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Abstract

Alterations in the structure and location of telomeres are key events in cancer genome
evolution. However, previous genomic approaches, unable to span long telomeric
repeat arrays, could not characterize the nature of these alterations. Here, we applied
both long-read and short-read genome sequencing to assess telomere repeat-
containing structures in cancers and cancer cell lines. Using long-read genome
sequences that span telomeric repeat arrays, we defined four types of telomere repeat
variations in cancer cells: neotelomeres where telomere addition heals chromosome
breaks, chromosomal arm fusions spanning telomere repeats, fusions of neotelomeres,
and peri-centromeric fusions with adjoined telomere and centromere repeats. Analysis
of lung adenocarcinoma genome sequences identified somatic neotelomere and
telomere-spanning fusion alterations. These results provide a framework for systematic
study of telomeric repeat arrays in cancer genomes, that could serve as a model for
understanding the somatic evolution of other repetitive genomic elements.
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Introduction

Cancer is driven by alterations to the genome. The continued invention and
application of new methods has enabled the characterization of genomic alterations in
cancer with much greater scale and resolution. The development of massively parallel
short-read sequencing over the past fifteen years has greatly accelerated our efforts to
characterize the cancer genome by enabling the detailed and rapid characterization of
somatic and germline variants in tens of thousands of samples’™, and led directly to the
discovery of many cancer driving genetic alterations that are now being targeted by
emerging therapeutics. The recent development and application of linked-read genome
sequencing of long molecules with barcoded short-reads then facilitated the
characterization of more complex structural variations, and of genomic alterations at the
haplotype-level in cancer®™2.

Despite these advances in genome technology, the identification and
characterization of somatic alterations at repetitive elements, which constitute
approximately half the human genome®*™*, still remain significant challenges. Repetitive
elements and duplicated sequences in the human genome are typically 100 to 8000 bp
in size™, although centromeres are much longer arrays of repetitive elements, and can
be broadly classified into three main classes. First, repetitive elements include tandem
repeats of specific DNA sequences'®*®, including short tandem repeats (1-6 bp repeat
unit) in the form of microsatellites, and longer repeat units forming minisatellites™®.
Telomeres and centromeres, which are key structures in a chromosome, are largely
comprised of long tandem repeats®. Second, repetitive elements include interspersed
repeats, identical or nearly identical sequences spread out across the human genome®®,
including short interspersed nuclear elements (SINEs; typically 100-300 bp in length)
such as Alu repeats, and Ion? interspersed nuclear elements (LINEs, typically >300 bp
in length) such as L1 repeats™. Third, “low copy repeats”, or segmental duplicates, also
occur in the genome. These large repetitive sequences are blocks of DNA that are 1-
400 kilobases in size, occur as at least two copies, share high sequence similarity
(>90%)*"*8 and are potential hotspots of chromosomal rearrangements and
instability'®?. Although sophisticated computational methods have been developed to
infer somatic alterations in repetitive regions using short-reads, comprehensive
characterization of somatic alterations in these regions still cannot be completely
achieved.

Telomeres are a salient example of highly repetitive structures of particular
importance in cancer that cannot yet be readily resolved by current sequencing
methodologies. Human telomeres, which act as protective caps on the ends of
chromosomes are composed of ~2-10 kb (TTAGGG), tandem repeats®*?. Somatic
integration of telomeric sequences into non-telomeric DNA in tumor samples has also
been observed?®, though the origin and structures of these sequences remain unclear.
As the short-read sequencing that is typically performed, such as 2 x 150 bp paired
reads, is unable to fully span the 2 kb — 10 kb long highly repetitive telomeres, much
remains unknown about telomere structures in cancer.

The study of telomere structure is important in cancer genomics because
telomere maintenance is crucial in cancer pathogenesis. Cancer cell immortality
requires a mechanism to activate telomerase or otherwise maintain telomeres, and is a
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88  key “hallmark of cancer’®*®. Telomerase, the enzyme which adds telomeric repeats to
89 the ends of chromosomes, has been estimated to undergo reactivation in as many as
90 90% of human cancers and was shown experimentally to be critical for malignant
91 transformation®>'. The reactivation of telomerase activity in cancer is driven in part by
92 promoter mutations, amplifications and translocations in the telomerase catalytic subunit
93 gene, TERT***, and also by amplification of the RNA component of telomerase,
94 TERC, in cancer®>®. In some cancer types, genetic inactivation of the ATRX and DAXX
95 genes are also associated with telomere elongation, independent of telomerase, by the
96 alternative lengthening of telomeres (ALT) pathway®’.

97 The emergence of long-read genome sequencing now makes it possible to
98 analyze somatic alterations in highly repetitive regions, such as telomeric repeats, with
99 greater precision and detail. Recently, the first telomere-to-telomere human genome
100 was assembled using long-reads that can span large, complex, or repetitive genomic
101 sequences, including telomeric repeats. This assembly relied upon PacBio high-fidelity
102  (HiFi) sequencing, which can generate long reads with an accuracy of 99.8% and an
103  average length of 13.5 kb*®, as well as ultra-long-read nanopore sequencing, with can
104 generate reads of over 100 kb*, Using long reads, the repetitive telomeres can be
105 spanned and mapped uniquely to the human genome. However, long-read sequencing
106 is still significantly more expensive than short-read sequencing. Given that high-
107 coverage short-read genome sequences are now widely available, a cost-effective
108 strategy at this time is to leverage short-read sequencing datasets to identify samples
109  with potentially interesting telomeric alterations in silico, and to subject these samples to
110 more detailed analysis by long-read sequencing.

111 Here, we explored the structure of previously unresolved telomeric events in the
112  cancer genome. We used large databanks of short-read genome sequencing datasets
113  to identify candidate telomeric alterations in the genome of 326 cancer cell line and 95
114 primary lung adenocarcinoma samples using TelFuse, a computational method to
115 profile ectopic intra-chromosomal telomeric repeat sites. Then, using PacBio HiFi and
116  Nanopore long-read genome sequencing in three cell lines with high numbers of
117  putative telomeric variants, we resolved the structure of these alterations in combination
118 with spectral karyotyping, copy number and allelic ratio analysis. Long-read genome
119 sequencing of these samples led directly to the discoveries of neotelomeres, telomere-
120 spanning chromosomal arm fusion events, and complex telomeric alterations that were
121  not previously resolvable using short-read genome sequencing. These findings also
122 validate recent experimental observations on neotelomere formation®*. Our study
123  creates a framework that can be applied to the examination of other highly repetitive
124 sequences that are likely to be of biological significance in disease, including
125 centromere arrays, transposable element insertions, and microsatellite repeats.

126

127
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128 Results

129

130 Identification of ectopic telomeric repeat sequences

131

132 Telomeric repeat arrays within cancer genomes can be found at their original

133 position at chromosomal termini (Figure 1A), or at new positions within the genome
134 (Figure 1B). Telomeric repeats at new genomic locations may be in the same
135 orientation as the original telomeric repeat, with reference to the adjacent chromosomal
136 sequence (i.e. standard orientation), or in an inverted orientation (Figure 1B).
137  Significantly, telomeric repeats oriented in different directions may represent different
138 chromosome structures and may originate via highly distinct biological processes.

139 We developed the analytic method, TelFuse, to identify ectopic telomeric repeats
140  within the cancer genome, and to estimate telomere length of each chromosomal arm
141  with long-read sequencing respectively (Figure S1A). TelFuse identifies ectopic
142  telomeric repeat sequences (TTAGGG), or (CCCTAA), that are absent from the
143 germline and mapped to intrachromosomal regions (i.e. at least 500 kb from
144 chromosomal ends) (Methods, Figure S1A-B). TelFuse begins by identifying read pairs
145 that contain at least 2 perfect consecutive telomeric repeats (at least 12 base pairs of
146 telomere sequence) with adjacent sequences that map to intra-chromosomal sites.
147 Paired read sequences that are fully aligned to the reference genome are removed,
148 eliminating telomeric repeats in the reference, which include ancient chromosome
149 fusion events***3. To ensure the specificity of our calls, we also developed a series of
150 filters (Figure S1A-B, Methods) to remove spurious sites caused by artefacts induced
151 during the mapping process (Figure S1A-B), assessed by a variety of quality control
152 metrics (Methods). Those sites that pass all filters and are at least 500 kb from the
153 GRCh38 reference genome chromosome terminus, a sufficient distance to avoid sub-
154  telomere sequences™™®, are considered candidate sites of ectopic telomere sequence.
155

156 Frequency and genome-wide distribution of candidate ectopic telomere repeat
157  sequences in cancer cell lines inferred from short-read genome sequencing

158

159 To assess the landscape of ectopic telomere repeats in cancer, we began by
160 analysis of cancer cell line data, which allows assessment of multiple cancer types and
161  which provides high sequencing depth due to 100% cancer cell purity. We applied
162 TelFuse to whole genome sequencing datasets from 326 cancer cell line DNA
163 specimens from the Cancer Cell Line Encyclopedia (CCLE)’, and detected 240
164 candidate ectopic intra-chromosomal telomeric repeat sequence sites in 34% of cell
165 lines (112/326) (Figure 1C-D and Table S1 and S2). Analysis of the orientation of the
166 telomere repeats further defined these candidates as corresponding to 149 candidate
167 sites with telomeric repeat sequences in the standard orientation, and 91 candidate
168 sites with telomeric repeat sequences in the reverse orientation (Figure 1C-D). An
169 additional 42 candidate sites with telomeric repeat sequences within softclipped
170 sequences, but not on the first 12 base-pairs, were also detected (Table S3); these
171  were not analyzed in depth. These data indicate that genomic events involving telomeric
172  repeat sequences can be readily detected in cancer cell lines from short-read genome
173  sequencing using TelFuse.
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174

175 Validation of putative ectopic telomeres by long-read sequencing

176

177 Although short-read sequencing (2 x 101bp for the CCLE dataset’) can detect

178 ectopic telomeric sequences, the length and repetitive nature of these sequences,
179  which can span 10 kb in length®?? renders their structures indecipherable based on
180 short-read data alone, and cannot distinguish between possible modes of generation of
181 these sites. Therefore, we decided to perform high-depth long-read sequencing of
182  selected cell line genomes.

183 We selected the U2-OS osteosarcoma cancer cell line, with 55 candidate
184  telomeric repeat sites from short read sequencing (46 in the standard orientation and 9
185 in the inverse orientation), the Hs-746T gastric carcinoma cell line with 6 candidate
186 events (1 standard and 5 inverse orientation), and the NCI-H1184 small cell lung cancer
187 cell line with 6 candidate events (5 standard and 1 inverted orientation) (Figure S1C-E),
188 together with its matched normal sample (NCI-BL1184). These samples were selected
189 due to the high frequencies of ectopic telomeric events (Figure S1C-E). Notably, the
190 U2-0OS cell line was found to be highly rearranged, with ectopic telomeric sites found
191 near regions with changes in sequencing coverage and allelic ratios (Figure S2). We
192 then performed PacBio HiFi and Oxford Nanopore long-read genome sequencing
193 (Figure 1E). We achieved a median genomic coverage of 49x, 62x, 65x and 73x for the
194 U20S, Hs-746T, NCI-BL1184 and NCI-H1184 cell lines respectively with Nanopore
195 long-read genome sequencing (Figure S3, Table S4 and S5). With PacBio HiFi
196 seqguencing, we achieved a median genomic coverage of 19x, 20x, 19x, and 23x for the
197 same four cell lines using high quality PacBio HiFi reads, and a median coverage of
198 29x, 31x, 33x and 36x when all PacBio reads were considered (Figure S3, Table S4
199 and S5). Nanopore sequencing data had a median read length of 6-13 kb (N50: 18-21
200 kb), while the PacBio HiFi data had a median read length of 15-17 kb (N50: 16-19 kb)
201 (Figure S3, Table S4 and S5). In parallel, to assess chromosomal scale structures of
202 these events, we also performed spectral karyotyping.

203 Long-read sequencing of cancer cell line genomes revealed two major types of
204 structural alterations containing telomere repeat sequences that comprised either
205 telomeric repeat sequences of > 1 kb flanked on one end by chromosomal sequence
206  with no other flanking DNA (seen in 46 of 51 examples sequenced) or telomeric repeat
207 sequences of at least few hundred base-pairs flanked on both sides by chromosomal
208 sequence (seen in 12 of 15 candidate events sequenced). Telomeres flanked on only
209 one-end with chromosomal sequence are consistent with neotelomere structures, which
210  might be generated through telomerase activity*’. Telomeres flanked on both sides with
211 chromosomal sequence are likely to be sites of chromosome fusion or other
212 translocation events.

213

214  Neotelomeres in cancer revealed by long-read genome sequencing

215

216 Long-read sequencing analyses demonstrated that the ectopic telomere repeat
217 sequences in the standard orientation were long and unbounded and therefore
218 consistent with neotelomere addition. For example, a candidate ectopic telomere repeat
219 sequence site adjacent to sequence from chrX:103,320,553 in the U2-OS
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220 osteosarcoma cell line was observed to contain at least seven tandem (TTAGGG),
221 repeats in the short-read sequencing data (Figure 2A), and a reduction in sequencing
222  coverage, corresponding to the position of the telomeric repeats, at this chromosomal
223 position (Figure 2B). Upon analysis of this region in long-read sequencing data sets,
224  both PacBio HiFi and Oxford Nanopore, long telomeric repeats of ~3-10kb in the
225 standard orientation could be readily observed (Figure 2C), where the variation in
226  telomere length between reads might be explained by active telomere sequence loss or
227 telomere maintenance after DNA replication, in different cells across the population.
228 These data support a model where breakage of the chrXq arm was capped by
229  generation of novel telomeric sequence representing a neotelomere (Figure 2D).

230 Another example of a neotelomere is seen in the Hs-746T cell line, within
231 chromosome arm 21p at chr21:10,547,397 where an ectopic telomeric repeat site was
232 observed. Short-read sequencing showed at least six tandem (CCCTAA), repeats
233 (Figure 2E). At this location, fluctuation in both sequencing coverage and allelic ratios
234 could be observed (Figure 2F). Analysis of both PacBio HiFi and Nanopore long-read
235 genome sequencing data again revealed long telomeric repeats (~5-10 kb) in the
236  standard orientation with reference to the break point at this site (Figure 2G), lending
237  support to the existence of a neotelomere which had likely formed following breakage of
238 the chr2lp arm (Figure 2H). Similar observations were made at other ectopic
239  neotelomeric sites, such as chr7:24,302,169 in the U2-OS cell line (Figure S4A-D), and
240 chrl:214,460,753 in the NCI-H1184 small cell lung carcinoma cell line (Figure S4E-H),
241  further supporting the idea that these ectopic telomeric sites in the standard orientation
242 detected by short-reads represent neotelomere addition events.

243 In all, among 51 sites predicted by TelFuse as containing standard orientation
244  telomere repeat sequences in these three cancer cell lines using short-read genome
245 sequencing data, 46 of these sites could be readily demonstrated to represent long
246  telomere repeats suggestive of neotelomeres, using the long-read genome sequencing
247 data (Figure 2I, Table S6). No telomeric long reads could be found at the other 5 sites.
248  Together, our results indicate that short telomeric repeats in the standard orientation,
249  observed with short-read sequencing data, represent neotelomeres with long telomeric
250 repeats as confirmed by long-read genome sequencing.

251 To assess the relationship between neotelomeres and chromosomal alterations,
252  and to support our neotelomere calls, we performed spectral karyotyping of the U2-OS
253  cancer cell line, with detailed karyotyping for ten randomly selected cells (representative
254  cell shown in Figure S5A). Integrative analysis of sequencing coverage, allelic ratios
255 and long-read data inferred two copies of chromosome X in U2-OS cells, one complete
256 copy and one truncated chromosome X. Concordant with a neotelomere detected by
257 long-read genome sequencing data (Figure 2A-D), a shorter chromosome X with g-arm
258 deletion was observed by spectral karyotyping in 7/10 cells assessed (Figure 2J),
259 together with a full-length chromosome X in 10/10 cells karyotyped. Thus, the spectral
260  karyotyping analysis confirms that neotelomeres identified by long-read sequencing can
261  be correlated with chromosomal truncations observed by cytogenetics.

262 We also observed a significant level of chromosomal heterogeneity (Figure
263 S5B-C, Table S7). Heterogeneities we observed included slight variations in
264 chromosome number between each cell (N=76-80) (Table S7) and heterogeneity in
265 translocation events between cells that were concordant with a prior study®’.
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266  Specifically, while a t(4;22) translocation could be observed in 10/10 cells assessed
267 (Figure S5C), a t(15;19) translocation was only observed in 6/10 cells assessed. This
268 cellular heterogeneity might explain why long-read sequencing was unable to validate 5
269 of the 51 candidate sites that were detected in the population of cells sequenced by
270 CCLE. Therefore, heterogeneity in tumor cell populations remains a complication in
271  identifying ectopic telomeric events.

272

273  Telomere repeat-spanning chromosomal arm fusions in cancer resolved by long-read
274 genome sequencing

275

276 We next explored sites with ectopic telomeric repeat sequences found in the
277 inverted orientation with respect to the breakpoint; long-read sequencing revealed that
278 these sites largely represent chromosomal arm fusion events. At one candidate site at
279  position chr4:30,909,846, we observed eight inverted telomeric repeats (CCCTAA),
280 (~48 bp) using short-read sequencing data (Figure 3A). At this position, a significant
281 change in sequencing coverage and change in allelic ratio were also observed in
282  support of the fusion event (Figure 3B). Analyzing this region with both PacBio HiFi and
283  Nanopore long-read genome sequencing, we observed ~650bp of inverted (CCCTAA),
284  repeats after the breakpoint (Figure 3C), followed by 5-8 kb of sequences on chr22q
285 sub-telomeres (Figure 3C). Individual long-reads that cover the whole event suggest
286 that the inverted (CCCTAA), repeat sequences formed via the fusion of the chr22g arm
287  with its short telomere to an intra-chromosomal site (Figure 3D).

288 We also observed more complex fusion events, including evidence for the
289 formation of a neotelomere followed by a subsequent chromosomal fusion. At
290 chr11:84,769,636, five inverted ectopic telomeric repeats (CCCTAA), (~30 bp) were
291 detected at the breakpoint with short-read sequencing (Figure 3E). At this site, a drastic
292 change in allelic ratios was observed despite minimal changes in copy number
293 estimated from sequencing coverage (Figure 3F), suggesting changes to one of the
294  parental chromosomes despite no overall changes in chromosomal number. Using both
295 PacBio HiFi and Nanopore long-read sequencing data, we observed ~1750 bp of
296 inverted (CCCTAA), telomeric repeats at this site (Figure 3G). Surprisingly, we could
297 further observe >5kb of sequences corresponding to an intra-chromosomal site on the
298 chrllp arm, suggesting that the neotelomere was the consequence of multiple steps. It
299 may have first formed on the centromeric side of the chrllp breakpoint
300 (chrllp:43,002,345), which then subsequently fused to the breakpoint on chrllq at
301 position 84,769,636 (Figure 3H).

302 To assess if telomere-spanning chromosomal fusions could be detected in other
303 samples, we again examined long-read genome sequencing data of the Hs-746T
304 gastric adenocarcinoma and NCI-H1184 lung adenocarcinoma cell lines. Inverted
305 ectopic telomeric repeats that were identified using TelFuse were confirmed as sites of
306 chromosomal arm fusion events with long-read data in the Hs-746T sample (Figure S6)
307 atthe sites chrl1:79,325,679 and chrl:244,201,717, but not for the single candidate site
308 in the NCI-H1184 sample (Table S6). Again, the discrepancy between long- and short-
309 read data in our study could be caused by heterogeneity in the cancer cell lines.
310 Overall, across 15 inverted telomeric repeat sites predicted by TelFuse in these cell
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311 lines, 12 of these events (80%) could be validated as chromosomal arm fusion events
312 using long-read genome sequencing (Figure 3I, Table S6).

313 We further investigated chromosomal arm fusion events for their concordance
314  with spectral karyotyping results of the U2-OS cells. Consistent with the t(4;22) fusion
315 seen in long-read sequencing (Figure 3A-D), a fusion between chromosome 22 and
316 chromosome 4 was observed by spectral karyotyping in 5/10 cells assessed (Figure
317 3J). As such, these results suggest that telomere-spanning chromosomal arm fusion
318 events detected by long-read sequencing are concordant with the chromosomal scale
319 observations.

320

321  Length distribution of neotelomeres matches that of normal telomeres

322

323 Because short telomeres lead to chromosomal fusion events, we hypothesized
324 that neotelomeres would have similar lengths to unaltered telomeres at chromosome
325 ends, whereas fusion events, which might have resulted from telomere attrition, would
326 be shorter. To assess telomere length, we developed an approach (TelSize) to estimate
327 the length of telomeric repeats in long read sequences (Methods) that accounts for
328 noise in telomeric long-reads which are interspersed with errors and/or bona fide
329 deviations from the standard “TTAGGG” repeat motif (Figure S7A).

330 Using TelSize, we can estimate the length of telomere repeat regions on single
331 chromosomes. We applied the TelSize approach to establish the length of telomeres
332 found at each of the chromosomal arms, and at intra-chromosomal telomeric sites. As
333 the sub-telomeric region of the GRCh38 reference genome has not been fully
334 assembled, we first assessed the reliability of assigning telomeric long reads to their
335 respective arms for the CHM13 cell line for which the genome has been fully assembled
336 (Figure S7B). TelSize was used to generate telomere length estimates for all of the cell
337 lines with long read sequencing data (Figure S8).

338 We then assessed the length of telomeres at each neotelomere, at each natural
339 telomere found on each chromosomal arm, and each chromosomal arm fusion event.
340 For example, in a site of neotelomere addition at position chrX:103,320,553 in DNA
341 from U2-OS cells that was described in an earlier (Figure 2A-D), TelSize predicts a
342 telomere length of at least 4988 bp from a single nanopore read (Figure 4A). In a site
343 of chromosome arm fusion between positions chr4:30,909,846 and the chr22 telomeric
344 end (Figure 3A-D) in DNA from U2-0OS cells, TelSize predicts a telomere length of 632
345 bp from a single nanopore read (Figure 4B), with intra-chromosomal and sub-telomeric
346 sequences flanking these sites. Most neotelomeres identified were multi-kilobasepair
347 long with an average telomere length of ~5kb in both the U2-OS and the Hs-746T
348 cancer cell lines (Figure 4C-D, Figure S9A-B). In contrast to neotelomeres and normal
349 chromosomal arms, and consistent with our hypothesis, we see that telomeres at
350 chromosomal arm fusion events tend to be relatively short and were largely only a few
351 hundred base pairs long in U2-OS but longer in the small number of examples in Hs-
352 746T (Figure 4E-F, Figure S9C-D), suggesting that chromosomal arms with short
353 telomeres are more likely to undergo fusion events.

354 By composite analysis of data corresponding to each class of events, we see that
355  structurally unaltered normal chromosomal ends (p- and g-arms) have similar median
356 telomere length (~5kb) and similar length distribution to neotelomeres (Figure 4G-H,
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357 Figure S9E-F) in both the U2-OS and Hs-746T cancer cell lines. Conversely, telomeric
358 repeats at chromosomal arm fusions are significantly shorter as compared to the other
359 classes of events (Figure 4G-H, Figure S9E-F). Together, these results indicate that
360 neotelomeres have similar telomere length as natural telomeres and are thus possibly
361 functional. Our results also suggest that chromosomal arms with short telomeres are
362 more likely to undergo telomere-spanning chromosomal arm fusion events

363

364 Somatically altered ectopic telomere repeat sequences in lung adenocarcinoma
365 genomes

366

367 Given the results of long read analysis that demonstrated both neotelomere
368 events, corresponding largely to the standard telomeric repeat orientation, and
369 telomere-spanning chromosome fusion events, corresponding largely to the inverted
370 telomeric repeat orientation, in cancer cell lines, we sought to determine whether similar
371 events could be observed as somatic genome alterations in primary human cancers.
372 We applied TelFuse to 95 pairs of lung adenocarcinoma tumor/normal genome
373 sequences from The Cancer Genome Atlas, or TCGA (TCGA-LUAD) (Table S8). This
374 analysis identified 34 sites with ectopic telomere sequences in the standard orientation,
375 and 46 sites with ectopic telomere sequences in the inverted orientation (Tables S9
376 and S10). Putative sites of ectopic telomeric repeat sequences could be seen across
377 the genome on almost all chromosome arms, without a particular distribution in the
378 genome at this resolution of sample number and events (Figure 5A). These ectopic
379 telomere sequences, in both the standard and inverted orientations, could be in either
380 the centromeric or counter-centromeric direction (Figure 5A).

381 Among the standard orientation ectopic telomere repeats in the TCGA-LUAD
382 sequence data, 32/34 sites were confirmed as somatic alterations and therefore as
383 putative somatically generated neotelomeres by comparing the lung adenocarcinoma
384 DNA sequence with the matched normal sequence. In addition, 44/46 of the inverted
385 orientation repeats were confirmed as somatic alterations that are likely to represent
386 telomere-spanning chromosomal arm fusions (Figure 5B). Together, among the set of
387 80 potential neotelomeres and chromosomal arm fusion events detected in the TCGA-
388 LUAD tumor samples, we found that 72/80 (90%) events were only detected in the
389 tumor sample (Figure 5B, Table S9), suggesting that a large majority of calls made in
390 tumor samples by TelFuse are somatic, even though no matched normal samples were
391 assessed in our initial analysis.

392 We then performed a deeper inspection of these somatic ectopic telomere repeat
393 sites that were detected in primary tumors. At the ectopic telomeric repeat site at
394 chrl:214,760,486 in the patient TCGA-44-4112, at least 10 TTAGGG repeats could be
395 observed in the primary tumor by short reads, coupled with a drop in sequencing
396 coverage (Figure 5C), which is consistent with the presence of a neotelomeric site. At
397 another site chrl7:31,537,163 in the patient TCGA-49-4507, at least 6 inverted
398 telomeric repeats of TTAGGG could be seen in the primary tumor sample by short-
399 reads (Figure 5D), which may indicate the presence of a chromosomal arm fusion
400 event given our observations with long-read sequencing of cancer cell lines. Notably,
401 similar observations were also made at other sites with somatic ectopic telomeric repeat
402 sequences that are consistent with potential neotelomeric or chromosomal arm fusion



https://doi.org/10.1101/2023.11.30.569101
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.30.569101; this version posted December 1, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

403 events (Figure S10) in primary lung adenocarcinoma samples. Together, this suggests
404 that ectopic telomeric repeats in both the standard and inverted orientation can be
405 readily observed in primary lung adenocarcinoma samples, and suggest that
406 neotelomeres and chromosomal arm fusion events are similarly present in primary
407  tumor samples.

408 All together, we observed ectopic telomeric repeats in the standard orientation
409 and inverted orientation in 26% and 31% of the TCGA-LUAD cohort respectively
410 (Figure 5E), which may point to the potential existence of neotelomeric events and
411  chromosomal arm fusions in these samples respectively. Of note, as many as 49% of
412 samples displayed either a neo-telomeric or chromosomal arm fusion signal, suggesting
413 that these events are relatively common in primary tumor samples. Although this
414  suggests an active mechanism for generation of telomeric events in cancers, we were
415 unable to ascertain strong sequence signatures suggestive of specific telomere
416 insertion mechanisms (Figure S11).

417
418 Germline variations leading to ectopic telomeric repeat insertions
419 Interestingly, we also observed 8 likely germline examples of ectopic telomere

420 repeat sequence alterations across 4 different individuals in the TCGA-LUAD cohort
421  (Figure 5B, Table S9). A deeper exploration of these events was performed to assess
422 the structure and features associated with these sites (Figure S12). Two ectopic
423  telomeric sites were found on the chrl2g arm in both blood and tumor samples of
424 TCGA-44-6778 at the sites chr12:54,480,142 and chr12:54,494,011, and were noted to
425 contain a 14 kb deletion, coupled to an insertion of 6x CCCTAA repeat sequences
426  (Figure S12A). In both blood and tumor samples of the same individual at the sites
427 chrl2:25,085,740 and chr12:25,085,754 on chrl2p, an insertion of 7x CCCTAA repeats
428 was observed in tandem with duplication of a neighboring 14 bp region (Figure S12B).
429 A similar germline deletion event of 13 bp, coupled with the insertion of telomeric repeat
430 sequences, was found in TCGA-62-A470 at chr4:184,711,090 (Figure S12C), while a
431  duplication of 19 bp was coupled to a telomeric repeat insertion at chr6:170,186,789 in
432 TCGA-44-5643 (Figure S12D). Ectopic telomeric repeats could also be observed in
433 TCGA-55-6987 at low allelic frequencies in both tumor and the adjacent normal sample
434  (Figure S12E), which may point to contamination of the normal sample or to somatic
435 mosaicism. Together, these results indicate that ectopic telomeric repeats might be
436  frequent germline variants, perhaps as a result of DNA repair in the presence of active
437 telomerase™.

438

439 Neotelomeres and chromosomal arm fusion events disrupt protein coding genes and
440  are highly prevalent in cancer cell lines

441 In addition to allowing chromosome fusions to occur and capping truncated
442  chromosomes, insertion of telomeric DNA might also disrupt genes, including tumor
443  suppressors, leading to associated functional impact. To assess this possibility, we
444  evaluated ectopic telomere sites in this study for overlap with protein coding genes.
445  Among sites that we detected, 47% (112/240) and 47% (34/72) of sites were found to
446 colocalize to a protein coding gene in cancer cell lines and primary Ilung
447  adenocarcinomas respectively (Table S2 and S9).
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448 Notable genes with insertion events include PTPN2, a gene related to
449  immunotherapy response®®, where a neotelomere was found within the first intron,
450 leading to a corresponding loss of the first exon and the promoter region (Figure 6A).
451  Chromosomal fusion events were also found to disrupt genes, including events that led
452  to the loss of more than half of the 5’ region of the KLF15 and FOXN3 genes (Figure
453  6B-C). We also observed one complex event involving telomeric DNA wherein a short
454  neotelomere on chrlp within the RUNX3 gene then fused to the centromere of
455  chr22/21/14. This event caused the loss of most of the gene (Figure 6D). Gene
456  disruption events were also observed by long-read genome sequencing in the NRDC
457 and TENM4 genes in cancer cell lines (Figure S13A-B). Interestingly, the PTPN2,
458 NRDC, FONXS3, and RUNX3 genes identified in our study have putative functional roles
459 in cancer, suggesting that the disruption of protein coding genes by neotelomeres and
460 chromosomal arm fusions may contribute to tumorigenesis. Thus, our results indicate
461 that neotelomeres and chromosomal arm fusion may represent an important but poorly
462  appreciated mechanism for gene disruption.

463 We next assessed if these gene disruption events from telomeric insertion can
464  also be observed in primary tumor samples. In the lung adenocarcinoma sample TCGA-
465 62-A460, a putative neotelomere could be observed using short-read data within the
466 gene encoding the ETS family transcription factor, ETV6 which is known to be
467 associated with leukemia and congenital fibrosarcoma®***° (Figure 6E). Another
468 putative neotelomere event was observed within the gene encoding centromere protein
469 F, CENPF which is thought to play a role in chromosome segregation during mitosis>*~*
470 (Figure 6F). Putative neotelomeres and chromosomal arm fusion events were also
471  found within the protein arginine methyltransferase gene, PRMT7, and the forkhead box
472  transcription factor, FOXP4, genes respectively (Figure S13C-D). Of note, due to the
473  size and scale at which these neotelomeres and chromosomal arm fusion events occur,
474  they are likely to fully disrupt these genes. Therefore, our results indicate that the
475 formation of neotelomeres and telomere-spanning chromosomal arm fusions may
476 represent a mechanism for gene disruption, in addition to their roles in defining gross
477  chromosomal structure.

478

479

480

481

482
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483 Discussion

484

485 While alterations in telomere sequences are key events in cancer genome
486  evolution, the precise nucleotide-level structure of these alterations has been hitherto
487 inaccessible because of the inability of short-read sequence data to resolve longer
488 repetitive sequences. Here, using long-read sequencing technologies, we delineated
489  four types of alterations in telomere repeat sequences. First, we provide evidence that
490 cancer cell line and primary cancer genomes contain long (several kilobase) additions
491 of telomere repeat sequences to intra-chromosomal sites, in the standard telomere
492  orientation (Figure 7A). Second, we identify telomeric repeat sequences of varying
493 length that bridge the end of one chromosome to an intra-chromosomal site on a
494  different chromosome (Figure 7B). These telomeric repeats are consistent with
495 Kkaryotyping analyses that have observed the attachment of chromosomal fragments to
496 the ends of existing chromosomes®° which are key events in cancer genome
497  evolution. Third, we observe more complex alterations where the formation of a
498 neotelomere is followed by the fusion of the neotelomere to a second intra-
499 chromosomal location (Figure 7C). Fourth, we observe fusions that link centromeric to
500 telomeric sequence repeats (Figure 7D). The implications of several of these alterations
501 are described below.

502 A previous study, analyzing short-read genome sequencing of patients’ cancer
503 samples from the Pan-Cancer Analysis of Whole Genomes (PCAWG) project, was able
504 to identify a number of intra-chromosomal telomeric repeat insertion sites®. In
505 comparison to this previous study, our work shows that telomere length at these repeat
506 insertion sites can be estimated using long-read sequencing, and the underlying
507 sequence structure can be analyzed in the context of adjacent sequences compared to
508 free telomeric ends. This technical advance allowed us to differentiate intra-
509 chromosomal telomeric repeat sites based on the orientation of the telomeric repeat
510 sequences. By integrative analysis of long-read genome sequencing, spectral
511 karyotyping, coverage analysis, and short-read genome sequencing, we demonstrated
512 the existence of multi-kilo base-pair long neotelomeres at sites of putative chromosomal
513 arm breakages, corresponding to telomeric repeats in the standard orientation. We
514 further provided evidence for the presence of these standard orientation telomere
515 repeats representing neotelomeres in primary tumor sequence data of lung
516 adenocarcinoma (LUAD) from TCGA. Further, powered by long-read genome
517 sequencing, we were able to reliably show that sites with inverted telomeric repeat
518 sequences represent fusion of chromosomal arms spanning short telomere sequence
519 repeats, also found in TCGA LUAD data. Together, our study provides support for the
520 existence of neotelomeres and chromosomal arm fusion events in cancer genomes,
521 and also provides insights into the cause of their occurrence.

522 A recent experimental study generated double-strand breaks in cells over-
523  expressing telomerase, leading to the addition of neotelomeres at a subset of these
524  breaks*. Our study provides genomic evidence for a signature of neotelomere addition
525 in cancer cell lines and cancer genomes, complementary to this experimental evidence.
526 The location and the unbounded structure of these repeats suggest that they are likely
527 to be functional neotelomeres. Taken together, the cellular experiments and genomic
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528 observations support a model where neotelomere addition by telomerase, nucleating at
529 sites of double strand breaks, can be a common step in tumorigenesis.

530 The generation of new chromosomes via chromosomal rearrangements is a key
531 element of cancer genome evolution and also occurs during the course of evolution and
532  speciation®®®2. Some of our findings using long-read sequencing of cancer genomes
533 mirror long-standing observations in genomes of many organisms. Interstitial telomeric
534 repeats have been identified in the genomes of many vertebrates, including primates
535 and the pygmy tree shrew®*®°, akin to those found at sites of chromosomal arm fusions
536 in cancer cell lines (Figure 7B). Furthermore, interstitial telomeric sequences have been
537 observed close to centromeres in the genomes of diverse organisms including Chinese
538 hamster, Arabidopsis, and the European grayling®®®’. These structures, termed
539 pericentromeric telomeric repeats, were similarly observed by long-read genome
540 sequencing in the U2-OS cancer cell line in our study (Figure 7D). Overall, the study of
541 telomere repeat alterations also provide an understanding into how new chromosomes
542 originate during the course of evolution and speciation, as well as during cancer
543  genome evolution.

544 Looking at the genome beyond telomeric repeats, repetitive elements constitute
545  approximately half the human genome®*™*°. However, we have not yet been able to
546 understand genome structure and alterations at a detailed level because of the
547 technical limitations of short-read sequencing, which is unable to span or completely
548 delineate the precise structure of these repeat elements. Here, using telomeres as a
549 salient example, we show how long-read genome sequencing can be used to drive
550 discoveries of functional importance in highly repetitive regions of the cancer genome,
551 and also inform the analysis of existing short-read data. As a bridge to a future where
552 universal long-read sequencing is technically and economically feasible, our study
553 provides a framework to assess short-read genome sequencing data for genome
554  alterations within highly repetitive regions, that can be followed by long-read sequencing
555 and complete analysis of selected samples. Significantly, given that >95% of repetitive
556  sequences in the genome are estimated to be <8 kb in length'®, long-read sequencing
557 data that is typically generated at >10 kb in length (Figure S3) would enable the
558 majority of previously neglected alterations in the cancer genome to be completely
559 resolved. Thus, our study highlights the utility of long-read genome sequencing in the
560 study of chromosomal scale structures in cancer and beyond. This analysis may have
561 functional implications as we observed the disruption of protein coding genes by
562 neotelomeres and chromosomal arm fusions. More broadly, the identification of these
563 gene disruptions points to the potential role that other repetitive elements may play in
564 gene disruption as well as activation events and to the discovery opportunity provided
565 by long-read cancer genome sequencing.

566 There are a few limitations associated with our study. First, in contrast to a recent
567 yeast genomic study in which the end of each telomere was tagged®, it is difficult to
568 assess if telomeric repeats containing long-reads analyzed in our study captured the
569 telomeres end-to-end. As such, telomere length estimates made in our study may
570 underestimate the true length of telomeres. Further, it also known that the sub-
571 telomeres at normal chromosomal arms contain telomere-like sequences and short
572 internal telomeric repeats close to long stretches of perfect (TTAGGG), repeats**®°.
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However, it is unclear if these sequences should be included in the computation of
telomere length estimates performed in our study.

In summary, we have used long-read sequencing to demonstrate the generation
of neotelomeres, and of chromosome arm fusions that span telomere repeats, in human
cancer cell lines and then provided evidence for these alterations in primary human lung
adenocarcinoma genomes. 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 regions of the human genome in cancer pathogenesis. More broadly, long-
read sequencing analyses may also provide insights into chromosomal rearrangements
that drive genetic diseases and evolution.
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621 Figure Legends

622

623 Figure 1 Classes of ectopic telomeric repeats found in cancer cell genomes. (A)
624  Schematic of sequence and positions of normal telomeres at chromosomal termini. (B)
625 Schematic of ectopic telomeric repeats found at abnormal locations away from
626 chromosomal termini. Standard orientation: (TTAGGG), on the right side of a breakpoint
627 and (CCCTAA), on the left side of the breakpoint in the 5’ to 3’ direction (same as
628 normal telomere in Fig. 1A). Inverted orientation: (CCCTAA), on the right side of a
629 breakpoint and (TTAGGG), on the left side of the breakpoint in the 5’ to 3’ direction.
630 Note that faded chromosomal segment is not part of derivative chromosome. (C)
631 Genome-wide localization of ectopic telomeric repeats in cancer cell line genomes
632 (n=326) identified using short-read genome sequencing. Red: ectopic telomeric
633 sequences in the standard orientation. Blue: ectopic telomeric sequences in the inverted
634  orientation. Position of telomeric repeats relative to the breakpoint is indicated by arrows
635 oriented in different directions. (D) Percentage of cancer cell lines in the CCLE with
636  ectopic telomeric sequences in either orientation. Total sample number as indicated. (E)
637 Flow-chart of long-read genome sequencing and cytogenetic analyses in cancer cell
638 lines, with the indicated validation criteria.

639

640 Figure 2 Neotelomeres in cancer genomes revealed by long-read genome
641 sequencing. (A-H) Genomic analysis of telomere repeat alterations in the standard
642 orientation that were detected (A-D) in the U2-OS osteosarcoma cell line at
643 ¢chrX:103,320,553, and (E-H) in the Hs-746T cell line at chr21:10,547,397. (A) IGV
644 screenshots of short-read genome sequencing data. Ectopic telomeric repeats
645 (TTAGGG), are shown in color. (B) Sequencing coverage and allelic ratios of
646 chromosome X. Orange semi-oval: site of the neotelomeric event. (C) IGV screenshots
647  depicting long telomeric repeat sequences (TTAGGG), with PacBio HiFi and Nanopore
648 long-read sequencing at the site shown in (A). (D) Schematic of neotelomere location
649 on chromosome Xq. (E) IGV screenshots of short-read genome sequencing data.
650 Ectopic telomeric repeats (CCCTAA), are shown in color. (F) Sequencing coverage and
651 allelic ratios of chromosome 21. Orange semi-oval: site of the neotelomeric event. (G)
652 IGV screenshots depicting long telomeric repeat sequences (CCCTAA), with PacBio
653  HiFi and Nanopore long-read sequencing at the site shown in (E). (H) Schematic of
654 neotelomere location on chromosome 21p. (I) Percentage of ectopic telomeric repeat
655 sites in the standard orientation, found by short-read genome sequencing using
656  TelFuse, that were validated by long-read genome sequencing. (J) Spectral karyogram
657 of chrX in ten U2-OS single cells assessed by spectral karyotyping with corresponding
658 karyotype labels. First label: total # of X chromosomes and their derivatives observed in
659 given cell. Second label: karyotypes of the aberrant X chromosomes or derivatives.
660  Asterisk (*): truncated X chromosome. See also Figure S4.

661

662 Figure 3 Chromosomal arm fusions in cancer genomes revealed by long-read
663 genome sequencing. (A-H) Genomic analysis of telomere repeat alterations in the
664 inverted orientation that were detected in the U2-OS osteosarcoma cell line (A-D) at the
665 site chr4:30,909,846, and (E-H) at the site chr11:84,769,636. (A) IGV screenshots of
666 short-read genome sequencing data. Ectopic telomeric repeats (CCCTAA), are shown
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667 in color. (B) Sequencing coverage and allelic ratios of chromosome 4. Orange semi-
668 oval: site of the ectopic telomere repeat sequence. (C) IGV screenshots of PacBio HiFi
669 and Nanopore long-read sequencing data at the site shown in (A). Ectopic telomeric
670 repeats in the inverted orientation contained ~650 bp of (CCCTAA), telomeric repeat
671 sequences followed by chr22g sub-telomeric sequences, indicative of a chromosomal
672 arm fusion event of chr22q to the site at chr4:30,909,846. (D) Schematic of telomere-
673  spanning fusion event between chromosomes 22g-ter and 4p. (E) IGV screenshots of
674 short-read genome sequencing data. Ectopic telomeric repeats (CCCTAA), are shown
675 in color. (F) Sequencing coverage and allelic ratios of chromosome 11. Orange semi-
676 oval: site of the ectopic telomere repeat sequence. (G) IGV screenshots of PacBio HiFi
677 and Nanopore long-read sequencing at the site shown in (E). ~1750 bp of (CCCTAA),
678 telomeric repeat sequences are found sequences corresponding to chrllp
679 (chrl1:43,002,345), suggestive of a complex event consistent with the formation of a
680 neotelomere on chrllp, followed by a chromosomal arm fusion event of this
681 neotelomere to the site on chrllq (chrll:84,769,636). (H) Schematic telomere-
682  spanning fusion event between chromosome arms 11q (with a predicted neotelomere)
683 and 11p. (I) Percentage of new telomeric sites in the inverted orientation that were
684 predicted by TelFuse from short-read genome sequencing, and then validated by long-
685 read genome sequencing as telomere-spanning chromosome arm fusion events. (J)
686  Spectral karyogram of chromosome 22 for which a chromosomal arm fusion was
687 detected with chromosome 4. Ten U2-OS single cells assessed are as indicated. The
688 fusion event between chromosome 22 (yellow) and chromosome 4 (blue) is indicated by
689 ared arrow. See also Figure S6.

690

691 Figure 4 Neotelomeres have similar telomere length distribution as normal
692 telomeres, while telomeric repeats at sites with chromosomal arm fusions are
693 short. (A-B) Telomeric repeat signal observed at a representative Nanopore read with
694 (A) a neotelomere in U2-OS DNA at chrX:103,320,553, and (B) a chromosomal arm
695  fusion event in U2-OS DNA at chr4:30,909,846. The length of telomeric repeats on each
696 long-read was estimated from these telomeric repeat signal profiles. Boxplots depicting
697 the distribution of telomere length found at each neotelomere assessed by Nanopore
698 sequencing for the (C) U2-OS and (D) Hs-746T cell lines. Boxplot depicting length of
699 telomeric repeats assessed using Nanopore sequencing for each chromosomal arm
700 fusion event in the (E) U2-OS and (F) Hs-746T cell lines. Note: telomere length for
701 neotelomeres and normal chromosomal arms were only estimated using long-reads
702 reads that start or end in telomeric repeats, while length of telomeric repeats at
703 chromosomal arm fusions were estimated using long-reads with telomeric repeats in the
704 middle of the read. Aggregated telomeric length of all long-reads at the normal
705 chromosomal arms (p- and g-arms), neotelomeres, and chromosomal arm fusion events
706 in the (G) U2-OS and (H) Hs-746T cell lines. P-values indicated in the plots were
707 calculated using the two-sided Wilcoxon Rank Sum test. See also Figure S9.

708

709

710 Figure 5 Putative neotelomeres and chromosomal arm fusion events are detected
711 as somatic alterations in primary lung adenocarcinoma genomes. (A) Genome-
712 wide distribution of putative neotelomeres and chromosomal arm fusion events in lung
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713  adenocarcinoma patient samples from The Cancer Genome Atlas (TCGA) (n=95).
714  Neotelomeres were inferred from ectopic telomeric sequences in the standard
715  orientation, while chromosomal arm fusion events were inferred from ectopic telomeric
716  sequences in the inverted orientation, as described in Figure 1B, using short-read
717 genome sequencing data. (B) Proportion of telomeric alterations (neotelomeres/arm
718 fusions) that were found to be germline or somatic. (C-D) Examples of neotelomeres
719 and chromosomal arm fusion events detected in tumor samples from patients with lung
720 adenocarcinoma. (C) Neotelomere in tumor DNA from case TCGA-44-4112 at the site
721 chrl:214,760,486. (D) Chromosomal arm fusion in tumor DNA from case TCGA-49-
722 4507 at the site chrl7:31,537,163. Top panels: sequencing coverage at the sites of
723 interest. Bottom panels: IGV screenshots corresponding to the neotelomere or
724  chromosomal arm fusion events in the normal and tumor samples. (E) Frequency of
725 neotelomeres and chromosomal arm fusion events in lung adenocarcinoma patient
726  tumor samples in TCGA.

727

728 Figure 6 Neotelomeres and chromosomal arm fusion events disrupt protein
729 coding genes in cancer cell lines and patient samples. (A) Disruption of the PTPN2
730 gene in the U2-OS osteosarcoma cell line at chrl8:12,875,538 with addition of a
731  neotelomere. (B) Disruption of the KLF15 gene in the Hs-746T gastric adenocarcinoma
732 cell line associated with a chromosomal arm fusion event at chr3:126,349,603. (C) A
733  chromosomal arm fusion event in the U2-OS cell line between a broken chromosome
734 14 and the telomere arm of chromosome 219/22g/19q associated with disruption of the
735 FOXN3 gene at chr14:89,300,563. (D) A neotelomere in the U2-OS cell line coupled to
736 fusion to a centromere leads to disruption of the RUNX3 gene at chrl:24,906,321. (E) A
737 putative neotelomere associated with disruption of the ETV6 gene in a lung
738 adenocarcinoma tumor sample derived from the patient TCGA-62-A460 at the site
739 chrl2:11,696,012. (F) A putative neotelomere associated with disruption of the CEPF
740 gene in a lung adenocarcinoma tumor sample derived from the patient TCGA-53-7624
741  at the site chrl:214,609,478. See also Figure S13.

742

743  Figure 7 Possible models that can account for the different types of telomeric
744 repeat sequences observed in this study. (A) A neotelomere can form after a
745 chromosomal arm breakage event. This leads to the generation of a smaller
746 chromosome with a neotelomere, similar in repeat length to telomeres found on a
747 normal chromosomal arm. (B) Chromosome arm fusion where a broken chromosomal
748 arm can fuse to another chromosome with very short telomeres. This generates a larger
749 chromosome with interstitial telomeric repeat sequences in the middle of the
750 chromosome. (C) Complex alteration where neotelomere formation is followed by the
751 fusion of this neotelomere to another chromosomal fragment. This leads to the
752  observation of long-reads in our study which contains telomeric repeat sequences,
753 flanked on both sides by intra-chromosomal sequences. (D) A complex telomeric
754  alteration involving a chromosomal arm break at or very near to the centromere, which
755 is fused to another chromosomal arm with very short telomeres. The resultant new
756 chromosome has pericentromeric telomeric repeat sequences. Purple line: parts of the
757 model supported by long-read genome sequencing data.

758
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STARXMethods

Key resources table

REAGENT or
RESOURCE

SOURCE

IDENTIFIER

Chemicals, peptides, and recombinant proteins

McCoy’s 5A Modified American Type Culture Cat# 30-2007
Medium Collection (ATCC)
ATCC-formulated RPMI- American Type Culture Cat# 30-2001
1640 Medium Collection (ATCC)

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

Qubit™ HS dsDNA assay

ThermoFisher - Invitrogen

Cat# Q32851 and Q32854

ONT Genomic DNA

Oxford Nanopore Technolo

Cat# SQK-LSK109

Ligation Kit gies (ONT)
NEBNext® Companion New England Biolabs Cat# E7180S
Module for (NEB)

Oxford Nanopore Technolo
gies® Ligation Sequencing

Agilent 4200 TapeStation
(Genomic DNA
ScreenTape)

Agilent

Cat# 5067-5366

Nanopore R9 MinlON flow
cell

Oxford Nanopore Technolo
gies (ONT)

Cat# FLO-MIN106D

NEBnext FFPE DNA
Repair Mix

New England Biolabs
(NEB)

Cat# M6630S

NEBNext Ultra Il End
Repair/dA tailing Module

New England Biolabs
(NEB)

Cat# E7442L

Nanopore PromethlON

Oxford Nanopore Technolo

Cat# FLO-PROO002

R9.4.1 flow cell gies (ONT)

PacBio SMRTbell Express | Pacific Biosciences Cat# 100-938-900
Template Prep Kit 2.0 (PacBio)

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

BluePippin™ Dye Free
0.75% Agarose Gel
Cassettes

Sage Science

Cat# BHZ7510

Sequel Il Binding Kit 2.2

Pacific Biosciences

Cat# 101-908-100
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(PacBio)
Sequel lle 8M SMRT Cells | Pacific Biosciences Cat# 101-389-001
(PacBio)
Sequel Il Sequencing 2.0 Pacific Biosciences Cat# 101-820-200
Kit (PacBio)

Agencourt® AMPure XP

Beckman Coulter

Cat# A63881

Commercial spectral
karyotyping paint probes
from Applied Spectral

Applied Spectral Imaging
(5315 Avenida Encinas,
Suite 150, Carlsbad,

Imaging CA92008)
Deposited data
Nanopore PromethlON This paper To be uploaded to SRA
long-read sequencing database (pending
datasets accessision number)
Nanopore MinlON long- This paper To be uploaded to SRA
read sequencing dataset database (pending
accessision humber)
PacBio HiFi long-read This paper To be uploaded to SRA
sequencing datasets database (pending
accessision number)
lllumina short-read This paper To be uploaded to SRA
sequencing datasets database (pending
accessision number)
Whole genome short-read | Ghandi et al’ PRJINA523380

sequencing dataset from
the Cancer Cell Line
Encyclopedia

Whole genome short-read
sequencing dataset of lung
adenocarcinoma patients
from The Cancer Genome
Atlas

Carrot-Zhang et al and
Campbell et al™®"*

https://gdc.cancer.gov/abo
ut-
data/publications/pancanat
las

dbSNP (build 151)

Sherry et al”

ftp://ftp.ncbi.nim.nih.gov/sn
p/organisms/human_9606
_b151 GRCh38p7/VCF/co
mmon_all _20180418.vcf.g
z

GRCh38 reference
genome

UCSC Genome Browser

https://hgdownload.soe.uc
sc.edu/downloads.html

CHM13 reference genome

Nurk et al”

https://github.com/marbl/C
HM13

Experimental models: Cell

lines

U20S cells

American Type Culture
Collection (ATCC)

Cat# HTB-96™

NCI-BL1184 cells

American Type Culture

Cat# CRL-5949™
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Collection (ATCC)

NCI-H1184 cells

American Type Culture
Collection (ATCC)

Cat# CRL-5858™

Hs-746T cells

American Type Culture
Collection (ATCC)

Cat# HTB-135

Software and algorithms

TelFuse This paper https://qgithub.com/ktan8/tel
tools/

TelSize This paper https://qgithub.com/ktan8/tel
tools/

Minimap2 v2.17-r941 Li ™ https://github.com/Ih3/mini
map2

BWA-MEM v0.7.17-r1188 | Li " https://github.com/Ih3/bwa

SAMtools v1.10 Li et al” https://github.com/samtool

s/samtools

Rv4.2.0 R Foundation for Statistical | https://www.r-project.org/
Computing’’

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

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

Integrative Genomics Thorvaldsdattir el al® https://software.broadinstit

Viewer (IGV) ute.org/software/igv/

Bonito v0.3.5 Oxford Nanopore Technolo | https://github.com/nanopor

gies (ONT) etech/bonito
Bonito basecalling model Tan et al* https://github.com/ktan8/na
for telomeric reads nopore telomere basecall
Other
Covaris® g-TUBE Covaris® Cat# 520079
Megaruptor 3 system Diagenode B06010003

PippinHT

Sage Science

Cat# HTP0001

Sequel lle instrument

Pacific Biosciences
(PacBio)

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.
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776  Methods details

777

778 CCLE whole genome sequencing dataset

779 CCLE dataset’ was downloaded from the European Nucleotide Archive under the study
780 accession number (PRJNA523380). Specifically, only whole genome sequencing
781 (WGS) datasets from the study was obtained. A full list of accession numbers
782  corresponding to the CCLE WGS dataset used in this study is indicated in Table S1.

783

784  Lung adenocarcinoma whole genome sequencing dataset

785  Whole genome short-read sequencing dataset of lung adenocarcinoma patients
786 from The Cancer Genome Atlas were downloaded from the GDC Data Portal
787  (https://portal.gdc.cancer.gov/). The list of accession numbers corresponding to
788 samples analyzed for this study is indicated in Table S8.

789

790 Identification of candidate new telomeres and chromosomal arm fusion events from
791  short reads

792 Candidate short read pairs with at least two consecutive telomeric repeat sequences
793 (TTAGGG); in either reads in the pair were first extracted to narrow down the number of
794 read pairs for subsequent analysis. Specifically, this was done by applying a custom
795  Python script in the TelFuse package to each whole genome sequencing dataset.

796

797 Candidate read pairs were then remapped to the reference genome (GRCh38) with
798 BWA-MEM (version 0.7.17-r1188)" with default parameters. A custom Python script in
799 the TelFuse package was then used to extract all sites with soft-clipped regions on the
800 mapped reads. Soft-clipped sequences from all reads at each unique genomic site was
801 then used to generate a consensus sequence. A corresponding average sequence
802 identity of the soft-clipped sequences to the consensus was also calculated.

803

804 To then filter this list of candidate sites for potential new telomeres and chromosomal
805 arm fusion events, a series of filters were applied. Specifically, we ensured that (i) each
806 site is supported by at least 3 reads, (i) has an average sequence identity to the
807 consensus of = 95%, (iii) average mapping quality 230, (iv) found more than 500kb from
808 each end of the chromosome as defined by the reference genome, (v) is not found in
809 more than one sample in the “panel of normal” constructed from these samples, and (vi)
810 contains the circular permutations of (TTAGGG), or (CCCTAA), sequence in the soft-
811 clipped sequences immediately after the breakpoint.

812

813 The candidate sites were then further subdivided into sites with telomeric repeats in the
814 standard or inverted orientation, depending on the orientation of telomeric repeat
815 sequences with respect to the genomic loci of interest.

816

817  Cell culture

818 U2-0OS cells (ATCC® HTB-96™) were cultured in McCoy’s 5A Medium Modified (ATCC
819 cat no. 30-2007) with 10% FBS. Cell lines NCI-BL1184 (ATCC cat no. CRL-5949™) and
820 NCI-H1184 (ATCC cat no. CRL-5858™) were cultured in ATCC-formulated RPMI-1640
821 Medium (ATCC cat no. 30-2001) supplemented with FBS at 10%. Hs-746T cells (ATCC

70,71
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822 cat no. HTB-135) were cultured in ATCC-formulated Dulbecco's Modified Eagle's
823  Medium (ATCC cat no. 30-2002) supplemented with 10% FBS

824

825 High molecular weight DNA extraction

826  High molecular weight (HMW) DNA was isolated using a Monarch® Genomic DNA
827  Purification Kit (NEB, cat no. T3010S). DNA was quantified with a Qubit™ HS dsDNA
828 assay (ThermoFisher, cat no. Q32851) followed by verification of HMW DNA integrity by
829 electrophoresis on an Agilent 4200 TapeStation (Genomic DNA ScreenTape, cat no.
830 5067-5366).

831

832 MinION Library Preparation

833 Sequencing libraries were prepared for the Oxford Nanopore Technologies (ONT)
834 platform using the ONT Genomic DNA Ligation kit (ONT, cat no. SQK-LSK109).
835 Briefly, HMW U20S DNA was fragmented to ~20 Kb using a Covaris® g-TUBE (cat no.
836 520079) followed by SPRI-cleanup (Agencourt® AMPure XP, Beckman Coulter, cat no.
837 A63881). Fragmented material was quantified with a Qubit™ dsDNA HS Assay Kit
838 (Invitrogen™, Catalog number: Q32851). One microgram of HMW U20S DNA was end-
839 repaired and A-tailed (NEBNext® Companion Module for
840 Oxford Nanopore Technologies® Ligation Sequencing, cat no. E7180S) followed by
841 adapter ligation. For sequencing 100 fmols of library material was loaded on an R9 flow
842  cell (cat no. FLO-MIN106D).

843

844  PromethlON Library Preparation

845 Sequencing libraries for PromethlON sequencing was prepared using the Genomic
846 DNA by Ligation kit (SQK-LSK109) provided by Oxford Nanopore Technologies
847 according to the recommended protocol (Version GDE_9063 v109 revT_14Aug2019)
848  with slight modifications to the amount of input DNA used and the equipment used for
849 shearing of the DNA. Briefly, 2.5 ug of high molecular weight genomic DNA was
850 sheared to 20kb using a Megaruptor 3 system (Diagenode, cat no. B06010003). DNA
851 repair and end-prep was then performed using the NEBnext FFPE DNA Repair Mix and
852 NEBNext Ultra Il End Repair/dA tailing Module reagents in accordance with the
853 manufacturer’s instructions followed by cleanup with AMPure XP beads. Ligation of
854 adapters was then performed using the Ligation Sequencing kit (SQK-LSK109)
855 according to manufactuer’s instructions, followed by loading onto a PromethlON R9.4.1
856 flowcell (Oxford Nanopore, cat no. FLO-PRO002).

857

858 PacBio HiFi Library Preparation

859 For CCS library preparation, 23 ug of high molecular weight genomic DNA (more than
860 50% of fragments 240 kb) was sheared to ~15 kb using the Megaruptor 3 (Diagenode
861 B06010003), followed by DNA repair and ligation of PacBio adapters using the PacBio
862 SMRTbell Express Template Prep Kit 2.0 (100-938-900) and removal of incomplete
863 ligation products with the SMRTbell Enzyme Clean Up Kit 2.0 (PacBio 101-938-500).
864 Libraries were then size-selected for 15 kb +/- 20% using the PippinHT with 0.75%
865 agarose cassettes (Sage Science). Following quantification with the Qubit dsDNA High
866  Sensitivity assay (Thermo Q32854), libraries were diluted to 60 pM per SMRT cell,
867 hybridized with PacBio V5 sequencing primer, and bound with SMRT seq polymerase
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868 using Sequel Il Binding Kit 2.2 (PacBio 101-908-100). CCS sequencing was performed
869 on the Sequel ile instrument using 8M SMRT Cells (101-389-001) and Sequel Il
870 Sequencing 2.0 Kit (101-820-200), utilizing PacBio’s adaptive loading feature with a 2
871  hour pre-extension time and 30 hour movie time per SMRT cell. Initial quality filtering,
872 Dbasecalling, adapter marking, and CCS error correction was done automatically on
873  board the Sequel ile.

874

875 Base calling of Nanopore sequencing data

876 Base calling of Nanopore sequencing data in this study was performed using Bonito
877 (Version 0.3.5) with the default dna_r9.4.1 basecalling model. However, the default
878 Nanopore basecalling model leads to frequent strand-specific base calling errors at
879 telomeric repeats in our dataset, with (TTAGGG), being miscalled as (TTAAAA),, and
880 (CCCTAA), being miscalled as (CTTCTT), and (CCCTGG),, akin to what we had
881  previously reported®. As such, telomeric reads was extracted using a pipeline that we
882 had previously developed, followed by re-basecalling using a basecalling model that
883  was previously tuned to correct these errors®.

884

885  Extraction of candidate telomeric long reads for detailed analysis by TelSize

886 Long reads containing telomeric repeats were extracted by first enumerating the
887 number of (TTAGGG), and (CCCTAA), motifs on each read using custom Perl scripts.
888 Long reads containing at least four of these motifs were then defined as candidate
889 telomeric repeats. Of note, a low cutoff was deliberately set here to more sensitively
890 identify long-reads with telomeric repeats for detailed analysis by TelSize.

891

892  Estimation of telomere length from noisy long reads

893 As the telomeric long reads generated by Nanopore sequencing was relatively noisy,
894 the length of telomeric repeats could not be readily inferred from the reads. To address
895 this, we scanned each telomeric long read for instances of the telomeric repeat
896 sequence (TTAGGG), or its reverse complement (CCCTAA). A vector representing
897 positions where each of these motifs were observed was then generated. We then
898 applied a moving average filter with window size 50 on this profile, followed by a moving
899 median filter with window size 501. A minimum telomeric repeat signal of = 0.35 was
900 then applied to define a region as telomeric. The size of the telomeric repeat region was
901 then established to determine the length of telomeric repeats on the long read, the
902 localization of these sequences on the long-reads, and if (CCCTAA), or (TTAGGG),
903 repeats were observed.

904

905 Specifically, long-reads were classified into five different classes: full telomeric — long-
906 reads that contains telomeric repeat sequences end-to-end, left telomeric — long-reads
907 that contains telomeric repeat sequences on the left edge of the long-read, right
908 telomeric — long-reads that contains telomeric repeat sequences on the right edge of the
909 long-read, intra-telomeric — long-reads that contains telomeric repeat sequences in the
910 middle of the single long-read, and non-telomeric — long-reads that do not contain
911 significant telomeric repeat signal throughout the long-read. These telomeric repeat
912 signal can also occur as either (TTAGGG), or (CCCTAA), repeats, and these
913 information are further reported.
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914

915 This package for telomeric long read extraction and estimation (telSize) is available at
916 the following github repository (https://github.com/ktan8/teltools/).

917

918 Analysis of telomeric repeat length at neotelomeres and chromosomal arm fusion sites
919 To assess length of telomeric repeats at neotelomeres and chromosomal arm fusion
920 sites, only left telomeric, right telomeric, and intra-telomeric reads were considered.
921 Specifically, for neotelomeric events, only reads with telomeric repeat regions found at
922 the 5 or 3’ end of the read (i.e. left telomeric and right telomeric reads) was considered
923 to ensure that these reads correspond to a terminal region of a genomic locus. In the
924 context of chromosomal arm fusion events, we require that the telomeric region be
925 situated within the long-read (i.e. intra-telomeric reads that are flanked by non-telomeric
926 repeats on both sides) to ensure that reads analyzed at these loci represent
927 chromosomal arm fusion events.

928

929 For these telomeric repeat containing reads, sequences corresponding to the telomeric
930 repeat region were trimmed off. The remaining non-telomeric sequences of each read
931 were then mapped to the GRCh38 reference genome with minimap2 (Version 2.17-
932 r941). Primary read mappings in the PAF format were then extracted and analyzed
933 using custom R scripts in order to assess mapping coordinates of these sequences. For
934 each site of interest that was identified using short-read data, telomeric repeat
935 containing long-reads that mapped to a +100 bp region of each site were extracted.
936 Telomere length estimates for long-reads at each neotelomeric and chromosomal arm
937 fusion sites were then reported as per Figure 4.

938

939  Analysis of telomeric repeat length at normal chromosomal arms

940 To assess length of telomeric repeats at normal chromosomal arms, only left telomeric
941 and right telomeric reads were considered, akin to the neotelomeric sites. Sequences
942  corresponding to the telomeric region were similar trimmed off. The remaining non-
943 telomeric repeat sequences were mapped to the CHM13 v2.0 reference genome using
944 minimap2 (Version 2.17-r941) as the sub-telomeric region of this reference genome is
945 complete in in contrast to the GRCh38 reference genome. Reads that mapped to the
946 terminal 500kb region of each chromosomal arm were classified as telomeric reads
947  originating from normal chromosomal arms.

948

949  Copy number profiles

950 To generate copy number profiles of the cancer cell lines from the CCLE, the total
951 sequencing coverage of each 10 kb bin was calculated using the bedcov function
952  SAMtools (v1.10)"° with default parameters. The coverage was then normalized to a
953  per-basepair level and is as depicted.

954

955 For lung adenocarcinoma samples which has a matched normal samples, the
956 normalized sample coverage across each chromosome was calculated as follows. The
957 sequencing coverage for each 10kb bin was calculated for both the tumor and matched
958 normal sample using the bedcov function in SAMtools (v1.10)’®. These values were

26


https://doi.org/10.1101/2023.11.30.569101
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.30.569101; this version posted December 1, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

959 then normalized by the total read count of each dataset, and the ratio between the
960 tumor and normal sample calculated to obtain the normalized sample coverage.

961

962  Analysis of BAF

963 As no matched normal samples were sequenced for each of the cancer cell lines,
964 heterozygous germline variants cannot be directly assessed and used in the generation
965 of allelic ratio plots. Allelic ratios was thus assessed using a set of common germline
966 SNPs  from the dbSNP  database  (GRCh38.p7 build 151)"2
967  (ftp://ftp.ncbi.nim.nih.gov/snp/organisms/human_9606_b151 GRCh38p7/VCF/common
968 _all_20180418.vcf.gz). Specifically, the list of common SNPs are defined by the dbSNP
969 database as SNPs that are found with a minor allele frequency of at least 0.01 in the
970 1000 genomes project.

971

972  Custom Python scripts and SAMtools mpileup (v1.10) were then used to enumerate all
973  four possible bases at each SNP site (base quality = 20). The allelic ratio was then
974  calculated as the ratio of the variant base (as defined by dbSNP) count versus the sum
975 of the reference and variant base count. Only sites with a coverage of at least 15x were
976 plotted.

977

978 Sequence signatures at sites with new telomeres and chromosomal arm fusion events.
979 The sequence signature at each new telomeric and chromosomal arm fusion site was
980 analyzed using the consensus soft-clipped sequences identified by TelTools, and the
981 sequence extracted from the reference genome at each site. The sequence signature at
982 each new telomere and chromosomal arm fusion was then analyzed by (i) identifying
983 the frequency of each telomeric 6-mer in each soft-clipped sequence, and by (ii)
984  assessing the sequence motif of the telomeric region and genomic region.

985  Spectral Karyotyping

986 DNA Spectral Karyotyping Hybridization was performed according to the protocol of
987 commercial spectral karyotyping paint probes from Applied Spectral Imaging (5315
988 Avenida Encinas, Suite 150, Carlsbad, CA92008). Briefly, the slides were dropped in
989 Thermotron and aged for 3-5 days in a 37°C oven. The slides were then checked under
990 the microscope before hybridization. A series of four steps were then performed on
991 these slides to generate the spectro karyotype of the cell lines: (1)_Trypsin Treatment:
992 The slides were washed briefly in Earl’'s medium, and then treated with Trypsin/EDTA
993  solution. Washing was then performed in water and then dehydrated in ethanol series of
994 70%, 80% and 100% for 2 minutes each followed by air-dying of the slides. (2)
995 Chromosome Denaturation: The slides were treated in 2XSSC buffer for 2 minutes and
996 then dehydrated in Ethanol series for 2 minutes each. Denaturation of the slides was
997 then performed at 72°C in denaturation solution for 1.5 minutes. This is followed
998 immediately by placing the slides in cold ethanol series to dehydrate the slides, and
999 then air drying. (3)_Probe Denaturation and hybridization: The probe was denatured by
1000 incubating the probe at 80°C in a water bath for 7 minutes. The denatured Spectral
1001  Karyotyping reagent was then applied to the denaturized chromosome preparation and
1002 incubated at 37°C for 5-6 days. (4)_Detection, imaging and karyotyping: The slides were
1003 washed in 0.4XSSC at 72°C for 2 minutes and then dipped in 4XSSC/Tween-20 for 1
1004 minutes. Cy5 staining reagent was then applied and incubated at 37°C for 40 minutes.
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1005 The slides were then washed 3 times in washing solution, and then mounted with anti-
1006 fade DAPI. After which, the slides are ready for spectral imaging. Rearrangements were
1007 defined with nomenclature rules from international Committee in Standard Genetic
1008 Nomenclature for Human.

1009

1010

1011  Data and code availability

1012 TelFuse and TelSize developed for this study are available at
1013  https://github.com/ktan8/teltools/. Long-read genome sequencing data generated for
1014  this study would be deposited in the SRA database prior to the publication of the
1015 manuscript.

1016

1017
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1308 Figure 1 Classes of ectopic telomeric repeats found in cancer cell genomes. (A)
1309 Schematic of sequence and positions of normal telomeres at chromosomal termini. (B)
1310 Schematic of ectopic telomeric repeats found at abnormal locations away from
1311  chromosomal termini. Standard orientation: (TTAGGG), on the right side of a breakpoint
1312 and (CCCTAA), on the left side of the breakpoint in the 5’ to 3’ direction (same as
1313  normal telomere in Fig. 1A). Inverted orientation: (CCCTAA), on the right side of a
1314  breakpoint and (TTAGGG), on the left side of the breakpoint in the 5’ to 3’ direction.
1315 Note that faded chromosomal segment is not part of derivative chromosome. (C)
1316 Genome-wide localization of ectopic telomeric repeats in cancer cell line genomes
1317 (n=326) identified using short-read genome sequencing. Red: ectopic telomeric
1318 sequences in the standard orientation. Blue: ectopic telomeric sequences in the inverted
1319  orientation. Position of telomeric repeats relative to the breakpoint is indicated by arrows
1320 oriented in different directions. (D) Percentage of cancer cell lines in the CCLE with
1321  ectopic telomeric sequences in either orientation. Total sample number as indicated. (E)
1322  Flow-chart of long-read genome sequencing and cytogenetic analyses in cancer cell
1323  lines, with the indicated validation criteria.
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1328 Figure 2 Neotelomeres in cancer genomes revealed by long-read genome
1329 sequencing. (A-H) Genomic analysis of telomere repeat alterations in the standard
1330 orientation that were detected (A-D) in the U2-OS osteosarcoma cell line at
1331 chrX:103,320,553, and (E-H) in the Hs-746T cell line at chr21:10,547,397. (A) IGV
1332 screenshots of short-read genome sequencing data. Ectopic telomeric repeats
1333 (TTAGGG), are shown in color. (B) Sequencing coverage and allelic ratios of
1334 chromosome X. Orange semi-oval: site of the neotelomeric event. (C) IGV screenshots
1335 depicting long telomeric repeat sequences (TTAGGG), with PacBio HiFi and Nanopore
1336 long-read sequencing at the site shown in (A). (D) Schematic of neotelomere location
1337 on chromosome Xdg. (E) IGV screenshots of short-read genome sequencing data.
1338  Ectopic telomeric repeats (CCCTAA), are shown in color. (F) Sequencing coverage and
1339 allelic ratios of chromosome 21. Orange semi-oval: site of the neotelomeric event. (G)
1340 IGV screenshots depicting long telomeric repeat sequences (CCCTAA), with PacBio
1341  HiFi and Nanopore long-read sequencing at the site shown in (E). (H) Schematic of
1342  neotelomere location on chromosome 21p. (I) Percentage of ectopic telomeric repeat
1343 sites in the standard orientation, found by short-read genome sequencing using
1344  TelFuse, that were validated by long-read genome sequencing. (J) Spectral karyogram
1345 of chrX in ten U2-OS single cells assessed by spectral karyotyping with corresponding
1346  karyotype labels. First label: total # of X chromosomes and their derivatives observed in
1347 given cell. Second label: karyotypes of the aberrant X chromosomes or derivatives.
1348  Asterisk (*): truncated X chromosome. See also Figure S4.
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1353 Figure 3 Chromosomal arm fusions in cancer genomes revealed by long-read
1354 genome sequencing. (A-H) Genomic analysis of telomere repeat alterations in the
1355 inverted orientation that were detected in the U2-OS osteosarcoma cell line (A-D) at the
1356  site chr4:30,909,846, and (E-H) at the site chrl11:84,769,636. (A) IGV screenshots of
1357  short-read genome sequencing data. Ectopic telomeric repeats (CCCTAA), are shown
1358 in color. (B) Sequencing coverage and allelic ratios of chromosome 4. Orange semi-
1359 oval: site of the ectopic telomere repeat sequence. (C) IGV screenshots of PacBio HiFi
1360 and Nanopore long-read sequencing data at the site shown in (A). Ectopic telomeric
1361 repeats in the inverted orientation contained ~650 bp of (CCCTAA), telomeric repeat
1362 sequences followed by chr22qg sub-telomeric sequences, indicative of a chromosomal
1363 arm fusion event of chr22q to the site at chr4:30,909,846. (D) Schematic of telomere-
1364 spanning fusion event between chromosomes 22g-ter and 4p. (E) IGV screenshots of
1365 short-read genome sequencing data. Ectopic telomeric repeats (CCCTAA), are shown
1366 in color. (F) Sequencing coverage and allelic ratios of chromosome 11. Orange semi-
1367 oval: site of the ectopic telomere repeat sequence. (G) IGV screenshots of PacBio HiFi
1368 and Nanopore long-read sequencing at the site shown in (E). ~1750 bp of (CCCTAA),
1369 telomeric repeat sequences are found sequences corresponding to chrllp
1370 (chrl1:43,002,345), suggestive of a complex event consistent with the formation of a
1371  neotelomere on chrllp, followed by a chromosomal arm fusion event of this
1372  neotelomere to the site on chrllq (chrll:84,769,636). (H) Schematic telomere-
1373  spanning fusion event between chromosome arms 11qg (with a predicted neotelomere)
1374 and 11p. (I) Percentage of new telomeric sites in the inverted orientation that were
1375 predicted by TelFuse from short-read genome sequencing, and then validated by long-
1376 read genome sequencing as telomere-spanning chromosome arm fusion events. (J)
1377  Spectral karyogram of chromosome 22 for which a chromosomal arm fusion was
1378 detected with chromosome 4. Ten U2-OS single cells assessed are as indicated. The
1379  fusion event between chromosome 22 (yellow) and chromosome 4 (blue) is indicated by
1380 ared arrow. See also Figure S6.
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1385 Figure 4 Neotelomeres have similar telomere length distribution as normal
1386 telomeres, while telomeric repeats at sites with chromosomal arm fusions are
1387 short. (A-B) Telomeric repeat signal observed at a representative Nanopore read with
1388 (A) a neotelomere in U2-OS DNA at chrX:103,320,553, and (B) a chromosomal arm
1389  fusion event in U2-OS DNA at chr4:30,909,846. The length of telomeric repeats on each
1390 long-read was estimated from these telomeric repeat signal profiles. Boxplots depicting
1391 the distribution of telomere length found at each neotelomere assessed by Nanopore
1392  sequencing for the (C) U2-OS and (D) Hs-746T cell lines. Boxplot depicting length of
1393 telomeric repeats assessed using Nanopore sequencing for each chromosomal arm
1394  fusion event in the (E) U2-OS and (F) Hs-746T cell lines. Note: telomere length for
1395 neotelomeres and normal chromosomal arms were only estimated using long-reads
1396 reads that start or end in telomeric repeats, while length of telomeric repeats at
1397 chromosomal arm fusions were estimated using long-reads with telomeric repeats in the
1398 middle of the read. Aggregated telomeric length of all long-reads at the normal
1399 chromosomal arms (p- and g-arms), neotelomeres, and chromosomal arm fusion events
1400 in the (G) U2-OS and (H) Hs-746T cell lines. P-values indicated in the plots were
1401  calculated using the two-sided Wilcoxon Rank Sum test. See also Figure S9.
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1407 Figure 5 Putative neotelomeres and chromosomal arm fusion events are detected
1408 as somatic alterations in primary lung adenocarcinoma genomes. (A) Genome-
1409  wide distribution of putative neotelomeres and chromosomal arm fusion events in lung
1410 adenocarcinoma patient samples from The Cancer Genome Atlas (TCGA) (n=95).
1411  Neotelomeres were inferred from ectopic telomeric sequences in the standard
1412  orientation, while chromosomal arm fusion events were inferred from ectopic telomeric
1413 sequences in the inverted orientation, as described in Figure 1B, using short-read
1414 genome sequencing data. (B) Proportion of telomeric alterations (neotelomeres/arm
1415 fusions) that were found to be germline or somatic. (C-D) Examples of neotelomeres
1416 and chromosomal arm fusion events detected in tumor samples from patients with lung
1417  adenocarcinoma. (C) Neotelomere in tumor DNA from case TCGA-44-4112 at the site
1418 chr1:214,760,486. (D) Chromosomal arm fusion in tumor DNA from case TCGA-49-
1419 4507 at the site chrl7:31,537,163. Top panels: sequencing coverage at the sites of
1420 interest. Bottom panels: IGV screenshots corresponding to the neotelomere or
1421 chromosomal arm fusion events in the normal and tumor samples. (E) Frequency of
1422  neotelomeres and chromosomal arm fusion events in lung adenocarcinoma patient
1423  tumor samples in TCGA.
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1428 Figure 6 Neotelomeres and chromosomal arm fusion events disrupt protein
1429 coding genes in cancer cell lines and patient samples. (A) Disruption of the PTPN2
1430 gene in the U2-OS osteosarcoma cell line at chrl8:12,875,538 with addition of a
1431 neotelomere. (B) Disruption of the KLF15 gene in the Hs-746T gastric adenocarcinoma
1432 cell line associated with a chromosomal arm fusion event at chr3:126,349,603. (C) A
1433  chromosomal arm fusion event in the U2-OS cell line between a broken chromosome
1434 14 and the telomere arm of chromosome 21q/22q/19q associated with disruption of the
1435 FOXN3 gene at chr14:89,300,563. (D) A neotelomere in the U2-OS cell line coupled to
1436  fusion to a centromere leads to disruption of the RUNX3 gene at chrl:24,906,321. (E) A
1437  putative neotelomere associated with disruption of the ETV6 gene in a lung
1438 adenocarcinoma tumor sample derived from the patient TCGA-62-A460 at the site
1439 chrl2:11,696,012. (F) A putative neotelomere associated with disruption of the CEPF
1440 gene in a lung adenocarcinoma tumor sample derived from the patient TCGA-53-7624
1441  at the site chrl:214,609,478. See also Figure S13.

1442
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1446  Figure 7 Possible models that can account for the different types of telomeric
1447 repeat sequences observed in this study. (A) A neotelomere can form after a
1448 chromosomal arm breakage event. This leads to the generation of a smaller
1449 chromosome with a neotelomere, similar in repeat length to telomeres found on a
1450 normal chromosomal arm. (B) Chromosome arm fusion where a broken chromosomal
1451 arm can fuse to another chromosome with very short telomeres. This generates a larger
1452 chromosome with interstitial telomeric repeat sequences in the middle of the
1453 chromosome. (C) Complex alteration where neotelomere formation is followed by the
1454  fusion of this neotelomere to another chromosomal fragment. This leads to the
1455 observation of long-reads in our study which contains telomeric repeat sequences,
1456 flanked on both sides by intra-chromosomal sequences. (D) A complex telomeric
1457  alteration involving a chromosomal arm break at or very near to the centromere, which
1458 is fused to another chromosomal arm with very short telomeres. The resultant new
1459 chromosome has pericentromeric telomeric repeat sequences. Purple line: parts of the
1460 model supported by long-read genome sequencing data.

1461
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1463 Supplemental Information

1464

1465 Supplementary Figure Legends

1466

1467 Figure S1 Overview of the TelFuse methodology and the distribution of ectopic
1468 telomeric events in cancer cell line genomes. (A) Overview of the TelFuse
1469 computational method to identify ectopic telomere repeat sequences with short-reads
1470 genome sequencing. Raw sites were first identified from partially mapped read-pairs
1471  which also contain telomeric repeats on unmapped portions of these reads. A stringent
1472 set of filters was then applied to ensure the specificity of these calls. These candidate
1473  sites were then classified by the orientation of telomeric repeats after the breakpoint.
1474  Specifically, sites with (TTAGGG), repeats after the breakpoint have telomeric repeats
1475 in the standard orientation, akin to a standard telomere. Conversely, sites containing
1476  (CCCTAA), telomeric repeats after the breakpoint have telomeric repeat sequences in
1477  the inverted orientation. (B) Detailed overview of method used for the identification of
1478  ectopic telomeric repeat sites. (C-E) Number of ectopic telomeric repeat sites found in
1479  the genome of each cancer cell line (n=326 cell lines) in (C) either orientation, in (D) the
1480 standard orientation, and in (E) the inverted orientation. The three cell lines (U2-OS, Hs-
1481  746T, and NCI-H1184) which have a high frequency of ectopic telomeric events, and
1482  which were selected for long-read genome sequencing are as indicated.

1483

1484  Figure S2 Circos plot depicting locations of ectopic telomeric repeat sequences
1485 identified in the U2-OS cell line by TelFuse. Locations of ectopic telomeric repeats in
1486 the standard orientation are labelled with red triangles, while those in the inverted
1487  orientation are labelled with green triangles. Triangles pointing in the anti-clockwise
1488 direction indicates that the ectopic telomeric repeat sequences are found on the anti-
1489  clockwise edge, while triangles pointing in the clockwise directions indicates that ectopic
1490 telomeric repeat sequences are on the clockwise edge. The allelic ratios are depicted in
1491 red, while the sequencing coverage is labelled in blue. The inner most circle depicts
1492  translocation events detected in the cell line.

1493

1494 Figure S3 Sequencing quality of long-read genome sequencing datasets
1495 generated as part of this study. Sequencing quality metrics for long-read genome
1496 sequencing data generated using the Nanopore PromethlON platform (2x flow cells per
1497  cell line), and the PacBio platforms (3x SMRT flow cells per cell line) are as indicated.
1498 The PacBio dataset was further divided into the full dataset consisting of all reads, and
1499 the PacBio HiFi dataset consisting of reads with a read quality = 0.9. (A) Read length
1500 distribution of the Nanopore and PacBio long-read genome sequencing datasets
1501 generated in this study. Each sequencing run is indicated separately. The median read
1502 length for each run are also indicated in the legend for each plot. (B) The cumulative
1503 fraction of sequenced bases above a particular read length for each run is as indicated
1504 in the plots. The N50 (i.e. minimum read length at which half the bases were
1505 sequenced) for each run is also indicated in the legend of each plot. (C) Fraction of the
1506 genome sequenced above the stated sequencing depth for each sample is as indicated
1507 in the plots. The median sequencing coverage across the human genome is also
1508 indicated in the legend of each plot. (D) Distribution of sequence divergence of long-
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1509 reads generated by each platform and for each platform is as indicated. Sequence
1510 divergence (i.e. how much each long-read differs from the reference genome)
1511 information for each long-read was extracted from long-reads aligned to the GRCh38
1512  reference genome using minimap2.

1513

1514 Figure S4 Additional examples of neotelomeres discovered using long-read
1515 genome sequencing, related to Figure 2. (A-H) Genomic analysis of telomere repeat
1516 alterations in the standard orientation that were detected (A-D) in the U2-OS
1517 osteosarcoma cell line at chr7:24,302,169, and (E-H) in the NCI-H1184 small cell lung
1518 carcinoma cell line at chr1:214,460,753, but not in the matched normal cell line (NCI-
1519 BL1184). (A) IGV screenshots of short-read genome sequencing data. Ectopic
1520 telomeric repeats (CCCTAA), are shown in gold. (B) Sequencing coverage and allelic
1521 ratios of chromosome 7. Orange semi-oval: site of the neotelomeric event. (C) IGV
1522  screenshots depicting long telomeric repeat sequences (TTAGGG), with PacBio HiFi
1523  (read quality = 0.9) and Nanopore long-read sequencing at the site shown in (A). (D)
1524  Schematic of neotelomere location on chromosome 7p. (E) IGV screenshots of short-
1525 read genome sequencing data. Ectopic telomeric repeats (TTAGGG), are shown in
1526 gold. (F) Sequencing coverage and allelic ratios of chromosome 1. Orange semi-oval:
1527 site of the neotelomeric event. (G) IGV screenshots depicting long telomeric repeat
1528 sequences (CCCTAA), with PacBio HiFi (read quality = 0.9) and Nanopore long-read
1529 sequencing at the site shown in (E). (H) Schematic of neotelomere location on
1530 chromosome 1g.

1531

1532  Figure S5 Degree of chromosomal heterogeneity between cells is chromosome
1533  specific. (A) Spectral karyogram of a representative U2-OS cell (Cell 01-01) analyzed
1534 in this study. Chromosomes observed were assigned to each of the 24 possible
1535 autosomes and sex chromosomes. Chromosomes that could not be assigned were
1536 labelled as marker chromosomes ‘M’. Spectral karyogram of (B) chromosome 4 with
1537 low levels of chromosomal heterogeneity and (C) chromosome 15 with high levels of
1538 chromosomal heterogeneity in ten cells assessed. Red arrows in (B) highlights the
1539 chromosome with translocation between chromosome 4 and 22. Red arrows in (C)
1540 highlights the chromosome with translocation between chromosome 15 and 19.

1541

1542  Figure S6 Additional examples of chromosomal arm fusion events revealed by
1543 long-read genome sequencing, related to Figure 3. (A-H) Genomic analysis of
1544  telomere repeat alterations in the inverted orientation that were detected in the Hs-746T
1545 gastric carcinoma cell line (A-D) at the site chrl1:79,325,679, and (E-H) at the site
1546 chrl:244,201,717. (A) IGV screenshots of short-read genome sequencing data. Ectopic
1547 telomeric repeats (TTAGGG), are shown in color. (B) Sequencing coverage and allelic
1548 ratios of chromosome 11. Orange semi-oval: site of the ectopic telomere repeat
1549 sequence. (C) IGV screenshots of PacBio HiFi (read quality = 0.9) and Nanopore long-
1550 read sequencing data at the site shown in (A). Ectopic telomeric repeats in the inverted
1551  orientation contained ~4.2 kb of (TTAGGG), telomeric repeat sequences followed by
1552  chr3g/19p sub-telomeric sequences, indicative of a chromosomal arm fusion event of
1553  chr3g/19p to the site at chrl1:79,325,679. (D) Schematic of telomere-spanning fusion
1554 event between chromosomes 3g/19p-ter and 11q. (E) IGV screenshots of short-read
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1555 genome sequencing data. Ectopic telomeric repeats (TTAGGG), are shown in color. (F)
1556  Sequencing coverage and allelic ratios of chromosome 1. Orange semi-oval: site of the
1557  ectopic telomere repeat sequence. (G) IGV screenshots of PacBio HiFi (read quality =
1558 0.9) and Nanopore long-read sequencing at the site shown in (E). Ectopic telomeric
1559 repeats in the inverted orientation contained ~3.5 kb of (TTAGGG), telomeric repeat
1560 sequences followed by chr6q sub-telomeric sequences, indicative of a chromosomal
1561 arm fusion event of chr6q to the site at chrl:244,201,717. (H) Schematic of telomere-
1562  spanning fusion event between chromosomes 6q-ter and 1g.

1563

1564 Figure S7 Estimation of telomere length from telomeric long-reads. (A) Schematic
1565 depicting how the telomeric region from a single telomeric long-read is defined. The
1566 TTAGGG motif on a single telomeric long-read is highlighted in yellow on the left, and a
1567  concentration of telomeric repeats can be observed towards the end of the telomeric
1568 long-read. The telomeric region from the single long-read can then be defined to
1569 estimate telomere length on the single long-read. A zoomed-in view of the boundary
1570 between the sub-telomeric and telomeric region is provided on the right. (B) Telomere
1571 length estimate for each chromosomal arm in the CHM13 cell line determined using
1572  PacBio HiFi long-read genome sequencing.

1573

1574 Figure S8 Telomere length estimates for the cell lines sequenced in this study
1575 using different sequencing platforms. (A) Number of telomeric reads of each class in
1576 the long-read datasets generated in this study. Long-reads containing telomeric repeats
1577 were split into four different classes depending on where telomeric repeats were
1578 observed in the long-read. These four classes are: Full — Long-reads that contains
1579 telomeric repeat sequences end-to-end, Left — Long-reads that contains telomeric
1580 repeat sequences on the left edge of the long-read, Right — Long-reads that contains
1581 telomeric repeat sequences on the right edge of the long-read, and Intra — Long-reads
1582 that contains telomeric repeat sequences in the middle of the single long-read. The type
1583 of telomeric repeat sequences observed is also further indicated (i.e. if the reads
1584 contain (TTAGGG), or (CCCTAA), repeats). Results for the four cell lines sequenced in
1585 this study by Nanopore, PacBio (All reads), or PacBio HiFi (read quality = 0.9)
1586 sequencing are as indicated. (D-F) Telomere length estimates for the four classes of
1587 telomeric reads in the four cell lines sequenced. Results for each of the sequencing
1588 platforms: (D) Nanopore, (E) PacBio (All reads) and (F) PacBio HiFi (read quality = 0.9)
1589 are as indicated. (G-1) Telomere length estimates for telomeric reads derived from either
1590 the “forward” strand (i.e. containing (TTAGGG), repeats) or “reverse” strand (i.e.
1591 containing (CCCTAA), repeats) are as indicated. Results for each of the sequencing
1592  platforms: (G) Nanopore, (H) PacBio (All reads) and (I) PacBio HiFi (read quality = 0.9)
1593  are as indicated.

1594

1595 Figure S9 Length of telomeric repeats at neotelomeres and chromosomal arm
1596 fusion events as estimated using PacBio HiFi sequencing, related to Figure 4. The
1597 length of telomeric repeats on each long-read was estimated from these telomeric
1598 repeat signal profiles. Boxplots depicting the distribution of telomere length found at
1599 each neotelomere assessed by PacBio HiFi for the (A) U2-OS and (B) Hs-746T cell
1600 lines. Boxplot depicting length of telomeric repeats assessed using PacBio HiFi for each
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1601 chromosomal arm fusion event in the (C) U2-OS and (D) Hs-746T cell lines. Note:
1602 telomere length for neotelomeres and normal chromosomal arms were only estimated
1603  using long-reads reads that start or end in telomeric repeats, while length of telomeric
1604 repeats at chromosomal arm fusions were estimated using long-reads with telomeric
1605 repeats in the middle of the read. Aggregated telomeric length of all long-reads at the
1606 normal chromosomal arms (p- and g-arms), neotelomeres, and chromosomal arm
1607 fusion events in the (E) U2-OS and (F) Hs-746T cell lines. P-values indicated in the
1608 plots were calculated using the two-sided Wilcoxon Rank Sum test.

1609

1610 Figure S10 Representative examples of neotelomeres and chromosomal arm
1611 fusion events detected in patients with lung adenocarcinoma. (A-D) Normalized
1612  tumor sequencing coverage of chromosomes with neotelomeres and chromosomal arm
1613  fusion events predicted by TelFuse analysis of short-read genome sequencing are as
1614 depicted. Sequencing coverage of the tumor was normalized to the matched normal
1615 sample (Methods). IGV screenshots of the tumor and matched normal samples with
1616 neotelomeres and chromosomal arm fusion events are also as indicated. The sites and
1617 samples represented in the plot are (A) the putative chromosomal arm fusion site
1618 chr22:49,418,106 in TCGA-75-7031, (B) the putative neotelomere site chrl:17,644,075
1619 in TCGA-44-5643, (C) the putative chromosomal arm fusion site chrl11:96,570,712 in
1620 TCGA-86-8673, and (D) the putative neotelomere site chrl2:11,696,012 in TCGA-62-
1621  A460.

1622

1623  Figure S11 Little to no sequence preference associated with neotelomeres and
1624 chromosomal arm fusion events. (A-B) The first 6 base-pairs of each stretch of
1625 telomeric repeat sequence at each (A) neotelomere or (B) chromosomal arm fusion
1626 event was assessed and classified into one of six possible circular permutations
1627 representing the telomeric repeat sequence. (A) (top) Schematic illustrating the
1628 telomeric repeat sequences that are found directly after a breakpoint, and at a
1629 neotelomere. The first 6 base-pairs of the neotelomere after the breakpoint can occur in
1630 anyone of six possible circular permutations of the TTAGGG sequence. (bottom) Bar
1631  plots depicting the frequency of each six possible circular permutations observed on the
1632 first 6 base-pairs of the neotelomere in the CCLE and TCGA-LUAD cohorts. (B) (top)
1633  Schematic illustrating the telomeric repeat sequences that are found directly after a
1634  breakpoint, and at a chromosomal arm fusion site. The first 6 base-pairs of the
1635 chromosomal arm fusion after the breakpoint can occur in anyone of six possible
1636  circular permutations of the TTAGGG sequence. (bottom) Bar plots depict the frequency
1637 of each six possible circular permutations observed on the first 6 base-pairs of the
1638 chromosomal arm fusions observed in the CCLE and TCGA-LUAD cohorts. p-values in
1639 (A) and (B) were calculated using the chi-squared test under the assumption that all six
1640 circular permutations are expected to be observed at the same frequency. The
1641 expected frequencies are indicated by a grey dotted line, and the number of events
1642 assessed for each cohort is indicated in the header of each plot. (C-D) Sequence logo
1643  plot representing the frequencies of nucleotides observed near the breakpoints of
1644 neotelomere and chromosomal arm fusion events. (C) (top) Schematic of the
1645 neotelomere, and the three main regions (genomic region flanking the neotelomere,
1646 telomeric repeats corresponding to the neotelomeres, and genomic region of the broken
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1647 chromosomal fragment that was detached from the neotelomere) associated with these
1648 events. (bottom) Logo plots representing frequencies of nucleotides in the three main
1649 regions around a neotelomeric event. (D) (top) Schematic of a chromosomal arm fusion
1650 event, and the four main regions around the breakpoint of the chromosomal arm fusion
1651 event (genomic region flanking the arm fusion event, telomeric repeats corresponding to
1652 the chromosomal arm that fused to this site, sub-telomeric region of the arm that
1653  underwent fusion, and the genomic region of the remaining chromosomal fragment that
1654 was detached following the chromosomal arm fusion event). (bottom) Frequency of
1655 nucleotides in the three regions around the breakpoint of a chromosomal arm fusion
1656 event. (E-F) Coverage profiles in the £ 200kb region surrounding a (E) neotelomere or
1657 (F) telomere fusion event in the CCLE cohort. The line depicts the median coverage
1658 observed across all sites, while the shaded area represents the interquartile range.

1659

1660 Figure S12 Putative germline ectopic telomeric events observed in lung
1661 adenocarcinoma tumor samples from patients. (A) Ectopic telomeric repeat
1662  sequences in the inverted orientation at the site chr12:54,480,142, and in the standard
1663  orientation at the site chr12:54,494,011 in both the normal (blood) and tumor (lung
1664 adenocarcinoma) sample for the patient TCGA-44-6778. IGV screenshots depicting
1665 these observations are as indicated. These observations point to a model where ~6x
1666 (CCCTAA), repeats have integrated into this locus at chr12q, coupled with a deletion of
1667 regions B and C indicated in the figure. (B) Ectopic telomeric repeat sequences in the
1668 standard orientation were found at the site chrl2:25,085,740, and in the inverted
1669 orientation at the site chr12:25,085,754 in both the normal (blood) and tumor (lung
1670 adenocarcinoma) sample for the patient TCGA-44-6778. IGV screenshots depicting
1671 these observations are as indicated. These observations point to a model where ~7x
1672 (CCCTAA), repeats have integrated into this locus at chr12p, coupled with a duplication
1673  of region B for the event on the left. The event on the right represents the insertion of
1674 the telomeric repeats without duplication of region B. (C) Ectopic telomeric repeat
1675 sequences in the inverted orientation at the site chr4:184,711,090, and in the standard
1676  orientation at the site chr4:184,711,103 in both the normal (blood) and tumor (lung
1677 adenocarcinoma) sample for the patient TCGA-62-A470. IGV screenshots depicting
1678 these observations are as indicated. These observations point to a model where ~3x
1679 (CCCTAA), repeats have integrated into this locus at chr4q, coupled with a deletion of
1680 region B found on the reference genome. (D) Ectopic telomeric repeat sequences in the
1681 inverted orientation was found at the site chr6:170,186,789, and in the standard
1682  orientation at the site chr6:170,186,808 in both the normal (blood) and tumor (lung
1683 adenocarcinoma) sample for the patient TCGA-44-5643. IGV screenshots depicting
1684 these observations are as indicated. These observations point to a model where >9x
1685 (TTAGGG), repeats have integrated into this locus at chr6q, coupled with a duplication
1686 of region B in the reference genome. (E) Ectopic telomeric repeat sequences in the
1687 inverted orientation was found at the site chr2:192,206,320 in both the normal (adjacent
1688 lung tissue) and tumor (lung adenocarcinoma) sample for the patient TCGA-55-6987.
1689 IGV screenshots depicting these observations are as indicated. These observations
1690 point to a model where 4x (TTAGGG), repeats have integrated into this locus at chr2q,
1691 together with sub-telomeric sequences corresponding to either chr7qg/9q9/5q, suggesting
1692 that a chromosomal arm fusion event has potentially occurred here.
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1693

1694 Figure S13 Additional examples of neotelomeric and chromosomal arm fusion
1695 events which led to gene disruptions, related to Figure 6. (A-B) Schematic and IGV
1696 screenshots depicting gene disrupting events caused by neotelomeres or chromosomal
1697 arm fusion events in cancer cell lines. These were observed in (A) the U2-OS
1698 osteosarcoma cell line where a neotelomere could be observed in the middle of the
1699 NRDC gene at the site chr1:51,828,828, and (B) the Hs-746T gastric adenocarcinoma
1700 cell line where a chromosomal arm fusion event could be observed within the TENM4
1701 gene at the site chr11:79,325,679. (C-D) Somatic neotelomere and chromosomal arm
1702  fusion events observed in primary lung adenocarcinoma tumor samples. These were
1703  observed in the tumor sample of (C) patient TCGA-55-A48Y in the middle of the FOXP4
1704 gene at the position chr6:41,573,027 where a putative chromosomal arm fusion is
1705 observed, and in (D) patient TCGA-55-A493 in the PRMT7 gene at the position
1706  chrl6:68,349,160, where a putative neotelomere could be observed.

1707
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1708 Supplementary Table Legends

1709

1710 Table S1 SRA accession numbers of short-read genome sequencing data for
1711  cancer cell lines analyzed in this study.

1712

1713 Table S2 Detailed information of ectopic telomeric sites identified in cancer cell
1714 lines analyzed in this study. Sites indicated in this table has perfect telomeric repeat
1715 sequences on the first 12 base-pairs of the event.

1716

1717 Table S3 Detailed information of ectopic telomeric sites identified in cancer cell
1718 lines analyzed in this study without perfect telomeric repeat sequences on the
1719 first 12 base-pairs. Sites indicated in this table do not have perfect telomeric repeat
1720 sequences on the first 12 base-pairs of the event but contains at least 12 base-pairs of
1721  telomeric repeat sequences within the soft-clipped sequences.

1722

1723 Table S4 Sequencing statistics of each long-read genome sequencing run
1724 generated for this study.

1725

1726 Table S5 Sequencing statistics for each sample analyzed by long-read genome
1727 sequencing for this study. Multiple runs for the same sample were aggregated into a
1728 single dataset, and their corresponding sequencing metrics are as indicated.

1729

1730 Table S6 Sites assessed, and validation status as determined by long-read
1731 genome sequencing.

1732

1733 Table S7 Spectral karyotyping results of ten U2-OS cells.

1734

1735 Table S8 Genomic Data Commons accession numbers for TCGA Lung
1736 adenocarcinoma patient samples analyzed in this study.

1737

1738 Table S9 Detailed information of ectopic telomeric sites identified in tumor
1739 samples in the cohort of lung adenocarcinoma samples analyzed.

1740

1741 Table S10 Detailed information of ectopic telomeric sites identified in normal
1742 samples in the cohort of lung adenocarcinoma samples analyzed.
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1746  Figure S1 Overview of the TelFuse methodology and the distribution of ectopic
1747 telomeric events in cancer cell line genomes. (A) Overview of the TelFuse
1748 computational method to identify ectopic telomere repeat sequences with short-reads
1749 genome sequencing. Raw sites were first identified from partially mapped read-pairs
1750 which also contain telomeric repeats on unmapped portions of these reads. A stringent
1751  set of filters was then applied to ensure the specificity of these calls. These candidate
1752  sites were then classified by the orientation of telomeric repeats after the breakpoint.
1753  Specifically, sites with (TTAGGG), repeats after the breakpoint have telomeric repeats
1754 in the standard orientation, akin to a standard telomere. Conversely, sites containing
1755 (CCCTAA), telomeric repeats after the breakpoint have telomeric repeat sequences in
1756 the inverted orientation. (B) Detailed overview of method used for the identification of
1757  ectopic telomeric repeat sites. (C-E) Number of ectopic telomeric repeat sites found in
1758 the genome of each cancer cell line (n=326 cell lines) in (C) either orientation, in (D) the
1759 standard orientation, and in (E) the inverted orientation. The three cell lines (U2-OS, Hs-
1760 746T, and NCI-H1184) which have a high frequency of ectopic telomeric events, and
1761  which were selected for long-read genome sequencing are as indicated.
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Supplementary Figure S2
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Figure S2 Circos plot depicting locations of ectopic telomeric repeat sequences
identified in the U2-OS cell line by TelFuse. Locations of ectopic telomeric repeats in
the standard orientation are labelled with red triangles, while those in the inverted
orientation are labelled with green triangles. Triangles pointing in the anti-clockwise
direction indicates that the ectopic telomeric repeat sequences are found on the anti-
clockwise edge, while triangles pointing in the clockwise directions indicates that ectopic
telomeric repeat sequences are on the clockwise edge. The allelic ratios are depicted in
red, while the sequencing coverage is labelled in blue. The inner most circle depicts
translocation events detected in the cell line.
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1779 Figure S3 Sequencing quality of long-read genome sequencing datasets
1780 generated as part of this study. Sequencing quality metrics for long-read genome
1781 sequencing data generated using the Nanopore PromethlON platform (2x flow cells per
1782  cell line), and the PacBio platforms (3x SMRT flow cells per cell line) are as indicated.
1783 The PacBio dataset was further divided into the full dataset consisting of all reads, and
1784 the PacBio HiFi dataset consisting of reads with a read quality = 0.9. (A) Read length
1785 distribution of the Nanopore and PacBio long-read genome sequencing datasets
1786  generated in this study. Each sequencing run is indicated separately. The median read
1787 length for each run are also indicated in the legend for each plot. (B) The cumulative
1788 fraction of sequenced bases above a particular read length for each run is as indicated
1789 in the plots. The N50 (i.e. minimum read length at which half the bases were
1790 sequenced) for each run is also indicated in the legend of each plot. (C) Fraction of the
1791 genome sequenced above the stated sequencing depth for each sample is as indicated
1792 in the plots. The median sequencing coverage across the human genome is also
1793 indicated in the legend of each plot. (D) Distribution of sequence divergence of long-
1794 reads generated by each platform and for each platform is as indicated. Sequence
1795 divergence (i.e. how much each long-read differs from the reference genome)
1796 information for each long-read was extracted from long-reads aligned to the GRCh38
1797 reference genome using minimap2.
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1802 Figure S4 Additional examples of neotelomeres discovered using long-read
1803 genome sequencing, related to Figure 2. (A-H) Genomic analysis of telomere repeat
1804 alterations in the standard orientation that were detected (A-D) in the U2-OS
1805 osteosarcoma cell line at chr7:24,302,169, and (E-H) in the NCI-H1184 small cell lung
1806 carcinoma cell line at chr1:214,460,753, but not in the matched normal cell line (NCI-
1807 BL1184). (A) IGV screenshots of short-read genome sequencing data. Ectopic
1808 telomeric repeats (CCCTAA), are shown in gold. (B) Sequencing coverage and allelic
1809 ratios of chromosome 7. Orange semi-oval: site of the neotelomeric event. (C) IGV
1810 screenshots depicting long telomeric repeat sequences (TTAGGG), with PacBio HiFi
1811 (read quality = 0.9) and Nanopore long-read sequencing at the site shown in (A). (D)
1812  Schematic of neotelomere location on chromosome 7p. (E) IGV screenshots of short-
1813 read genome sequencing data. Ectopic telomeric repeats (TTAGGG), are shown in
1814 gold. (F) Sequencing coverage and allelic ratios of chromosome 1. Orange semi-oval:
1815 site of the neotelomeric event. (G) IGV screenshots depicting long telomeric repeat
1816 sequences (CCCTAA), with PacBio HiFi (read quality = 0.9) and Nanopore long-read
1817 sequencing at the site shown in (E). (H) Schematic of neotelomere location on
1818 chromosome 1q.
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Figure S5 Degree of chromosomal heterogeneity between cells is chromosome
specific. (A) Spectral karyogram of a representative U2-OS cell (Cell 01-01) analyzed
in this study. Chromosomes observed were assigned to each of the 24 possible
autosomes and sex chromosomes. Chromosomes that could not be assigned were
labelled as marker chromosomes ‘M'. Spectral karyogram of (B) chromosome 4 with
low levels of chromosomal heterogeneity and (C) chromosome 15 with high levels of
chromosomal heterogeneity in ten cells assessed. Red arrows in (B) highlights the
chromosome with translocation between chromosome 4 and 22. Red arrows in (C)
highlights the chromosome with translocation between chromosome 15 and 19.
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1836 Figure S6 Additional examples of chromosomal arm fusion events revealed by
1837 long-read genome sequencing, related to Figure 3. (A-H) Genomic analysis of
1838 telomere repeat alterations in the inverted orientation that were detected in the Hs-746T
1839 gastric carcinoma cell line (A-D) at the site chrl1:79,325,679, and (E-H) at the site
1840 chrl:244,201,717. (A) IGV screenshots of short-read genome sequencing data. Ectopic
1841  telomeric repeats (TTAGGG), are shown in color. (B) Sequencing coverage and allelic
1842 ratios of chromosome 11. Orange semi-oval: site of the ectopic telomere repeat
1843 sequence. (C) IGV screenshots of PacBio HiFi (read quality = 0.9) and Nanopore long-
1844 read sequencing data at the site shown in (A). Ectopic telomeric repeats in the inverted
1845 orientation contained ~4.2 kb of (TTAGGG), telomeric repeat sequences followed by
1846  chr3g/19p sub-telomeric sequences, indicative of a chromosomal arm fusion event of
1847 chr3g/19p to the site at chrl1:79,325,679. (D) Schematic of telomere-spanning fusion
1848 event between chromosomes 3g/19p-ter and 11qg. (E) IGV screenshots of short-read
1849 genome sequencing data. Ectopic telomeric repeats (TTAGGG), are shown in color. (F)
1850 Sequencing coverage and allelic ratios of chromosome 1. Orange semi-oval: site of the
1851  ectopic telomere repeat sequence. (G) IGV screenshots of PacBio HiFi (read quality =
1852 0.9) and Nanopore long-read sequencing at the site shown in (E). Ectopic telomeric
1853 repeats in the inverted orientation contained ~3.5 kb of (TTAGGG), telomeric repeat
1854  sequences followed by chr6q sub-telomeric sequences, indicative of a chromosomal
1855 arm fusion event of chr6q to the site at chrl:244,201,717. (H) Schematic of telomere-
1856  spanning fusion event between chromosomes 6q-ter and 1g.
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Supplementary Figure S7
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Figure S7 Estimation of telomere length from telomeric long-reads. (A) Schematic
depicting how the telomeric region from a single telomeric long-read is defined. The
TTAGGG motif on a single telomeric long-read is highlighted in yellow on the left, and a
concentration of telomeric repeats can be observed towards the end of the telomeric
long-read. The telomeric region from the single long-read can then be defined to
estimate telomere length on the single long-read. A zoomed-in view of the boundary
between the sub-telomeric and telomeric region is provided on the right. (B) Telomere
length estimate for each chromosomal arm in the CHM13 cell line determined using
PacBio HiFi long-read genome sequencing.
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1874 Figure S8 Telomere length estimates for the cell lines sequenced in this study
1875 using different sequencing platforms. (A) Number of telomeric reads of each class in
1876 the long-read datasets generated in this study. Long-reads containing telomeric repeats
1877 were split into four different classes depending on where telomeric repeats were
1878 observed in the long-read. These four classes are: Full — Long-reads that contains
1879 telomeric repeat sequences end-to-end, Left — Long-reads that contains telomeric
1880 repeat sequences on the left edge of the long-read, Right — Long-reads that contains
1881 telomeric repeat sequences on the right edge of the long-read, and Intra — Long-reads
1882  that contains telomeric repeat sequences in the middle of the single long-read. The type
1883 of telomeric repeat sequences observed is also further indicated (i.e. if the reads
1884 contain (TTAGGG), or (CCCTAA), repeats). Results for the four cell lines sequenced in
1885 this study by Nanopore, PacBio (All reads), or PacBio HiFi (read quality = 0.9)
1886 sequencing are as indicated. (D-F) Telomere length estimates for the four classes of
1887 telomeric reads in the four cell lines sequenced. Results for each of the sequencing
1888 platforms: (D) Nanopore, (E) PacBio (All reads) and (F) PacBio HiFi (read quality = 0.9)
1889 are as indicated. (G-1) Telomere length estimates for telomeric reads derived from either
1890 the “forward” strand (i.e. containing (TTAGGG), repeats) or “reverse” strand (i.e.
1891 containing (CCCTAA), repeats) are as indicated. Results for each of the sequencing
1892  platforms: (G) Nanopore, (H) PacBio (All reads) and (I) PacBio HiFi (read quality = 0.9)
1893  are as indicated.
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1898 Figure S9 Length of telomeric repeats at neotelomeres and chromosomal arm
1899 fusion events as estimated using PacBio HiFi sequencing, related to Figure 4. The
1900 length of telomeric repeats on each long-read was estimated from these telomeric
1901 repeat signal profiles. Boxplots depicting the distribution of telomere length found at
1902 each neotelomere assessed by PacBio HiFi for the (A) U2-OS and (B) Hs-746T cell
1903 lines. Boxplot depicting length of telomeric repeats assessed using PacBio HiFi for each
1904 chromosomal arm fusion event in the (C) U2-OS and (D) Hs-746T cell lines. Note:
1905 telomere length for neotelomeres and normal chromosomal arms were only estimated
1906 using long-reads reads that start or end in telomeric repeats, while length of telomeric
1907 repeats at chromosomal arm fusions were estimated using long-reads with telomeric
1908 repeats in the middle of the read. Aggregated telomeric length of all long-reads at the
1909 normal chromosomal arms (p- and g-arms), neotelomeres, and chromosomal arm
1910 fusion events in the (E) U2-OS and (F) Hs-746T cell lines. P-values indicated in the
1911  plots were calculated using the two-sided Wilcoxon Rank Sum test.
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1916 Figure S10 Representative examples of neotelomeres and chromosomal arm
1917 fusion events detected in patients with lung adenocarcinoma. (A-D) Normalized
1918 tumor sequencing coverage of chromosomes with neotelomeres and chromosomal arm
1919 fusion events predicted by TelFuse analysis of short-read genome sequencing are as
1920 depicted. Sequencing coverage of the tumor was normalized to the matched normal
1921 sample (Methods). IGV screenshots of the tumor and matched normal samples with
1922 neotelomeres and chromosomal arm fusion events are also as indicated. The sites and
1923 samples represented in the plot are (A) the putative chromosomal arm fusion site
1924  chr22:49,418,106 in TCGA-75-7031, (B) the putative neotelomere site chrl:17,644,075
1925 in TCGA-44-5643, (C) the putative chromosomal arm fusion site chr11:96,570,712 in
1926 TCGA-86-8673, and (D) the putative neotelomere site chrl12:11,696,012 in TCGA-62-
1927 A460.
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1932 Figure S11 Little to no sequence preference associated with neotelomeres and
1933 chromosomal arm fusion events. (A-B) The first 6 base-pairs of each stretch of
1934 telomeric repeat sequence at each (A) neotelomere or (B) chromosomal arm fusion
1935 event was assessed and classified into one of six possible circular permutations
1936 representing the telomeric repeat sequence. (A) (top) Schematic illustrating the
1937 telomeric repeat sequences that are found directly after a breakpoint, and at a
1938 neotelomere. The first 6 base-pairs of the neotelomere after the breakpoint can occur in
1939 anyone of six possible circular permutations of the TTAGGG sequence. (bottom) Bar
1940 plots depicting the frequency of each six possible circular permutations observed on the
1941 first 6 base-pairs of the neotelomere in the CCLE and TCGA-LUAD cohorts. (B) (top)
1942  Schematic illustrating the telomeric repeat sequences that are found directly after a
1943  breakpoint, and at a chromosomal arm fusion site. The first 6 base-pairs of the
1944 chromosomal arm fusion after the breakpoint can occur in anyone of six possible
1945 circular permutations of the TTAGGG sequence. (bottom) Bar plots depict the frequency
1946 of each six possible circular permutations observed on the first 6 base-pairs of the
1947 chromosomal arm fusions observed in the CCLE and TCGA-LUAD cohorts. p-values in
1948 (A) and (B) were calculated using the chi-squared test under the assumption that all six
1949 circular permutations are expected to be observed at the same frequency. The
1950 expected frequencies are indicated by a grey dotted line, and the number of events
1951 assessed for each cohort is indicated in the header of each plot. (C-D) Sequence logo
1952 plot representing the frequencies of nucleotides observed near the breakpoints of
1953 neotelomere and chromosomal arm fusion events. (C) (top) Schematic of the
1954 neotelomere, and the three main regions (genomic region flanking the neotelomere,
1955 telomeric repeats corresponding to the neotelomeres, and genomic region of the broken
1956 chromosomal fragment that was detached from the neotelomere) associated with these
1957 events. (bottom) Logo plots representing frequencies of nucleotides in the three main
1958 regions around a neotelomeric event. (D) (top) Schematic of a chromosomal arm fusion
1959 event, and the four main regions around the breakpoint of the chromosomal arm fusion
1960 event (genomic region flanking the arm fusion event, telomeric repeats corresponding to
1961 the chromosomal arm that fused to this site, sub-telomeric region of the arm that
1962  underwent fusion, and the genomic region of the remaining chromosomal fragment that
1963 was detached following the chromosomal arm fusion event). (bottom) Frequency of
1964 nucleotides in the three regions around the breakpoint of a chromosomal arm fusion
1965 event. (E-F) Coverage profiles in the £ 200kb region surrounding a (E) neotelomere or
1966 (F) telomere fusion event in the CCLE cohort. The line depicts the median coverage
1967 observed across all sites, while the shaded area represents the interquartile range.
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1972 Figure S12 Putative germline ectopic telomeric events observed in lung
1973 adenocarcinoma tumor samples from patients. (A) Ectopic telomeric repeat
1974 sequences in the inverted orientation at the site chr12:54,480,142, and in the standard
1975 orientation at the site chrl12:54,494,011 in both the normal (blood) and tumor (lung
1976 adenocarcinoma) sample for the patient TCGA-44-6778. IGV screenshots depicting
1977 these observations are as indicated. These observations point to a model where ~6x
1978 (CCCTAA), repeats have integrated into this locus at chrl2q, coupled with a deletion of
1979 regions B and C indicated in the figure. (B) Ectopic telomeric repeat sequences in the
1980 standard orientation were found at the site chrl12:25,085,740, and in the inverted
1981 orientation at the site chrl2:25,085,754 in both the normal (blood) and tumor (lung
1982 adenocarcinoma) sample for the patient TCGA-44-6778. IGV screenshots depicting
1983 these observations are as indicated. These observations point to a model where ~7x
1984 (CCCTAA), repeats have integrated into this locus at chr12p, coupled with a duplication
1985 of region B for the event on the left. The event on the right represents the insertion of
1986 the telomeric repeats without duplication of region B. (C) Ectopic telomeric repeat
1987 sequences in the inverted orientation at the site chr4:184,711,090, and in the standard
1988 orientation at the site chr4:184,711,103 in both the normal (blood) and tumor (lung
1989 adenocarcinoma) sample for the patient TCGA-62-A470. IGV screenshots depicting
1990 these observations are as indicated. These observations point to a model where ~3x
1991 (CCCTAA), repeats have integrated into this locus at chr4q, coupled with a deletion of
1992  region B found on the reference genome. (D) Ectopic telomeric repeat sequences in the
1993 inverted orientation was found at the site chr6:170,186,789, and in the standard
1994  orientation at the site chr6:170,186,808 in both the normal (blood) and tumor (lung
1995 adenocarcinoma) sample for the patient TCGA-44-5643. IGV screenshots depicting
1996 these observations are as indicated. These observations point to a model where >9x
1997 (TTAGGG), repeats have integrated into this locus at chr6q, coupled with a duplication
1998 of region B in the reference genome. (E) Ectopic telomeric repeat sequences in the
1999 inverted orientation was found at the site chr2:192,206,320 in both the normal (adjacent
2000 lung tissue) and tumor (lung adenocarcinoma) sample for the patient TCGA-55-6987.
2001 IGV screenshots depicting these observations are as indicated. These observations
2002  point to a model where 4x (TTAGGG), repeats have integrated into this locus at chr2q,
2003  together with sub-telomeric sequences corresponding to either chr7q/9q/5q, suggesting
2004 that a chromosomal arm fusion event has potentially occurred here.
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2009 Figure S13 Additional examples of neotelomeric and chromosomal arm fusion
2010 events which led to gene disruptions, related to Figure 6. (A-B) Schematic and IGV
2011 screenshots depicting gene disrupting events caused by neotelomeres or chromosomal
2012 arm fusion events in cancer cell lines. These were observed in (A) the U2-OS
2013 osteosarcoma cell line where a neotelomere could be observed in the middle of the
2014 NRDC gene at the site chr1:51,828,828, and (B) the Hs-746T gastric adenocarcinoma
2015 cell line where a chromosomal arm fusion event could be observed within the TENM4
2016 gene at the site chrl1:79,325,679. (C-D) Somatic neotelomere and chromosomal arm
2017 fusion events observed in primary lung adenocarcinoma tumor samples. These were
2018 observed in the tumor sample of (C) patient TCGA-55-A48Y in the middle of the FOXP4
2019 gene at the position chr6:41,573,027 where a putative chromosomal arm fusion is
2020 observed, and in (D) patient TCGA-55-A493 in the PRMT7 gene at the position
2021 chrl6:68,349,160, where a putative neotelomere could be observed.
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