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d Frequency of neotelomere and arm fusion events varies

across 40 cancer types
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In brief

Long-read genome sequencing

describes the existence and structures of

neotelomeres and telomere-spanning

chromosome arm fusions in cancer

samples. Short-read sequences of 3,651

cancer samples were used to infer the

frequency of these telomeric alterations

across 40 cancer types.
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SUMMARY
Alterations in the structure and location of telomeres are pivotal in cancer genome evolution. Here, we applied
both long-read and short-read genome sequencing to assess telomere repeat-containing structures in can-
cers and cancer cell lines. Using long-read genome sequences that span telomeric repeats, we defined four
types of telomere repeat variations in cancer cells: neotelomereswhere telomere addition heals chromosome
breaks, chromosomal arm fusions spanning telomere repeats, fusions of neotelomeres, and peri-centro-
meric fusions with adjoined telomere and centromere repeats. These results provide a framework for the sys-
tematic study of telomeric repeats in cancer genomes, which could serve as a model for understanding the
somatic evolution of other repetitive genomic elements.
INTRODUCTION

Cancer is driven by alterations to the genome. The develop-

ment of massively parallel short-read sequencing over the

past 15 years has enabled the detailed characterization of so-

matic and germline variants in tens of thousands of cancer ge-

nomes.1–7 The recent development of linked-read genome

sequencing of long molecules with barcoded short-reads then

facilitated the characterization of more complex structural var-

iations and of genomic alterations at the haplotype level in

cancer.8–12

Despite these advances in genome technology, the identifica-

tion and characterization of somatic alterations at repetitive ele-

ments, which constitute roughly one-half of the human

genome,13–15 remain significant challenges. Repetitive elements

and duplicated sequences in the human genome are typically

100 to 8,000 bp in size,15 although centromeres are much longer

arrays of repetitive elements.

Telomeres cannot be readily resolved by short-read

sequencingmethodologies. Human telomeres, which act as pro-

tective caps on the ends of chromosomes are composed of

approximately 2–10 kb (TTAGGG)n tandem repeats.16,17 So-

matic integration of telomeric sequences into non-telomeric

DNA in tumor samples has been observed,18 although the origin

and structures of these sequences remain unclear. Short-read

sequencing, typically 2 3 150 bp paired reads, is unable to fully

span the 2- to 10-kb-long highly repetitive telomeres.
Cell Genomics 4, 100588,
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The study of telomere structure is important in cancer geno-

mics because telomere maintenance is crucial in cancer patho-

genesis. Cancer cell immortality requires a mechanism to acti-

vate telomerase or otherwise maintain telomeres and is a key

hallmark of cancer.19,20 Telomerase, the enzyme that adds telo-

meric repeats to the ends of chromosomes, has been estimated

to undergo reactivation in as many as 90% of human cancers

and was shown experimentally to be critical for malignant trans-

formation.21–26 The reactivation of telomerase activity in cancer

is driven in part by promoter mutations, amplifications and trans-

locations in the telomerase catalytic subunit gene, TERT,27–30

and also by amplification of the RNA component of telomerase,

TERC, in cancer.30,31 In some cancer types, genetic inactivation

of the ATRX and DAXX genes are also associated with telomere

elongation, independent of telomerase, by the alternative length-

ening of telomeres (ALT) pathway.32,33

Long-read genome sequencing now enables the analysis of

somatic alterations in highly repetitive regions, such as telomeric

repeats, with greater precision and detail. Recently, the first telo-

mere-to-telomere human genome was assembled using PacBio

high-fidelity (HiFi) sequencing, with an average read length of

13.5 kb,34 as well as ultra-long-read nanopore sequencing,

which can generate reads of more than 100 kb.35

Here, we explored the structure of previously unresolved telo-

meric events in cancer genomes. We applied TelFuse, a compu-

tational method to profile ectopic telomeric repeat sites, to iden-

tify candidate telomeric alterations in genomes of 326 cancer cell
July 10, 2024 ª 2024 The Authors. Published by Elsevier Inc. 1
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Figure 1. Classes of ectopic telomeric re-

peats found in cancer cell genomes

(A) Schematic of sequences and positions of normal

telomeres at chromosomal termini.

(B) Schematic of ectopic telomeric repeats. Stan-

dard orientation: (TTAGGG)n on the right side of a

breakpoint and (CCCTAA)n on the left side of the

breakpoint in the 50 to 30 direction (same as normal

telomere in Figure 1A). Inverted orientation:

(CCCTAA)n on the right side of a breakpoint and

(TTAGGG)n on the left side of the breakpoint in the 50

to 30 direction. Note that the terminal segment

shown in faded color has been deleted or re-

arranged and is not part of the neotelomere-con-

taining derivative chromosome.

(C) Genome-wide localization of ectopic telomeric

repeats in cancer cell line genomes (n = 326) iden-

tified using short-read genome sequencing. Red:

ectopic telomeric sequences in the standard orien-

tation. Blue: ectopic telomeric sequences in the in-

verted orientation. Position of telomeric repeats

relative to the breakpoint is indicated by arrows

oriented in different directions.

(D) Percentage of cancer cell lines in the CCLE with

ectopic telomeric sequences in either orientation.

Total sample number as indicated.

(E) Flow-chart of long-read genome sequencing and

cytogenetic analyses in cancer cell lines, with the

indicated validation criteria.

Resource
ll

OPEN ACCESS
lines and 3,651 cancer samples. Then, we resolved the struc-

tures of putative telomeric variants in cancer-derived cell lines

using long-read genome sequencing and complementary

methods. This analysis defined neotelomeres (a telomere at a

new site agnostic to the mechanism by which it arose), telo-

mere-spanning chromosomal arm fusion events, and complex

telomeric alterations that were not previously resolvable with

short-read genome sequencing. Our study provides a frame-

work that can be applied to the examination of other highly repet-

itive sequences that are likely to be of biological significance in

disease, including centromere arrays, transposable element in-

sertions, and microsatellite repeats.

RESULTS

Identification of ectopic telomeric repeat sequences
Telomeric repeat arrays within cancer genomes can be found at

their original position at chromosomal termini (Figure 1A) or at

new positions within the genome (Figure 1B). Telomeric repeats

at new genomic locations may be in the same orientation as the

original telomeric repeat, with reference to the adjacent chromo-

somal sequence (i.e., standard orientation) or in an inverted orien-

tation (Figure 1B). Significantly, telomeric repeats oriented in

different directions may represent different chromosome struc-

tures and may originate via highly distinct biological processes.

We developed an analytic method, TelFuse, to identify ectopic

telomeric repeats within the cancer genome, and to estimate
2 Cell Genomics 4, 100588, July 10, 2024
telomere length of each chromosomal

arm with long-read sequencing respec-

tively (Figure S1A). TelFuse identifies
ectopic telomeric repeat sequences (TTAGGG)n or (CCCTAA)n
that are absent from the germline and can be mapped to intra-

chromosomal regions (i.e., R500 kb from chromosomal ends)

(STAR Methods, Figures S1A and S1B). TelFuse begins by iden-

tifying read pairs that contain at least two perfect consecutive te-

lomeric repeats (R12 base pairs of telomere sequence) with

adjacent sequences that map to intra-chromosomal sites.

Paired read sequences that are fully aligned to the reference

genome are removed, eliminating telomeric repeats in the refer-

ence, which include ancient chromosome fusion events.36,37 To

ensure the specificity of our calls, we also developed a series of

filters (Figures S1A and S1B, STARMethods) to remove spurious

sites caused by artifacts induced during the mapping process

(Figures S1A and S1B), assessed by a variety of quality control

metrics (STAR Methods). Those sites that pass all filters and

are at least 500 kb from the GRCh38 reference genome chromo-

some terminus, a sufficient distance to avoid sub-telomere se-

quences,38–40 are considered candidate sites of ectopic telo-

mere sequence.

Frequency and genome-wide distribution of candidate
ectopic telomere repeat sequences in cancer cell lines
inferred from short-read genome sequencing
To assess the landscape of ectopic telomere repeats in cancer,

we began by applying TelFuse to whole genome sequencing

datasets from 326 cancer cell line DNA specimens from the Can-

cer Cell Line Encyclopedia (CCLE).7 We detected a total of



Figure 2. Neotelomeres in cancer genomes revealed by long-read genome sequencing

(A–H) Genomic analysis of telomere repeat alterations in the standard orientation that were detected (A–D) in U2-OS cells at chrX:103,320,553, and (E–H) in Hs-

746T cells at chr21:10,547,397. (A) Integrative Genomics Viewer (IGV) screenshots of short-read genome sequencing data. Ectopic telomeric repeats (TTAGGG)n
are shown in color. (B) Sequencing coverage and allelic ratios of chromosome X. Orange semi-oval: site of the neotelomeric event. (C) IGV screenshots depicting

long telomeric repeat sequences (TTAGGG)nwith PacBio HiFi and Nanopore long-read sequencing at the site shown in (A). (D) Schematic of neotelomere location

on chromosome Xq.

(E) IGV screenshots of short-read genome sequencing data. Ectopic telomeric repeats (CCCTAA)n are shown in color.

(F) Sequencing coverage and allelic ratios of chromosome 21. Orange semi-oval: site of the neotelomeric event.

(G) IGV screenshots depicting long telomeric repeat sequences (CCCTAA)n with PacBio HiFi and Nanopore long-read sequencing at the site shown in (E).

(H) Schematic of neotelomere location on chromosome 21p.

(legend continued on next page)
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240 candidate ectopic intra-chromosomal telomeric repeat

sequence sites in 34% of cell lines (112/326) (Figures 1C and

1D and Tables S1 and S2). Analysis of telomere repeat orienta-

tion identified 149 candidate sites with telomeric repeat se-

quences in the standard orientation, and 91 candidate sites

with telomeric repeat sequences in the reverse orientation

(Figures 1C and 1D). An additional 42 candidate sites with telo-

meric repeat sequences within softclipped sequences (termed

non-perfect ectopic telomeric repeat), but not on the first 12

base-pairs, were also detected (Table S3).

Validation of putative ectopic telomeres by long-read
sequencing
We performed high-depth long-read sequencing of selected cell

line genomes to validate and extend the analysis of short-read

sequences. We selected the U2-OS osteosarcoma cancer cell

line, with 55 candidate telomeric repeat sites from short-read

sequencing (46 in the standard orientation and 9 in the inverse

orientation), the Hs-746T gastric carcinoma cell line with 6 candi-

date events (1 standard and 5 inverse orientation), and the NCI-

H1184 small cell lung cancer cell line with 6 candidate events

(5 standard and 1 inverted orientation) (Figures S1C and S1E),

together with itsmatched normal sample (NCI-BL1184). Notably,

the U2-OS cell line was found to be highly rearranged, with

ectopic telomeric sites found near regions with changes in

sequencing coverage and allelic ratios (Figure S2).

We then performed PacBio HiFi and Oxford Nanopore long-

read genome sequencing on cell line genomes (Figure 1E). We

achieved a median genomic coverage of 493, 623, 653, and

733 for the U2OS, Hs-746T, NCI-BL1184 and NCI-H1184

cell lines, respectively, with Nanopore long-read genome

sequencing (Figure S3, Tables S4 and S5), median coverage of

193, 203, 193, and 233 for the same four cell lines using

high quality PacBio HiFi reads, and median coverage of 293,

313, 333, and 363when all PacBio reads were considered (Fig-

ure S3, Tables S4 and S5). Nanopore sequencing data had ame-

dian read length of 6–13 kb (N50: 18–21 kb), while the PacBio

HiFi data had a median read length of 15–17 kb (N50: 16–19

kb) (Figure S3, Tables S4 and S5).

Benchmarking of TelFuse through simulation
To assess the precision and sensitivity of calls made by TelFuse,

we performed simulation experiments. We introduced artificial

neotelomeric and chromosomal arm fusion sites into two

short-read whole genome sequencing datasets from NA12878

and NCI-BL1184 cell lines41 at a variant allelic frequency of

30% using the BAMSurgeon software.42,43 On these syntheti-

cally generated datasets, we observed that precision for neote-

lomere identification was 1.000 in the NA12878 and NCI-BL1184

datasets (Figure S4). Precision of 0.999 and 0.997 was observed

for chromosomal arm fusion events in the NA12878 and NCI-

BL1184 datasets, respectively (Figure S4). For neotelomeric
(I) Percentage of ectopic telomeric repeat sites in the standard orientation, found

read genome sequencing.

(J) Spectral karyogram of chrX in ten U2-OS single cells assessed by spectral k

mosomes and their derivatives observed in given cell. Second label: karyotypes

mosome. See also Figure S5.
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sites, we observed a sensitivity of 0.900 using a cutoff of three

or mor reads in the NA12878 dataset, which was sequenced to

a coverage of 96.73 (Figure S4). A lower sensitivity of 0.651

was observed in the NCI-BL1184 dataset, which was sequenced

only to a coverage of 31.23 (Figure S4). Nonetheless, sensitivity

in this dataset could be significantly improved to 0.806, while re-

taining similar precision (0.998) by decreasing the reads cutoff

from three or more reads to two or more reads (Figure S4). We

observed similar results on the sensitivity of TelFuse for chromo-

somal arm fusion sites (NA12878: 0.902, BL1184: 0.649) (Fig-

ure S4). The precision and sensitivity we observed for TelFuse

were similar to some of the best performing structural variant cal-

lers43 and indicate that TelFuse is able to identify neotelomeric

and chromosomal arm fusion sites with high precision and

good sensitivity on these simulated datasets.

Neotelomeres in cancer revealed by long-read genome
sequencing
Long-read sequencing analyses demonstrated that ectopic

telomere repeat sequences identified by TelFuse in the stan-

dard orientation were long and unbounded, consistent with

neotelomere addition. For example, a candidate ectopic telo-

mere repeat sequence site, adjacent to sequence from

chrX:103,320,553 in U2-OS cells, contains at least seven tan-

dem (TTAGGG)n repeats in short-read sequencing data (Fig-

ure 2A). Sequencing coverage at this position is decreased,

corresponding with the telomeric repeat location (Figure 2B).

Analysis of this region by long-read sequencing, both PacBio

HiFi and Oxford Nanopore, showed long telomeric repeats of

approximately 3–10 kb in the standard orientation (Figure 2C).

These data support a model where breakage of the chrXq

arm was capped by generation of novel telomeric sequence

representing a neotelomere (Figure 2D).

Another example of a neotelomere is seen in the Hs-746T cell

line, within chromosome arm 21p at chr21:10,547,397. Short-

read sequencing showed at least six tandem (CCCTAA)n repeats

(Figure 2E). At this location, fluctuation in both sequencing

coverage and allelic ratios could be observed (Figure 2F). Anal-

ysis of PacBio HiFi andNanopore long-read genome sequencing

data again revealed long telomeric repeats (approximately 5–10

kb) in the standard orientationwith reference to the break point at

this site (Figure 2G), lending support to the existence of a neote-

lomere, which had likely formed following breakage of the

chr21p arm (Figure 2H). Similar observations were made at other

ectopic neotelomeric sites, such as chr7:24,302,169 in U2-OS

cells (Figures S5A–S5D), and chr1:214,460,753 in NCI-H1184

cells (Figures S5E–S5H).

In total, 46 sites of ectopic telomere sequence showed long

telomere repeats suggestive of neotelomeres based on long-

read sequencing, out of 51 sites predicted by short-read

sequence analysis to contain standard orientation telomere

repeat sequences (Figures 2I and Table S6). No telomeric long
by short-read genome sequencing using TelFuse, that were validated by long-

aryotyping with corresponding karyotype labels. First label: total # of X chro-

of the aberrant X chromosomes or derivatives. Asterisk (*): truncated X chro-



Figure 3. Chromosomal arm fusions in cancer genomes revealed by long-read genome sequencing

(A–H) Genomic analysis of telomere repeat alterations in the inverted orientation that were detected in U2-OS cells (A–D) at the site chr4:30,909,846, and (E–H) at

the site chr11:84,769,636. (A) Integrative Genomics Viewer (IGV) screenshots of short-read genome sequencing data. Ectopic telomeric repeats (CCCTAA)n are

shown in color. (B) Sequencing coverage and allelic ratios of chromosome 4. Orange semi-oval: site of the ectopic telomere repeat sequence. (C) IGV screenshots

of PacBio HiFi and Nanopore long-read sequencing data at the site shown in (A). Ectopic telomeric repeats in the inverted orientation contained approximately

650 bp of (CCCTAA)n telomeric repeat sequences followed by chr22q sub-telomeric sequences, indicative of a chromosomal arm fusion event of chr22q to the

site at chr4:30,909,846. (D) Schematic of telomere-spanning fusion event between chromosomes 22q-ter and 4p. (E) IGV screenshots of short-read genome

sequencing data. Ectopic telomeric repeats (CCCTAA)n are shown in color. (F) Sequencing coverage and allelic ratios of chromosome 11. Orange semi-oval: site

of the ectopic telomere repeat sequence. (G) IGV screenshots of PacBio HiFi and Nanopore long-read sequencing at the site shown in (E). Approximately

1,750 bp of (CCCTAA)n telomeric repeat sequences are found sequences corresponding to chr11p (chr11:43,002,345), suggestive of a complex event consistent

with the formation of a neotelomere on chr11p, followed by a chromosomal arm fusion event of this neotelomere to the site on chr11q (chr11:84,769,636). (H)

Schematic telomere-spanning fusion event between chromosome arms 11q (with a predicted neotelomere) and 11p.

(legend continued on next page)
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reads could be found at the other five sites. Our results confirm

that telomeric repeats in the standard orientation, identified with

short-read sequencing, are likely to be neotelomeres with long

telomeric repeats.

To assess the relationship between neotelomeres and chro-

mosomal alterations, we performed spectral karyotyping of

U2-OS cells (representative cell shown in Figure S6A). Integra-

tive analysis of sequencing coverage, allelic ratios and long-

read data inferred two copies of chromosome X in U2-OS cells,

one complete copy and one truncated chromosome X. Concor-

dant with a neotelomere detected by long-read genome

sequencing data (Figures 2A–2D), a shorter chromosome X

with q-arm deletion was observed by spectral karyotyping in 7

of 10 cells assessed (Figure 2J), together with a full-length chro-

mosome X in 10 of 10 cells karyotyped. Thus, spectral karyotyp-

ing analysis confirms that neotelomeres identified by long-read

sequencing can be correlated with chromosomal truncations

observed by cytogenetics.

We also observed a significant level of chromosomal heteroge-

neity in U2-OS cells (Figures S6B, S6C, and Table S7), including

slight variations in chromosome number (number of chromo-

somes = 76–80) (Table S7) and heterogeneity in translocation

eventsbetweencells, concordantwithaprior study.27Specifically,

while a t(4; 22) translocation could beobserved in 10 of 10 cells as-

sessed (Figure S6C), a t(15; 19) translocationwas only observed in

6 of 10 cells assessed. Similar cellular heterogeneitymight explain

why long-read sequencing was unable to validate 5 of the 51

candidate sites that were detected in the cell populations

sequenced by CCLE, despite the high precision of TelFuse.

Telomere repeat-spanning chromosomal arm fusions in
cancer resolved by long-read genome sequencing
We next explored sites with ectopic telomeric repeat sequences

in the inverted orientation with respect to the breakpoint. Long-

read sequencing revealed that these sites largely represent

chromosomal arm fusion events. At one candidate site at posi-

tion chr4:30,909,846, we observed eight inverted telomeric re-

peats (CCCTAA)n (approximately 48 bp) using short-read

sequencing data (Figure 3A). This site includes an additional

‘‘C’’ nucleotide in the first four nucleotides and was, therefore,

classified as a non-perfect telomeric repeat site (Table S3). Sig-

nificant changes in sequencing coverage and allelic ratios were

also observed in support of the fusion event (Figure 3B).

Analyzing this region with both PacBio HiFi and Nanopore

long-read genome sequencing, we observed approximately

650 bp of inverted (CCCTAA)n repeats after the breakpoint (Fig-

ure 3C), followed by 5–8 kb of sequences on chr22q sub-telo-

meres (Figure 3C). Individual long-reads that span the telomere

insertion suggest that the inverted (CCCTAA)n repeat sequences

formed via fusion of the chr22q arm with its short telomere to an

intra-chromosomal site (Figure 3D).

We also observed more complex fusion events, including ev-

idence for the formation of a neotelomere followed by a subse-
(I) Percentage of new telomeric sites in the inverted orientation that were predicte

read genome sequencing as telomere-spanning chromosome arm fusion events

(J) Spectral karyogram of chromosome 22 for which a chromosomal arm fusion

indicated. The fusion event between chromosome 22 (yellow) and chromosome

6 Cell Genomics 4, 100588, July 10, 2024
quent chromosomal fusion. At chr11:84,769,636, five inverted

ectopic telomeric repeats (CCCTAA)n (approximately 30 bp)

were detected at the breakpoint with short-read sequencing

(Figure 3E). A drastic change in allelic ratios was observed

despite minimal changes in copy number estimated from

sequencing coverage (Figure 3F), suggesting changes to one

of the parental chromosomes despite no overall changes in

chromosomal number. Using both PacBio HiFi and Nanopore

long-read sequencing data, we observed approximately

1,750 bp of inverted (CCCTAA)n telomeric repeats at this site

(Figure 3G). Surprisingly, we could further observe more than 5

kb of sequences corresponding with an intra-chromosomal

site on the chr11p arm, suggesting that the neotelomere

was the consequence of multiple steps. It may have first

formed on the centromeric side of the chr11p breakpoint

(chr11p:43,002,345), which then subsequently fused to the

breakpoint on chr11q at position 84,769,636 (Figure 3H).

To assess telomere-spanning chromosomal fusions in other

samples, we examined long-read genome sequencing data of

Hs-746T and NCI-H1184 cells. Inverted ectopic telomeric re-

peats identified from TelFuse were confirmed as sites of chro-

mosomal arm fusion events with long-read data in the Hs-746T

sample (Figure S7) at the sites chr11:79,325,679 and

chr1:244,201,717, but not for the single candidate site in the

NCI-H1184 sample (Table S6). Overall, across 15 inverted telo-

meric repeat sites predicted by TelFuse in these cell lines, 12

events (80%) were validated as chromosomal arm fusion

events using long-read genome sequencing (Figures 3I and

Table S6).

We investigated chromosomal arm fusion events for concor-

dance with spectral karyotyping results of the U2-OS cells.

Consistent with the t(4; 22) fusion seen in long-read sequencing

(Figure 3A–3D), a fusion between chromosome 22 and chromo-

some 4 was observed by spectral karyotyping in 5 of 10 cells

assessed (Figure 3J). These results suggest that telomere-

spanning chromosomal arm fusion events detected by long-

read sequencing are concordant with chromosomal scale

observations.

Length distribution of neotelomeres matches that of
normal telomeres
To assess telomere length, we developed an approach (TelSize)

to estimate the length of telomeric repeats in long-read se-

quences (STAR Methods) that accounts for noise in telomeric

long-reads which are interspersed with errors and/or bona fide

deviations from the standard ‘‘TTAGGG’’ repeat motif (Fig-

ure S8A). Using TelSize, we estimate the length of telomeres

on each chromosomal arm and at intra-chromosomal telomeric

sites. As the sub-telomeric region of the GRCh38 reference

genome has not been fully assembled, we first assessed the reli-

ability of assigning telomeric long reads to their respective arms

for the CHM13 cell line for which the genome has been fully

assembled (Figure S8B). TelSize was used to generate telomere
d by TelFuse from short-read genome sequencing, and then validated by long-

.

was detected with chromosome 4. Ten U2-OS single cells assessed are as

4 (blue) is indicated by a red arrow. See also Figure S7.



Figure 4. Neotelomeres have similar telo-

mere length distribution as normal telomeres,

while telomeric repeats at sites with chromo-

somal arm fusions are short

(A and B) Telomeric repeat signal observed at a

representative Nanopore read with (A) a neo-

telomere in U2-OS DNA at chrX:103,320,553 and

(B) a chromosomal arm fusion event in U2-OS DNA

at chr4:30,909,846. The length of telomeric repeats

on each long-read was estimated from these telo-

meric repeat signal profiles. Aggregated telomeric

length of all long-reads at the normal chromosomal

arms (p- and q-arms), neotelomeres, and chromo-

somal arm fusion events in the (C) U2-OS and (D)

Hs-746T cell lines. The p values indicated in the

plots were calculated using the two-sided Wilcoxon

rank-sum test. Number of telomeric reads for U2-

OS cells are: n_normal = 1.106, n_neotelomere =

531, n_fusion = 74, and as follows for Hs-746T:

n_normal = 1.843, n_neotelomere = 15, n_fusion =

86. See also Figures S10 and S11.
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length estimates for all cell lines with long-read sequencing data

(Figure S9).

We then assessed telomere length at each neotelomere, at

each natural telomere, and at each chromosomal arm fusion

event. For example, at a site of neotelomere addition at posi-

tion chrX:103,320,553 in DNA from U2-OS cells that was

described earlier (Figures 2A–2D), TelSize predicts a telomere

length of at least 4,988 bp from a single nanopore read (Fig-

ure 4A). In a site of chromosome arm fusion between positions

chr4:30,909,846 and the chr22 telomeric end (Figures 3A–3D)

in DNA from U2-OS cells, TelSize predicts a telomere length of

632 bp from a single nanopore read (Figure 4B), with intra-

chromosomal and sub-telomeric sequences flanking these

sites. Most neotelomeres identified were multi-kilobasepair

long with an average telomere length of approximately 5 kb

in both U2-OS and Hs-746T cancer cell lines (Figures 4C,

4D, S10A, S10B, S11A, and S11B). Chromosomal fusion

events are largely only a few hundred base pairs long in U2-

OS but longer in the small number of examples in Hs-746T

(Figures 4C, 4D, S10C, S10D, S11C, and S11D). Overall, we

see that telomeres at chromosomal arm fusion events are

shorter than neotelomere events or normal functional telo-

meres (U2-OS p < 10�16; Hs-746t p < 10�13) (Figures S11E

and S11F).

Somatically altered ectopic telomere repeat sequences
in lung adenocarcinoma genomes
Next, we sought to determine whether neotelomere events

(standard telomeric repeat orientation) and telomere-spanning

chromosome fusion events (inverted telomeric repeat orienta-

tion) could be observed as somatic genome alterations in pri-

mary human cancers. We applied TelFuse to 95 pairs of lung

adenocarcinoma tumor/normal genome sequences from The
C

Cancer Genome Atlas (TCGA) (TCGA-

LUAD) (Table S8). This analysis identified

34 sites with ectopic telomere sequences

in the standard orientation and 46 sites
with ectopic telomere sequences in the inverted orientation

(Tables S9 and S10). Putative sites of ectopic telomeric repeat

sequences could be seen across the genome on almost all

chromosome arms, without a particular distribution at this res-

olution of sample numbers and events (Figure S12A). These

ectopic telomere sequences, in both the standard and inverted

orientations, could be in either the centromeric or counter-

centromeric direction (Figure S12A).

Among the standard orientation ectopic telomere repeats in

the TCGA-LUAD sequence data, 31 of the 34 sites were

confirmed as somatic alterations and, therefore, as putative so-

matically generated neotelomeres by comparing the lung adeno-

carcinoma DNA sequence with the matched normal sequence.

In addition, 41 of 46 of the inverted orientation repeats were

confirmed as somatic alterations that are likely to represent telo-

mere-spanning chromosomal arm fusions (Figure S12B).

Together, among the set of 80 potential neotelomeres and chro-

mosomal arm fusion events detected in the TCGA-LUAD tumor

samples, we found that 72 of the 80 events (90%) were only de-

tected in the tumor sample (Figure S12B and Table S9), with 8 of

the 80 events (10%) detected in both the tumor and normal sam-

ples. This finding suggests that a large majority of calls (90%)

made in tumor samples by TelFuse are somatic, even though

no matched normal samples were assessed in our initial

analysis.

Examples of a neotelomere addition in TCGA-44-4112 (Fig-

ure S12C) and a chromosomal arm fusion event in TCGA-49-

4507 (Figure S12D) are shown. Similar observations were also

made at other sites (Figures S13A–S13D) in primary lung

adenocarcinoma genomes. Altogether, we observed ectopic te-

lomeric repeats in the standard orientation and inverted orienta-

tion in 26% and 31% of the TCGA-LUAD cohort, respectively

(Figure S13E).
ell Genomics 4, 100588, July 10, 2024 7



Figure 5. Pan-cancer analysis of somatic

neotelomeres and chromosomal arm fusion

events

(A) Proportion of tumor samples with somatic neo-

telomeres, chromosomal arm fusions, or either type

of alteration across each tumor type.

(B and C) Number of somatic ectopic telomeric

events in each tumor type. Each dot in the plot

represents a single tumor sample. Note that only

samples with at least one ectopic telomeric event

are presented in this plot. The red line represents the

median value.

(D) Number of structural variants detected in each

tumor type in PCAWG data. Each dot represents the

number of somatic structural variants detected in a

tumor sample. The red line represents the median

value. Note that data are missing for some tumor

types as structural variant calls were unavailable.
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Germline variations leading to ectopic telomeric repeat
insertions
We also observed right likely germline examples of ectopic telo-

mere repeat sequence alterations across four different individ-

uals in the TCGA-LUAD cohort (Figure S12B and Table S9).

Two ectopic telomeric sites were found on the chr12q arm in

both blood and tumor samples of TCGA-44-6778 at the sites

chr12:54,480,142 and chr12:54,494,011 and were noted to

contain a 14-kb deletion, coupled to an insertion of 63

CCCTAA repeat sequences (Figure S14A). In both blood and tu-

mor samples of the same individual at the sites chr12:25,085,740

and chr12:25,085,754 on chr12p, an insertion of 73CCCTAA re-

peats was observed in tandem with duplication of a neighboring

14-bp region (Figure S14B). A similar germline deletion event of

13 bp, coupled with the insertion of telomeric repeat sequences,

was found in TCGA-62-A470 at chr4:184,711,090 (Figure S14C),

while a duplication of 19 bp was coupled to a telomeric repeat

insertion at chr6:170,186,789 in TCGA-44-5643 (Figure S14D).

Ectopic telomeric repeats could also be observed in TCGA-55-
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6987 at low allelic frequencies in both tu-

mor and the adjacent normal sample (Fig-

ure S14E), which may point to contamina-

tion of the normal sample or to somatic

mosaicism. Together, these results indi-

cate that ectopic telomeric repeats might

be frequent germline variants.

Pan-cancer analysis of neotelomeric
and chromosomal arm fusion events
To establish the frequency of neotelo-

meres and chromosomal arm fusion

events in a wider range of cancer types,

we applied TelFuse to 3651 pairs of can-

cer-normal samples encompassing 40

cancer types (2,875 Pan-Cancer Analysis

of Whole Genomes [PCAWG], 593 ICGC-

non-PCAWG and 183 TCGA sam-

ples).3,44,45 A total of 1,728 somatic ectopic

telomeric sites were identified in these
samples (1,209 neotelomere and 519 arm fusion events)

(Tables S11, S12, S13, and S14). Our analysis revealed a high

fraction of cancers (>50%) containing neotelomeres and chro-

mosomal arm fusion events in cancer types, including leiomyo-

sarcoma, osteosarcoma, liposarcoma, and melanoma (Fig-

ure 5A, Tables 15, S16, and S17). Conversely, neotelomeric

and chromosomal arm fusion events were rare in blood cancers

such as myeloproliferative neoplasms, chronic lymphocytic leu-

kemia, and acute myeloid leukemia (Figures 5A and Tables 15,

S16, and S17). Some cancer types (leiomyosarcoma, osteosar-

coma, and liposarcoma) with the highest fraction of samples with

telomeric alterations, also have high numbers of telomeric alter-

ations per sample (Figures 5B and 5C).

To establish the frequency of somatic and germline alterations

in the non-cancer samples in the same cohort, we compared the

cancer genomes with the matched normal genomes (Figure S15

and Tables S18, S19, S20, and S21). With this analysis, we

showed that putative somatic ectopic neotelomeric variants in

normal control samples (0.3% in the PCAWG cohort) are
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significantly fewer than somatic variants in cancer samples

(19.6% in the PCAWG cohort) (Figure S16). At the same time,

only 0.78% of normal samples (23/2,916) were found to contain

germline ectopic telomeric sites. Thus, the detected somatic

ectopic telomeric sites are 593 more common in cancer ge-

nomes relative to putative somatic sites in normal genomes in

the PCAWG cohort. Further, somatic ectopic telomeric sites

are 253 more common in the cancer genomes compared with

germline ectopic telomeric sites. Thus, under the stringent

assumption that ectopic telomeric sites in normal samples are

all false positives, sites detected in the tumor samples have a

false discovery rate of less than 2%. These results indicate

that somatic ectopic intra-chromosomal telomeric repeats are

extremely uncommon in normal cells and tissues, and that our

method has relatively low false-positive rates.

We next sought to assess the potential relationship between

the number of genome-wide structural variants and the number

of telomeric alterations (Figure S17). On a per tumor-type level,

we did not observe an obvious relationship between the number

of ectopic telomeric events and the number of structural variants

(Figures 5B–5D). However, when analyzing these alterations on a

per sample level, a weak correlation is present between the num-

ber of structural variants and number of telomeric alterations

(Figure S17A).

To assess the relationship between the overall copy number

and the presence of ectopic telomeres, we integrated copy num-

ber calls from the PCAWG consortium with ectopic telomeric

repeat calls generated in this study. Both ploidy and presence

of arm fusions are correlated with neotelomere frequency; ploidy

status has a stronger correlation with the number of neotelo-

meres (gradient = 0.5409, p < 0.001, n = 2704) (Figure S17B)

than does the number of arm fusions (gradient = 0.1993,

p < 0.001, n = 2704) (Figure S17B). The mean number of ectopic

telomeres was significantly higher in samples with whole

genome duplications (WGDs), with 5.23, 3.43, and 4.33 as

many neotelomeres, arm fusions, and total ectopic telomeric

sites, respectively, in samples with WGDs versus those without

WGDs (Figure S17C).

We next sought to assess whether the formation of neotelo-

meres and chromosomal arm fusion may be related to the telo-

mere maintenance mechanisms involved. Samples were cate-

gorized by ATRX/DAXX mutations (indicative of ALT positivity)

and TERT promoter mutations as per a prior study.18 Samples

with ATRX/DAXX mutations showed increased neotelomeres,

arm fusion, and total telomeric events compared with unmutated

samples (Figure S17D). However, no significant differences were

found between samples with and without TERT promoter muta-

tions. These results, therefore, indicate that the occurrence of

ectopic telomere events may be related to ALT status.

This previous analysis only assessed themutation status of the

TERT promoter, but TERT overexpression in cancers can be

driven by other factors as well.30 Therefore, we generated a

more comprehensive analysis of TERT-positive cancers by

analyzing RNA sequencing (RNA-seq) expression data gener-

ated by the PCAWG consortium.3 Samples without TERT

expression had a greater mean number of ectopic telomeric

events, which is probably related to the greater number of events

typically identified in ALT+ but TERT� samples (Figure S18A). We
then assessed the proportion of samples with TERT expression

based on the presence or absence of ectopic telomeric events.

TERT expression with reads per kilobase per million mapped

reads (RPKM) of more than one was detected in 12.8% of sam-

ples with neotelomeres observed, compared with approximately

7.9% of total samples (p = 0.0602) (Figure S18B). Comparing the

distribution of TERT RNA expression, we see that samples with

ectopic telomeres tended to have a more right-skewed distribu-

tion associated with higher TERT expression (Kolmogorov-

Smirnov p = 5.43 � 10�6) (Figure S18C). Using a less stringent

RNA-seq expression cutoff of an RPKM of more than 0, we

also observe TERT expression in 106 of 125 samples (84.8%)

with neotelomeres, and 130 of 151 sample (86.1%) with chromo-

somal arm fusion events, and 704 of 795 sample (88.6%) with no

telomere events detected. Given the observation of TERT

expression in many cancer samples with neotelomeres and

chromosomal arm fusion events, these data suggest that our re-

sults extend to telomerase-positive cancers.

We next assessed the clonality of telomeric events in tumors.

Across 1,307 events evaluated, we see that ectopic telomere

events have a mean variant allele frequency (VAF) of 22.4%

and a median VAF of 19.4% (Figure S18D and Table S22). Cor-

recting for tumor purity and ploidy, a mean VAF of 26.2% and

a median VAF of 20.6% was observed (Figure S18E and

Table S22), indicating that these events are present in approxi-

mately 40%–50% of cells in the average tumor sample. In

addition, to assess if the clonality of the events differs between

ALT-positive and telomerase positive samples, we compared

samples with ATRX/DAXX mutations (i.e., ALT+) versus those

with TERT promoter mutations (i.e., telomerase positive). Signif-

icantly, we see that the VAF values are quite similar between

ALT+, telomerase-positive samples, and samples without either

class of mutations (median VAF = 18.9%, 20.4%, and 19.0%,

respectively) (Figure S18F). Correcting for tumor and ploidy, a

lower VAF value was observed for ALT+ samples (median

VAF = 11.5%) as compared with samples without either class

of mutations (p < 10�16, median VAF = 22.9%) (Figure S18G).

However, we did not observe a statistically significant difference

between ALT+ samples (median VAF = 11.5%) and samples with

TERT promoter mutations (p = 0.443, median VAF = 23.2%)

possibly due to the small number of samples with TERT pro-

moter mutations (n = 14). This result, therefore, indicates that

the ectopic telomeric events that we have found in our study

are true events at high levels of cellular clonality.

Sequence signatures at neotelomeric and chromosomal
arm fusion sites
To ascertain potential processes involved in the formation of

neotelomeric and chromosomal arm fusion events, we

also further examined sequence composition and structure

around neotelomeres and chromosomal arm fusion events

(Figures S19 and S20). These analyses revealed an approxi-

mately 2-fold enrichment of G and a approximately 2-fold deple-

tion of C nucleotides in the region retained (<5 nt upstream of

breakpoint) after formation of neotelomeres (Figure S19A). At

the same time, an enrichment of C and depletion of G nucleo-

tides was identified at chromosomal arm fusion sites around

the retained region of the breakpoint (Figure S19B). Further
Cell Genomics 4, 100588, July 10, 2024 9
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evaluation of these sites suggests that these signals were likely

observed due to the presence of microhomologies between

these sites and telomeric repeat sequences for neotelomeric

sites (mean = 1.72 nt) (Figures S19C and S19D) and chromo-

somal arm fusion sites (mean = 1.63 nt) (Figures S19E and S19F).

It was previously reported that a telomere seed sequence was

sufficient for direct addition of telomeric repeats at a telomere

healed end.46 Notably, complementarity between the first two

to four nucleotides of the RNA component of the telomerase

RNA template sequence (30-CAAUCCCAAUC-50 in human) with

a single-stranded DNA was found to be sufficient for telomerase

to directly elongate and synthesize telomeric repeats to generate

a neotelomere.46 Thus, if neotelomeres in our study were gener-

ated directly by telomerase under this model, then (TAGGGT)n,

(AGGGTT)n, and (GGGTTA)n sequences would be directly

observed at the start of these neotelomeric sites (Figures S20A

and S20B). While these repeats were observed immediately

after the presume DNA break site with two to four nucleotides

of microhomology, respectively (Figures S20C, S20D, and

Table S23), these sites that match the telomere seed sequence

only constitute approximately 10% of all neotelomeric sites (Fig-

ure S20E and Table S23). Our results in cancer samples are,

therefore, not consistent with the model for neotelomere synthe-

sis by telomerase as put forth by Morin.46 That said, it is impor-

tant to note that our results here do not preclude othermodels for

neotelomere synthesis by telomerase (e.g., a model in which

strict complementarity in the first two to four nucleotides be-

tween telomerase template RNA and theDNAbreak is not strictly

required).

Neotelomeres and chromosomal arm fusion events
disrupt protein coding genes and are highly prevalent in
cancer cell lines
In addition to allowing chromosome fusions to occur and

capping truncated chromosomes, the insertion of telomeric

DNA might also disrupt genes, including tumor suppressors.

To assess this possibility, we evaluated ectopic telomere sites

for overlap with protein coding genes. Among sites that we de-

tected, 47% of sites were found to colocalize to a protein coding

gene in cancer cell lines (112/240) or primary lung adenocarci-

nomas (34/72) (Tables S2 and S9). Notable genes with insertion

events include PTPN2, a gene related to immunotherapy

response,47 and the NRDC, FOXN3, and RUNX3 genes (Fig-

ure S21). The disruption of protein coding genes is also observed

in primary lung adenocarcinoma samples (Figures S22A–S22D).

However, we did not observe significant changes in the expres-

sion of the putatively disrupted genes in the PCAWG cohort (Fig-

ure S22E). Our results, therefore, indicate that the formation of

neotelomeres and telomere-spanning chromosomal arm fusions

may represent a mechanism for gene disruption, in addition to

their roles in defining gross chromosomal structure, but do not

reveal a functional role for such disruption.

DISCUSSION

While alterations in telomere sequences are key events in cancer

genome evolution, the precise nucleotide-level structure of

these alterations has been hitherto inaccessible because of the
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inability of short-read sequence data to resolve longer repetitive

sequences. Here, using long-read sequencing technologies, we

delineated four types of alterations in telomere repeat se-

quences. First, we provide evidence that cancer cell line and pri-

mary cancer genomes contain long (several kilobase) additions

of telomere repeat sequences to intra-chromosomal sites, in

the standard telomere orientation (Figure 6A). Second, we iden-

tify telomeric repeat sequences of varying length that bridge the

end of one chromosome to an intra-chromosomal site on a

different chromosome (Figure 6B). These telomeric repeats are

consistent with karyotyping analyses that have observed the

attachment of chromosomal fragments to the ends of existing

chromosomes,48–53 which are key events in cancer genome evo-

lution. Third, we observe more complex alterations where the

formation of a neotelomere is followed by the fusion of the neo-

telomere to a second intra-chromosomal location (Figure 6C).

Fourth, we observe fusions that link centromeric to telomeric

sequence repeats (Figure 6D). The implications of several of

these alterations are described below.

A previous study, analyzing short-read genome sequencing of

patients’ cancer samples from the PCAWG project, was able to

identify a number of intra-chromosomal telomeric repeat inser-

tion sites.18 In comparison with this previous study, our work

shows that telomere length at these repeat insertion sites can

be estimated using long-read sequencing, and the underlying

sequence structure can be analyzed in the context of adjacent

sequences compared with free telomeric ends. This technical

advance allowed us to differentiate intra-chromosomal telomeric

repeat sites based on the orientation of the telomeric repeat se-

quences. Our study provides support for the existence of neote-

lomeres and chromosomal arm fusion events in cancer

genomes.

A recent study byMuyas et al.54 also profiled somatic telomere

fusion events across more than 30 cancer types, leading to the

identification of novel patterns of telomere fusions that the au-

thors linked to ALT pathway activity. The ectopic telomeric alter-

ations assessed in our study are distinct from the telomere

fusion events assessed by Muyas et al.54 Specifically, the

study by Muyas et al. studied (a) inward telomere fusions of

(TTAGGG)n - (CCCTAA)n and (b) outward telomere fusions of

(CCCTAA)n - (TTAGGG)n. Conversely, our study focused on the

study of (i) neotelomeres, which were identified by ectopic telo-

meric repeats in the standard orientation at intra-chromosomal

sites [i.e., (intra-chromosomal sequence) – (TTAGGG)n] and (ii)

chromosomal arm fusions that were identified by ectopic telo-

meric repeats in the inverted orientation at intra-chromosomal

sites [i.e., (intra-chromosomal sequence) – (CCCTAA)n]. In addi-

tion, the alterations in theMuyas study are telomere-to-telomere,

while in our study, the alterations are between telomeres and

non-repetitive autosomal sequences.

Although our study strongly supports the presence of new

telomeres in human cancer cell lines and samples, the precise

mechanism behind their formation remains uncertain. Based

on prior studies in other organisms, at least two processes could

generate these new telomeres in human cells. First, new telo-

meres could be generated through a telomerase-mediated pro-

cess termed telomere healing.55–57 For instance, telomerase can

add new telomeric repeats to double-stranded breaks in



Figure 6. Possible models for the different

types of telomeric repeat sequences ob-

served in this study

(A) A neotelomere can form after a chromosomal

arm breakage event. This leads to the generation of

a smaller chromosome with a neotelomere, similar

in repeat length to telomeres found on a normal

chromosomal arm.

(B) Chromosome arm fusion where a broken chro-

mosomal arm can fuse to another chromosomewith

very short telomeres. This generates a larger chro-

mosome with interstitial telomeric repeat se-

quences in the middle of the chromosome.

(C) Complex alteration where neotelomere forma-

tion is followed by the fusion of this neotelomere to

another chromosomal fragment. This leads to the

observation of long-reads in our study which con-

tains telomeric repeat sequences, flanked on both

sides by intra-chromosomal sequences.

(D) A complex telomeric alteration involving a

chromosomal arm break at or very near to the

centromere, which is fused to another chromosomal

arm with very short telomeres. The resultant new

chromosome has pericentromeric telomeric repeat

sequences. Purple line: parts of the model sup-

ported by long-read genome sequencing data.

Resource
ll

OPEN ACCESS
Saccharomyces cerevisiae,58–62 at or near sequences with ho-

mology to telomerase template RNA.58 In humans, a recent

experimental study observed the addition of neotelomeres at a

subset of induced double-stranded breaks.63 Second, new telo-

meres could be generated through DNA recombination, in a telo-

merase-independent manner termed telomere capture, for

example, by translocation of a non-homologous chromosome

to a chromosome with terminal deletion leading to the introduc-

tion of a new telomeric cap,64 or by the stabilization of a broken

chromosome through the stabilization of a newly captured

telomere.65

Previous biochemical assays reported that two to four nucle-

otides of complementarity with the telomerase RNA template at

the 30 termini is sufficient for telomerase to recognize these

sites to add (TTAGGG)n repeats to generate a neotelomere.46

However, the majority of neotelomeric sites identified in our

study do not display this two- to four-nucleotide complemen-

tarity signal, suggesting that the majority of neotelomeres iden-

tified in our study do not proceed via the telomerase-driven and

perfect complementarity model proposed by Morin.46 In

contrast, at sites of both new telomeres and arm fusions in pri-

mary cancer samples, we observed relatively short microho-
C

mology sequences with telomeric DNA

(0–3 nt). A subset of sites we identified

(22%) are also characterized by short

(approximately 1–10 nt) non-telomeric se-

quences, which may be indicative of non-

templated insertions. The observation of

short non-telomeric sequences and/or

short microhomology sequences at these

new telomeric sites are characteristic of a

process mediated by non-homologous
end-joining, suggesting that our results may be more concor-

dant with a DNA recombination-driven telomere capture model,

or, alternatively, a more error prone process for neotelomere

formation by telomerase.

Our study reveals a potential connection between ALT and the

occurrence of neotelomeres and chromosomal arm fusion

events. Samples with ATRX/DAXX mutations, indicative of ALT

positivity, showed increased neotelomeric and chromosomal

arm fusionevents, consistentwith aprior studyon telomere inser-

tions.18 ALT can contribute to these events through various path-

ways, such as the abundance of extra-chromosomal telomeric

circles,66,67 which can recombine to form a neotelomere. Also,

frequent telomeric recombination between sister chromatids68

in ALT samples could facilitate the formation of these events.

Our results also point to the existence of an additional non-

ALT-related pathway that is involved in the formation of ectopic

telomeric events, because ALT alone cannot fully account for all

ectopic telomeric events identified in our study. Specifically, it is

important to note that samples with ATRX/DAXX mutations

constitute less than 2% of the samples analyzed, significantly

fewer than samples with neotelomeric and chromosomal arm

fusion events (approximately 19.5%). Moreover, ALT is rarely
ell Genomics 4, 100588, July 10, 2024 11



Resource
ll

OPEN ACCESS
observed in epithelial malignancies like those involving lung car-

cinoma.69,70 Despite the lack of reported ALT in lung carcinoma,

we see that these ectopic telomeric alterations were observed in

more than 30% of lung squamous cell carcinoma and lung

adenocarcinoma (Figure 5A). Thus, we believe that neotelo-

meres and chromosomal arm fusion events are unlikely to be

exclusive to ALT-positive samples.

The generation of new chromosomes via chromosomal rear-

rangements is a key element of cancer genome evolution and

also occurs during the course of evolution and speciation.71–73

Some of our findings using long-read sequencing of cancer ge-

nomes mirror long-standing observations in genomes of many

organisms. Interstitial telomeric repeats have been identified in

the genomes of many vertebrates, including primates and the

pygmy tree shrew,74–76 akin to those found at sites of chromo-

somal arm fusions in cancer cell lines (Figure 6B). Furthermore,

interstitial telomeric sequences have been observed close to

centromeres in the genomes of diverse organisms including Chi-

nese hamster, Arabidopsis, and the European grayling.76–78

These structures, termed pericentromeric telomeric repeats,

were similarly observed by long-read genome sequencing in

U2-OS cells in our study (Figure 6D). Interestingly, Turkalo

et al.79 had performed an analysis of U2-OS cells by Micro-C

analysis (a method akin to Hi-C) and identified contacts involving

terminal chromosomal regions. Their results are, therefore,

consistent with the chromosomal arm fusion events we

observed in U2-OS cells. Additionally, a competitive balance be-

tween de novo telomere addition (telomere healing) and homol-

ogous recombination has been observed to stabilize chromo-

some ends following a double-stranded break in Plasmodium

falciparum.80 Notably, the length of telomeric repeats was also

found to increase more in healed telomeres as compared with

non-healed telomeres after irradiation.81 Overall, the study of

telomere repeat alterations also provide an understanding into

how new chromosomes originate during the course of evolution

and speciation, as well as during cancer genome evolution.

Looking at the genome beyond telomeric repeats, repetitive

elements constitute approximately one-half of the human

genome.13–15 Here, using telomeres as a salient example, we

show how long-read genome sequencing can be used to drive

discoveries of functional importance in highly repetitive regions

of the cancer genome. Our study provides a framework to

assess short-read genome sequencing data for genome alter-

ations within highly repetitive regions, that can be followed by

long-read sequencing and complete analysis of selected sam-

ples. Significantly, given that more than 95% of repetitive se-

quences in the genome are estimated to be less than 8 kb in

length,15 long-read sequencing data that is typically generated

atmore than 10 kb in length (Figure S4) would enable themajority

of previously neglected alterations in the cancer genome to be

completely resolved. More broadly, analysis of repetitive ele-

ments in cancer genomes is a great discovery opportunity pro-

vided by long-read cancer genome sequencing.

Limitations of the study
There are a few limitations associated with our study. First, in

contrast with a recent yeast genomic study in which the end of

each telomere was tagged,82 it is difficult to assess whether te-
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lomeric repeats containing long-reads analyzed in our study

captured the telomeres end-to-end. As such, telomere length

estimates in our study may underestimate the true length of

both normal telomeres and neotelomeres. Further, it is also

known that sub-telomeres at normal chromosomal arms contain

telomere-like sequences and short internal telomeric repeats

close to long stretches of perfect (TTAGGG)n repeats.
38,83 How-

ever, it is unclear if these sequences should be included in the

computation of telomere length estimates; as such, we have

not included them in our length estimates. Additionally, long-

read sequencing was only performed on cancer cell lines in

our study due to difficulties in acquiring DNA of cancer samples

analyzed by short-read data. As such, it is possible that the ob-

servations we have made on neotelomeres and chromosomal

arm fusion events from cancer cell lines may not fully extend

to primary cancer samples. The U2-OS cell line, which was

selected for long-read sequencing, constitutes 43 of 46 (93%)

of all the neotelomeres observed and 7 of 12 (58%) of all the

chromosomal arm fusion events, is known to maintain its telo-

meres by the ALT pathway84,85; it is, therefore, possible that a

significant number of events validated by long-read sequencing

may have characteristics that are limited to ALT samples. These

results may, therefore, not extend fully to samples that maintain

their telomeres by non-ALT pathways.

Conclusion
We have used long-read sequencing to demonstrate the gener-

ation of neotelomeres, and of chromosome arm fusions that

span telomere repeats, in human cancer cell lines. We then pro-

vided evidence for these alterations in primary human cancer ge-

nomes. This study provides detailed insight into the process of

telomere maintenance in human cancer. Further long-read

sequencing studies of cancer genomes could help to elucidate

the potential role of somatic alterations in highly repetitive re-

gions of the human genome in cancer pathogenesis. More

broadly, long-read sequencing analyses may also provide in-

sights into chromosomal rearrangements that drive genetic dis-

eases and evolution.
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McCoy’s 5A Modified Medium American Type Culture Collection (ATCC) Cat# 30-2007

ATCC-formulated RPMI-1640 Medium American Type Culture Collection (ATCC) Cat# 30-2001

ATCC-formulated Dulbecco’s

Modified Eagle’s Medium

American Type Culture Collection (ATCC) Cat# 30-2002

Critical commercial assays

Monarch� Genomic DNA Purification Kit New England Biolabs (NEB) Cat# T3010S

QubitTM HS dsDNA assay ThermoFisher - Invitrogen Cat# Q32851 and Q32854

ONT Genomic DNA Ligation kit Oxford Nanopore Technologies (ONT) Cat# SQK-LSK109

NEBNext� Companion Module

for Oxford Nanopore Technologies�
Ligation Sequencing

New England Biolabs (NEB) Cat# E7180S

Agilent 4200 TapeStation

(Genomic DNA ScreenTape)

Agilent Cat# 5067-5366

Nanopore R9 MinION flow cell Oxford Nanopore Technologies (ONT) Cat# FLO-MIN106D

NEBnext FFPE DNA Repair Mix New England Biolabs (NEB) Cat# M6630S

NEBNext Ultra II End Repair/dA

tailing Module

New England Biolabs (NEB) Cat# E7442L

Nanopore PromethION R9.4.1 flow cell Oxford Nanopore Technologies (ONT) Cat# FLO-PRO002

PacBio SMRTbell Express

Template Prep Kit 2.0

Pacific Biosciences (PacBio) Cat# 100-938-900

SMRTbell Enzyme Clean Up Kit 2.0 Pacific Biosciences (PacBio) Cat# 101-938-500

BluePippinTM Dye Free 0.75%

Agarose Gel Cassettes

Sage Science Cat# BHZ7510

Sequel II Binding Kit 2.2 Pacific Biosciences (PacBio) Cat# 101-908-100

Sequel IIe 8M SMRT Cells Pacific Biosciences (PacBio) Cat# 101-389-001

Sequel II Sequencing 2.0 Kit Pacific Biosciences (PacBio) Cat# 101-820-200

Agencourt� AMPure XP Beckman Coulter Cat# A63881

Commercial spectral karyotyping

paint probes from Applied

Spectral Imaging

Applied Spectral Imaging

(5315 Avenida Encinas,

Suite 150, Carlsbad, CA92008)

–

Deposited data

Nanopore PromethION long-read

sequencing datasets

This paper PRJNA1107807

Nanopore MinION long-read

sequencing dataset

This paper PRJNA1107807

PacBio HiFi long-read sequencing datasets This paper PRJNA1107807

Illumina short-read sequencing datasets This paper PRJNA1107807

Whole genome short-read

sequencing dataset from the

Cancer Cell Line Encyclopedia

Ghandi et al.7 PRJNA523380

Whole genome short-read sequencing

dataset of lung adenocarcinoma

patients from The Cancer Genome Atlas

Carrot-Zhang et al. and Campbell et al.86,87 https://gdc.cancer.gov/about-data/

publications/pancanatlas

Whole genome short-read sequencing

dataset of acute myeloid leukemia and

colorectal cancers from

The Cancer Genome Atlas

Ding et al.45 https://gdc.cancer.gov/about-data/

publications/pancanatlas

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

NA12878 (SRR622457) Auton et al.88 ftp://ftp.sra.ebi.ac.uk/vol1/fastq/

SRR622/SRR622457

PCAWG short-read sequencing datasets Campbell et al.3 https://dcc.icgc.org/pcawg

Anotations for PCAWG datasets Campbell et al.3 https://dcc.icgc.org/releases/PCAWG

ICGC sequencing datasets Hudson et al.44 https://dcc.icgc.org/

dbSNP (build 151) Sherry et al.89 ftp://ftp.ncbi.nlm.nih.gov/snp/organisms/

human_9606_b151_GRCh38p7/VCF/

common_all_20180418.vcf.gz

GRCh38 reference genome UCSC Genome Browser https://hgdownload.soe.ucsc.edu/

downloads.html

CHM13 reference genome Nurk et al.90 https://github.com/marbl/CHM13

Experimental models: Cell lines

U2OS cells American Type Culture Collection (ATCC) Cat# HTB-96TM; RRID:CVCL_0042

NCI-BL1184 cells American Type Culture Collection (ATCC) Cat# CRL-5949TM; RRID:CVCL_2635

NCI-H1184 cells American Type Culture Collection (ATCC) Cat# CRL-5858TM; RRID:CVCL_1458

Hs-746T cells American Type Culture Collection (ATCC) Cat# HTB-135; RRID:CVCL_0333

Software and algorithms

TelFuse This paper https://github.com/ktan8/teltools/

TelSize This paper https://github.com/ktan8/teltools/

Minimap2 v2.17-r941 Li91 https://github.com/lh3/minimap2

BWA-MEM v0.7.17-r1188 Li92 https://github.com/lh3/bwa

SAMtools v1.10 Li et al.93 https://github.com/samtools/samtools

R v4.2.0 R Foundation for Statistical Computing94 https://www.r-project.org/

Python v3.7.4 Van Rossum et al.95 https://www.python.org/

Perl v5.26.2 Wall et al.96 http://www.perl.org/

Integrative Genomics Viewer (IGV) Thorvaldsdóttir et al.97 https://software.broadinstitute.org/

software/igv/

Bonito v0.3.5 Oxford Nanopore Technologies (ONT) https://github.com/nanoporetech/bonito

Bonito basecalling model for telomeric reads Tan et al.98 https://github.com/ktan8/

nanopore_telomere_basecall

Other

Covaris� g-TUBE Covaris� Cat# 520079

Megaruptor 3 system Diagenode B06010003

PippinHT Sage Science Cat# HTP0001

Sequel IIe instrument Pacific Biosciences (PacBio) –
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Matthew Meyerson

(matthew_meyerson@dfci.harvard.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d Long-read genome sequencing data generated for this study is accessible at NCBI under the BioProject ID PRJNA1107807

and are publicly available as of the date of publication. The accession number is also listed in the key resources table.

d TelFuse and TelSize software tools developed for this study are available at https://github.com/ktan8/teltools/or on Zenodo at

https://doi.org/10.5281/zenodo.11118081. The DOI is listed in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines
U2-OS cells (ATCC HTB-96), NCI-BL1184 (ATCC cat no. CRL-5949) and NCI-H1184 (ATCC cat no. CRL-5858) and Hs-746T cells

(ATCC cat no. HTB-135) cell lines were purchased directly from ATCC and used in this study. The identity of these cell lines was veri-

fied by comparing genomic sequencing data of these cell lines from those published previously by theCancer Cell Line Encyclopedia.

U2-OS cells were derived from a female donor, while NCI-BL1184, NCI-H1184 and Hs-746T cells were derived from male donors.

Cell lines were grown using culture and temperature conditions as stipulated by ATCC. Detailed information can be found on the

ATCC website under the section ‘‘Handling information’’ for each cell line. Briefly, U2-OS cells were cultured in McCoy’s 5A Medium

Modified (ATCC cat no. 30–2007) with 10% FBS. Cell lines NCI-BL1184 and NCI-H1184 were cultured in ATCC-formulated RPMI-

1640Medium (ATCC cat no. 30–2001) supplemented with FBS at 10%. Hs-746T cells were cultured in ATCC-formulated Dulbecco’s

Modified Eagle’s Medium (ATCC cat no. 30–2002) supplemented with 10% FBS. All cell lines were cultured at 37�C.

Human participants
Human participants were not recruited as part of this study. However, genomics datasets derived from human donors were analyzed

as part of this study. Information about these donors can be found from the primary publication from which these datasets were

derived from Campbell et al., Hudson et al., Carrot-Zhang et al., and Campbell et al.3,44,86,87

METHOD DETAILS

CCLE whole genome sequencing dataset
CCLE dataset7 was downloaded from the European Nucleotide Archive under the study accession number (PRJNA523380). Specif-

ically, only whole genome sequencing (WGS) datasets from the study was obtained. A full list of accession numbers corresponding to

the CCLE WGS dataset used in this study is indicated in Table S1.

TCGA whole genome sequencing dataset
Whole genome short-read sequencing dataset of lung adenocarcinoma,86,87 acute myeloid leukemia and colorectal cancer patients

from The Cancer Genome Atlas were downloaded from the GDC Data Portal (https://portal.gdc.cancer.gov/). The list of accession

numbers corresponding to samples analyzed for this study are indicated in Tables S8 and S17.

PCAWG and ICGC-NON-PCAWG whole genome sequencing datasets
Whole genome short-read sequencing dataset of PCAWG and ICGC-NON-PCAWG3,44 datasets were obtained from the ICGC data

portal (https://dcc.icgc.org/). The list of accession numbers corresponding to samples analyzed for this study is indicated in

Tables S15, S16, S18, and S19.

Annotations for PCAWG datasets
Annotations for PCAWG datasets were obtained from the PCAWG annotation repository (https://dcc.icgc.org/releases/PCAWG).

Specifically, mutation calls of ATRX/DAXX genes (‘‘Frame_Shift_Del’’, ‘‘Frame_Shift_Ins’’, ‘‘Nonsense_Mutation’’, ‘‘Splice_Site’’)

and TERT promoter mutations (chr5:1295228 C>T, chr5:1295250 C>T) were obtained from the ‘‘final_consensus_passonly.snv_mn-

v_indel.icgc.public.txt’’ file from the ‘‘consensus_snv_indel’’ sub-directory. In addition, copy number and ploidy annotations (‘‘con-

sensus.20170217.purity.ploidy.txt’’) were obtained from the ‘‘consensus_cnv’’ sub-directory and gene expression annotations (‘‘to-

phat_star_fpkm.v2_aliquot_gl.tsv’’) were obtained from the ‘‘transcriptome/gene_expression’’ sub-directory. Structural variant calls

were obtained from Table S1 of the PCAWG marker paper.3

Identification of candidate new telomeres and chromosomal arm fusion events from short reads
Candidate short read pairs with at least two consecutive telomeric repeat sequences (TTAGGG)2 in either reads in the pair were first

extracted to narrow down the number of read pairs for subsequent analysis. 2x TTAGGG repeats was used as a cutoff as maximal

correlation between telomere length from Southern blot measurements with telomere length estimates from short-reads was

achieved with this cutoff,99 and it was also applied in a different tool for telomere length estimation with short-read data.99 Further,

this would enable us tomaximize sensitivity of our approach. Detection of repeats was performed using a custom Python script in the

TelFuse package to each whole genome sequencing dataset.

Given the existence of telomere variant repeats (e.g., TCAGGG, TGAGGG, TTGGGG, GTAGGG, etc.) in a wide range of sam-

ples,100,101 we also provided the option to analyze other types of variant repeats in TelFuse. However, because these telomeric

variant repeats are also commonly found in the proximal region in the subtelomere,102–104 and therefore difficult to interpret in the

context of neotelomeres and chromosomal arm fusion events in our study, they were not analyzed here.

Candidate read pairs were then remapped to the reference genome (GRCh38) with BWA-MEM (version 0.7.17-r1188)92 with

default parameters. A custom Python script in the TelFuse package was then used to extract all sites with soft-clipped regions on
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the mapped reads. Soft-clipped sequences from all reads at each unique genomic site was then used to generate a consensus

sequence. A corresponding average sequence identity of the soft-clipped sequences to the consensus was also calculated.

To then filter this list of candidate sites for potential new telomeres and chromosomal arm fusion events, a series of filters were

applied. Specifically, we ensured that (i) each site is supported by at least 3 reads, (ii) has an average sequence identity to the

consensus of R95%, (iii) average mapping quality R30, (iv) found more than 500kb from each end of the chromosome as defined

by the reference genome, (v) is not found in more than one sample in the ‘‘panel of normal’’ constructed from these samples, and (vi)

contains the circular permutations of (TTAGGG)2 or (CCCTAA)2 sequence in the soft-clipped sequences immediately after the

breakpoint.

The candidate siteswere then further subdivided into sites with telomeric repeats in the standard or inverted orientation, depending

on the orientation of telomeric repeat sequences found on the first 12 bp of the softclipped sequences with respect to the genomic

loci of interest. Sites which do not have perfect telomeric repeats on the first 12 bp, but in other parts of the softclipped sequences

were defined as ‘‘neotelomere-like’’ or ‘‘arm-fusion-like’’ sites.

High molecular weight DNA extraction
High molecular weight (HMW) DNA was isolated using a Monarch Genomic DNA Purification Kit (NEB, cat no. T3010S). DNA was

quantified with a Qubit HS dsDNA assay (ThermoFisher, cat no. Q32851) followed by verification of HMW DNA integrity by electro-

phoresis on an Agilent 4200 TapeStation (Genomic DNA ScreenTape, cat no. 5067–5366).

MinION library preparation
Sequencing libraries were prepared for the Oxford Nanopore Technologies (ONT) platform using the ONT Genomic DNA Ligation kit

(ONT, cat no. SQK-LSK109). Briefly, HMWU2OS DNA was fragmented to�20 kb using a Covaris g-TUBE (cat no. 520079) followed

by SPRI-cleanup (Agencourt AMPure XP, Beckman Coulter, cat no. A63881). Fragmented material was quantified with a Qubit

dsDNA HS Assay Kit (Invitrogen, Catalog number: Q32851). One microgram of HMW U2OS DNA was end-repaired and A-tailed

(NEBNext CompanionModule for Oxford Nanopore Technologies Ligation Sequencing, cat no. E7180S) followed by adapter ligation.

For sequencing 100 fmols of library material was loaded on an R9 flow cell (cat no. FLO-MIN106D).

PromethION library preparation
Sequencing libraries for PromethION sequencing was prepared using the Genomic DNA by Ligation kit (SQK-LSK109) provided by

Oxford Nanopore Technologies according to the recommended protocol (Version GDE_9063_v109_revT_14Aug2019) with slight

modifications to the amount of input DNA used and the equipment used for shearing of the DNA. Briefly, 2.5 mg of high molecular

weight genomic DNA was sheared to 20kb using a Megaruptor 3 system (Diagenode, cat no. B06010003). DNA repair and end-

prep was then performed using the NEBnext FFPE DNA Repair Mix and NEBNext Ultra II End Repair/dA tailing Module reagents

in accordance with the manufacturer’s instructions followed by cleanup with AMPure XP beads. Ligation of adapters was then per-

formed using the Ligation Sequencing kit (SQK-LSK109) according to manufactuer’s instructions, followed by loading onto a

PromethION R9.4.1 flowcell (Oxford Nanopore, cat no. FLO-PRO002).

PacBio HiFi library preparation
For CCS library preparation, R3 mg of high molecular weight genomic DNA (more than 50% of fragments R40 kb) was sheared to

�15 kb using the Megaruptor 3 (Diagenode B06010003), followed by DNA repair and ligation of PacBio adapters using the PacBio

SMRTbell Express Template Prep Kit 2.0 (100-938-900) and removal of incomplete ligation products with the SMRTbell Enzyme

Clean Up Kit 2.0 (PacBio 101-938-500). Libraries were then size-selected for 15 kb +/� 20% using the PippinHT with 0.75% agarose

cassettes (Sage Science). Following quantification with the Qubit dsDNA High Sensitivity assay (Thermo Q32854), libraries were

diluted to 60 p.m. per SMRT cell, hybridized with PacBio V5 sequencing primer, and bound with SMRT seq polymerase using Sequel

II Binding Kit 2.2 (PacBio 101-908-100). CCS sequencing was performed on the Sequel iIe instrument using 8M SMRT Cells (101-

389-001) and Sequel II Sequencing 2.0 Kit (101-820-200), utilizing PacBio’s adaptive loading feature with a 2 h pre-extension

time and 30 h movie time per SMRT cell. Initial quality filtering, basecalling, adapter marking, and CCS error correction was done

automatically on board the Sequel iIe.

Base calling of nanopore sequencing data
Base calling of Nanopore sequencing data in this study was performed using Bonito (Version 0.3.5) with the default dna_r9.4.1 base-

calling model. However, the default Nanopore basecalling model leads to frequent strand-specific base calling errors at telomeric

repeats in our dataset, with (TTAGGG)n being miscalled as (TTAAAA)n, and (CCCTAA)n being miscalled as (CTTCTT)n and

(CCCTGG)n, akin to what we had previously reported.98 As such, telomeric reads were extracted using a pipeline that we had pre-

viously developed, followed by re-basecalling using a basecalling model that was previously tuned to correct these errors.98

Extraction of candidate telomeric long reads for detailed analysis by TelSize
Long reads containing telomeric repeats were extracted by first enumerating the number of (TTAGGG)2 and (CCCTAA)2 motifs on

each read using custom Perl scripts. Long reads containing at least four of these motifs were then defined as candidate telomeric
e4 Cell Genomics 4, 100588, July 10, 2024
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repeats. Of note, a low cutoff was deliberately set here tomore sensitively identify long-reads with telomeric repeats for detailed anal-

ysis by TelSize.

Estimation of telomere length from noisy long reads
As the telomeric long reads generated by Nanopore sequencing were relatively noisy, the length of telomeric repeats could not be

readily inferred from the reads. To address this, we scanned each telomeric long read for instances of the telomeric repeat sequence

(TTAGGG), or its reverse complement (CCCTAA). A vector representing positions where each of these motifs were observed was

then generated. We then applied a moving average filter with window size 50 on this profile, followed by a moving median filter

with window size 501. A minimum telomeric repeat signal of R0.35 was then applied to define a region as telomeric. The size of

the telomeric repeat region was then established to determine the length of telomeric repeats on the long read, the localization of

these sequences on the long-reads, and if (CCCTAA)n or (TTAGGG)n repeats were observed.

Specifically, long-reads were classified into five different classes: full telomeric – long-reads that contains telomeric repeat se-

quences end-to-end, left telomeric – long-reads that contains telomeric repeat sequences on the left edge of the long-read, right

telomeric – long-reads that contains telomeric repeat sequences on the right edge of the long-read, intra-telomeric – long-reads

that contains telomeric repeat sequences in the middle of the single long-read, and non-telomeric – long-reads that do not contain

significant telomeric repeat signal throughout the long-read. These telomeric repeat signal can also occur as either (TTAGGG)n or

(CCCTAA)n repeats, and these information are further reported.

This package for telomeric long read extraction and estimation (telSize) is available at the following github repository (https://

github.com/ktan8/teltools/).

Benchmarking of TelFuse by simulation experiments
The BAMSurgeon software (commit:75201d4) (https://github.com/adamewing/bamsurgeon)42,43 was used to introduced neotelo-

meric and chromosomal arm fusion variants into the NA12878105 and BL1184 datasets. This was done by introducing a long telo-

meric repeat into a locus, such that one end of the break point would look akin to a neotelomere with (TTAGGG)n directly after

the break, while the other end of the break would appear similar to a arm fusion event with (CCCTAA)n repeats directly after the break.

Specifically, 2000 random locations across chromosomes 1–22 and chromosome X were first selected using a customized R script.

The length of telomere repeats at each of these sites was also determined randomly generated from a normal distribution (m = 6000,

s = 1000). The BAMSurgeon software (‘‘addsv.py’’ script) was then used to introduce long telomeric insertions into each of these sites

using the recommended parameters (--aligner mem --keepsecondary --seed 1234) and a variant allele frequency of 0.3 at all sites,

leading to the introduction of a neotelomeric event on one end of the insertion event, and a chromosomal arm fusion event on the

other end of the insertion event.

A total of 1513 and 1558 telomere insertions were successfully introduced into the NA12878 and BL1184 datasets respectively.

Telomeric insertions could not be successfully introduced into the remaining 400+ sites as the sequencing reads or reference

genome sequences at these sites failed predefined filtering criteria in the BAMSurgeon software (e.g., discordant read fraction

>0.1, N nucleotides in the reference genome at these sites, best contig too short to make mutation, etc.).

The modified bam file was then processed using the TelFuse pipeline using the same parameters as that applied for the analysis of

the real whole genome sequencing datasets in this study. Specifically, the ‘‘panel of normal’’ used for evaluation was generated from

the 326whole genome sequencing datasets from the CCLE. As there is aminor difference between the coordinate of the ground truth

site introduced by BAMSurgeon, and that identified by TelFuse due to instances ofmicrohomology between the introduced telomeric

repeats and the reference genome, we considered sites identified by TelFuse to be true positives if they arewithin ±5 bp of the ground

truth coordinate. Significantly, with a more stringent window size of ±1 bp, �87% of sites identified using a ±5 bp window size were

still captured. Sites in the list of simulated neotelomeric/arm fusion sites that were not captured by TelFuse were deemed as false

positives. Sites that are present in the ground truth list, but not detected by TelFuse were classified as false negatives.

The following metrics used for the evaluation of the performance of TelFuse in the simulated datasets are defined as follows:

Precision: Positive predictive value (PPV) = true positives/(true positives + false positives)

Sensitivity: True positive rate (TPR) = true positives/(true positives + false negatives)

Balanced F score (F1) = 2 x (PPV x TPR)/(PPV + TPR)

Analysis of telomeric repeat length at neotelomeres and chromosomal arm fusion sites
To assess length of telomeric repeats at neotelomeres and chromosomal arm fusion sites, only left telomeric, right telomeric, and

intra-telomeric reads were considered. Specifically, for neotelomeric events, only reads with telomeric repeat regions found at the

50 or 30 end of the read (i.e., left telomeric and right telomeric reads) were considered to ensure that these reads correspond to a ter-

minal region of a genomic locus. In the context of chromosomal arm fusion events, we require that the telomeric region be situated

within the long-read (i.e., intra-telomeric reads that are flanked by non-telomeric repeats on both sides) to ensure that reads analyzed

at these loci represent chromosomal arm fusion events.

For these telomeric repeat containing reads, sequences corresponding to the telomeric repeat region were trimmed off. The re-

maining non-telomeric sequences of each read were then mapped to the GRCh38 reference genome with minimap2 (Version

2.17-r941). Primary read mappings in the PAF format were then extracted and analyzed using custom R scripts in order to assess
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mapping coordinates of these sequences. For each site of interest that was identified using short-read data, telomeric repeat con-

taining long-reads that mapped to a ±100 bp region of each site were extracted. Telomere length estimates for long-reads at each

neotelomeric and chromosomal arm fusion sites were then reported as per Figure 4.

Analysis of telomeric repeat length at normal chromosomal arms
To assess length of telomeric repeats at normal chromosomal arms, only left telomeric and right telomeric reads were considered,

akin to the neotelomeric sites. Sequences corresponding to the telomeric region were similar trimmed off. The remaining non-telo-

meric repeat sequences were mapped to the CHM13 v2.0 reference genome using minimap2 (Version 2.17-r941) as the sub-telo-

meric region of this reference genome is complete in in contrast to the GRCh38 reference genome. Reads that mapped to the

terminal 500kb region of each chromosomal arm were classified as telomeric reads originating from normal chromosomal arms.

Copy number profiles
To generate copy number profiles of the cancer cell lines from the CCLE, the total sequencing coverage of each 10 kb bin was calcu-

lated using the bedcov function SAMtools (v1.10)93 with default parameters. The coverage was then normalized to a per-basepair

level and is as depicted.

For lung adenocarcinoma samples which have amatched normal samples, the normalized sample coverage across each chromo-

some was calculated as follows: The sequencing coverage for each 10kb bin was calculated for both the tumor andmatched normal

sample using the bedcov function in SAMtools (v1.10).93 These values were then normalized by the total read count of each dataset,

and the ratio between the tumor and normal sample calculated to obtain the normalized sample coverage.

Analysis of BAF
As no matched normal samples were sequenced for each of the cancer cell lines, heterozygous germline variants cannot be directly

assessed and used in the generation of allelic ratio plots. Allelic ratios were thus assessed using a set of common germline SNPs from

the dbSNP database (GRCh38.p7 build 151)89 (ftp://ftp.ncbi.nlm.nih.gov/snp/organisms/human_9606_b151_GRCh38p7/VCF/

common_all_20180418.vcf.gz). Specifically, the list of common SNPs are defined by the dbSNP database as SNPs that are found

with a minor allele frequency of at least 0.01 in the 1000 genomes project.

Custom Python scripts and SAMtools mpileup (v1.10) were then used to enumerate all four possible bases at each SNP site (base

qualityR20). The allelic ratio was then calculated as the ratio of the variant base (as defined by dbSNP) count versus the sum of the

reference and variant base count. Only sites with a coverage of at least 15x were plotted.

SV variant allele frequency
The clonality of the ectopic telomeric events was assessed by assessing the allelic frequency associated with the breakpoints of

these structural variants. Specifically to do so, read pairs that support the ectopic telomeric events (minimum of 5 bp overlap)

were enumerated (Count A). Read pairs that support the reference sequence were similar counted (Count B). The variant allele fre-

quency associatedwith the ectopic telomeric event was calculated as A/(A + B). To correct for tumor purity and ploidy, the raw variant

allele frequency values for these events were divided by the tumor purity and the ploidy values obtained from the PCAWG consortium

(consensus_cnv/consensus.20170217.purity.ploidy.txt),3 and then normalized to a ploidy value of two. Notably, as the sites pre-

sented in our study were generated from the hg38 reference genome, these sites had to be lifted over to hg19 coordinates before

clonality information could be inferred from the hg19 mapped BAM files generated by the PCAWG consortium. The source code

to perform this procedure can be found in the teltools Github repository.

Sequence signatures at sites with new telomeres and chromosomal arm fusion events
The sequence signature at each new telomeric and chromosomal arm fusion site was analyzed using the consensus soft-clipped

sequences identified by TelTools, and the sequence extracted from the reference genome at each site. The sequence signature

at each new telomere and chromosomal arm fusion was then analyzed by (i) identifying the frequency of each telomeric 6-mer in

each soft-clipped sequence, and by (ii) assessing the sequence motif of the telomeric region and genomic region.

Spectral Karyotyping
DNA Spectral Karyotyping Hybridization was performed according to the protocol of commercial spectral karyotyping paint probes

from Applied Spectral Imaging (5315 Avenida Encinas, Suite 150, Carlsbad, CA92008). Briefly, the slides were dropped in Thermo-

tron and aged for 3–5 days in a 37�C oven. The slides were then checked under the microscope before hybridization. A series of four

steps were then performed on these slides to generate the spectro karyotype of the cell lines: (1) Trypsin Treatment: The slides were

washed briefly in Earl’s medium, and then treated with Trypsin/EDTA solution. Washing was then performed in water and then de-

hydrated in ethanol series of 70%, 80% and 100% for 2 min each followed by air-dying of the slides. (2) Chromosome Denaturation:

The slides were treated in 2XSSC buffer for 2min and then dehydrated in Ethanol series for 2min each. Denaturation of the slides was

then performed at 72�C in denaturation solution for 1.5min. This is followed immediately by placing the slides in cold ethanol series to

dehydrate the slides, and then air drying. (3) Probe Denaturation and hybridization: The probewas denatured by incubating the probe

at 80�C in a water bath for 7 min. The denatured Spectral Karyotyping reagent was then applied to the denaturized chromosome
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preparation and incubated at 37�C for 5–6 days (4) Detection, imaging and karyotyping: The slides were washed in 0.4XSSC at 72�C
for 2min and then dipped in 4XSSC/Tween 20 for 1min. Cy5 staining reagent was then applied and incubated at 37�C for 40min. The

slides were then washed 3 times in washing solution, and then mounted with anti-fade DAPI. After which, the slides are ready for

spectral imaging. Rearrangements were defined with nomenclature rules from international Committee in Standard Genetic Nomen-

clature for Human.

QUANTIFICATION AND STATISTICAL ANALYSIS

The Wilcoxon Rank Sum tests, Chi-squared test, linear regression and the Kolmogorov-Smirnov tests were performed using R

(v4.2.0) as part of analyses in this study. Statistical details of these tests are provided in the figure legends, or in the text. Precision

measures (mean or median) are specified in the text when reported. Exact values of n for statistical tests and what it represents, are

provided directly in the figure, figure legends, or in the main text. A p-value <0.05 was deemed statistically significant in this study.

Non-parametric tests were applied as indicated above, and assumptions about the population distribution was therefore not made.
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