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ABSTRACT

Break-induced replication (BIR) is a mechanism used
to heal one-ended DNA double-strand breaks, such
as those formed at collapsed replication forks or
eroded telomeres. Instead of utilizing a canonical
replication fork, BIR is driven by a migrating D-loop
and is associated with a high frequency of muta-
genesis. Here we show that when BIR encounters
an interstitial telomere sequence (ITS), the machin-
ery frequently terminates, resulting in the forma-
tion of an ectopic telomere. The primary mechanism
to convert the ITS to a functional telomere is by
telomerase-catalyzed addition of telomeric repeats
with homology-directed repair serving as a back-up
mechanism. Termination of BIR and creation of an
ectopic telomere is promoted by Mph1/FANCM he-
licase, which has the capacity to disassemble D-
loops. Other sequences that have the potential to
seed new telomeres but lack the unique features of a
natural telomere sequence, do not terminate BIR at
a significant frequency in wild-type cells. However,
these sequences can form ectopic telomeres if BIR
is made less processive. Our results support a model
in which features of the ITS itself, such as the propen-
sity to form secondary structures and telomeric pro-
tein binding, pose a challenge to BIR and increase
the vulnerability of the D-loop to dissociation by he-
licases, thereby promoting ectopic telomere forma-
tion.

INTRODUCTION

DNA double-strand breaks (DSBs) occur frequently during
cell growth and division. DSBs can be caused by replication
stress, free radicals produced by metabolism, and by exter-
nal factors such as radiation. If DSBs are left unrepaired
they can result in cell death and if repaired incorrectly they

can result in mutations ranging from point mutations to
chromosome rearrangements. Genomic instability associ-
ated with defective DSB repair contributes to many human
pathologies, such as neurodegeneration, developmental dis-
orders, aging and cancer (1-3).

Homologous recombination (HR), which involves the
use of a homologous DNA sequence as a template for re-
pair, is one of two main pathways to repair DSBs. HR is of-
ten considered to be the ‘error free’ repair pathway, because
it relies on a homologous template and therefore ensures
that sequences are not lost at the break site. However, sev-
eral studies have documented increased mutagenesis during
HR. If strand invasion occurs at a homologous sequence
other than the preferred identical sister chromatid, for ex-
ample a dispersed repeat sequence or the chromosome ho-
molog, then HR can result in deleterious outcomes, includ-
ing deletion or duplication of DNA sequences, chromosome
translocations or loss of heterozygosity (4). In addition to
rearrangements, point or frameshift mutations are also in-
creased in DNA that has been synthesized during HR, at-
tributed largely to the limited proofreading abilities of DNA
polymerases outside the typical replication fork, inefficient
mismatch repair and to template switching during repair
synthesis (5,6).

In contrast to DSBs generated by endonucleases, DSBs
that arise by erosion of telomeres, replication fork regres-
sion, or replication through a single-stranded nick present
only one end with homology to a donor template. The initial
steps to repair both types of DSBs are similar (7), begin-
ning with end resection to create 3’ single-stranded DNA
(ssDNA) overhangs (8). The ssDNA is initially bound by
replication protein A (RPA), then Rad52 (or BRCA2 in
humans) mediates replacement of RPA with Rad51, the
ubiquitous eukaryotic RecA homolog (4). The resulting
ssDNA-Rad51 filament searches for a homologous duplex,
using the ability of Rad51 to match triplets of DNA (9).
Rad51 promotes the exchange of DNA strands creating a
displacement loop, or D-loop, in which the ssDNA from
the broken chromosome is paired with the complementary
strand of the donor duplex. In the simplest form of two-end
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DSB repair, the invading 3’ end is extended by DNA syn-
thesis, then is displaced from the D-loop by a helicase and
anneals to the 3’ ssDNA overhang at the non-invading end
(10). Alternatively, the displaced strand of the D-loop pairs
with the other 3’ end of the broken DNA molecule so that
both ends of the break are interacting with the homologous
duplex (11). This creates a double Holliday junction (dHJ)
intermediate and can result in crossover or non-crossover
products depending on how the junctions are resolved or
dissolved. However, in the case of a one-ended break, there
is no second end of the break to complete the repair process
so DNA synthesis can continue in a process called break-
induced replication (BIR) to the end of the chromosome
(12), or until a converging replication fork collides with the
D loop (13).

BIR has been most extensively studied in the budding
yeast Saccharomyces cerevisiae (7,12). Two hallmarks of
BIR are the dependency on Pol32 (14-16), a non-essential
subunit of the DNA polymerase delta (Pol 8) complex that
increases its processivity (17), and to a lesser degree, its de-
pendence on the Pifl helicase (18-21). A similar process has
been identified in human cells, where it was shown to be re-
sponsible for certain duplications found in cancer cell lines
(22), and for replication of fragile sites during early mito-
sis (23). This mammalian BIR-like process is dependent on
the POLD3, the human homologue of Pol32, and Rad52
(22,24,25). Rad52 is also essential for BIR in yeast (26,27).
In addition, a Pol32 and Pifl-dependent BIR-like mecha-
nism to heal one-ended chromosome breaks arising from
the breakage of a dicentric chromosome has been identified
in Drosophila melanogaster (28).

In yeast, DNA synthesis during BIR occurs via a migrat-
ing D loop and is catalyzed by DNA Pol § (19,21,29). This
type of DNA synthesis is conservative, where the newly syn-
thesized DNA is associated with the formerly broken ‘recip-
ient’ chromosome and the template or ‘donor’ chromosome
remains unchanged (19,30). One outcome of this type of
DNA synthesis is increased point and frameshift mutations
(31). While this increase in mutations also occurs during
two-ended DSB repair (5,6), BIR synthesizes significantly
more DNA than what is synthesized during repair of a two-
ended DSB. Furthermore, the newly synthesized ssDNA is
released behind the D loop, without the opportunity of re-
annealing to the other end of the break where mismatch re-
pair can occur (32). In the case of BIR, mutations that ac-
cumulate during synthesis of the invading strand are made
permanent by the synthesis of the second strand.

In addition to the increase of point and frameshift mu-
tations, BIR can also result in deletions, duplications, and
loss of heterozygosity if a template other than the identical
sister chromatid is chosen for repair. However, the initial in-
vasion step is not the only opportunity for BIR to choose
the wrong template. BIR products can also be templated by
DNA tracts from multiple chromosomes, a process termed
template switching (33). Template switching involves the
dissociation of the D loop by the Mphl helicase and the
reinvasion and continued synthesis at a new site (34).

Due to the extreme mutagenic potential of BIR, its atypi-
cal mode of DNA synthesis, and its use by cells during times
of replication stress, it is essential to understand the mecha-
nisms and factors influencing the mutagenicity of BIR. It

may be that these characteristics cause BIR to be excep-
tionally sensitive to difficult-to-replicate DNA sequences,
and in turn, increase the mutagenic potential of these se-
quences. This becomes relevant to human health in many
ways, particularly as DNA replication stress and genomic
instability are associated with tumorigenesis and other dis-
eases. Of note, BIR has been suggested to play a role in
the pathogenic expansions of CAG microsatellites found in
Huntington’s and other degenerative diseases (35,36).

To further understand BIR-associated mutagenesis, we
investigate here the role BIR may play in the instability of
interstitial telomere sequences (ITS). ITS are telomeric se-
quences found outside the telomere region. ITS are abun-
dant in yeast, plants, and vertebrates (37,38). Like tradi-
tional telomeres, ITS can form secondary structures such as
G quadruplexes in the G-rich strand (39), and even certain
structures in the C-rich strand (40,41). They are also found
to bind at least some of the proteins that typically bind
telomeres such as Rapl in yeast or TRF2 in humans (38,42).
ITS are sites of instability and rearrangements (37,42-46),
and evidence suggests that Rapl binding and the ability to
form G quadruplexes contribute to ITS-induced chromo-
some fragility in yeast (47,48). Chromosomal breakage at or
near an [TS can cause an ectopic telomere to form at the site
instead of correct repair of the DSB (49-51). Here, we show
that if BIR encounters an ITS placed in its path, BIR termi-
nates at the ITS 12% of the time, with the formation of an
ectopic telomere at this location. Ectopic telomere forma-
tion is driven by Mphl helicase and can occur by either de
novo synthesis by telomerase or HR. Our findings have im-
plications for understanding the role I'TS play in genome in-
stability, as well as the influence of different DNA sequences
on the accuracy of BIR.

MATERIALS AND METHODS
Yeast strains and plasmids

All strains described here (Supplementary Table S1) are
derivatives of strain LSY2689-12A, previously used to de-
tect BIR (30). This strain contains a recipient lys-HO-
KanMX integrated 32 kb from the left telomere of chro-
mosome (Chr) V, and the donor TRPI-ys2 integrated 70
kb from the left telomere of Chr XI and has the MATa-inc
allele to prevent HO cleavage at the M AT locus. In addi-
tion, the endogenous LYS2 gene was replaced with NatM X
and a GAL-HO cassette was integrated at the ade3 locus.
Strain LSY3881 was generated from LSY2689-12A by re-
placing lys2::NatMX with lys2::LEU2, and the HML and
HMR loci were replaced with oripRS, and ampR respec-
tively to prevent aberrant HO cutting (52). To insert an ITS
on the donor chromosome of strain LSY3881, we PCR am-
plified (TGTGTGGG)g and K. lactis URA3 using a forward
primer with 20 bp homology to target area of Chr XI + ITS
+ 5 end of URA3 and a reverse primer with 20 bp homol-
ogy to target area of Chr XI + reverse primer to 3’ end of
URA3 (Supplementary Table S2). The resulting PCR prod-
uct contained the desired insert followed by the URA3 cas-
sette. Homology to the target sequence in Chr XI was ex-
tended to 40 bp on both sides by a second round of PCR.
These fragments were then integrated 2.5 kb centromere dis-
tal to the ys2 donor, generating strain LSY3944. Successful



integration of the ITS was confirmed by PCR using primers
F insert 2.5 and R insert 2.5 followed by DNA sequencing.
A control strain (LSY3945) containing the URA3 cassette
but no insert was created the same way. Strains contain-
ing the I'TS 48 kb away from the ys2 donor, and the strains
containing Y’ element inserts, and GT repeat inserts, were
generated using the same method, but with different sets of
primers (Supplementary Table S2).

To delete MPHI, POL32, RADI10, SGSI and TLCI, the
HphMX gene was amplified from pAG32 with primers con-
taining homology upstream and downstream of the gene to
be deleted (53). Genetic crosses were used to generate yeast
strains with the pif7/-m2 or TetO2-TLCI allele and haploid
spores with the correct genotype were identified by PCR
followed by restriction endonuclease digestion or DNA se-
quencing (54). The senescence phenotype of the BIR strain
harboring the TetO2-TLCI allele was confirmed by grow-
ing cells in the absence or presence of doxycycline for four
days.

A plasmid containing MPHI under the control of a
galactose-inducible promoter, and a KanMX marker was
received as a gift from the lab of Brian Luke (55). The
KanM X marker was switched to HphMX by PCR ampli-
fication of HphM X from pAG32 with primers overlapping
KanMX. The full plasmid was then PCR amplified without
the KanM X gene and assembled with the Hph M X gene us-
ing Gibson Assembly (New England Biolabs). The resulting
plasmid was sequenced to confirm correct assembly.

BIR assay

Cells were grown to exponential phase in 1% yeast extract,
2% peptone, 2% lactate (YPL), then diluted and plated on
rich medium containing either 2% glucose (YPD) or 2%
galactose (YPGQG). For strains containing the TetO2-TLCI
allele, 30 pg/ml doxycycline was added to the YPL cul-
tures and also to the YPD and YPG plates. Colonies were
counted after 3-4 days and were then replica plated onto
synthetic complete (SC) medium lacking lysine or YPD
containing geneticin (G418). Cell viability after HO induc-
tion was determined by dividing the number of CFUs on
YPG by that on YPD. Repair by BIR was confirmed by
comparing the number of Lys* to the number of YPG CFU.
Greater than 99% of cells repaired via BIR, while <1% re-
mained Lys™ G418" following growth on YPG, presumably
because of repair by non-homologous end joining (NHEJ).
BIR frequencies shown are averages of at least three inde-
pendent trials for each strain. The numbers of full-length
and truncated BIR products were normalized to the BIR
frequencies in Figures 1-5.

Chromosome size determination by pulsed field gel elec-
trophoresis (PFGE)

Lys* colonies were suspended in YPD and grown to satu-
ration. Cells from 4 ml of each culture were harvested by
centrifugation, and pellets were weighed and re-suspended
in low melting point agarose and molded in Bio-Rad plug
molds. Per 50 mg of cell pellet the following amounts were
used: 0.5% low melting point agarose in 450 ul of 100 mM
EDTA (pH 8.0); and 20 ul 25 mg/ml zymolyase 20T in 10
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mM KPOy4 (pH 7.5). The resulting plugs were incubated
overnight in 1 ml 500 mM EDTA, 10 mM Tris—HCI (pH
7.5) at 37°C. The next day 400 ul of 5% sarcosyl, 5 mg/ml
proteinase K in 500 mM EDTA (pH 8.0) was added to the
plug buffer and incubated at 50°C for >5 h with occasional
mixing. TE washes (four washes, >1 h each, nutating) were
then done at 4°C. Chromosomes were separated by elec-
trophoresis through 1% agarose at 6 V in 0.5x Tris—borate—
EDTA at 14°C for 36 h (initial switch = 45 s, final switch
= 95 s) using a CHEF-DR II Pulsed-Field Electrophore-
sis system (Bio-Rad) and visualized by SYBR Gold stain-
ing. Truncation frequencies were determined by counting
the number of lanes of a PFG showing the truncated size
chromosome and dividing by the total number of samples
tested by PFGE.

Southern blots were performed by overnight transfer of
DNA from the PFGE to nylon membrane (Amersham
Hybond-N). The membrane was then hybridized with a
radio-labeled probe generated by amplification of either a
region of the COS9 gene for Chr XI, or a region of the
PCM1 gene for Chr V, and visualized by phosphorimaging.

Telomere sequencing

To sequence the region near the ITS and the potential new
telomere, DNA was extracted from three clones with a trun-
cated BIR chromosome that had been identified by PFGE.
C-tailing was performed on genomic DNA isolated from
each clone using terminal deoxynucleotidyl transferase ac-
cording to the manufacturer’s protocol (New England Bi-
olabs). C-tailed DNA was used in a PCR reaction with a
poly-G primer and a primer just upstream of the I'TS insert
(Supplementary Table S2, F insert 2.5). The resulting PCR
product was gel purified and sequenced.

Generation of telomerase-negative survivors

To generate type II telomerase survivors, tlc/ A cells were
grown in 25 ml YPD to saturation followed by a dilution of
1:200 or greater. This procedure was repeated at least four
times. Cells with a faster growth rate, indicative of type 11
survivors (56,57), were identified by streaking onto a YPD
plate for single colonies.

PCR analysis of chromosome truncations associated with the
Y’ insert

DNA was extracted from 10 clones with a truncated BIR
chromosome that had been identified by PFGE. Standard
PCR was performed with primers F insert 2.5 located up-
stream of the 80 bp Y’ insertion and R Y’ primer that an-
neals to native Y’ sequence, telomere proximal to the Y’ se-
quence inserted on the donor chromosome (Supplementary
Table S2). An additional PCR with F insert 2.5 and R in-
sert 2.5 primers was a control to amplify the Y’ insert on the
donor chromosome common to full-length and truncated
BIR products.

Statistical methods

Statistical analyses were performed using PRISM software.
For BIR frequencies, trials were performed at least three
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times and averages were compared using unpaired ¢ tests.
The mean values and standard deviations (SD) for total
BIR are presented in Table 1. Differences in the numbers
of chromosome truncations were compared using a Fisher’s
exact test.

RESULTS
An interstitial telomere sequence can disrupt BIR

To investigate whether and how the BIR machinery is af-
fected by an ITS, we created a variation of a previously de-
scribed system to monitor BIR (30). In this system, an HO
endonuclease recognition site (HOcs) is integrated 32 kb
from the left telomere of chromosome (Chr) V in a strain
expressing a galactose-inducible HO gene (Figure 1A). The
HOcs is directly adjacent to a 3’ truncated LYS2 gene (‘Iys’)
on the centromeric side, and a KanM X gene providing resis-
tance to gentamycin (G418) on the telomeric side. A 5 trun-
cated LYS2 gene (‘ys2’) inserted 70 kb from the left telom-
ere of Chr XI provides homology for repair. These two lys2
fragments share 2.2 kb homology, and are non-functional
before recombination since they lack the complete ORF. Af-
ter transferring cells to galactose-containing medium to in-
duce the DSB, the centromeric side of the break containing
‘lys’ invades the homologous ‘ys2’ site and copies to the end
of donor Chr XI by BIR. This heals the break and creates a
functional LYS2 gene on the recipient chromosome (Figure
1A). The distal end of Chr V contains no essential genes and
is lost due to lack of available homology. More than 99% of
cells that grow on galactose-containing medium are Lys*
and have lost the KanM X marker located centromere-distal
to the DSB on the recipient chromosome. Thus, the BIR
frequency is derived from the ratio of colony-forming units
on galactose and glucose-containing media.

To generate a context in which the BIR machinery must
encounter an ITS, we inserted a 64 bp tract of telomere se-
quence (TGTGTGGG)g and a K. lactis URA3 marker on
the donor chromosome into our BIR reporter strain, 2.5 kb
centromere-distal to the ys2 cassette (‘+ITS’ strain). The in-
sertion site and size were based on previous studies showing
that BIR is unstable over the first few kb of synthesis (33)
and a 64 bp ITS is sufficient to induce genomic instability
(42,58). As a control, we generated a strain with just the
URA3 marker inserted at the same site as the +ITS strain
(“-ITS’ strain). Following strand invasion, DNA synthesis
in the +ITS strain must traverse the ITS to complete BIR.
If cells complete BIR, the resulting BIR product would be
~620 kb, whereas termination of BIR at the ITS would re-
sult in a truncated BIR product of ~552 kb (Figure 1A).

We first investigated whether an ITS affects BIR comple-
tion. The rates of BIR for the two strains, with or with-
out the ITS, were not significantly different: 28.3% and
28.6% respectively (Figure 1B, Table 1), suggesting that
BIR synthesis is not impaired by the ITS. Next we asked
whether the ITS changes the outcome of BIR by causing
a telomere to be formed at the ITS, effectively terminat-
ing BIR DNA synthesis and generating a truncated chro-
mosome. To address this question, we analyzed the size of
Chr V from independent colonies that completed BIR (Lys™
G418° colonies after HO induction) by pulsed field gel elec-
trophoresis (PFGE), which allows separation and visualiza-

tion of intact chromosomes. In a strain without the ITS,
all colonies screened contained the expected size Chr V:XI
translocation chromosome (Figure 1C). We found that 12%
of colonies derived from the strain containing the ITS had
BIR products ~68 kb shorter than full-length BIR products
(Figure 1C, Supplementary Figure S1, Table 1). Southern
blot hybridization using probes specific to Chr V or Chr
XI confirmed the identity of the full length and truncated
chromosomes (Fig 1D). Since this is the size of product that
would be created by termination of BIR at the ITS, we PCR
amplified and sequenced the region from three independent
colonies containing this size BIR product and found a full
length (200-300 bp) telomere to have been added (Supple-
mentary Figure S2).

To further understand the mechanism for disruption of
BIR by the ITS, we analyzed BIR outcomes of a strain con-
taining an ITS in a different location. It has been shown
that template switching during BIR occurs more frequently
closer to the site of strand invasion than further away (33).
If creation of ectopic telomeres functions similarly, it would
be expected to occur more frequently when the ITS is close
to the site of strand invasion. To test this idea, we created
a BIR strain containing an ITS 48 kb centromere distal to
the site of strand invasion. As for the 2.5 kb ITS strain, no
difference was seen in overall BIR completion between the
strain with no I'TS and the strain containing the ITS (Table
1). By contrast to the 2.5 kb ITS strain, only one truncation
was seen among 56 colonies screened (P = 0.023) (Table 1)
indicating that similar to template switching during BIR,
truncated chromosome products are more likely to occur
closer to the start of BIR. Whether this difference is due
to the 2.5 kb ITS capturing BIR products that would oth-
erwise have failed, a change in stability of the D-loop over
time, or other factors such as approaching replication forks
is not yet clear.

Telomere synthesis is driven by de novo synthesis by telom-
erase or by HR

We envisioned two mechanisms by which ectopic telomeres
could be generated: first, telomerase could act directly at the
ITS to synthesize a telomere; and second, the ssDNA in-
termediate formed when the migrating D-loop traverses the
ITS could invade a natural telomere and complete synthe-
sis by homology-directed repair (Figure 2A). To distinguish
between these two possibilities, we tested the ability of cells
lacking the RNA template for telomerase (7LCI) to form
truncated BIR products.

Yeast cells lacking telomerase senesce after ca. 40 gen-
erations (59,60). To acutely deplete TLC! during the time
course of DSB induction and repair by BIR, we generated
a tetracycline-regulated TLC/ allele in the +ITS BIR strain
(60). Cells were grown for 16 h in YPL medium contain-
ing doxycycline and then plated on YPD or YPG plates
with doxycycline. After generation of BIR products, cells
were grown without doxycycline to restore telomerase func-
tion. We found a small but significant decrease in truncated
products, from 12.2% in WT to 5.3% in the Tet-TLCI cells
grown with doxycycline (P < 0.05) (Figure 2B), suggesting
that telomerase is the main mechanism for ectopic telomere
formation.
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Table 1. Percent BIR and truncated chromosomes.

Number of

Strain BIR frequency (%0)* Truncations % Truncations® Truncation frequency® Nd
WT —ITS 28.6 + 4.9 (17) 0 0 0 57
WT +ITS 28.3 + 4.5(14) 14 12.2 3.45 115
WT +(GT)3, 31.2 + 8.2(5) 1 0.89 *** 0.28 112
WT +Y’ 347 £ 4.3 (6) 0 Q *** 0 78
WT —ITS (48 kb) 19.51 £ 2.6 (4) ND

WT +ITS (48 kb) 18.39 + 2.5(4) 1 1.79 * 0.33 56
TetO2-TLCI +ITS + dox 22.9 + 6.8 (6) 9 533 % 1.22 169
tlel A +1TS 174 £+ 6.2(3) 9 9.68 1.68 93
pifl-m2 —ITS 104 + 2.1 (8) 0 0 0 81
pifl-m2 +ITS 19.0 +£ 5.4 (8) 49 60.5 *** 11.5 81
pifl-m2 +(GT)s, 13.1 £2914) 42 34.1 MA 4.47 123
pifl-m2 +Y’ 13.7 + 5.3(4) 17 18.7 ### 2.56 91
pifl-m2 ticl A +ITS 155 £ 3.1(3) 5 8.77 1.36 57
mphl A —1TS 60.5 + 7.7 (6) ND

mphl A +1TS 59.6 + 8.5(6) 0 0 ** 0 74
MPHI OE —ITS 1.02 £ 0.25(3) 0 0 0 24
MPHI OE +ITS 2.25 + 0.19(3) 17 70.8 *** 1.59 24
sgsIA +ITS 374 £ 10.2(12) 12 7.41 2.77 162
radlOA +ITS 274 + 3.7(3) 11 6.63 1.82 166
pol32A —1TS 1.07 £ 0.38 (4) 0 0 0 36
pol32A +1TS 1.78 £ 0.63 (4) 16 24.6 * 0.44 65
pol32A +(GT)s, 1.51 £ 0.1 (4) 12 14.1 "MA 0.21 85
pol32A +Y’ 1.2 +£0.2(3) 1 1.45 0.02 69

4Mean BIR frequency with SD. The number of independent trials is shown in parentheses.
bPercent of BIR events analyzed by PFGE that terminate at the ITS or other insert. Significance values when compared with WT +ITS: *P < 0.05; **P <
0.01; ***P < 0.001. Significance values when compared with WT +(GT)3, or +Y” are shown with * or # symbols, respectively.

®Percent truncations adjusted to the BIR frequency.
dNumber of Lys* colonies analyzed by PFGE.
ND, not determined.

Since truncated chromosomes could still be recovered
from cells with acute loss of TLC/ we asked whether
telomerase-negative survivors that arise by a BIR-like
mechanism more readily generate ectopic telomeres at the
ITS. In yeast, telomerase-negative survivors arise by ampli-
fication of the sub-telomeric Y’ elements (type I survivors)
or by expanding the telomeric repeats (type II survivors)
(57). Haploid tlci A cells were first allowed to adapt in liquid
culture to select for the faster growing type II telomerase-
negative survivors. Although the overall BIR frequency was
lower in the t/c/ A mutant than in WT (P<0.005) (Figure
2B), truncated chromosomes were formed in 9.7% of the
BIR clones tested by PFGE, similar to WT (P = 0.66).
Thus, cells lacking telomerase can employ HR to generate
an ectopic telomere and this is likely favored in type II sur-
vivors which have long heterogeneous telomeres as well as
extrachromosomal telomeric circles (57,61).

To further address the role of telomerase in generation
of stable truncations we analyzed cells containing the pifi-
m2 mutation, which reduces the level of nuclear Pifl, an in-
hibitor of telomerase activity at DSBs (62), while retaining
mitochondrial Pif1 function (54). We reasoned that because
Pif1 inhibits telomerase at a DSB, the frequency of trun-
cated chromosomes would be expected to increase in the ab-
sence of Pifl. Consistent with previous studies (19,21), the
BIR frequencies of the pifl-m2 strains were lower than WT
(P < 0.0001 and P = 0.0003 for the -ITS and +ITS versions,
respectively), whereas the number of chromosome trunca-
tions increased to 60.5% in the pifl-m2 +ITS strain (P <
0.0001) (Figure 2B). While this result supports the idea that
telomerase can act directly at the ITS an important caveat

is that Pifl is required for BIR (19,21), and the increase in
chromosome truncations could be due to decreased proces-
sivity during BIR resulting in premature termination at the
ITS. Indeed, the BIR frequency of the pif7-m2 +ITS strain
was significantly higher than the pifi-m2 -ITS strain (P <
0.001), suggesting that BIR events aborted at the ITS can
be rescued by ectopic telomere formation.

To determine whether ectopic telomere formation in the
pifl-m2 mutant is due to telomerase activity, we tested
strains lacking both nuclear Pifl and TLCI. A previous
study showed that type II-like survivors with expanded
telomere tracts are generated in the pifl-m2 tlcIA dou-
ble mutant (63). Nine percent of the BIR products recov-
ered from the double mutant were truncated chromosomes,
significantly lower than the pifl-m2 single mutant (P <
0.0001), but not significantly different from WT or tlc/A
alone (Figure 2B), indicating that the increased frequency
of truncations seen in pifi-m2 strains is mostly due to the
activity of telomerase.

Disassembly of the D-loop by Mphl is critical for generation
of ectopic telomeres

Since both methods of telomere formation require a free sin-
gle stranded 3’ DNA end, we reasoned that a critical step in
the formation of chromosome truncations would be disas-
sembly of the D-loop via a helicase. To test this hypothesis,
we deleted MPH 1, a helicase that disassembles D-loops and
is required for template switching during BIR (34,64). We
found a higher frequency of BIR in the mphl A derivatives
than in WT (P < 0.0001), consistent with previous studies
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(34,55,65) (Figure 3A). We analyzed the sizes of BIR prod-
ucts from 74 independent Lys* mphl A +ITS colonies by
PFGE and all contained full-length BIR products (Table
1), indicating that disassembly of the D-loop by Mphl is
critical to the formation of an ectopic telomere at the ITS.
We reasoned that an increased level of Mphl protein in
the cell would disassemble D-loops more frequently leading
to fewer BIR events (55), and more truncation events. We
investigated this possibility by analyzing strains that over-
express (OE) MPHI. As expected, MPHI OE reduced BIR

to 0.9% and 2.3% for -ITS and +ITS strains, respectively
(Figure 3B). Of the rare colonies obtained from cells with
MPH]I OE, we found that most were the result of chromo-
some truncations (71% of Lys* colonies) indicating that in-
stability of the D-loop during BIR leads to the formation of
truncated chromosome products. The significant increase in
BIR for the +ITS compared with the -ITS MPHI OE cells
(P < 0.005) suggests that the ITS rescues some aborted BIR
events. Importantly, only full-length products were recov-
ered from the -ITS strain following MPHI OE (Table 1),
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consistent with the need for a telomere seed sequence for
ectopic telomere formation.

The Sgsl-Top3-Rmil (STR) complex has also been
shown to dismantle D-loops in vitro and in vivo (66,67).
Furthermore, sgs/ A is epistatic to mphl A for accumula-
tion of nascent D-loops suggesting they function together
in D-loop dissociation (67). Consistent with previous stud-
ies (68), we observed a small but significant increase in
the BIR frequency in cells lacking Sgsl (Table 1, P =
0.006). Although we found a decrease in truncated prod-
ucts, from 12.2% in WT to 7.4% in the sgs/ A mutant (Fig-
ure 3A), this reduction is not statistically significant (P =
0.22). However, the number of truncations recovered from
sgsl A cells is significantly higher than from the mphl A mu-
tant (P = 0.02), indicating that Mphl functions indepen-
dently of STR to promote ectopic telomere formation at
the ITS.

Clipping of heterologous tails by Rad1-Rad10 is not essential
for new telomere formation

If DNA synthesis were to proceed past the ITS prior to
D-loop disruption by Mphl, then formation of truncated
chromosome products should require removal of the het-
erologous DNA between the ITS and the 3’ end that needs
to be extended during HR or by telomerase (Figure 4A).
The Radl-Rad10 complex is responsible for endonucle-
olytic removal of 3’ heterologous tails during SSA and the
strand invasion step of HR, and is important for spon-
taneous de novo telomere addition in some genetic back-
grounds (69-71). Although truncated products were iden-
tified in only 6.6% of the radl0OA BIR clones tested as
compared with 12.2% for WT, the difference is not sig-
nificant (P = 0.14) (Figure 4B). Thus, clipping by Radl-
Radl0 endonuclease is not essential for the formation
of truncated products, suggesting that DNA synthesis is
likely to dissociate at the ITS rather than to synthesize
past it.

A Rad1-Rad10?

35 4
Full BIR

=0 ® Truncation

25 -

20 —
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WT rad10A

Figure 4. Radl-Rad10 is not required to form truncated chromosomes.
(A) Schematic showing potential role for Rad1-Rad 10 clipping of the het-
erologous tail during telomere addition or HR if the invading strand disso-
ciated after traversing the ITS. (B) BIR frequencies for the indicated +ITS
strains with truncated products indicated by darker shading. Error bars
represent mean BIR frequencies from at least three trials £+ SD.

Unique features of the ITS contribute to formation of trun-
cated chromosomes

Since our data suggest that formation of ectopic telom-
eres can occur by telomerase-catalyzed addition of telom-
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ere repeats or by HR, we wanted to address whether other
sequences could promote chromosome truncations. If this
were the case we would predict that if the ITS were re-
placed with another telomere seeding sequence, or any re-
peated sequence near a telomere, we would recover trun-
cated BIR products. We created two new strains to test this
idea (Figure SA). In one the I'TS was replaced with a (GT)s,
tract, which retains the ability to seed telomeres but is pre-
dicted to not form G quadruplexes and lacks a Rapl bind-
ing site (72). In the other, the ITS was replaced with an 80
bp sequence from the conserved region of the yeast Y’ el-
ement, a naturally occurring sub-telomeric repeat present
on many yeast chromosomes. Ectopic telomere formation
at the Y’ element insert is expected to be restricted to HR.
One truncated chromosome was recovered from 112 BIR
clones analyzed from the strain with the (GT)s, insert and
none were found from 78 tested for the Y’ strain (Table
1, Figure 5B), significantly less than observed for the ITS
(P < 0.001).

These data suggest that unique features of the ITS, such
as Rap1 binding or G quadruplex formation contribute to
the formation of truncations, potentially by disrupting syn-
thesis during BIR. If this is the case, then the alternate se-
quences, (GT);; and Y’ element insertions, should be able

to form ectopic telomeres if BIR is artificially disrupted. To
test this notion, we created strains with po/32A and pifi-
m2 mutations, which are known to decrease the processivity
of DNA synthesis during BIR (14-16,18-21). As expected,
the BIR frequency was reduced to 1-2% in the pol32 A mu-
tant (Table 1, Figure 5B) (15). In the po/32A derivative
with the ITS insert, 25% of the rare BIR products recov-
ered contained chromosome truncations, while 14% of the
clones analyzed from the (GT)s, and 1.4% of the clones
analyzed from the Y’ element strain exhibited the shorter
BIR product (Table 1, Figure 5B). The increase in ectopic
telomere formation at the ITS and (GT)s3, sequences in the
pol32 A mutant is significantly higher than observed in the
WT strain (P = 0.038 and 0.0002, respectively). However,
in contrast to WT, there was no significant difference in ec-
topic telomere formation between the ITS and (GT)s; in-
serts in the pol32A mutant, consistent with the ITS being
disruptive to BIR in the WT strain. In strains lacking nu-
clear Pifl, we found that 60.5% of the BIR products ter-
minated at the ITS, 34.1% at the (GT)s; insert, and 18.7%
of the BIR products derived from the Y’ insert strain had
terminated in the vicinity of the Y’ element (Figure 5B).
To confirm that chromosome truncations generated at the
Y’ sequence were due to HR and not promiscuous telom-
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ere addition, we analyzed 10 independent clones by PCR
using primers that anneal to sequences upstream of the Y’
insertion on Chr XI and downstream of the Y’ homology
region of Y’ elements. All of the clones analyzed were con-
sistent with ectopic telomere formation by HR (Supplemen-
tary Figure S3). The increased ectopic telomere formation
in the pifl-m2 strain is significantly higher than WT for all
inserts (P < 0.0001), as well as the po/32A mutant (P <
0.0001, 0.0012 and 0.0006 for ITS, (GT)s, and Y’, respec-
tively). Thus we conclude that the ITS poses a unique chal-
lenge to BIR synthesis resulting in premature termination
and generation of an ectopic telomere.

DISCUSSION

Here, we show that if BIR encounters an interstitial telom-
ere sequence (ITS) placed in its path, BIR terminates at the
ITS 12% of the time, with the formation of a new telom-
ere at this location. The generation of an ectopic telomere
during BIR is several orders of magnitude more frequent
than spontaneous telomere formation at an 81-bp ITS (47),
suggesting that BIR is more sensitive to ‘difficult to repli-
cate’ regions of the genome than normal S-phase synthesis.
We found that the ITS is converted to a functional telomere
by direct addition of telomeric repeats by telomerase, with
HR using natural telomeres to template addition as a back-
up mechanism. The termination and creation of an ectopic
telomere is promoted by Mphl helicase, which is known
to disassemble D-loops (64). We also found that other se-
quences with the potential to form new telomeres, but lack-
ing the unique features of a natural telomere sequence, ter-
minate BIR infrequently in WT cells. However, these se-
quences can cause chromosome truncations if BIR is made
less processive by loss of Pol32 or Pif1. Together, these find-
ings indicate that features of the ITS itself such as propen-
sity to form secondary structure and/or activity in telomeric
protein binding pose a challenge to BIR. The consequence
is an increased vulnerability of the D-loop to dissociation
by Mphl with accompanying telomere formation at the site
instead of completion of BIR (see Figure 6 and discussion
below).

In principle, a new telomere could form at the ITS by ei-
ther the direct action of telomerase or HR using a natural
telomere as a template. We observed a significant decrease
in the formation of truncated chromosomes when TLCI
was acutely depleted from cells, consistent with telomerase
as the main mechanism. However, truncated chromosomes
still form in the absence of telomerase indicating that HR
can be used to generate an ectopic telomere at the ITS. Be-
cause of the need for recombination proteins to initiate BIR,
we cannot evaluate the role of HR in the generation of trun-
cated BIR products. The finding that ectopic telomere for-
mation is significantly increased at the (GT)s, insert rela-
tive to the Y’ insert in pifl-m2 and pol32A mutants pro-
vides additional support for predominant usage of telom-
erase. While these data do indeed demonstrate that both
mechanisms can be used by the cell to form telomeres at the
ITS, there are several caveats to this conclusion since none
of the experiments done to determine the origin of the new
telomeres could be performed in biologically unperturbed
cells.

The first caveat is that telomeres would begin to shorten
during the time course of the BIR assay when telomerase
was depleted from cells resulting in less homology to sup-
port HR. In the case of type II survivors derived from
the tlcl A strain, the long and heterogeneous telomeres, as
well as extrachromosomal telomeric circles, could provide
additional homologous templates, potentially tipping the
balance toward HR. The second caveat is the complica-
tion in interpretation posed by the many roles of Pifl that
are relevant to BIR. In addition to its role in repressing
telomerase activity at DSB ends, Pifl also plays a role un-
winding G quadruplexes (73,74) as well as in the proces-
sivity of DNA polymerase & during BIR (19,21). Our find-
ing that the increased frequency of truncations in the ab-
sence of nuclear Pifl is dependent on TLCI supports the
suggestion that telomerase can act at the ITS. However,
because the pifl-m2 mutation also increases formation of
truncated chromosomes in the strain with the Y’ element
insertion, which cannot use telomerase to form telomeres,
Pif1 must be playing at least two roles in the formation
of truncations—increasing polymerase processivity and de-
creasing the action of telomerase at the DNA end. Dis-
ruption of either role can increase the formation of ectopic
telomeres during BIR.

The minimal telomere tract for efficient telomere addition
at a DSB is ~34 bp and the threshold is reduced to ~18
bp in the pifl-m2 mutant (75). The ITS is 64 bp in length
and is expected to be efficiently used as a seed sequence by
telomerase if displacement of the invading strand occurred
after replication of at least half of the telomere repeat tract.
The length threshold for HR is substantially greater than
for telomere addition. A previous study reported a BIR fre-
quency of ~1% between sequences with 54 bp of shared ho-
mology as compared to 14% when the homology is 108 bp
(76). Furthermore, if the invading end has a heterologous
tail of >30 nucleotides (nt) then the frequency of BIR is re-
duced by >4-fold (76). Although we found no significant
decrease in the percent of truncated chromosomes in the
radl0A mutant, a heterologous tail of <30 nt can be re-
moved by the proofreading function of DNA Pol 8 in the
absence of Rad1-Radl10 (77). Even if displacement of the
invading end occurred at the end of the ITS we would pre-
dict a low frequency of HR. If displacement occurred be-
fore the end of the ITS to reveal much shorter homology, or
extended beyond it to create a heterologous tail, then HR
would be a rare event. The absolute frequency of chromo-
some truncations in the t/c/ A strain is 1.7%, higher than
expected based on the length of homology, suggesting that
the availability of more homologous templates in type II
telomerase-negative survivors facilitates repair by HR.

We also find that Mphl is required to form ectopic telom-
eres. This requirement is consistent with previous stud-
ies showing that Mphl (i) dissociates Rad51-generated D-
loops in vivo and in vitro (64,67,78), (ii) has a negative effect
on BIR (55), and (iii) promotes template switching (34). We
propose that Mphl dissociates the D-loop when it traverses
the ITS such that the resulting 3’ ssDNA end containing the
telomere repeats can be used to form a telomere, either by
the action of telomerase or by invasion at a natural telom-
ere followed by a second round of BIR. Stalling or slowing
of the polymerase at the ITS site may render the D-loop
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vulnerable to Mphl activity, or it is possible that secondary
structures formed at the ITS make it easier for Mphl dis-
assembly. Both of these scenarios could be caused by tight
binding of proteins like Rapl, which has been shown to
be disruptive to replication at telomeres, or by G quadru-
plex formation ahead or behind the polymerase in the G
rich displaced strand of the D-loop, or in the newly synthe-
sized G-rich strand. Consistent with our findings, loss of
Mphl was shown to decrease ITS repeat expansions caused
by replication fork stalling and recombinational repair (58).
Loss of Mphl also suppresses chromosome truncations re-
sulting from aberrant recombination at a telomeric protein-
induced replication fork barrier (79). Although the STR
complex has been shown to disassemble D-loop intermedi-
ates (66,67), our data indicate that Mph1 is the main activity
to dismantle the migrating D-loop during BIR and the role
of Sgs1 is minimal.

Recent studies have shown that FANCM, the ortholog
of Mphl in mammalian cells, is essential for viability of
telomerase-negative cancer cells that extend their telomeres
by the HR-dependent Alternative Lengthening of Telom-
eres (ALT) mechanism (80-82). ALT cells exhibit increased
telomeric replication stress due to a relaxed chromatin
structure and elevated levels of R-loops formed by anneal-
ing of TERRA to the C-rich telomeric strand (83). FANCM
is thought to relieve replication stress by promoting fork re-
versal, displacing R-loops and through dissociation of the

D-loops that are generated by increased HR (84). When
FANCM is depleted from ALT cells, replication stress is fur-
ther increased resulting in hyper BIR activity, cell cycle ar-
rest and eventual cell death (80,82). Although Mphl is not
required for growth of telomerase-negative yeast cells (55),
like FANCM it limits the use of BIR by displacing the in-
vading strand of recombination intermediates and prevents
the accumulation of R-loops at telomeres (55,65,85).

In WT cells, truncated BIR products are readily detected
from the strain with the natural telomere repeat inserted
on the donor chromosome. When we tested sequences that
share homology to Y’ elements, a class of sub-telomeric re-
peats, we found these sequences did not cause truncated
chromosomes to be formed at a detectable level. We also
found that (GT)s, sequences, which can act as telomere
seeding sequences but which lack the hallmarks of telom-
eres, such as the abilities to form G quadruplexes and to
bind telomeric proteins like Rap1, only rarely caused chro-
mosome truncations. This finding suggests that telomeric
sequences have unique features that influence synthesis dur-
ing BIR and allow for generation of ectopic telomeres.

By decreasing the processivity of BIR by eliminating Pif1
or Pol32, we were able to recover BIR events that termi-
nated at the Y’ element or (GT)s, tract. The increase in
chromosome truncations was greatest in strains containing
tracts of GT repeats, which we predict to mainly use telom-
erase to generate a new telomere because of the sequence
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divergence between the (GT)3, tract and natural telomeres.
The significant reduction in the formation of ectopic telom-
eres at the (GT)s; tract, as compared to the ITS, in WT
and pifi-m2 strains could be due to features of the ITS
that are more disruptive to BIR synthesis or to more ef-
ficient recognition by telomerase. Of note, Rapl binding
forms a strong barrier to the strand displacement activity
of DNA polymerase delta in a reconstituted system that
can be overcome by Pifl (86). Truncations were still seen,
though to a lesser degree, in strains containing an insert
with homology to Y’ elements, that can only use HR and
have a longer stretch of DNA to synthesize before reach-
ing the end of the chromosome. The low frequency of chro-
mosome truncations recovered from the po/32A +Y’ strain
is presumably because of the requirement for two rounds
of BIR and is consistent with the finding that Pol32 is es-
sential in telomerase-negative cells (15). These experiments
are in agreement with earlier studies showing more muta-
genic outcomes of BIR caused by lack of processivity in
pol32A and pifl-m2 cells (14,16,19,21). It is important to
note that neither the lack of Pifl or Pol32 nor over expres-
sion of MPH1 caused truncations to form at non telomere-
seeding locations. This finding shows that truncations are
not simply uncontrolled telomere formation at random lo-
cations caused by BIR disruption or increased telomerase
activity, as a seed sequence or homology near a telomere
is still required. The reduced processivity of BIR resulting
from loss of nuclear Pifl, or from MPHI over-expression,
results in fewer cells completing BIR, a condition that can
be partially mitigated if cells can terminate BIR at the ITS.

While generation of HR-mediated ectopic telomeres
seems similar to template switch events, it is problematic
to directly compare the frequencies observed here to other
template switch events because of the differing amounts of
homology in each context. For example, Smith ez al. (33)
showed template switching in 15-25% of the BIR prod-
ucts analyzed. However, in the chromosome fragment assay
system employed there are two copies of the donor chro-
mosome. Moreover, regardless of where D-loop dissocia-
tion occurs, there is a homologous template available to
switch to, unlike in the case of the ITS system described
in the current study where successful switching is limited
to the ITS. Interestingly, Smith ez al. (33) found template
switch events between ectopic sequences. In 11 out of 94
transformants analyzed, the BIR product was an aberrant
size, and in all five analyzed in depth a template switch
event had occurred between delta elements, which are the
LTRs of the Ty family of retroelements that are present in
~300 copies/haploid genome. Template switch events be-
tween delta elements have some similarity with the events
triggered by the ITS in the current study, but the extent of
homology available for invasion and the number of poten-
tial donors is quite different.

Taken together, the findings suggest that the ITS cre-
ates the ‘perfect storm’ for generating ectopic telomeres. On
the other hand, (GT);, and Y’ elements lack at least one
of the key elements, which include tight protein binding,
secondary structure formation, abundance of homologous
templates in the cell, and the ability to recruit telomerase.
However, the non-ITS sequences can be used if the proces-
sivity of BIR is disrupted. Thus, the sequence features of the

ITS likely favor Mphl-mediated disassembly of the D-loop
intermediate at the ITS, creating a substrate for telomere ad-
dition or HR. Our findings support the idea that DNA se-
quences which are more challenging for normal DNA repli-
cation are particularly problematic during BIR, and raise
the possibility that BIR contributes to fragility of ITS in
human cells.
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