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Summary

Mammalian telomeres consist of tandem DNA repeats that bind protective protein factors
collectively termed shelterins. Telomere disruption typically results in genome instability induced
by telomere fusions. For reasons that are unclear, the mechanism of telomere fusion varies
depending on the means of telomere disruption. Here, we investigate telomere fusions caused by
overexpression of mutant telomerases that add mutated telomeric repeats, thereby compromising
shelterin binding to telomeric termini. While all mutant telomeric sequences tested induced
heterodicentric chromosome fusions in ATM-competent cells, only those mutant repeat sequences
with significant self-complementarity induced ATM-independent sister chromatid and isodicentric
chromosome fusions. Thus, once a telomere becomes dysfunctional, the terminal telomeric
sequence itself determines the fate of that telomere. These results suggest that annealing of self-
complementary DNA sequence engages an alternative telomere fusion pathway in human cells,
and provide one explanation for the conspicuous lack of self-complementarity in the majority of
known naturally-occurring eukaryotic telomeric sequences.

Introduction

Telomeres maintain genome stability by protecting the ends of linear chromosomes from
recognition as DNA double-strand breaks (Blackburn, 2000). Telomeric DNA consists of a
tract of duplex tandem repeats terminating with a single-stranded 3' overhang. In mammals,
the telomeric repeat sequence 5-TTAGGG-3' is bound by complexes of proteins collectively
termed shelterins (Palm and de Lange, 2008). The ribonucleoprotein enzyme telomerase,
which includes the core protein reverse transcriptase hTERT and the template-containing
RNA hTER, maintains telomere length by replenishing TTAGGG repeats lost during cell
division (Blackburn, 2000). Critical shortening of telomeres or experimental disruption of
the protective shelterin complexes results in telomere deprotection, leading to a DNA
damage response and telomere fusions (Palm and de Lange, 2008). These telomere fusions,
which often occur through an ataxia-telangiectasia-mutated (ATM)-dependent mechanism,
are an important source of genomic instability during carcinogenesis (Bailey and Murnane,
2006; Denchi and de Lange, 2007).
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For reasons that are not fully understood, different types of telomere dysfunction ultimately
result in different fusion patterns. For example, disruption of the shelterin component TRF2
predominately induces dicentric fusions, in which the chromatids of the two involved
chromosomes are fused end-to-end (Smogorzewska et al., 2002), while disruption of the
shelterin component POT1 also induces numerous sister chromatid fusions, in which the two
chromatids of the same post-replicative chromosome fuse (Hockemeyer et al., 2006; Wu et
al., 2006). Different mechanisms of telomeric attrition also result in distinct fusion patterns.
For example, complete and acute loss of a single telomere often leads to sister chromatid
fusions (Bailey and Murnane, 2006), while replicative shortening of telomeres frequently
causes dicentric fusions (Zou et al., 2009). Collectively, these experiments have suggested a
number of determinants of fusion outcomes, including differential disruption of the various
shelterin components, cell cycle timing differences, and the varying availability of fusion
partners.

Recent studies have highlighted a potential role of terminal DNA sequence in modulating
mechanisms and outcomes of telomere fusion. In fission yeast, telomere attrition exposes
homologous subtelomeric DNA sequences that mediate fusions through a single-strand
annealing mechanism (Wang and Baumann, 2008). Analysis of telomere fusion junctions in
human cells with critical telomere shortening has in many cases revealed microhomology
involving subtelomeric terminal DNA sequences, and this microhomology has been
proposed to induce fusions with complex rearrangements (Capper et al., 2007; Letsolo et al.,
2009). Such findings suggest that the terminal DNA sequence itself may determine fusion
outcomes, but the role of sequence has been difficult to separate from the other potential
influences outlined above.

Here we directly examine the role of terminal DNA sequence in modulating telomere fusion
outcomes in human cells by using overexpression of mutated hTer molecules (MT-hTers)
containing alterations in the template sequence (Blackburn, 2005). After assembling with
endogenous hTERT in the cell, MT-hTers direct addition of mutant telomeric repeats to the
chromosome ends (Marusic et al., 1997; Stohr and Blackburn, 2008). Since the DNA-
binding components of shelterin — TRF1, TRF2, and POT1 — are specific for wild-type
telomeric repeat sequences, the mutant repeats are predicted to cause compromised shelterin
binding at the telomeric termini (Broccoli et al., 1997; Loayza et al., 2004; Marusic et al.,
1997). Thus, MT-hTers rapidly inhibit cancer cell proliferation and induce numerous
telomere fusions (Guiducci et al., 2001; Stohr and Blackburn, 2008).

Using this system, we first demonstrate that all mutant telomeric sequences tested induce
heterodicentric chromosome-type fusions at a similar frequency in cancer cells. In contrast,
only those mutant sequences with significant self-complementarity also engage an ATM-
independent fusion pathway, producing sister chromatid and isodicentric chromosome-type
fusions. Thus, once a telomere becomes dysfunctional, the terminal telomeric sequence itself
alters the fate of that telomere. These results suggest that annealing of self-complementary
DNA sequence engages an alternative telomere fusion pathway in human cells, and provide
one explanation for the lack of self-complementarity in the majority of known naturally-
occurring eukaryotic telomeric sequences.

MT-hTers with different template mutations have distinct effects on cancer cell
proliferation and telomere fusion

We previously showed that MT-hTer-47A, which adds 5'-TTTGGG-3' telomeric repeats
instead of wild-type 5'-TTAGGG-3' repeats, inhibits proliferation of LOX melanoma and
UM-UC-3 bladder cancer cells and induces end-to-end telomere fusions through an ATM-
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dependent mechanism (Stohr and Blackburn, 2008). Inhibition of ATM by either shRNA-
mediated depletion or the ATM-inhibiting compound KU-55933 rendered the cancer cells
relatively resistant to the anti-proliferative effects of MT-hTer-47A and blocked MT-
hTer-47A-induced telomere fusion (Stohr and Blackburn, 2008). Importantly, ATM
inhibition did not block expression of MT-hTer-47A or incorporation of mutant 5'-
TTTGGG-3' repeats at the telomeres. Instead, the ATM-depleted cancer cells grew robustly
despite having long mutant telomeres (Stohr and Blackburn, 2008). Murine studies have
similarly shown a direct role for ATM in the end-to-end fusion of telomeres rendered
dysfunctional by loss of TRF2 (Denchi and de Lange, 2007).

In stark contrast to our prior results with MT-hTer-47A, MT-hTer-AU5, which is predicted
to add 5-TATATA-3' telomeric repeats, efficiently inhibited proliferation of LOX and UM-
UC-3 cell lines independently of ATM status (Fig. 1A and B; Fig. S1A and B). In addition,
unlike MT-hTer-47A, MT-hTer-AU5 induced the appearance of massively enlarged,
multinucleate cells in both ATM-competent and ATM-depleted samples (Fig. 1C; Fig. S1C).
Prior studies have suggested that these aberrant cells result from telomere fusion-induced
genome instability and crisis (Guiducci et al., 2001; Stohr and Blackburn, 2008).

We compared the types and frequencies of telomere fusions induced by MT-hTer-47A and
MT-hTer-AUS5. Several different classes of chromosome fusions were observed by
metaphase analysis (Fig. 1D). Heterodicentric chromosome-type fusions involve two
nonhomologous chromosomes fused end-to-end at both chromatids and predominately result
from fusion in G1 of the cell cycle (Smogorzewska et al., 2002). In contrast, sister chromatid
fusions occur in S or G2 phase following DNA replication. Isodicentric chromosome-type
fusions consist of identical or homologous chromosomes attached at both chromatids in a
“mirror-image” orientation and likely predominately result from segregation without
breakage and subsequent replication of sister chromatid fusions (Fig. 1D and S1D) (Martin
et al., 2005). To better distinguish heterodicentric and isodicentric chromosome-type
fusions, we designed a probe to Alu repeats, which gives a banding pattern that is generally
unique to each chromosome. Other fusion types observed included “broken” chromosome-
type fusions, ring fusions, and non-sister chromatid-type fusions (Fig. 1D).

As observed previously (Stohr and Blackburn, 2008), MT-hTer-47A induced a significant
number of heterodicentric chromosome fusions through an ATM-dependent mechanism
(Fig. 1E, black bars in histograms; Fig. S1E). The marked drop in MT-hTer-47A-induced
fusions caused by ATM depletion was not a consequence of cell cycle alterations, as ATM
depletion had only a modest impact on cell cycle parameters (Fig. S1F). Strikingly, while
MT-hTer-AUS5 similarly induced heterodicentric fusions, it also induced a significant
number of sister chromatid and isodicentric chromosome-type fusions (Fig. 1E, red and gray
bars respectively) in both ATM-competent and ATM-depleted LOX cells. As a result, the
total number of fusions in MT-hTer-AU5-treated cells changed very little with ATM
depletion (Fig. 1F), likely explaining why cell proliferation was not substantially rescued in
the ATM-depleted cells. We conclude that MT-hTer-AUS5, unlike MT-hTer-47A, induces
sister chromatid and isodicentric chromosome fusions through an ATM-independent
pathway.

Self-complementary MT-hTers induce ATM-independent telomere fusions and inhibit
proliferation of ATM-depleted cancer cells

We noted that MT-hTer-AUS5, but not MT-hTer-47A, is predicted to add terminal mutant
telomeric repeat sequences with perfect self-complementarity, thereby potentially mediating
intramolecular or intermolecular annealing (Fig. 2A). To test whether this characteristic
explained the unexpected behavior of MT-hTer-AUS5, we designed additional MT-hTers
predicted to add tandem telomeric repeats with a wide range of sequences and self-
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complementarity (Fig. 2B). These MT-hTer template sequences differ from wild-type at 2 or
more of the 6 positions in the repeat unit (Table S1), so all of the predicted telomeric repeats
would be expected to disrupt shelterin binding (Broccoli et al., 1997;Loayza et al.,
2004;Marusic et al., 1997). Indeed, in vitro binding assays with a representative subset of
mutant telomeric repeat sequences demonstrated that all had significantly reduced affinity
for TRF2 and POT1 (Fig. S2), although two of the tested non-self-complementary mutant
sequences had measurable residual affinity for POT1.

As expected based on previous studies (Kim et al., 2001; Rivera and Blackburn, 2004),
different MT-hTers had widely different effects on proliferation of ATM-competent cancer
cells (Fig. 2C and D, black bars). One potential explanation for this variation is the differing
efficiencies of MT-hTers in adding mutant repeats onto wild-type telomeres (Rivera and
Blackburn, 2004). Strikingly, despite this variability, the ability of ATM depletion to rescue
cell growth was perfectly correlated with the self-complementarity of each MT-hTer-
specified sequence across the entire group of template sequences tested (Fig. 2C-E).
Specifically, prior ATM depletion had little to no effect on the proliferation of cells treated
with MT-hTers with strong self-complementarity, while rescuing the proliferation of cells
treated with MT-hTers lacking significant self-complementarity. Given that all of the mutant
template sequences were designed essentially randomly with respect to predicted sequence-
specific shelterin binding affinity, this perfect correlation argues very strongly against
inherent shelterin binding affinity as the relevant variable (see Discussion). Rather, we
conclude that the degree of predicted self-complementarity of a given MT-hTer-specified
sequence is the major determinant of whether ATM depletion will rescue proliferation.

Metaphase analysis was performed with a representative subset of the MT-hTers. The
strongly self-complementary MT-hTer-TTA and MT-hTer-TTCGCG induced significant
numbers of sister chromatid and isodicentric chromosome fusions in both ATM-competent
and ATM-depleted LOX cells (Fig. 3A and B; Fig. S3A), similar to MT-hTer-AUS. In
contrast, MT-hTer-GTT and MT-hTer-AGA, which each lack significant self-
complementarity, primarily induced ATM-dependent heterodicentric chromosome fusions
(Fig. 3A and B; Fig. S3A), similar to MT-hTer-47A. We conclude that induction of sister
chromatid and isodicentric chromosome fusions is a general property of self-complementary
MT-hTers, and that these fusions at least partly explain the ability of these MT-hTers to
block proliferation of ATM-depleted cancer cells. Notably, while our data suggest that self-
complementary MT-hTers may also induce ATM-independent heterodicentric chromosome-
type fusions (Fig. 1 and 3), such an interpretation is complicated by several caveats,
including further rearrangements of isodicentric fusions that can mimic heterodicentric
fusions (Fig. S3B and C). Thus, we focus on the sister chromatid and isodicentric
chromosome fusions in the discussion below.

We tested a representative subset of the MT-hTers in the primary human fibroblast cell line
MRC-5 expressing exogenous wild-type hTERT (MRC-5-TERT). As in cancer cells, only
MT-hTers with a high degree of self-complementarity induced significant numbers of sister
chromatid and isodicentric chromosome fusions (Fig. 3C and S3D), indicating that our
findings extend to a checkpoint-proficient setting. Intriguingly, while all MT-hTers tested
induced similar numbers of fusions in ATM-competent cancer cells (Fig. 1F and 3B), self-
complementary MT-hTers induced a much higher number of telomere fusions in MRC-5-
TERT cells compared to MT-hTers lacking self-complementarity (Fig. 3C and S3D).

MT-hTers induce fusions by adding the expected terminal mutant repeats, not by
promoting telomere loss

We tested whether self-complementary MT-hTers were indeed adding the expected mutant
repeats to the terminal telomeres. Previous studies have used Southern blot analysis to show
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that MT-hTer-47A adds the expected TTTGGG repeats to the telomere ends (Marusic et al.,
1997; Stohr and Blackburn, 2008). However, MT-hTers with significant self-
complementarity are not amenable to such analysis, since the required probes would form
stable secondary structures. We therefore developed a new strategy using restriction enzyme
analysis, which confirmed that all three self-complementary MT-hTers tested for
incorporation (TTA, GTA, and GGC) indeed directed incorporation of the expected mutant
sequences at the telomeric ends (Fig. S4A).

We examined whether any of the different fusion types we observed were induced by
telomere shortening or loss. We analyzed telomere spot signal intensities (reflecting the
length of wild-type telomeric repeat tracts) in metaphase spreads from ATM-competent and
ATM-depleted LOX cells expressing MT-hTer-47A or MT-hTer-AUS5. For all fusion types,
the average intensity of any fused telomere was approximately equal to the sum of the
intensities of two adjacent unfused telomeres (Fig. S4B). This result indicates that, on
average, the bulk length of telomeres that undergo fusion matches the bulk length of the
original telomere population. Taken together, these data indicate that MT-hTers induce
telomere fusions by adding terminal mutant repeats, not by promoting telomere shortening.

Discussion

Here, we have used MT-hTers to directly address the ability of terminal DNA sequence to
modulate dysfunctional telomere fusion in human cells. We found that while all MT-hTers
tested induce heterodicentric chromosome-type fusions at a similar frequency in ATM-
competent cancer cells, only MT-hTers which direct the addition of self-complementary
telomeric repeats induce ATM-independent sister chromatid and isodicentric chromosome-
type fusions. Thus, telomeric sequence itself alters the fate of telomeres that have become
dysfunctional.

A likely explanation for the unique fusion profile of self-complementary telomeric
sequences is their ability to promote intra- or intermolecular strand annealing, which could
generate sister chromatid fusions through two distinct mechanisms (Fig. S4C). These
mechanisms have been implicated in sister chromatid fusions at non-telomeric locations in
organisms ranging from yeast to mammals (Lobachev et al., 2002;0kuno et al.,
2004;Tanaka et al., 2007;Tanaka and Yao, 2009;VanHulle et al., 2007). Furthermore, both
pathways can mediate fusion of critically short yeast telomeres in certain contexts
(Maringele and Lydall, 2004;Wang and Baumann, 2008). Our data now provide evidence
for the activity of such a pathway at dysfunctional human telomeres.

The addition of self-complementary mutant telomeric repeats could potentially influence
fusion mechanisms through other telomeric effects as well. First, terminal hairpins might
hinder the formation of t-loops, which are proposed to offer protection against telomere
fusion (Palm and de Lange, 2008). Secondly, hairpins are known to interfere with the
progression of replication forks (Mirkin and Mirkin, 2007), which could conceivably
encourage sister chromatid fusions. Third, annealing of self-complementary sequence at the
telomeric terminus might exacerbate loss of protective single-stranded binding proteins such
as POT1 or the newly identified CTC1-STN1-TEN1 complex, thereby altering fusion
pathways (Denchi and de Lange, 2007; Miyake et al., 2009; Surovtseva et al., 2009). While
some of the predicted mutant sequences lacking self-complementarity do show residual
POT1 binding affinity, the lack of correlation between this residual binding affinity and
telomere fusion outcomes argues against differential POT1 binding as an explanation for the
unique behavior of self-complementary mutant repeats. Finally, we cannot entirely exclude
the possibility that self-complementary MT-hTers add a different number of mutant
telomeric repeats than non-self-complementary MT-hTers, which could potentially influence
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downstream fusion pathways. However, the fact that both classes of MT-hTers induce a
remarkably similar number of heterodicentric chromosome-type fusions in ATM-competent
LOX cells (Fig. 1F and 3B) suggests that they induce a comparable overall level of telomere
dysfunction.

The vast majority of known naturally occurring telomeric sequences exhibit clear strand
bias, with the strand terminating in a 3' end rich in guanosine and lacking in cytosine (Palm
and de Lange, 2008). The 5-TTAGGG-3' sequence common to all vertebrates, and many
other phylogenetic groups, is a good example of this pattern. Explanations for this strand
bias include a preference of telomerase for C-rich templates (Forstemann et al., 2003),
evolutionary constraints imposed by the binding specificities of multiple protective proteins
(Teixeira and Gilson, 2005), and a role for G-quartets in protecting the single-stranded 3'
telomeric end (Teixeira and Gilson, 2005).

Our findings support an additional, non-mutually-exclusive explanation for the observed
strand base composition bias of telomeric repeats: relegating guanosine and cytosine
residues to opposite strands effectively limits self-complementarity of the tandem telomeric
repeats. Our results suggest that by reducing self-complementarity, strand bias may protect
against genome instability caused by sister chromatid fusions. Notably, we found that
checkpoint-proficient primary cells are particularly susceptible to induction of telomere
fusions by self-complementary terminal sequence (Fig. 3C and S3D). Given the rapid
kinetics with which self-complementary sequence can form intramolecular secondary
structures such as hairpins, even very transient deprotection of the telomeric ends, such as
that which occurs during DNA replication (Verdun et al., 2005), might lead to genome
instability if self-complementary sequence were available. The marked lack of self-
complementarity found in the naturally-occurring eukaryotic telomere sequences listed in
the Telomerase Database is consistent with selection against self-complementary sequences
(Podlevsky et al., 2008).

Experimental procedures

Cell lines

LOX melanoma cells were maintained in RPMI 1640, and UM-UC-3 bladder cancer cells
and MRC-5-TERT fetal lung fibroblasts were maintained in DMEM. Medium was
supplemented with 10% fetal bovine serum, and cells were grown at 37°C in 5% CO,.

Plasmids and lentivirus

Construction of shRNA- and hTER-expressing lentivectors was described previously (Li et
al., 2004; Stohr and Blackburn, 2008; Xu and Blackburn, 2004; Zufferey et al., 1997). The
SshRNA target sequences are as follows: 5'-GTTCTACAACGTAACGAGGTT-3'
(untargeted control) and 5-GCAACATACTACTCAAAGA-3' (ATM). Lentivirus was
prepared as described (Xu and Blackburn, 2004). Lentiviral titers were obtained by counting
green fluorescent protein (GFP)-positive foci as described (Stohr and Blackburn, 2008).
Each lentiviral infection was performed with ~75-150 transducing units per cell, such that
>95% of cells were infected as measured by GFP expression.

Lentiviral infections

Cells were infected with shRNA-expressing lentivirus at day —2, followed by infection with
hTER-expressing lentivirus at day 0. Cells were passaged as needed to maintain logarithmic
growth. To evaluate proliferation, cells were harvested and stained with Trypan blue, and
viable cells were counted using a hemocytometer.
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Metaphase fluorescence in situ hybridization

Telomeric fluorescence in situ hybridization and imaging was performed as described
previously (Xu and Blackburn, 2007). The probes were TMR-O0-5'-(CCCTAA)3-3'
(telomeric sequence) and AlexaFluor488-0O0-5-TGTAATCCCAGCACTTTG-3' (Alu
repeat sequence). Fusions were scored in a blinded fashion.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Different MT-hTers have distinct effects on cancer cell proliferation and telomere fusion.
(A and B) UM-UC-3 bladder cancer (A) and LOX melanoma (B) cells were infected with
lentivirus expressing the indicated ShRNAs and hTERs. Cell number was determined 8 days
after infection with hTER-expressing lentivirus. Cell counts were normalized to samples
treated with the control ShRNA and wild-type hTER. Values indicate the mean + standard
deviation of three independent hTER infections run in parallel (A) or three independent
experiments (B). Rescue of proliferation of MT-hTer-47A-treated cells by prior ATM
depletion was significant in both cell lines (p < 0.001 (A) and p = 0.01 (B) with the Student's
t test).

(C) UM-UC-3 cells 7 days after infection with hTER-expressing lentivirus. Phase-contrast
images were obtained at identical magnification; the scale bar is 100 um.

(D) Different types of MT-hTer-induced telomere fusions in LOX cells. DAPI-stained
chromosomes were labeled with probes for wild-type telomeric sequence (red) and Alu
repeats (green).

(E) LOX cell metaphase spreads were prepared 5 days after infection with hTER-expressing
lentivirus. Between 45 and 67 metaphase spreads for each sample were scored for the
presence of the different fusion types shown in (D). For clarity, only data for chromosome-
type fusions and sister chromatid fusions are shown here. Data for other fusion types are
included in Fig. S1E.

(F) Average number of different telomere fusion types per metaphase.
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Figure 2.

Proliferation of ATM-depleted cancer cells is efficiently blocked by self-complementary
MT-hTers

(A) Potential intramolecular and intermolecular annealing of self-complementary MT-hTer-
AUS mutant telomeric repeats.

(B) Self-complementarity of tested MT-hTers. “Maximum length” indicates the longest
stretch of uninterrupted self-complementarity within each 6-base-pair repeat, while “Total”
indicates the maximum total number of self-complementary base pairs within each 6-base-
pair repeat. Maximum self-complementarity was determined by considering all possible
alignments of tandem telomeric repeats. The last column shows the predicted free energy of
self-hybridization for 8 single-stranded tandem repeats of the indicated telomeric sequences,
determined using DINAMelt (Markham and Zuker, 2005).

(C and D) UM-UC-3 (C) and LOX (D) cells were infected with lentivirus expressing the
indicated shRNAs and hTERs. Cell counts were obtained 9 days after infection with the
hTER-expressing virus. Values indicate the mean + standard deviation of three independent
hTER infections run in parallel. Student's t test was used to identify significant differences
between matched control and ATM-depleted samples (* = p <0.05, ** = p < 0.005, *** = p
< 0.0005).

(E) Correlation between predicted free energy of self-hybridization and proliferative rescue
by ATM depletion. All MT-hTers from panels (C) and (D) are included except for MT-
hTer-TAT4 and MT-hTer-TTCTTG, which were excluded from the graph due to their
minimal effect on proliferation of UM-UC-3 control cells. For UM-UC-3 infections with
MT-hTer-47A and MT-hTer-AUS5, results from the two graphs in (C) were averaged and
included as single points in (E). VValues indicate the mean + standard deviation of three
independent hTER infections run in parallel.
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Figure 3.

Self-complementary MT-hTers induce a distinct pattern of telomere fusion.

(A) LOX cell metaphase spreads were prepared 5 days after infection with hTER-expressing
lentivirus. Between 64 and 71 metaphase spreads for each sample were scored for the
presence of the different fusion types shown in Fig. 1D. For clarity, only data for
chromosome-type fusions and sister chromatid fusions are shown here. Data for other fusion
types are included in Fig. S3A.

(B) Average number of different telomere fusion types per metaphase in LOX cells.

(C) MRC-5-TERT cell metaphase spreads were prepared 5 days after infection with hTER-
expressing lentivirus. Between 25 and 35 metaphase spreads were scored for the presence of
the different fusion types shown in Fig. 1D. For clarity, only data for chromosome-type
fusions and sister chromatid fusions are shown. The average number of different telomere
fusion types per metaphase spread is shown, while the full distribution of these fusions is
presented in Fig. S3D.
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