scatter plots showing the correlation between the telomere length ratio (TL ratio, logz2) and A, the
TEL PSF, and B, the ALT PSF. Comparison of C, the TEL PSF, and D, the ALT PSF scores between
samples with long and short telomere lengths. Statistical significance was evaluated using the Mann-
Whitney U test. PCC and corresponding p-values are indicated within panels A, and B.

Previous studies have linked IDH mutation status to telomere length variation [Waitkus et al.,
2024], but our results suggest a more complex interplay between IDH subtype, telomere length, and
TMM pathway activation. While IDH mutation status shapes telomere biology, no direct, consistent
correlation between IDH subtype and TL was observed in our dataset.

Analysis across IDH subtypes revealed that IDH-wt tumors displayed the most pronounced TEL
pathway activation under short-telomere conditions and the highest overall ALT pathway activity,
particularly through RADS51-related branches (Figure 12). These results were validated in the
independent CGGA cohort, where IDH-wt tumors again showed the highest ALT pathway activity,
with TERT driving TEL activation and RAD5] emerging as the principal contributor to ALT
activity.
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Figure 12. Comparison of TEL and ALT pathway branch activities across /DH molecular
subtypes in TCGA LGG samples. A, The TEL pathway branches (logz-transformed PSF values)
show activity patterns among IDH-A, IDH-O, and IDH-wt gliomas. B, The ALT pathway branches.
P-values indicate pairwise comparisons (Mann-Whitney U test). IDH group (IDH-A = red, IDH-O
= green, IDH-wt = blue). The heatmap (right panel) shows the mean logz-transformed PSF values
for each branch within each /DH subgroup, with color intensity representing the magnitude of
pathway activity (scale bar: PSF log> Mean)
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Telomere Length, ATRX Status, and Clinical Qutcome in LGG. Analysis of genetic
subtypes defined by IDH and 4TRX status revealed that IDH-A/4TRX-Mutant tumors displayed the
highest telomere length ratios, whereas IDH-wt tumors (both ATRX-WT and 4TRX-mutant)
exhibited the lowest telomere length ratios and the highest ALT pathway activity (Mann-Whitney
U test, p=6.9 x 107 and p = 0.001) (Figure 13). These observations indicate that 4 TRX mutations
are a key determinant of telomere length and ALT activation, but that 47RX status alone does not
fully account for ALT pathway activity.

A 1.6e-07 B30 0.00067
r 1 [
0.0019 1.6e-14
1 1
10 1.3e-07
0.022 I 1
0.0066
p < 2.22e-16 20
I n=72 1 0.001
I 1
o~ n=177 Y3 6.9e-14
=) L =84 © T
25 n=162 n=84 S . na8e6
" : i w !
% ' &’10 n=186 n=73
E - : 5 n=165
‘ T- << 7 n=8
| | n=3 E
0 =2 il 0
TE T N —
-10
-5
% % 52 52) % 2 ) % ) ) 2 2
% % x % % % % % X % % %
¥ Yy 2 o & % T v o o % %
% % o w5 & % B om owm 5 S
L~ D B T R 23 D W T
%% K AR B % T T T T T
\ \
L % % % %% I T
C X % % S )
% “ % - K %

Figure 13. Comparison of telomere length ratios and ALT pathway PSF scores among IDH
genetic subtypes with different ATRX statuses.

A, TL ratio (log) variations across genetic subtypes defined by /DH and ATRX mutation status. B,
The ALT pathway PSF score (log:) variations across IDH genetic subtypes and ATRX status.
Statistical significance was determined using the Mann-Whitney U test.

Survival analysis in LGG demonstrated that the ALT "¢ TEL high phenotype consistently linked
to the poorest prognosis in patients with short and long telomeres (log-rank test, p <0.0001), while
ALT middle TR, middle and ALT ¥ TEL M phenotypes were associated with more favorable
outcomes (Figure 14). Multivariate Cox regression, including age, treatment, telomere length, and
TMM phenotype, confirmed TMM phenotype as an independent prognostic factor in LGG.
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Validation Through Negative-control Analysis. To verify the specificity of the TMM
framework, TEL and ALT pathway activity was compared across COPD, LUAD, GBM, LGG, and
their corresponding normal tissues. GBM and LGG tumors exhibited markedly higher TEL pathway
activity compared with COPD (p=5.1 X 10®and p = 1.4 x 107%, respectively) and relative to normal
tissues, whereas ALT activity in COPD displayed high inter-sample variability consistent with
heterogeneous immune and inflammatory infiltration rather than genuine ALT pathway activation
(Figure 15). These findings support the capacity of the framework to distinguish biologically
meaningful telomere maintenance activity from background variation.
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Figure 15. Validation of TEL and ALT pathways using negative controls. A, The TEL pathway
and B, the ALT pathway PSF scores (In) across the groups: Control COPD, COPD, GBM, LGG,
LUAD, Normal GBM (N_GBM), and Normal LUAD (N_LUAD).

CONCLUSION

This study provides a comprehensive pan-cancer evaluation of telomere maintenance
mechanisms across 33 tumor types using TCGA transcriptomic data, complemented with additional
LGG-focused research. By integrating pathway topology with gene expression profiles, we
systematically characterized the activity of both TEL and ALT pathways, revealing distinct and
heterogeneous patterns of activation among cancers.

Both TEL and ALT pathways exhibited significantly higher activity in tumors compared to
matched normal tissues, underscoring their fundamental role in sustaining tumor proliferation and
highlighting TMM activation as a hallmark of malignancy. The ALT activity displayed substantial
variability, particularly in mesenchymal tumors. Moreover, evidence of co-activation of TEL and
ALT pathways was observed in certain cancers, suggesting that tumors may exploit multiple
complementary TMM strategies to sustain telomere integrity and support continued proliferation.

Mutations in TEL- and ALT-pathway associated genes were associated with mildly elevated
pathway activity, although specific driver mutations such as TERT promoter and ATRX showed
diverse effects depending on tumor type, significant in GBM, KICH, STAD, and TGCT, but not at
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the pan-cancer level. These findings indicate that while genetic lesions contribute to TMM
activation, they do not fully account for pathway heterogeneity.

Stratification of tumors into TMM phenotypes demonstrated prognostic significance. In
particular, tumors with concurrent high ALT and TEL activity were consistently associated with the
poorest overall and progression-free survival, emphasizing the clinical relevance of TMM
phenotyping in cancer prognosis.

In-depth analysis of LGGs revealed subtype-specific differences in telomere length. IDH-wt
tumors showed the strongest ALT pathway activation, largely associated with RADS51. Variations
in telomere length were strongly affected by both ATRX and IDH status, with the IDH-wt/4ATRX-wt
and IDH-wt/4TRX-Mutant subgroups presenting the lowest telomere length ratios and the highest
levels of ALT activity. These results reinforce the pivotal role of telomere biology in gliomagenesis
and support the utility of LGG as a model system to study the interplay between genetic background
and TMM regulation.

Taken together, the pan-cancer and LGG analyses converge on a conclusion: telomere
maintenance in cancer is not a binary choice between telomerase and ALT, but a graded, context-
dependent property whose activation pattern is shaped by tissue lineage, mutational background,
microsatellite status, and telomere length itself. The TMM phenotypes identified in this work: TEL-
dominant, ALT-dominant, co-activated, and TMM-inactive, recur across cancer types and stratify
patients by survival, but their boundaries depend on cohort-specific thresholds and on transcriptomic
inference rather than direct enzymatic measurement.

INFERENCES

1. TMM activity does not switch in a binary fashion; rather, it forms a continuum of
phenotypes, including TEL-TMM-dominant, ALT-TMM-dominant, co-activated in the
same cell, or inactivated in the same cell.

2. TMM phenotypes revealed shared transcriptional signatures, indicating that elevated
TMM activity, regardless of the dominant pathway, is coupled to broader proliferative
and survival programmes in tumors.

3. Co-activation of TEL-TMM and ALT-TMM defines the poorest pan-cancer overall and
progression-free survival, establishing TMM phenotyping as an orthogonal prognostic
marker.

4. The elevated TMM activity in MSI-high tumors further suggests that the genomic
instability characteristic of MMR-deficient tumors is associated with a more complex,
multi-branched TMM response than that observed in MSS tumors.

5. In IDH-wt low-grade gliomas, the elevation of RADJ5I-associated strand invasion
identifies homologous-recombination-mediated strand invasion as the dominant
contributor to high ALT-TMM activity in this lineage, and points to RAD51 as a potential
therapeutic target in IDH-wt tumors.

6. In low-grade gliomas, TEL-TMM is selectively engaged in response to telomere
shortening, while ALT-TMM is shaped by the genomic and recombinational context of
the tumor rather than by telomere length itself. The combined assessment of telomere
length, IDH mutation status, and TMM phenotype provides a more informative prognostic
framework for survival than any single molecular variable alone.
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phndGputinh wwhwwunp fuhuwn Bplwyh (phtwn) punye sh Ypnu:

ALT-p L TEL-h dhwdwdwuwljw pwnpép wywmhynigjwdp ninnigpubipp gnigwpbiptp Gu
wdbuwgwdp wwpbijhniyeniup wwu-pwngytinuihtu fudpbpnud b pwnglbinh wnwushu
wnbuwlubpnw: TEL W ALT nuinhubph gbubph dnunwghwubpp Yuwwywsd Gu nunt
wywnpynypjwu swihwynp pwpdpwgdwu hbw, uwlwiu TERT-h W ATRX-h dnunwghwubipp
wdpnnonipjwdp sk pwgwwpnud  ninnt hbnbpngbunggniup’ hwuwnwnbing
wnpwuuyppwwnndh ypw hhdujws TMM pbuninhwywynpdwt hwybijw) wpdtipp:

Swdn wumhdwuh gjhndwjnwd IDH-wildtype (suntinwgywd) ninnigputinp gnigwpbipb)
Gu ALT ninnt wdbuwnidtin wnhywgnidp' wwydwuwynpdwd hhduwwund RAD5T gbup
pwpdp  wywnphynigywdp, huswbu twl  pGndGpubph Bplwpnigjwu wdbkuwgwép
hwpwpbpwygnigjwdp: TMM  SGunnhwyp LGG-nud npulbnpdbp £ npwbu  wulwlu
Ywufuwgniwlhs gnpdnu’ phindbpubiph Gpywpnyejw htin dblunbn;

Wuwhuny, unwgywd wpryniupubpp yywnwd Gu, np ehindbpubph wwhwwudwu
dbfuwuhqdubpp hwunhuwund GBu pwngytinh nhuwdhy W hGwnbpngbu  punpnohg
hwwlwuh: TMM  $tunnmhwbph pwgwhwjnnuip' ubpwnw) TEL-nndhUwuw, ALT-
nnuptwuwm, hwdwwbn wynhjwgwsd (co-activated) L TMM-huwywnhy Jhtwlubpp,
pungénd £t TMM hwdwwwpthwy Gunnpwywynpdwu wuhpwdbonnyeniup huswtiu
Jwuuwgnipwyhs U Ypupywlywu vywwwlubpny, wjuwbu £ pbpwwlnpy
nwquwywpnipiniuubiph dawydwu gnpdpupwgni:
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AKOIISIH MEJIMHE AHIPAHUKOBHA

AKTUBHOCTb MEXAHU3MOB INNOJAEPKAHMSI JJIMHBI TEJTOMEP
JUHAMMUKA TEJJOMEPHOMU JIJIMHBI

PE3IOME

KiroueBbie c10Ba: MEXaHW3MBI NOAACP)KaHUA UIMHBI TEJIOMEP, AJbTCPHATUBHOC YIJIMHCHUC
TEJIOMEpP, TEJIOMEpasa, TTaH-OHKOJIOTUIECKUI aHaJIN3, TUHAMUKa JUIMHBI TEJIIOMED.

Tenomepsl — TangemHo nosropstomuecs ydactkun JIHK Ha koHnax JmHEHHBIX
9YKapHOTHIECKHX XpoMOcoM. C MOMEHTa MX OTKPBITUS MPEAIOIaraeTcsi, YT0 TEIOMEPBl UTPAIOT
KITIOYEBYIO POJIb B 00€CIIEYeHNH TeHOMHON CTAOMIBHOCTH 1 3ALIHUINAIOT XPOMOCOMBI OT CIHSHHH.

B OonpmMHCTBE COMAaTHYECKHX KIIETOK YEIOBEKA TEIOMEPHI MOCTENEHHO YKOPAYUBAIOTCS O
Mepe CTapeHHsl KISTKH. AKTHBAIMs MEXaHW3MOB IIOJJEpXKaHMs AIMHBI Termomep (telomere
maintenance mechanisms, TMM) sBiseTcs OTIMYUTENBHBIM INPHU3HAKOM paka W IO3BOJIIET
OIyXOJIIM IPOTUBOCTOSATh YKOPOUYCHHUIO TEIOMEp, IMpPeAoTBpallas HACTYIUIEHHE TEJIOMEPHOTO
KPH3HCA, YTO CYIIECTBEHHO CIIOCOOCTBYET Pa3BUTHIO paKa.

B HacTosiee BpeMst M3BECTHO JiBa OCHOBHBIX MexaHu3ma TMM. Tenomepasusbiii myts TMM
(TEL-TMM) peanu3zyercs yepe3 akTUBHPOBAHHBIN TEIOMEPa3HBIN Iy Th, KOTOPBIH IS YITHHEHHS
TEIOMEp HCIOJB3YEeT TEJIOMEPa3HbIi pUOOHYKICONPOTEHHOBBIM KOMILIEKC, coaepskamuii PHK-
MaTpuly. AJBTepHATHUBHBIA TyTh ymiuHeHus tenomep (ALT-TMM) ocymectiseTcs
MOCPEICTBOM MEXaHH3Ma TOMOJOTHYHOM pPEKOMOMHAIMH MEXIY TEIOMEpPHBIMU yJacTKaMHU
CECTPUHCKUX XpOMATHUJ, a TaKkXkKe YyAaIEHHBIX XPOMOCOM MM BHEXPOMOCOMHBIX TEIOMEPHBIX
MOBTOPSIIOIUXCS  IOC/IEAOBATENbHOCTEH. XOTA ST MEXaHU3Mbl TPAAMLUUOHHO CYMTAIUChH
B3aMMOUCKJIIOYAIONIMMY, HAaKaIlJIMBAIOLIUECs JaHHbIE CBUIETEIbCTBYIOT O TOM, UTO HOJJICpKAHUE
TEJIOMEp IPU pake sBIsETCs 0OoJjiee CIOKHBIM IPOLIECCOM. 3a MpeAeiaMH KaHOHMYECKHX
MYTalMOHHBIX MapKepOB KOMIUICKCHAs MaH-OHKOJIOTHYECKas (pyHKI[MOHAIbHAS XapaKTepHUCTUKA
aktuBHOCTH TMM ocTaércs Hepem€HHON 3aaauei, UMeIoLIel CyIeCTBEHHOE AMarHOCTUUECKOE U
TepareBTHIECKOe 3HAUCHHUE.

Takum 00pa3oM, [ENbI0 HACTOAIIETO HCCIEIOBAHUS SBISIETCS ITaH-OHKOJIOTHYECKasl OIEHKA
akTrBHOCTH TMM npH pasinyHBIX THIAX paka Ha OCHOBe AaHHBIX cekBeHHpoBanus PHK (RNA-
seq), a Takxke uzyueHne ocooeHnocreit TMM B KOHTEKCTE T€HETHYECKHX MOJATHUIIOB OMyXOJIeH —
B YaCTHOCTH, ITPU TJIMOMAaX HU3KOU cTerneHu 3nokayectBeHHOCTH (LGG).

Pe3ynbpTaThl HcceIoBaHUs JAIOT KOMILIEKCHYIO MaH-OHKOJIOTHYECKYO OLEHKY MEXaHU3MOB
NoJ/IepKaHus TejaoMep 11 33 TUIOB OIyXoJied Ha OCHOBE TPaHCKPUITOMHBIX NaHHBIX TCGA,
JIOTIOJTHEHHYIO TapTeTHBIM aHAJIN30M IJIHOM HHU3KOW cTeneHH 3mokadecTBeHHOCTH. Kak myTs TEL,
Tak u myTh ALT nposeMOHCTpHpOBaIN 3HAYUTETEHO 00JIee BBICOKYIO aKTUBHOCTD B OITyXOJISIX O
CPaBHEHHMIO C CONOCTAaBIMBIMH HOPMAJIbHBIMH TKaHSAMH. bputo BeImeneHo math penorunos TMM;
onHoBpeMeHHast aktuBanusd TEL m ALT HaGmomanace B 4acTd OMyXOJieH M MOATBEpIKACHA Ha
YPOBHE OT/ENBHBIX KJICTOK HPH INIMO0NIACTOME, YTO CBHUACTEIBCTBYET O HEOMHAPHOM XapakTepe
HOJJICPXKAHUS TEIOMED.

Onyxonu ¢ 0JHOBpeMeHHO BbIcokoi akTUBHOCTHIO ALT u TEL nemoHcTpupoBamyu Hauxyauyo
BBDKHUBAC€MOCTD KaK B ITAH-OHKOJIOI'MYECKUX I'pyIIIax, Tak U IPpU OTACIBbHBIX THUIIAX paKa. MyTauvm
B renax nyreit TEL u ALT accouuupoBaiyich ¢ yMEpPEHHBIM MOBBIIIEHUEM UX aKTUBHOCTH, OJIHAKO
KaHOHUYECKHE ApaiBephl, Takue Kak mytauuu TERT n mytamn ATRX, He TOTHOCTHIO OOBSCHSITH
TeTePOTeHHOCTh ITyTeH, YTO MOATBEPXKTAeT MPOTHOCTHYECKYIO LEHHOCTH TPAaHCKPUITOMHOTO
¢denotumuposanus TMM.

25



[Ipy rnmomax HU3KOM CTENEHH 3JI0KAaYeCTBEHHOCTH ONYXOJM C JuKuM TurnoMm reHa IDH
(wildtype) nemoncTpupoBany Hanbojee BEIpaKeHHYI0 aktuBanuio mytd ALT, oOycrosieHHyIO
TJIAaBHBIM 00pa30M BBICOKOIT okcnpeccueii rena RADS 1, a Takke HAaNMEHBIITNE COOTHOIICHHUS JTTHHBL
tenomep. [Ipu LGG denorun TMM okazancs He3aBUCUMBIM MPOTHOCTHYECKUM (aKTOPOM —
Hapsily ¢ JUIMHOW TEJIOMep.

Takum 00pa3oM, MOJyYyeHHBIE pe3YyJbTATHl IMOKA3BIBAIOT, YTO MEXAHU3MBI MOANCPIKAHHA
TEIOMep MPEACTABIAIOT COOOH AWHAMHUYECKYI0 M TETEpOreHHYI0 XapaKTepUCTHUKY paka.
BeusiBnenne ¢enoturmo TMM, Brmrouas TEL-momunantHOE, ALT-TOMUHAHTHOE, COBMECTHO
akTuBHpoBaHHOE (co-activated) 1 TMM-HeakTHBHOE COCTOSIHUS, MOMIEPKUBAET HEOOXOAUMOCTH
KoMILIeKcHOTO (peHoTUIHpoBanus TMM Kak B MPOTHOCTHYECKUX, TaK M B KIMHIUYECKUX IIEISX, &
TaKXKe yKa3bIBACT Ha €ro MOTCHIMAN JUIsl HANIPABJICHHOM pa3pab0oTKK TeparneBTHYCCKUX CTPATETHI.
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