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Alternative lengthening of telomeres (ALT) is a recombination-based pathway
enabling cancer cells to maintain telomeres. ALT establishment remains poorly

understood due to difficulties identifying its molecular steps. Here, using
Oxford Nanopore sequencing and computational modeling, we track the

evolution of individual chromosome end structures during ALT establishment
in yeast and delineate three molecular milestones. First, homologous recom-
bination via break-induced replication (BIR) at telomeres and sub-telomeric

regions delays senescence. Second, BIR interruption and microhomology-
mediated recombination promote initial telomere extension and telomeric
circle formation. Third, the final extension—critical for chromosome end sta-
bilization—utilizes a highly mutagenic replication mechanism to copy telo-
meric circles. Linking these newly defined ALT milestones is Mphl, the
homolog of human FANCM, which plays important roles throughout ALT
establishment by disrupting BIR synthesis and promoting template switching.
Our findings support a model where template switching during DNA repair
synthesis drives the transitioning through the multiple steps involved in ALT
establishment and progression, ultimately producing ALT survivors.

Telomeres serve as protective caps on chromosome ends that aid in
maintaining genome integrity and genetic stability. In the absence of
telomerase, telomeres shorten with every round of DNA replication
until a minimum length threshold is reached, which typically triggers
cellular senescence'™. Alternative lengthening of telomeres (ALT) is a
mechanism for maintaining telomere length in telomerase-deficient
cells using inter-telomere homologous recombination (HR)®.
Notably, ALT is responsible for telomere maintenance in ~10-15% of
human cancers’™ and is often activated in telomerase-proficient
cancers after treatment with anti-telomerase drugs", making it cri-
tical to understand the mechanisms underlying ALT activation and
establishment. However, although mammalian cancer cell models
can probe telomere maintenance during ALT, it remains challenging
to dissect the multi-step process of ALT establishment at the mole-
cular level in these models. Meanwhile, yeast Saccharomyces

cerevisiae has been used as a robust model to shed light on the ALT
mechanism in eukaryotes, including humans. Inactivation of telo-
merase in yeast is sufficient to induce ALT, thus allowing molecular
and genomic dynamics to be followed from the beginning of telo-
mere shortening all the way through the formation of survivors that
have successfully stabilized their chromosome ends using ALT
(hereafter, “ALT survivors”)>®1>!,

Initial insights into the mechanisms underlying ALT came from
Southern blot analysis of ALT survivors in yeast, which uncovered two
distinct survivor types: Type | and Type 11”7, Type | survivors are
thought to maintain their chromosome ends by forming tandem
repeats of sub-telomeric Y’ elements adjacent to short terminal telo-
meric sequences, and these Type I survivors are characterized by a
fluctuating rate of cellular division and unstable chromosome end
structure®. In contrast, Type Il survivors stabilize chromosome ends by
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creating only long telomeric repeats and display a consistent growth
rate comparable to a telomerase-positive population™*>',

Genetic analyses initially suggested that the two types of ALT
survivors are formed through two independent pathways, both of
which employ break-induced replication (BIR). Specifically, it was
observed that deleting either of the two main BIR genes, RADS2 or
POL32, eliminated both Type I and Type Il ALT survivors™*", whereas
the HR genes RAD51, RAD54, RADSS, and RADS7 were required only for
Type | survivors, while the HR genes RAD59, RADSO, and SGS1 were
required only for Type Il survivors'*'®**2°_ However, our recent study
measuring the precise frequency of ALT survivor formation discovered
that Rad51 and Rad59 contribute to both ALT survivor pathways,
suggesting the mechanisms yielding ALT survivors are likely inter-
twined in a single, unified pathway?..

Identification of the molecular milestones during ALT initiation,
although crucial for understanding how survivors emerge, has been
hindered by the low frequency and stochasticity of survivor formation,
as well as the inability to delineate the structure of individual chro-
mosome ends leading to ALT survivors. Lineage tracing studies on
single cells have suggested the existence of early ALT precursors™?*,
but technical limitations have prevented longitudinal tracking of
chromosome end structures to link these intermediates with resulting
ALT survivors. Studies of chromosome end structures during ALT
using Sanger sequencing detected the early extension of telomeric
sequences and acquisition of Y’ elements®*?, but the observations
were limited to only one (or a few) chromosome ends.

Here, we combined Oxford Nanopore Technologies (ONT)
sequencing and computational modeling to identify the molecular
steps of ALT establishment by longitudinally following telomere and
sub-telomeric structures from the time of conditional telomerase
inactivation through the formation of ALT survivors. Unlike human
telomere repeats (TTAGGG),, the yeast telomere sequence is degen-
erate (TGp3), and this heterogeneity along yeast telomeres was
exploited here to identify specific features of DNA recombination and
synthesis at individual chromosome ends during ALT establishment.
Using ONT sequencing, we identified the molecular milestones of ALT
establishment, including (i) HR via BIR at telomeres and sub-telomeric
regions, which delays cellular senescence; (ii) interruption of BIR and
recombination at microhomologies, which promotes the initial telo-
mere extension; and (iii) the generation and copying of telomeric cir-
cles (t-circles), which promotes the final telomere extension and
stabilizes ALT survivors. We observed chromosome end character-
istics that support a critical role for template switching early during
ALT establishment as well as later during t-circle formation and
copying. Finally, we report that Mphl (the homolog of human FANCM)
plays an important role during several steps of ALT establishment,
supporting a model wherein Mphl interrupts BIR synthesis and facil-
itates template switching to promote the establishment of ALT.

Results

Tracking ALT establishment in a telomerase shut-off system
Formation of ALT survivors has been historically studied in “telomer-
ase-elimination” yeast strains lacking key telomerase subunits, such as
TLCl1 or Est2. In these strains, more than 25 population doublings (PDs)
were required following tetrad dissection to form colonies, allowing
only the later steps of ALT establishment to be followed?. To char-
acterize events throughout ALT, from telomere erosion through ALT
survivor formation, we adopted a telomerase shut-off experimental
system in which the expression of TLCI, which encodes the RNA
template subunit of telomerase, is inactivated by doxycycline.

This telomerase shut-off system was previously used to follow
telomere dynamics after the onset of telomere erosion”’; however,
because telomerase inactivation in this system was incomplete, later
ALT steps and survivors could not be characterized. This conclusion is
supported by the observation that cell division in this system was

never fully arrested (Supplementary Fig. 1a), consistent with previous
reports*>***?°_In addition, RT-qPCR analysis showed that, although
TLCI transcripts were significantly reduced 4 and 8 days after dox-
ycycline addition, they remained at -3-20% of initial levels (Supple-
mentary Fig. 1b).

We overcame the limitation of incomplete telomerase suppres-
sion in the original shut-off system by also targeting Est2, the catalytic
telomerase subunit, using an auxin-inducible degron (AID). In this new
telomerase shut-off system (hereinafter WT; Fig. 1a), serial passaging at
low cell density progressively reduced cell replicative capacity, even-
tually leading to ALT survivor formation in only ~5-10% of cultures
(Fig. 1b). Using the Poisson distribution”, we determined the frequency
of ALT survivors in the new system to be 2 x107 (Fig. 1b, ¢ and Sup-
plementary Fig. 1c), which is similar to the frequency in our telomerase-
elimination system” (Fig. 1c (WT); compare to Supplementary Fig. 1d
(tlc14)). As predicted, in the new shut-off system, no ALT survivors
were detected in the absence of Rad52, while rad5IA and rad59A cells
had significantly reduced (7-10x) ALT frequency (Fig. 1c and Supple-
mentary Fig. 1d). Determining the number of Y’ elements in ALT sur-
vivors by droplet digital PCR (ddPCR) showed that WT and rad594 cells
had a mix of Type I and Type Il ALT survivors, whereas only Type I
survivors were observed in rad5IA cells (Supplementary Fig. le),
similar to results obtained in the telomerase-elimination system?.

Next, we used our new system to test hypotheses regarding the
genetic requirements of ALT establishment. Our recently proposed
unified ALT pathway predicted that the annealing activity of Rad52 is
involved in producing all ALT survivors?. We tested this in our telo-
merase shut-off system by introducing the rad52-R70A mutation,
which disrupts the annealing activity of Rad52 without interfering with
its ability to recruit Rad51*° (Supplementary Fig. 2a), and we predicted
that these cells should display a more severe ALT reduction phenotype
than rad514 and rad59A. Indeed, a 40-fold decrease in ALT frequency
was observed in rad52-R70A cells (5.1x107), which was significantly
lower compared with rad5i1A or rad594 (Fig. 1c and Supplementary
Data 1). Like rad594 cells, both Type I and Type Il ALT survivors were
formed in rad52-R70A (Supplementary Fig. le).

Next, we deleted the translocase RAD54 (Supplementary Fig. 2a),
which resulted in an ALT frequency 44-fold lower (4.7 x1077) than WT
and also lower than the frequencies observed in rad51A or rad594
(Fig. 1c and Supplementary Data 1). A similar effect of rad544 on ALT
survivors was observed in the telomerase-elimination system (Sup-
plementary Fig. 1d). This ALT defect in rad54A cells may be similar to
rad544’s effect on BIR induced by a site-specific DNA break, where it
impairs both Rad51-dependent and Rad51-independent BIR®*, Toge-
ther, the impacts of rad52-R70A and rad54A on all ALT survivors fur-
ther support the unified ALT model.

Pifl helicase is essential for BIR*® and has been implicated in ALT**.
We tested the effects of pifi-m2 and pifi-NLSA mutants, which are
specifically defective for Pifl nuclear activities but not for mitochon-
drial functions®, in the new telomerase shut-off system. As expected,
ALT frequencies in both pifI-m2 and pifl-NLSA cells were significantly
decreased three-to-four-fold compared to WT cells (Fig. 1c and Sup-
plementary Data 1). Interestingly, most ALT survivors in pifil-NLSA
mutants had few copies of Y’ elements and resembled Type Il survivors
(Supplementary Fig. 1e). It is possible that the intermediate phenotype
of these pifl mutants stemmed from their previously described resi-
dual Pifl nuclear activity>, or it could be due to the longer starting
telomere lengths in these mutants®. We also observed that, in the new
system, the frequency of ALT survivors was increased 18-fold in the
telomere-capping-deficient riflArif2A mutant (Fig. 1c), consistent with
our prior finding in the telomerase-elimination system?®.

Finally, we tested the role of another helicase, Mphl, which
interrupts BIR by unwinding D-loops®*". We observed a 2-fold
increase in ALT survivor formation in mphlA compared with
WT cells in the telomerase shut-off system and an 8-fold increase in the
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telomerase-elimination system (Fig. 1c, Supplementary Fig. 1d, and
Supplementary Data 1).

Telomere dynamics during ALT establishment

To determine how ALT is established after telomerase inactivation, we
longitudinally tracked individual chromosome end structures using
ONT sequencing. In brief, we inactivated telomerase at population

PD44 EEE e —

‘ Initial Extension

Final Extension‘
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Telomere length (bp)

doubling (PD) O by simultaneous addition of IAA (auxin) and doxycy-
cline, grew the culture for 24 hours, and took a sample for ONT
sequencing as well as an aliquot (100 cells/mL) to inoculate a fresh
culture containing auxin and doxycycline for the next time point.

To characterize telomere lengths at each chromosome end at
each time point, two independent approaches were used to ensure
that the analysis included only ONT reads that reached the end of the
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Fig. 1| Telomerase shut-off system enables telomere dynamics to be tracked
from telomerase inactivation through formation of ALT survivors. a Overview
of the telomerase shut-off strain (AM6991). Top: Diagram of shut-off system. Left:
Tet-Off TLCI system where inactivation of TLCI is achieved by addition of dox-
ycycline (yellow circles); Right: induced degradation of Est2 by auxin (red stars).
Bottom: chromosome end structure of the AM6991 determined by ONT sequen-
cing. Rectangles: Y’ elements (colors correspond to differentiable Y’ sequences).
b Strategy for measuring ALT frequency by obtaining rare, independent ALT sur-
vivors. Top: cell passaging scheme (100 cells/mL were transferred at every pas-
sage). Bottom: survivorship curves of independent cultures. Only rarely do cultures
produce ALT survivors, assuring their independence. Dashed line: cell number/mL
passaged each day. Source data are provided as a Source Data file. ¢ Effect of
deletion of BIR and telomere maintenance genes on ALT frequency. Medians and
95% confidence intervals (in parentheses) of ALT frequencies are shown. Arrows
and fold changes in ALT frequency are relative to WT (see Supplementary Data 1 for
details). d Identifying telomere reads using the TeloTracker pipeline. Only reads
anchoring to a single chromosome end with an ONT adapter flanking the telomere

sequence at the read’s end are classified as telomere reads. TeloTracker assigns
reads to individual chromosome ends using chromosome-end-specific 5-kb
“anchor” sequences, verifies the presence of ONT adapter sequences on the telo-
mere ends of the reads, and annotates telomere lengths and other chromosome
end features (see Methods for details). e Longitudinal analysis of telomere lengths
by ONT sequencing. Telomere lengths of WT (AM6991) cell populations following
telomerase inactivation. Representative data from one of two biological repeats are
shown. Y-axis: the frequency of corresponding telomere lengths for each PD.
Dotted lines: median telomere lengths. See Supplementary Fig. 3a, b, for details and
additional repeats. A one-sided Mann-Whitney U test comparing telomere lengths
shows significantly longer telomeres at an initial extension phase (PD 33 n=1580 vs.
PD 37 n=839; p=3.07 x107%) and a final extension phase (PD 37 n=839 vs PD 44
n=1117; p <2.23 x10%); see Supplemental Data 2 and Methods for details. a Cre-
ated in BioRender. Withers, K. (2026) https://BioRender.com/s12qall top panel of
(b) created in BioRender. Withers, K. (2026) https://BioRender.com/4xré6zia and (d)
created in BioRender. Withers, K. (2026) https://BioRender.com/qg9tu2i.

telomeres. The first approach used the established TeloTag protocol®,
wherein chromosome ends were tagged by special oligonucleotides,
and only reads with both the special oligonucleotides and ONT adap-
ters were considered to represent full-length telomere reads. The
second approach employed our newly developed TeloTracker, which
uses the ONT adapters themselves as indicators of sequencing reads
that reach telomere ends, rather than relying on telomere-end-specific
tagging (Fig. 1d and Supplementary Fig. 2b, c). We determined that
these two methods produced similar telomere length distributions at
all PDs (Supplementary Fig. 2c, d), but the TeloTag protocol yielded
significantly fewer usable telomere reads for analysis and required a
specific 3-overhang telomere end structure, which could change
during ALT establishment*®. Therefore, we selected the TeloTracker
methodology for subsequent analyses (Fig. 1d and Supplementary
Fig. 2b, ¢).

As expected, prior to telomerase inactivation (PD 0), the dis-
tribution of telomere lengths in the telomerase shut-off system was
symmetric, with a median telomere length of 158 bp (Fig. 1le and Sup-
plementary Fig. 3a). After telomerase inactivation, the distribution of
telomere lengths became skewed as telomeres were continuously
shortened, reaching a minimum median length of 120 bp at PD 33
(Fig. 1e and Supplementary Fig. 3a). After the next passage (PD 37),
median telomere length increased to 131 bp, indicative of a fraction of
telomeres undergoing moderate initial telomere extension (Fig. le,
Supplementary Fig. 3a, and Supplementary Data 2; see Methods for the
details). Another increase in median telomere length was detected at
PD 44, when many telomeres exceeded 1000 bp and the median length
reached 518 bp, indicating a final telomere extension event (Fig. 1e and
Supplementary Fig. 3a). Similar telomere dynamics were observed
when we repeated this experiment (Supplementary Fig. 3b). Interest-
ingly, while median telomere length changed continuously between
PD 0 and PD 37, the 10" percentile reached its lowest level by PD 19 and
remained relatively stable between 66-80 bp until PD 37 (Fig. 1le and
Supplementary Fig. 3a, b). This stable 10th percentile of telomere
length likely reflects a threshold at which telomeres become critically
short and trigger cell cycle arrest and senescence, consistent with
previous findings”. Importantly, similar telomere dynamics were
observed in our telomerase-elimination system (Supplemen-
tary Fig. 4a).

Next, we evaluated telomere dynamics in ALT-defective rad524
and rad544 single mutants. In both strains, telomere dynamics were
similar to early WT dynamics after telomerase shut-off (Fig. 2a, b and
Supplementary Fig. 5a-e). However, unlike WT cells, neither mutant
population was able to extend the eroded telomeres at any point.
Similar telomere dynamics were observed in rad51A cultures (Fig. 2c
and Supplementary Fig. 5f, g). In single-strand annealing (SSA)-defec-
tive rad594 and rad52-R70A mutants, cells underwent initial telomere

extensions by PD 44, after reaching a minimum median length at PD 37
of 115-116 bp in rad594 (Fig. 2d and Supplementary Fig. 6a, b) and
117-120 bp in rad52-R70A (Fig. 2e and Supplementary Fig. 6c, d).
Compared with WT, this initial telomere extension was significantly
delayed, and no final extension was observed.

In the absence of Mphl, telomere erosion kinetics were similar to
those observed in WT cells following telomerase shut off, but no tel-
omere extension was observed through PD 44 (Fig. 2f and Supple-
mentary Fig. 3c, d). When we extended our time course to PD 83, we
observed only rare long telomeres ( ~ 2.5% of sequenced telomeres) in
mphlA (Supplementary Fig. 7a), suggesting that both steps of exten-
sion occur only rarely in the absence of Mphl (Fig. 2g, h).

Mphl deletion promotes expansion of Y’ repeats

To reconcile the defective telomere extension with the high frequency
of ALT that we observed in the absence of Mphl, we hypothesized that
sub-telomeric regions may play a role in ALT dynamics. If so, we pos-
ited that mphiA cells may survive because they have more efficient HR
at sub-telomeric regions, leading to expansion of Y’ tandem repeats.
To test this, we obtained independent ALT survivors from both WT and
mphlA liquid cultures (Fig. 3a). Analysis of Y’ elements using ddPCR
showed that all (21/21) of the independent mphlA survivors possessed
>198 Y’ elements each (Fig. 3b), a drastic increase compared to 34 Y’
elements in the reference genome (Fig. 1a). In contrast, only 2/21 WT
survivors were characterized by a high number of Y’ elements (Fig. 3b).
Further ONT sequencing analyses showed that, in the absence of Mphl,
the chromosome ends consisted of short telomeres with greatly
varying numbers of Y’ elements, comprising a heterogeneous, unstable
population similar to what was previously described as Type |
survivors® (hereafter referred to as “unstable” survivors) (Fig. 3¢, d and
Supplementary Fig. 7b, ¢). Meanwhile, most WT survivors had chro-
mosome ends in which the number of Y’ elements were similar to the
parental strain and adjoined to long telomeres, representing stable
Type 1l survivors® ¢ (hereafter referred to as “stable” survivors)
(Fig. 3e, f and Supplementary Fig. 7d). These data suggest that the
formation of stable ALT survivors in WT cells involves a mechanism(s)
that is defective in the absence of Mphl.

To understand how cells acquire Y’ elements during ALT estab-
lishment and the potential role of Mphl, we analyzed the number of Y’
elements in individual ONT sequencing reads obtained in the time
course experiments described above (Figs. le, 2a-f, and Supplemen-
tary Figs. 3, 5, 6). As expected, no significant Y’ element gains were
observed at any time point in rad524, rad514, or rad544 strains (Sup-
plementary Fig. 7e-g). However, at PD 28-33, the number of reads
showing gains in Y’ elements was similar in WT (3.16%) and mphlA
(3.01%) (Supplementary Fig. 7h, i, 8a, b, and Supplementary Data 3).
Interestingly, mphIA cells had significantly more gains of >2 Y
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elements compared with WT (Fig. 4a). Also, WT sequencing reads with
gains of >2 Y’ elements frequently mapped to Y’ elements located on
different chromosome ends in the reference genome, suggesting the
occurrence of template switching during acquisition of these
sequences (Fig. 4b, Supplementary Fig. 8c, d, and Supplementary
Data 4). This type of template switching was observed in 20.9% of WT
cases that underwent acquisition of >2 Y’ elements (Fig. 4b, Supple-
mentary Fig. 9a, and Supplementary Data 5) but was significantly
reduced in mphlA cells (Fig. 4b, Supplementary Fig. 9b, ¢, and Sup-
plementary Data 6).

The increased ability of mphlA cells to acquire multiple Y’ ele-
ments with less template switching suggests that the absence of Mphl

allows DNA synthesis during BIR to proceed more efficiently and with
fewer interruptions through Y’-containing chromosome ends, con-
sistent with what was previously described in BIR model systems® .,
Consistent with this notion, ONT sequencing analysis of recombina-
tion sites at sub-telomeric regions at PD 28 and PD 33 indicated the
successful acquisition of Y’ elements in WT usually resulted from
events initiated by invasion inside the interstitial telomere sequence
(ITS) located immediately proximal to the acquired Y’ elements (Fig. 4c
and Supplementary Fig. 8e, f). Although less common, some Y’ element
acquisitions were initiated further away from the telomere—inside the
X element or beyond. Notably, the fraction of recovered recombina-
tion events initiated beyond ITS sequences was significantly higher in
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Fig. 3 | mphiA forms only unstable survivors with expanded Y’ arrays and short
telomeres. a Study design to obtain independent ALT survivors by passaging cells
in liquid cultures. To obtain independent survivors, cultures were split into multiple
(~40) tubes at PD 33 and transferred at a low cell density every 24 h until the
survivor formed (- PD 46). Independent survivors were analyzed by ONT sequen-
cing and TeloTracker. Created in BioRender. Withers, K. (2026) https://BioRender.
com/j3gg5ca. b The copy number of Y’ elements determined by ddPCR in individual
survivors obtained from (a). Dotted line: number of Y’ elements in the parental
(AM6991) strain. Solid line: median number of Y’ elements in survivors;

p <100 x107" determined by two-sided Mann-Whitney U test. 21 biologically
independent ALT survivors were collected for both WT and mphlA. Source data are
provided as a Source Data file. ¢ Analysis of telomere lengths by ONT sequencing in
independent mphlA survivors shows short telomeres. Dotted lines: median telo-
mere lengths. Y-axis: the frequency of correspondent telomere lengths for each

independent survivor. d High and variable number of Y’ elements on individual
chromosome ends in mphliA survivors. (The representative survivor IT140 from (c)
is shown). Y-axis: the change (magnitude and direction) of the Y’ numbers between
reads for individual chromosome ends in the survivor from the parental strain
(AM7172). Each red dot represents an individual read, and the internal box plot
shows the median (white line), interquartile range (box; 25th-75th percentiles), and
whiskers extending to 1.5x the interquartile range. One survivor is shown; see
Supplementary Fig. 7b, ¢ for additional examples. Source data are provided as a
Source Data file. e Analysis of telomere lengths by ONT sequencing in individual WT
survivors shows long telomeres. Full telomere length distributions are shown in
Supplementary Fig. 9d, including telomeres >1000 bp. Dotted lines: median telo-
mere lengths. f Same as (d) but for the WT survivor IT148 from (e) from the parental
strain AM6991. One survivor is shown; see Supplementary Fig. 7d for an additional
example. Source data are provided as a Source Data file.

mphlA cells (34% of the cases) relative to WT (18%) (Fig. 4c and Sup-
plementary Fig. 8e, f).

From the aforementioned observations, we propose three con-
clusions regarding the initial steps of ALT establishment. First, telo-
mere erosion, initiated after telomerase inactivation, leads to extensive
resection of chromosome ends that often proceeds beyond telomeres
and Y’ elements, reaching pre-Y’ element regions, and activating large
sub-telomeric regions for HR. Second, in the absence of Mphl, BIR
synthesis initiated in distant sub-telomeric areas has a higher prob-
ability of reaching the end of the chromosome. Finally, HR proceeding
by BIR plays a significant role in chromosome dynamics after telomere
shortening and resection of chromosome ends, particularly when
template switching is reduced.

Initial telomere extension is driven by homology
Considering our finding that extensive chromosome end resection
activates large sub-telomeric regions for HR, we next investigated the
properties of inter-telomeric recombination. Previously, it was pro-
posed that recombination between yeast telomeres is driven exclu-
sively by microhomology, owing to the irregularity of telomere repeats
in yeast?’. To test this, we identified the positions where recombina-
tion was initiated (hereafter, “initiation point”) during the first telo-
mere extensions by determining the points where telomeric sequences
diverged between ALT survivors and the reference genome (similar
to®*?%; Supplementary Fig. 10). We observed that the initiation points
on individual chromosomes used for the initial telomere extensions
were often conserved among independent ALT survivors (Fig. 4d and
Supplementary Data 7). A particular example is that the left arm of
chromosome I (1L) shared the same 36-bp telomere sequence before
the initiation point (basal telomere sequence) in 15 of 19 independent
WT survivors obtained from 3 independent experiments (Fig. 4d and
Supplementary Data 7), suggesting that the initial extension of this arm
often started from the same nucleotide position relative to the
beginning of the telomere sequence. Several other chromosome ends,
such as 2L, 4L, 10L, 12L, 13L, and 13R, also had a chromosome-
specific initiation point (Fig. 4d and Supplementary Data 7). Notably,
we identified that the telomere sequences proximal to the initiation
point from every chromosome end shared significant homology (50 to
100 bp) with sequences located on several other chromosome ends
(Supplementary Data 8), pointing to significant homology and sug-
gestive of chromosome-end-specific HR. In fact, the ALT survivor’s
telomeres (both basal and diverged regions) shared homology with
several reference telomeres, identifying them as potential donors (see
example in Fig. 4e). Together, our results suggest that initial repair of
eroded chromosome ends during ALT is initiated by HR, usually at
preferred positions of homology, and can involve both telomeric and
sub-telomeric regions.

To determine whether homology-based recombination alone can
produce ALT survivors, we applied a population genetics modeling
approach (Fig. 4f-h), which was built on the following assumptions: (1)

telomere shortening occurs at an average rate of ~6 bp per telomere
per cell division until at least one telomere reaches the critically short
length threshold”; (2) a telomere reaching this threshold stops cell
division and initiates long resection that exposes telomeres and pre-
telomeric regions (X and Y’ elements); (3) the exposed telomeric and
pre-telomeric regions can participate in HR; and (4) the 3’ ssDNA
formed during resection can only invade unresected chromosomal
regions. The results of this computational modeling suggested that HR
involving telomeres and sub-telomeric regions can significantly delay
cellular senescence (Fig. 4f) and promote the acquisition of numerous
Y elements (Fig. 4h). However, HR alone was not sufficient to promote
telomere extension and generate survivors (Fig. 4g), eventually gen-
erating population-wide senescence.

Stable ALT survivors are produced by copying telomeric circles
To explain how cells acquire long telomeres and escape senescence,
we hypothesized that the elongation of telomeres may occur through
the copying of telomere circles (t-circles), which are known to be
present in human ALT cells, although it remains unclear whether they
play any role in promoting ALT in humans”®"*"*%, Indeed, our popu-
lation genetics model (Fig. 5a—c) predicted that copying from t-circles
would lead to the formation of long telomeres, even when t-circles
were used as templates by resected telomeres at frequencies as low as
1x107° per recombination attempt (Fig. 5b). Moreover, the model
predicted that copying from t-circles would not only initiate telomere
lengthening but also limit the acquisition of multiple Y’ elements at
chromosome ends (Fig. 5¢). Finally, the model indicated that telomere
lengthening by copying from t-circles would restore the population’s
full dividing potential and the stable maintenance of chromosome
ends, forming stable survivors with long telomeres (Fig. 5a).

To test this model empirically, we used ONT sequencing to ana-
lyze 15 independent WT survivors obtained by passaging in liquid
cultures, and we found that the majority of these survivors had very
long telomeres—some reaching >3,000 bp—and a low number of Y’
elements (Fig. 3e, f and Supplementary Fig. 9d). We noticed that 3 of 15
sequenced survivors contained recurring unusual nucleotides (for
example A or C within TG-rich telomeres) at somewhat varying inter-
vals (Fig. 5d). Such recurring mutations suggest that these telomere
ends may have formed by copying from a t-circle, and the variable
distance between mutations was indicative of instability during
synthesis, prompting us to further characterize chromosome end
structures in the survivors. To accomplish this, we manually analyzed
the telomere sequences of all survivors for repetitive patterns and
determined that telomeres in every WT survivor consisted of a single
recurring telomere repeat (“unit”) that varied between 88 and 168 bp in
length (Figs. 5e, 6a, Supplementary Fig. 11a, b, 12, 13, and Supplemen-
tary Data 9-17). For example, survivor IT148 contained a total of 140
copies of a 136-bp unit that was tandemly repeated across its 12
homogeneous chromosome ends (Fig. 6a, Supplementary 11a, and
Supplementary Data 9). The other chromosome ends were
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characterized by heterogeneity among ONT reads mapping to the
same chromosome ends, suggestive of a continuing evolution of these
ends. Following further stabilization by isolating a single-colony, we
established that the stabilized derivative (named 1T181) contained a
total of 242 copies of the same 136-bp unit observed in the initial
survivor across its 25 homogeneous ends (Fig. 5e and Supplementary
Data 10).

If ALT survivors synthesize telomeres from a t-circle, we would
expect the presence of t-circles within the cells to be detectable*®*°. To

Population Doublings (PD)

Population Doublings (PD)

test this, we performed rolling circle amplification (RCA) with @29
polymerase in the absence of any primers on DNA samples purified
from three independent ALT survivors (Fig. 5f and Supplementary
Fig. 1ic). Slot blots showed relatively strong hybridization to a
telomere-specific probe in samples of all three survivors in the pre-
sence of (29 in comparison to those without 29, while WT cells at PD
0 did not show any significant signal in either condition (Fig. 5f and
Supplementary Fig. 11c). To further support that the increased signal
was from products of copying of a t-circle we performed denaturing
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Fig. 4 | Homologous recombination in sub-telomeric and telomeric regions.

a The number of Y’ elements gained during ALT establishment detected in indivi-
dual ONT reads of cell populations at PD 28 and PD 33 combined. The number of
reads with gains of >2 Y’ is higher (p =1.40 x 10 (top); 2.08 x10™° (bottom), as
determined by two-sided Chi-square test) in mphilA than in WT; see Supplementary
Data 3. b Gains of >2 Y’ are often associated with template switching (TS). Top:
example of TSin WT. Y’ colors are the same as in Fig. 1a. Numbers correspond to the
lengths of interstitial telomere sequences (ITSs). Bottom: The frequency of TS in
mphlA among reads with >2 Y’ gains is lower than in WT (p = 0.00298 by two-sided
Chi-square test); see Supplementary Data 5, 6. ¢ Recombination positions in sub-
telomeres identified by ONT sequencing in reads with a gain or change in the first
centromere-proximal Y’; donor positions divided into four regions: ITS, X element,
centromere-proximal homology, and other. Significant increase of events in X
element region (p <1x 107 by two-sided Chi-square test) in mphiA as compared to
WT. d Positions of recombination between telomeres identified by ONT sequencing

in WT ALT survivors (survivor IT148 shown as an example) as the junctions between
the parental basal regions (black dashed lines) and the survivor diverged regions
(blue dashed lines). The numbers indicate the length of the basal telomeres for each
initiation point; red: HR initiation point shared between survivors from different
experiments; yellow: shared between survivors within one experiment; black:
unique to the survivor. e Example of alignment between a telomere of a survivor
and its possible donor sequences from parental telomeres. Alignment divergences
are labeled in red. f~h Computational modeling of telomere erosion, senescence,
and repair by HR after telomeres reach a critically short length (Ls). Based on Ls
between 60 and 70 bp® or even shorter”, telomere dynamics for the range of Ls
40-70 bp was investigated. Telomeric HR was only allowed to occur between
identified homologies (see Supplementary Data 8 and text for details). Dashed
lines: no recombination; continuous lines: HR can occur between resected (<Ls)
and non-resected chromosome ends (> Ls). f The onset and frequency of senes-
cence. g Telomere length dynamics. h Y’ element copy number dynamics.

gel electrophoresis on the RCA products. Most of the hybridization
signal was concentrated at >10 kb (Supplementary Fig. 11d, e), con-
sistent with prior reports that detected RCA products from partially
double-stranded telomeric circles***°. Together, the presence of
repetitive units in all analyzed survivors supports their formation
through copying from t-circles, which were directly detected in
these cells.

Interestingly, telomere reads with recurring telomere units, simi-
lar to those in established survivors, were clearly detected in PDs
preceding survivor formation (as early as PD28) and indicated that
t-circle copying had already begun (Supplementary Data 18). Impor-
tantly such reads were found 53x more often in WT compared to
mphlA in early PDs (PD 19 through PD 37). This suggests the formation
of early precursors of stable survivors as early as PD28, and that this
occurs less frequently in cells lacking Mphl.

Copying t-circles is highly mutagenic

ONT analysis demonstrated that the repeating units on long telomere
ends contained multiple mutations, including small insertions, dele-
tions, and base substitutions, indicative of highly mutagenic DNA
synthesis involved in their formation (Fig. Se, g). There were also fre-
quent insertions of non-unit telomeric sequences. For example, we
detected 262 mutations across all repeated units of IT181 combined,
which amounts to 8 x107 mutation events/bp assuming indepen-
dence of all mutation events (Supplementary Data 10). Mutation fre-
quencies calculated for all three independent survivors and their
derivatives were similar, ranging from 3 x 107 to 1x107? (Supplemen-
tary Data 19).

Further characterization of mutations detected in survivor
IT181 showed that 72/262 mutations (27%) were single-base substitu-
tions comprising either thymine (T)-to-guanine (G) or G-to-T trans-
versions, and 188/262 (72%) were insertions/deletions also consisting
of T and G (Fig. Se, g and Supplementary Data 10). The remaining
mutations consisted of one T-to-A transversion and one single-base A
insertion. Mutation patterns for the two other WT survivors and their
derivatives were similar to those observed in IT181, and the results
obtained by ONT sequencing were also confirmed by PacBio sequen-
cing. (Supplementary Figs. 11a, b, 12, 13, 14 and Supplementary
Data 9-17; see Methods for details). Such high mutation frequencies
and mutation spectra suggested that these mutations likely resulted
from template switching or polymerase slippage that occurred during
t-circle copying, which can be promoted by secondary structure for-
mation. In addition, other replication problems including translesion
DNA synthesis or the low fidelity of the replication machinery could
also contribute to this mutagenesis. The idea of template switching is
supported by the uneven distribution of mutations among repeated
units. For example, in IT181 only 27% of repeated units contained
mutations and the majority (77%) of the detected mutations were
clustered in groups of 2 or more mutations within 10 bp distance, and a

similar pattern was observed in other survivors (Supplementary
Data 19). Each mutation cluster could in principle result from a single
template switching event to a new position within the t-circle template,
leading to a frameshift resulting in several mutations at a time. How-
ever, even considering formation of a mutation cluster as one con-
certed event, the mutation frequencies in the survivors remain high
(between 2x107° and 7x1073).

To explore the origin of mutations identified in the repeated tel-
omere units, we conducted phylogenetic and pairwise divergence
analyses for mutated units in individual original survivors (IT148,
IT130, and IT160). The phylogenetic analysis produced a star phylo-
geny pattern, with few or no clades supported by high bootstrap values
(Supplementary Fig. 15a-c), suggesting that the mutations in each of
these original survivors likely originated from independent copying of
a single, survivor-specific, ancestral t-circle. In agreement with this
notion, pairwise divergence analysis showed a unimodal distribution in
IT148 and IT130 (Supplementary Fig. 15d, e), suggesting that most
mutations found in these survivors occurred independently in each
unit. The presence of the additional pairwise divergence peaks in IT160
(Supplementary Fig. 15d, e) might indicate that some of the mutations
resulted from recombination between chromosome arms instead of
copying from t-circles, although it is most likely that the majority
formed independently. Additional pairwise divergence peaks were
detected in several survivor derivatives as compared to their parental
survivors (Supplementary Fig. 16), which suggests that secondary
transferring between chromosome arms likely occurred during survi-
vor stabilization.

Based on the report that a sufficient length, usually >100 bp, is
needed for DNA bending®, we hypothesized that template switching
facilitates telomere lengthening during the first telomere extension,
and that this event might promote the formation of t-circles. Indeed,
when we included the potential for template switching at micro-
homologies within telomeres in our computational model (Fig. 6b-d),
which previously considered only HR, we observed elongation of tel-
omeres extending beyond 100 bp (Fig. 6d). Additionally, the model
predicted that such template switches would significantly delay or
even prevent the onset of senescence (Fig. 6b). In this model, however,
template switching might not be sufficient to generate stable survi-
vors. In support of the validity of this computational model, we
observed that the sequence of the 136-bp t-circle unit that gave rise to
IT148 contained several repeats of TGTGTGGGTGTGG, and the for-
mation of the repeating unit could be explained by several rounds of
template switching that occurred prior to t-circle formation (Fig. 6e).
Similar repeats were identified within t-circle units in other ALT sur-
vivors (Fig. 6a). Together, we propose that initial telomere extension is
promoted by interruptions in BIR repair synthesis followed by re-
invasion/re-annealing at microhomologies within telomeres, and that
this initial telomere extension is important for generating t-circles,
which, in turn, are required for generating stable ALT survivors.
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Finally, we modified our computational simulations by includ-
ing the potential for HR, template switching at microhomologies,
and the generation and copying from t-circles at varying
probabilities. Although HR alone could not prevent population
senescence (Fig. 7ai), allowing template switching at micro-
homologies allowed the formation of unstable (Type I) survivors
with a high number of Y’ tandem repeats and short telomeres

(Fig. 7aii). These cell populations, however, were heterogeneous,
unstable, and never regained full survivorship. Only
when the potential to generate and copy from t-circles—even
at very low frequencies—was included did the model predict
rapid formation of stable (Type II) or hybrid (containing both long
tandem repeats of Y’ elements and long telomeres”) survivors
(Fig. 7aiii).
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Fig. 5 | Highly mutagenic copying of telomeric circles forms long telomeres.
a-c. Computational modeling of telomere erosion, senescence, and repair using HR
with Ls =60 when the model includes the possibility of copying from t-circles.
Copying of t-circles is assumed to add 2 kb of telomeric sequences. Colors indicate
probabilities of copying from t-circles; dark blue line: HR of resected with unre-
sected telomeres with no copying from t-circles (as in Fig. 4f-h). a Onset and
frequency of senescence. b Telomere length dynamics. ¢ Y’ element copy number
dynamics. d Alignment of ONT sequencing reads of chromosome arm 9 R in sur-
vivor IT144 demonstrates sequence periodicity. Yellow arrows denote periodical
non-canonical adenines (green A) in the new telomere sequence. e Highly muta-
genic copying of a t-circle by each chromosome end forms long telomeres in ALT

survivors. Survivor IT181 is shown with the schematic of its 136-bp t-circle (unit)
presented on the left. Teal arrow: one unit sequence; horizontal red lines: non-circle
telomere sequences; vertical ticks: mutations introduced during copying of the
units (yellow: insertions; blue: deletions; pink: base substitutions). Only regions
with sufficient ONT coverage from homogeneous chromosome arms are shown.
(See Supplementary Figs. 11a, b, 12, 13 and Supplementary Data 9-17 for other
examples and details). f t-circles detected by rolling circle amplification (RCA)
followed by slot blot analysis with hybridization to a telomere-specific probe.
Source data are provided as a Source Data file. g High-resolution representation of
mutations in chromosome arm 1L of IT181 from (e).
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IT130 unit sequence:

TGTGGTGTGGGTGTG TGTGGGTGTGG TG TGTGGGTGTGG TGTGGGTGTGG TGTGGGTGTGG TGTGTGGTG TGTGGGTGTGG TGTGGGTGTGG TGTGGGTGTGG TGTGTGGGG

1T148 unit sequence:
TGTGTGTGGGGTGTGGTGTGTGTGTGGGTGTGGGTGTGGG TGTGTGGETGTGE TG TG
IT156 unit sequence:

G TGTGTGGG 1G] GGTGTGG T

GGGTGTGG TGTGTGGG TGTGTGGGTGTGGE TGTGGGTGTGGTG

TGTGG TGTGGGTGTGTGTG TGGGTGTGG TGTGGGTGTGTGTG TGTGGGTGTGTGTG TGTGGGTGTGGTGTGTGTGTG TGTGGGTGTGTGTG TGGGTGTGGTGTGGTGTGGG

IT160 unit sequence:

TGTGGGTGTGGTGTG TGTGGGTGTGGTGTG TGGGTGTGGGTGTGTGTGGGTG TGTGGGTGTGGTGTG TGTGGGTGTGGTGTG TGGGTG

IT167 unit sequence:
TGGGTG

TGTGGGTGTGGGTGTGGGTG
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Fig. 6 | Template switching at microhomologies promotes initial telomere
extension. a Examples of t-circle unit sequences from different survivors from
Fig. 3e. The colored sequences denote iterations inside the units, indicative of the
unit’s formation by template switching (TS). b-d. Computational modeling of tel-
omere erosion, recombination, and ALT survivor formation using HR when the
model includes the possibility of TS with Ls = 60. Dark blue line: HR of resected with
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unresected telomere and without template switching (as in Fig. 4f~h). Colors
represent different probabilities of TS at telomeres following initial HR. b Onset and
frequency of senescence. ¢ Y’ element copy number dynamics. d Telomere length
dynamics. e Schematic of template switching proposed to generate the t-circle unit
in IT148. The arrows and numbers indicate the TS events and their order,
respectively.
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Fig. 7 | Models of ALT establishment. a Computational modeling of ALT survivor
formation using HR combined with variable probabilities of template switching and
copying from t-circles. For each combination of parameters, the relative frequency
of outcomes after PD 100 is shown. Outcomes are classified as Type I, Type II, or
Type I/Type Il hybrid based on the number of Y’ elements and the length of telo-
meres at PD 100; a “dead population” indicates frequency of senescence > 0.9999.
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intermediate without Y’ tandems is shown since the steps of telomere extension are
similar for the intermediate with Y’ tandems. Created in BioRender. Withers, K.
(2026) https://BioRender.com/j8w9hsi.

Discussion

Here, using ONT sequencing and computational modeling, we identi-
fied molecular milestones of ALT establishment, including the delay of
cellular senescence by HR via BIR, an initial telomere extension
enabled by recombination at microhomologies, and a final telomere
extension leading to stable ALT survivor formation by copying of
t-circles. We also determined that the copying of telomeric circles is
highly mutagenic and that Mphl, a homolog of human FANCM that
facilitates template switching, plays animportant role throughout ALT
establishment.

Molecular model of ALT establishment in yeast

We propose a model (Fig. 7b) where telomere erosion leads to the
formation of critically short telomeres, initiating extensive chromo-
some end resection. This resection proceeds into sub-telomeric
regions, consistent with®*> but often exceeds 10 kb advancing into Y’
elements, X elements, and other centromere-proximal regions and
making these areas active initiators of repair for the resected chro-
mosome ends (Figs. 7b-2). This potentiates homology-based recom-
bination of the entire exposed ssDNA regions with non-resected
chromosome ends, either at telomeres or within pre-telomeric regions
(Fig. 7b-3). When HR by BIR occurs within pre-telomeric regions, it
often leads to the acquisition of one or more Y’ elements (Fig. 7b-3a),
eventually producing unstable intermediates bearing Y’ tandem
repeats but short telomeres. Similarly, BIR between telomeres does
not lead to telomere extension sufficient to produce ALT survivors
(Fig. 7b-3b). Instead, these early homology-based recombination
events, at telomeric and sub-telomeric regions, delay the onset of
cellular senescence, providing an opportunity for later steps required

for ALT survivor formation. Interestingly, our experimental data and
computational model suggest the possibility of competition between
Y’ element amplification and telomere elongation; however, additional
studies are needed to test this further.

Following initial HR, the first telomere extension is promoted by
recombination at microhomologies, including template switching
(Figs. 7b-4). Critically, template switching can extend telomeres
beyond the threshold required for DNA bending”—which could be
necessary for the formation of t-circles. Subsequently, copying of
t-circles enables the formation of very long telomeres that halt accu-
mulation of Y’ elements, quickly leading to the emergence of stable
survivors (Figs. 7b-5).

While the mechanism of t-circle production remains unclear, our
study demonstrates that t-circles are both generated and used as
templates for copying during ALT establishment in S. cerevisiae. In
mammalian cells, the accumulation of t-circles serves as an important
indicator of cells with established ALT"**%3*% though their role in
ALT establishment and maintenance remains undetermined. Similarly,
while t-circles were described in relation to ALT in budding yeast***¢,
their specific role as repair templates remained unclear. The use of
t-circles as templates was recently proposed to explain the repair of
dysfunctional telomeres in budding yeast, although this mechanism
was not linked to ALT, and no t-circles were identified”’. Previous stu-
dies performed in Kluveromyces lactis detected repeats of 50- to 150-
bp-long units in ALT survivor telomeres, suggestive of t-circle
copying®°. However, since the experiments were performed by
Southern blot analysis, the mechanism underlying this copying and the
level of associated mutagenesis were not determined. Unlike the “roll
and spread” model proposed by studies in K. lactis, in which a single
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chromosome is extended by t-circle copying and is subsequently used
as a template for other chromosomes™°, our result suggests that, at
least initially, chromosome arms copy the same unit independently.

Our data demonstrate that t-circle copying is highly mutagenic.
This could be explained by high level of template switching which is
known to occur frequently during BIR™*>**¢?, which could be further
promoted by secondary structures formed by telomere repeats (e.g.,
G4 quadruplexes). In addition, the high level of mutagenesis might also
result from other replication problems, including polymerase slip-
page, translesion DNA synthesis, or decreased fidelity of the replica-
tion machinery. Though the precise mechanism of mutagenesis during
ALT is not yet fully understood, our study represents the first estima-
tion of the level of mutations associated with telomere extension
during ALT establishment.

Our study also uncovered that Mphl plays an important role in
ALT establishment, and see also refs. 43,44. In particular, we observed
that only unstable ALT survivors—representing a fluctuating popula-
tion of intermediates—were formed in the absence of Mphl, while the
formation of long telomeres characteristic of stable ALT survivors was
extremely rare. Mphl interrupts BIR synthesis, whereas synthesis in
mphlA cells more easily traverses through long, continuous stretches
of Y’ tandem repeats, frequently copying through the chromosome
ends; for this reason, mphlA cells are characterized by a higher fre-
quency of repaired resected chromosomes compared with WT, which
would explain the higher frequency of survivors in mphlA compared
with WT cells. This interpretation is supported by reports that mphiA
cells are characterized by fewer interruptions and fewer template-
switching events during BIR in other DSB repair models®™*!. The same
characteristic of mphlA might also be responsible for the observed
defect in the formation of stable survivors with long telomeres, as it is
possible that template switching at microhomologies might be needed
for the initial telomere elongation, for the formation of t-circles and/or
for the utilization of t-circles as templates for synthesis. Besides the
known role of Mphl in BIR template switching, its other functions
described in the context of normal DNA replication—for example,
activities involved in fork reversal or DNA damage bypass®*** —may
also influence ALT.

Future studies

Our study in yeast demonstrates that extensive DNA resection initiates
HR in sub-telomeric regions, and that this recombination precedes and
affects ALT development. We therefore predict that the specific
structure of pre-telomeric regions, including the number of Y’ ele-
ments and their organization in tandems, might significantly affect the
genetic control and frequency of ALT outcomes, which should be
systematically investigated in the future. Similarly, the effects of initial
telomere lengths on ALT outcomes in various yeast strains should be
investigated.

In this study we observed that DNA resection makes both sub-
telomeric and telomeric areas available for recombination in yeast. If
resection is similar in other species, pre-telomeric regions would be
predicted to play important roles in those organisms as well. However,
in humans, telomeres are significantly longer, and senescence is acti-
vated when telomeres are of significant length®*°, warranting specific
research considering our results in yeast. It is possible that only telo-
meric regions will be resected, but resection of chromosome ends in
humans may sometimes reach sub-telomeric regions and produce
Type I-like outcomes, similar to those observed in mouse embryonic
stem cells following telomerase inactivation’®”",

The repeat regularity of human telomeres makes them a perfect
substrate for HR, which might efficiently extend cell survival and even
elongate telomeres. Thus, ALT in human cells may not require tem-
plate switching via microhomology, even though template switching
has been proposed to occur during ALT". Given the length of telo-
meres at senescence, it could also be that long resected ssDNA repeats

would produce t-circles in human cells more frequently than in yeast,
and this would explain the preponderance of Type Il survivors during
ALT in humans™7,

Based on our finding that Mphl promotes ALT in yeast, future
studies should evaluate the potential role of its human homolog
FANCM. Several studies have highlighted the important role of FANCM
in ALT maintenance in humans, and it was shown that FANCM deple-
tion in ALT-positive cells resulted in decreased cellular viability,
increased replication stress, higher levels of TERRA, and an increase in
ALT-associated PML bodies (APBs)”>. It is possible that these phe-
notypes may result from overly processive BIR***%7¢, which is similar to
what we observed in mphlA mutants promoting the formation of Type
I ALT survivors. Other studies have reported increased accumulation
of t-circles in the absence of FANCM, which might indicate that FANCM
is required for utilizing telomeric circles as HR templates during ALT
and requires further investigation.

Most importantly, our finding that yeast telomeres are extended
by copying t-circles motivates future studies to determine whether
telomeric circles in humans also serve as templates for DNA synthesis
contributing to the extension of ALT telomeres. However, the reg-
ularity of human telomeres currently precludes direct testing of this
hypothesis and necessitates the development of specialized experi-
mental systems to enable such studies in human cells.

Methods

Strains

The genotypes of all yeast strains used in this study are shown in
Supplementary Data 20. Two experimental systems to study ALT in
yeast were used. The AM3692 (telomerase elimination system) was
constructed by ref. 21 with the following genotype: MATa/a ura3-
Y1/ura3-Y1 adeS-y7/ade5-y7 HPHMX/HPHMX crl3-2/cr(3-2 trp-Y1/ trp-Y1
leul-Yi/leul-Y1 TLCI/tlcI::BSD.

The AM6991 (telomerase shut-off) was constructed using tetO2-
TLCI** that we received from Dr. Raymund Wellinger and Dr. Maria
Teixeira with the following genotype: MATa ade2 lys2 trpl ura3 his3 his5
leu2-A1 tetO2(TLCI)-KANMX. To ensure the complete elimination of
telomerase, the following changes were introduced in this strain. First,
tetO2-TLCI was transformed with plasmid containing OsTIRI-URA3” to
produce AM6396. Next, an auxin-induced degron (AID-HPHMX) was
inserted into EST2 right before its stop codon to produce AM6749.
Finally, tetO2(TLCI)-KANMX was changed to tetO2(TLCI)-NATMX to
create AM6991. Addition of doxycycline into the growth medium
suppressed TLCI expression, while addition of IAA resulted in elim-
ination of the telomerase catalytic subunit (Est2).

All single-gene deletion mutants were constructed by transfor-
mation with a PCR-derived KANMX, NATMX, or HPHMX module, each
flanked by sequences homologous to the regions surrounding the
open reading frame of each gene’®”’. All constructs were confirmed by
PCR and by phenotype. The rad52-R70A and pifl mutants (pifl-m2 and
Ppifl-NLSA) were constructed by CRISPR using the oligos and plasmids
described in refs. 35,80.

Media and growth conditions

Rich medium, Yeast extract-peptone-dextrose (YEPD), and other
media were prepared as described in ref. 81. Antibiotics, including
hygromycin, nourseothricin, G418, and blasticidin, have been added to
YEPD as described in ref. 81. Synthetic complete medium with bases
and amino acids omitted (e.g. SC-Ura) were prepared as described in
ref. 81. Sporulation media were prepared with potassium acetate (2%
w/v KAc). All yeast cultures were grown at 30 °C.

Determining ALT frequencies by plating

To determine ALT frequencies in the telomerase-elimination system,
AM3692 and the derivatives of AM3692, cells were sporulated, tetrads
were dissected, and individual meiotic outcomes (selected by markers)

Nature Communications | (2026)17:5523

13


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-72032-4

were passaged in liquid YEPD followed by plating on YEPD plates®. The
frequencies of ALT survivors were calculated by plating a known
number of these cells and identifying how many survivors formed as
described in ref. 21.

To determine ALT frequencies in the new telomerase shut-off
system, AM6991 and the derivatives of AM6991, cells were grown in
liquid YEPD overnight to reach ~10 cells/mL (PD 0) and then passaged
at 100 cells/mL in 5 mL liquid YEPD containing doxycycline (30 pug/mL)
and IAA (100 uM). In experiments using AM6991 and its mutant deri-
vatives, we plated 500 cells on each YEPD agarose plate with both
doxycycline and IAA addition after the fifth passage. For the cell cul-
tures entering senescence earlier (rad524, rad51A and rad544), we
plated the same number of cells after the third passage. For the cells
with longer telomeres including pifl-NLSA, pifi-m2, and riflArif2A, we
plated the same number of cells after the ninth passage. Emergent
survivors on plates were confirmed by the maintenance of growth after
streaking for single cells on fresh YEPD agarose plates with the same
concentration of chemicals, and ALT frequencies were calculated by
the number of survivors formed divided by the total number of plated
cells as described in ref. 21.

Following ALT establishment in yeast liquid cultures

To follow ALT establishment in the telomerase shut-off system,
AM6991 and the derivatives of AM6991, cells were grown in 250 mL of
liquid YEPD overnight to reach 10° cells in total (PD 0). Cells were
passaged at 100 cells/mL in liquid YEPD containing doxycycline and
IAA (250 mL to 2L). For mutants with increased or decreased ALT
frequency, the number of cells at later passages was adjusted. Cells
with deletions of RADS2 or RAD54 were kept in YEPD-doxy-IAA media
for additional 2 days to confirm that no survivors were formed in these
cultures. For each time point, we collected at least 10° cells in total for
the extraction of the high molecular weight (HMW) DNA used for ONT
library preparation. Once cell populations reached PD 33, 500 cells per
tube were transferred into 40 tubes of S5mL liquid YEPD-IAA-
doxycycline media and the same passages continued every 24 h until
the formation of independent survivors.

RNA extraction and RT-qPCR quantification of TLCI expression
Cultures of AM6991 (WT) were grown in liquid YEPD overnight to
~1x107 cells/mL (PD 0) and passaged at 100 cells/mL in liquid YEPD
(with or without 30 pg/mL doxycycline) every 24 h for 8 days. A total of
1x107 cells were pelleted by centrifugation for each biological repli-
cate at Day O (PD 0), Day 4, and Day 8 and frozen at -80 °C until
extraction. Total RNA was extracted from frozen samples using a
MasterPure ™ Yeast RNA Purification Kit with DNase I treatment for
10 minutes. Samples were additionally treated with 10 units of DNase |
(NEB) treatment for 30 min at 37 °C to remove contaminating gDNA,
then cleaned by phenol-chloroform-isoamyl alcohol extraction and
ethanol precipitation. RNA yield was quantified by Qubit™ RNA High
Sensitivity Assay Kit (Invitrogen) and quality assessed by Qubit™ RNA
Integrity and Quality Assay Kit (Invitrogen).

A total of 1 g total RNA per sample was used as a template for
duplicate cDNA reactions with the Protoscript® II First Strand cDNA
Synthesis Kit (NEB). RNA templates were incubated with 6 puM Random
Primer Mix for 5min at 65°C, then kept on ice for the addition of
Protoscript Il Reaction Mix and Protoscript Il Enzyme Mix, except in
the case of No-RT negative control samples, in which the enzyme mix
was replaced by nuclease-free water. All reactions were incubated at
25 °C for 5 min, then 42 °C for 60 min, followed by inactivation at 80 °C
for 5min.

Reactions of Power SYBR® Green PCR Master Mix were prepared
with 500nM primers (for the reference gene SSYI (FW:
GTCCAGGGCAACTAGGAAATAC; RVS: CTGTGAGTCCAAACCCAAG-
TAG) and for TLCI (DG293: AATGGCTGTTGCGTTTGCTT; DG294:
ACCACAAATTGCGCACACAC)®?) and 2 pL of diluted (1:3) ¢cDNA as

template. Samples were run on a QuantStudio 3™ (Applied Biosys-
tems) as follows: initial denaturation at 95 °C for 10 min, followed by
50 cycles of 95°C for 15s and 60 °C for 1 min with a ramp rate of
1.6 °C per second and one fluorescence acquisition per cycle. A melt
curve analysis was performed after cycling to ensure amplification
specificity, using the following steps: 95 °C for 15 s, 60 °C for 1 min, a
dissociation step with acquisitions during the 0.1 °C per second ramp
to 95°C, then a hold at 4 °C after completion. Cycle threshold values
were exported using the Applied Biosystems Design & Analysis
Software version 2.8.0. Expression of TLCI was normalized to
expression of reference gene SSYI®* for each sample, then expressed
as fold change in expression relative to the mean expression of YEPD
PD 0 samples following the 2%t method.

Droplet-digital polymerase chain reaction (ddPCR) to quantify

Y’ element copy number

Genomic DNA was extracted by a glass bead-phenol-sodium dodecyl
sulfate protocol®** from ALT survivors grown in YEPD-IAA-
doxycycline liquid medium, and the DNA concentration was mea-
sured by Qubit dsDNA HS Assay Kit (Invitrogen). 10 ng of DNA was
digested with 20 units of Xhol at 37 °C to separate Y’ tandems located
at chromosome ends”. After digestion, DNA samples were diluted 10
to 100-fold to optimize Y’ number measurements. ACT1, which is
present in a single copy in haploid strains, was used as a reference for
copy number (FW: GCCTTCTACGTTTCCATCCA; RVS: GGTAGAGA-
GAAACCAGCGTAAA). Primers specific to Y’ elements were designed
in the region shared by all Y’ elements (FW: TGGTAGCGGTTCA-
CAAAGAG; RVS: CCTTCACTCTCCAACTTCTCTG). The number of
positive droplets containing targeted sequence (ACTI or Y’) was
quantified using the QX200 Droplet-digital PCR system (BioRad)
according to manufacturer’s recommendations. The total number of
Y’ in each sample was calculated as described in ref. 21.

Analysis of chromosome end structures using Oxford Nanopore
Technologies (ONT) sequencing

To prepare yeast genomic DNA libraries for ONT sequencing, we col-
lected a total of 1-3x10° yeast cells and extracted HMW DNA as
described in ref. 21. For the TeloTag library preparation, we followed the
established protocol described in ref. 45. For the TeloTracker library
preparation, we used the Q20+ ONT ligation kit (Oxford Nanopore
Technologies SQK-LSK114) with the following modifications. 3-4 ug of
HMW DNA were mixed with Ultra Il end-prep and the FFPE DNA repair
mix (New England Biolabs), then incubated the reactions at 20 °C for
30 min, followed by at 65 °C for 30 min. Next, we incubated our samples
with SRE XL buffer (PacBio) on a tube rotator for 20 minutes at room
temperature. After centrifugation at 20,000 x g for 30 min, the pellet
was washed with 80% ethanol and dissolved in EB buffer. Once the DNA
was fully dissolved, we ligated the samples with ONT adapters for
30 minutes at room temperature. Lastly, we washed the pellet with long
fragment buffer (LFB) and dissolved the DNA in EB buffer.

We measured the DNA concentration using Qubit dsDNA HS
Assay Kit (Invitrogen) and loaded ~500 ng of DNA sample for each ONT
sequencing run. Samples were run on a PromethlON flow cell (R10.4.1)
using the PromethlON 2 Solo for 3-72 hours to acquire 3-5Gb per
sample and were operated using MinKNOW software (v.24.11.10). To
enrich for telomere reads during sequencing, we performed adaptive
sampling to deplete any reads corresponding to the “internal chro-
mosomal sequences” (located more than 70 kb away from chromo-
some ends). By selecting against reads that aligned with the sequences
in the reference, we achieved a 3 to 5-fold enrichment for the telomere
sequences.

Telomere length determination using PacBio sequencing
PacBio sequencing was performed by the University of Washington
PacBio Sequencing Services. The procedure included multiplexing the
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genome library followed by PippinHT size selection above 15 kb and
sequencing using a Sequel II SMRT Cell 8 M with 30-hour movie,
yielding an average output of 30 Gb of reads for each pooled sample
with ~25 kb median read length.

TeloTracker bioinformatic analysis of ONT sequencing results
and statistical analysis

All Oxford Nanopore reads were basecalled using Dorado’s sup model
without adapter trimming. Reads were subsequently filtered to retain
long, high-quality reads (read length >2000 bp; Q >10).

Parental references. A reference genome for the WT strain (AM6991)
was generated de novo using Flye and Medaka, followed by manual
inspection using IGV. Reference genomes for the mphlA strains
(AM7172 and AM7302) were generated in a similar manner, using the
AM6991 reference genome as the starting point. Chromosome-end
features—including telomeric, subtelomeric, and unique chromosome-
end “anchor” sequences—were annotated for each reference genome
using a combination of manual inspection and custom Python scripts.
Phylogenetic Neighbor-Joining trees for Y’ and X elements were con-
structed using MEGA (alignment with MUSCLE; 10,000 bootstrap
replicates; bootstrap cutoff of 90).

Analysis of telomere length. All samples were analyzed using a cus-
tom Python package, TeloTracker. Briefly, TeloTracker maps reads to
specific chromosome ends by BLASTn alignment to unique
chromosome-end “anchor” sequences. Reads mapping to a single
chromosome end (“anchored reads”) were subsequently analyzed to
determine whether they reached the chromosome end. Specifically,
TeloTracker identifies nanopore adapter sequences using Porechop
and determines telomeric sequence presence and length using custom
Python scripts. Only reads containing both a nanopore adapter
sequence and a terminal telomeric tract of at least 30 bp were classi-
fied as telomere reads and included in downstream analyses. Notably,
the 10th percentile of telomere lengths in the population was experi-
mentally determined to be a relatively stable value for mutant cells
unable to extend telomeres (e.g. rad524, rad514, and rad544) and was
therefore used as an estimate of the length of telomeres at which cells
enter senescence (Ls).

Initial telomere extension. For each telomerase shut-off time course
experiment, we performed a Mann-Whitney U test to compare the
distributions of longest 25% of telomere lengths in the current PD
population of cells with the longest 25% of the immediately preceding
PD. The Mann-Whitney U comparisons were performed to test a null
hypothesis that there was no telomere extension versus an alternative
hypothesis that telomere lengths significantly increased in the current
PD relative to the previous one. The first PD showing a statistically
significant increase in telomere lengths (p <0.05) was designated as
the PD at which initial telomere extension occurred. Time courses
lacking statistically significant initial telomere extension were classi-
fied as having no initial telomere extension.

Sub-telomeric recombination analysis. For each strain, an initial sub-
telomeric analysis was performed to quantify Y’ elements in each
telomere-containing read using BLASTn. Additional sub-telomeric
analyses were performed using TeloTracker for strains AM6991,
AM7172, and AM7302, using their respective annotated reference
genomes. First, Y’ elements were classified according to their closest
matching reference Y’ using RepeatMasker. Next, pre-Y’ recombina-
tion sites were identified in reads that had gained a Y’ element or
exhibited a change in their most centromere-proximal Y. To map
these recombination sites, the pre-Y’ region was subdivided into three
components: the pre-X element, the X element, and the ITS. If no
recombination breakpoint could be identified, the recombination site

was assigned to the ITS if at least one of the candidate donor chro-
mosome ends contained an ITS in its reference sequence. All remain-
ing pre-Y’ recombination events were classified as Other/Unknown. In
addition, to identify template switching between Y’ elements, the full Y’
structure of each read was manually compared to the corresponding
reference sequences.

Analysis of Y’ element mapping accuracy from individual reads. We
assessed the accuracy of Y’ element assignment using the current Y’
element group definitions (Fig. 1a; Supplementary Fig. 9a-c; see also
the “Parental references” section above). To estimate the frequency of
“errors” in the assignment of Y’ elements, we analyzed individual reads
at PD O and applied the same workflow we employed to identify
template switching events from PD 28 and PD 33 (Fig. 4a-c and Sup-
plementary Fig. 8). Because the frequency of recombination events
between Y’ elements at PD O is very low (Supplementary Fig. 7h), we
expected that the Y’ element sequences should always match the
reference, while mismatches would allow us to estimate the frequency
of “errors” in assignment of Y’ elements. The results of this analysis
initially showed that the frequency of misassigned Y’ elements at PD O
was 1.5% in both WT and mphlA cells, which is substantially lower
compared with the frequencies of template switching detected at PD
28 and PD 33. In addition, we noticed that among 1.5% of errors
detected by the analysis of PD 0, misalignments between particular Y’
elements were overrepresented. Specifically, misalignment was more
frequently found between the first Y’ element at chromosome arm 14-
L, which was originally marked in light blue in Fig. 1a, and two Y’
sequences shown in dark blue (the Y’ elements at 7-R and 16-L).
Therefore, we decided to exclude template-switching events between
them from our analysis. Following their exclusion, the level of errors
calculated from misassigned Y’ elements at the PD O were 0.4% (Sup-
plementary Fig. 8d and Supplementary Data 4), which is substantially
lower than the corrected frequencies of template switching for PD28
and PD33 (combined).

Survivor reference analysis. Samples from ALT survivors were first
analyzed for Y’ element distribution and telomere length as described
above. Survivors containing chromosome ends with stable Y’ copy
numbers and long telomeres (>1000 bp) were selected for reference
construction, and a reference sequence was generated for each chro-
mosome end using Flye. References that did not yield a single con-
sensus sequence were inspected manually and reconstructed with
manual intervention when possible. Successfully generated references
with high read coverage (> 10x) were manually examined for repeated
sequence patterns (units) indicative of copying from telomeric circles.
The mutation frequency for each survivor was calculated as the total
number of mutations detected in that survivor divided by the total
number of base pairs across all units from the survivor. When sequence
resolution was not achievable, the corresponding chromosome end
was classified as heterogeneous.

Population and individual-read telomere circle analysis. Popula-
tions of strains AM6991, AM7172, and AM7302 were analyzed to
identify circular telomeric sequences (units). Long telomeric reads
(>300 bp) were manually inspected for repeated sequence patterns
indicative of copying from telomeric circles.

Statistical analysis. All statistical analyses were performed with
GraphPad and TeloTracker.

Phylogenetic analysis of repeating telomeric units in stable WT
survivors

Phylogenetic relationships among repeating telomeric units were
inferred using the UPGMA method®, as implemented in MEGA11%¢,
with pairwise deletion and the Kimura two-parameter model applied to
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distance calculations®”. Bootstrap support values were obtained from
1,000 replicates. In addition, pairwise distance relationships between
units were calculated using MEGAI11.

Extraction and detection of telomeric circle DNA

Extraction of circular DNA was performed from 1x10° cells by first
incubating in 0.75M sorbitol, 75mM EDTA, and 0.7%
2-mercaptoethanol with 2.5mg/mL Zymolyase (MP Biomedicals) at
37 °C for 90 minutes. Protoplasts were pelleted and treated with the
Qiagen Plasmid Plus Midiprep Kit (Qiagen) as in ref. 88 with the fol-
lowing modifications: samples were centrifuged at 3900 x g for 10 min
to remove cell debris before passage through a QlAfilter Midi car-
tridge, and washing with buffer ETR was omitted. Samples were eluted
with buffer EB and further concentrated by ethanol precipitation with
1/10 volume sodium acetate pH 7.0, and 75ug GlycoBlue™ co-
precipitant at -20°C for 60 min, followed by centrifugation at
15,000 x g for 30 min and washed with 70% ethanol. Samples were
resuspended in buffer EB and kept at 4 °C. Samples were digested with
20 units of EcoRI (NEB) for 16 hours at 37 °C to linearize mitochondrial
DNA and fragment any contaminating gDNA. Samples were cleaned by
phenol-chloroform-isoamyl alcohol extraction, then ethanol pre-
cipitated in the presence of co-precipitant as described above.
Resulting samples were quantified by Qubit™ DNA High Sensitivity
Assay Kit.

Rolling circle amplification was performed using the Phi29-XT
RCA Kit (NEB) without primers. All samples were normalized to 20 ng
input DNA per reaction and incubated for 16 h at 42 °C, then 65 °C for
10 min. Two biological replicates were performed for each strain.
Samples were diluted with 2 parts RCA: 15 parts 2X SSC and loaded
onto a 2X SSC pre-soaked positively charged Hybond-N+ nylon
membrane (Cytiva) with a PR 648 slot blot manifold (Cytiva), followed
by UV exposure to crosslink DNA to the membrane. Aliquots of the
same samples were loaded on a denaturing gel (1% agarose, 30 mM
NaOH, 2 mM EDTA), run at 35V for 24 h, and capillary transferred onto
a Hybond-N+ membrane as described®. To detect telomeric RCA
products, probe synthesis was performed using the RadPrime DNA
Labeling System (Invitrogen) with the following reagent modifications:
2.5X RadPrime Buffer without random octamers (125 mM Tris-HCI pH
6.8, 12.5mM MgCl,, 25 mM 2-mercaptoethanol) was substituted for
provided RadPrime Buffer, addition two custom oligos (IDT DNA), 3 pg
KR247: CACCCACACACCACACCCAC, and 25 ng of template telomeric
88-mer KR244: TGTGGGTGTGGTGTGTGTGGGTGTGGTGTGTGGGT
GTGGGTGTGTGTGGGTGTGTGGGTGTGGTGTGTGTGGGTGTGGTGTG
TGGGTG. The reaction was stopped by addition of 200 L distilled
water, incubation at 100 °C for 5minutes, and snap cooling on ice
1minute prior to usage. Hybridization was performed as follows:
membranes were pre-hybridized with hybridization buffer (0.25M
sodium phosphate buffer pH 7.2, 5% SDS, 1 mM EDTA pH 8.0) at 65°C
for 10 min, followed by hybridization in the same buffer with 50 uL of
probe solution for 24 h. Membranes were washed three times with low-
stringency wash buffer (2X SSC, 0.1% SDS at 65 °C), exposed to a GEO
Phosphor screen for 4 h, and then imaged using an Azure Sapphire
Biomolecular Imager.

Computational modeling of yeast populations undergoing tel-
omere erosion and repair

We developed a computational model of telomere dynamics that
simulates telomerase-negative populations of cells, with telomere
shortening (erosion), senescence, and potential recovery (formation
of ALT survivors from post-senescence cells) based on fully stochastic
population genetics principles in finite populations. As in Kockler
et al.”, our model mimics a case where each telomere of every dividing
cell erodes, and replicative senescence is activated when the shortest
telomere in a cell reaches a critically short threshold length. Senescent
cells, on the other hand, are allowed to recombine through multiple

modalities (see below), which can potentially lead to cells in which all
telomeres surpass the critical length threshold, leading to resumption
of cell cycling. Additional to telomere repeats, our model considers
pre-telomeric regions, which play important roles in cell dynamics and
formation of ALT survivors when senescent cells are allowed to
recombine. Notably, our simulations track all per-chromosome-end
features for each cell in the population, thus allowing us to capture the
full heterogeneity and dynamics over time of chromosome-end
structures within and between cells. Also, our computational model
allows the following of very large populations—approximating realistic
experimental cell populations—which enables the identification of
critical dynamics caused by very low frequency events that would be
missed when investigating smaller populations. Because the modeling
is based on directly following every cell and every telomere structure
within each cell in a population and not on mathematical inferences, it
naturally restricts properties of cell division and chromosome-ends to
biologically relevant ranges and allows the inclusion of complex
modes of recombination.

General chromosome-end properties and population processes.
Our simulations start with a cell with 32 chromosome ends (16 chro-
mosomes), each characterized by a telomere repeat, possible Y’ ele-
ments, an X element, and a pre-Y’/X elements region. The average
telomere length as well as the number and distribution of Y’ elements
across chromosome ends is based on that of the sequenced strain
under study. As in Kockler et al.”, the model follows exponential
growth of this ancestral cell, with telomeres randomly increasing or
decreasing in length every cell division to generate a large and het-
erogeneous population prior to telomerase inactivation.

When modeling of telomerase-negative cell populations begins,
one randomly chosen cell from the pre-evolved population is used
as starting point per replicate, and the study of multiple replicates
allows capturing variation in dynamics due to differences in initial
telomere length composition. Populations expand exponentially,
and cell properties are analyzed every PD. Simulations also mimic
the experimental design with passages (sub-samples of the cell pool)
at specific PDs. For every PD, population expansion is based on
randomly choosing cells one by one from the whole pool of N cells,
either non-senescent or senescent, until 2 N cells are achieved. This
approach adds random genetic drift as well as heterogeneity to
division rates among non-senescent cells, which simulates obser-
vations from microfluidics experiments of telomerase-negative sin-
gle cell lineages®. If the chosen cell is non-senescent, it divides
creating a daughter cell, with telomere shortening occurring on
both the parent and the daughter cells independently on all chro-
mosomes. Shortening follows an average of n nucleotides per
chromosome end per division, with each chromosome eroding one
of the two telomeres (chosen at random) with Poisson-distributed
average 2n nucleotides to follow end-replication properties. If a
chosen cell is senescent, with one or more chromosome ends
shorter than a threshold length (Ls), we apply either death (removed
from the pool of cells with probability Pgees) or recombination (1-
Pdeath)-

Recombination in senescent cells. During the replication process, if a
senescent cell is chosen, it cannot divide, but it can attempt recom-
bination. The model assumes that chromosome ends with telomeres
shorter than Ls go through long-distance 5-3’ end resection, generat-
ing ssDNA at these chromosome ends that can only find homology
with dsDNA of non-resected chromosome ends (with telomeres longer
than Ls). It also assumes that end resection will regularly extend
beyond the telomere repeat region, which is supported by our current
genomic data and previous studies showing multiple instances of Y’
element swapping®-?. Therefore, our recombination scheme allows
resected chromosome ends to recombine through HR at either
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telomeric repeats or at sub-telomeric regions, including X and Y’ ele-
ments when present. For each resected chromosome, the model first
identifies the element that will attempt HR. As a simplifying assump-
tion, we assign equal probability of HR along the resected chromo-
some end to the telomere repeat, each individual Y’ element (if any)
and the X element. When an X element is assigned for recombination,
it randomly chooses among the X elements of non-resected chromo-
some ends for HR, capturing the X element and terminal regions (Y’
elements and telomere repeats) of the donor chromosome end. When
a’Y element is chosen for recombination, HR occurs with a Y’ element
randomly chosen among all the Y’ elements present in non-resected
chromosome ends of the cell, capturing all terminal regions of the
donor chromosome end (terminal Y’ elements, if any, and the telomere
repeat).

When recombination is assigned to a resected telomere repeat,
the model allows for HR between telomere repeats or between the
repeats and t-circles, if present, the latter with probability Py ircle for
each recombination attempt. We also incorporate the possibility that
recombining resected telomeres can engage in subsequent recombi-
nation events through a model equivalent to template switching by
microhomology with other non-resected donor telomere ends based
on probability P.s. When template switching occurs, the terminal end
of the ssDNA telomere repeat randomly identifies a location along the
donor telomere, extending the length of repeats. If template switching
occurs, the model further allows for additional template switches
(each with probability P.s), with a maximum of 5 consecutive switches.
Finally, our model investigates the potential impact of t-circles emer-
ging from the dynamics of template switching at microhomologies
following initial HR, where ssDNA telomeric repeat segments could be
long enough to generate a t-circle®. This possibility allows the prob-
ability of recombination between telomere repeats and t-circles to be
dynamic, starting with no t-circles and increasing as a senescent cell
goes through recombination events, with each new t-circle adding
Pgyn-t-circie-tO Pecircle- Each cell in the population, therefore, can have a
different P.icle that, on division, will be equally split between parent
and daughter cells; therefore, survivor cells that successfully elon-
gated telomeres with t-circles are predicted to reduce the number of
t-circles over time.

Parameters. Unless otherwise noted, and to speed up the simulation
process when following exponential growth for many PDs without
passages, we limited the maximum number of cells to 2x10°, at
which point a very moderate subsampling (10%) is applied, which
still allows capturing consequences of very low frequency events.
We used an erosion rate per telomere per division of n =6 based on
Kockler et al.”. Previous genomic studies of telomere length and
dynamics using long-read sequencing suggested the telomere
length threshold (Ls) required to activate senescence to be between
60 and 70 bp?, although analyses of single-cell lineages indicated Ls
to be shorter”. We, therefore, considered telomere dynamics for the
range of Ls between 40 and 70 bp. We also applied P ¢4, = 0.1 unless
otherwise noted. We considered 120 bp as the minimum ssDNA
repeat length to generate a t-circle, and recombination with a
t-circle added an average of 2000 bp of telomere repeats to the
previously short telomere repeat. Our study followed dynamics for
up to 100 PDs, and we considered a population under full terminal
arrest when the fraction of senescent cells was greater than 0.9999.
Results from all conditions analyzed were based on 200 indepen-
dent population replicates, except for non-recombination condi-
tions where 100,000 replicates were conducted due to much larger
variances.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Requests for unique/stable reagents generated in this study and fur-
ther information and resources should be directed to the corre-
sponding author. All ONT sequencing generated in this study have
been deposited in NCBI's BioProject with the accession code
PRJNA1254968. Source data are provided with this paper.

Code availability

The code used to analyze the telomere sequencing data is available at
GitHub (https://github.com/Jacob-M-Wells/TeloTracker)®°. The code
for the computational modeling of telomere dynamics is available at
GitHub (https://github.com/josep-comeron/Yeast-Telomere-
Dynamics)®.
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