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Eukaryotic cells, including some human cancers, that lack telom-
erase can sometimes maintain telomeres by using recombination.
It was recently proposed that recombinational telomere elonga-
tion (RTE) in a telomerase-deletion mutant of the yeast Kluyvero-
myces lactis occurs through a roll-and-spread mechanism as
described in our previous work. According to this model, a tiny
circle of telomeric DNA is copied by a rolling-circle mechanism to
generate one long telomere, the sequence of which is then spread
to all other telomeres by gene-conversion events. In support of this
model, we demonstrate here that RTE in K. /actis occurs by ampli-
fication of a sequence originating from a single telomere. When a
mutationally tagged telomere is of normal length, its sequence is
spread to all other telomeres at a frequency (=10%) consistent
with random selection among the 12 telomeres in the cell. How-
ever, when the mutationally tagged telomere is considerably
longer than other telomeres, cellular senescence is partially sup-
pressed, and the sequence of the tagged telomere is spread to all
other telomeres in >90% of cells. Strikingly, the transition be-
tween a state resistant to recombination and a state capable of
initiating recombination is abrupt, typically occurring when telo-
meres are ~3-4 repeats long. Last, we show that mutant repeats
that are defective at regulating telomerase are also defective at
regulating telomere length during RTE.

alternative lengthening of telomeres | rolling circle

Telomeres are the specialized DNA-protein complexes at the
ends of linear DNA molecules (1, 2). They are composed of
tandem arrays of short, direct repeats and the specialized
proteins that cap the telomeres and prevent them from eliciting
the repair responses that are normally activated by broken DNA
ends. Telomeres shorten with each cell division because of
the end-replication problem of DNA polymerase (3, 4). This
shortening is normally prevented by the ribonucleoprotein en-
zyme telomerase, which adds repeats onto telomeric ends by
copying an RNA template.

The absence of a telomere-maintenance pathway leads to
replicative senescence in most human cells (5). In contrast,
almost all human cancers maintain telomeres, primarily through
the presence of telomerase (6), but sometimes through activation
of a recombinational mechanism (7). Yeasts, most notably
Saccharomyces cerevisiae and Kluyveromyces lactis, have been
useful models for understanding recombinational telomere elon-
gation (RTE). Yeast mutants lacking telomerase undergo
growth senescence, with most cells ultimately dying (8-10).
Postsenescence survivors that emerge have elongated telomeres.
Various mechanisms, including inter- and intratelomeric events,
have been proposed for how recombination elongates telomeric-
repeat arrays (8, 9, 11). We have previously proposed the
roll-and-spread model to account for RTE in K. lactis (12). In
this model, a tiny telomeric circle is used as a template for a
rolling-circle event that elongates one telomere in a senescing
cell. The elongated telomere’s sequence is then spread to all
other telomeres by intertelomeric gene conversions. Consistent
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with this model, DNA circles containing telomeric repeats can
promote RTE in K. lactis (12, 13). In this report, we use K. lactis
telomerase-deletion mutants that have a single telomere with
mutationally tagged repeats to test key predictions of the roll-
and-spread model.

Materials and Methods

Strains and Construction of Mutant Telomeres. All K. lactis strains
used are derivatives of 7B520 (14). The terl-deletion mutant was
described in ref. 15. The plasmid containing TERI (pJR31) is a
derivative of pKL316 (15) that carries the HIS3 gene. Construc-
tion of cloned K. lactis telomeres containing 11.5 Bcl repeats and
11.5 Kpn repeats are described in refs. 16 and 17. Loss of the
TERI plasmid produced telomere shortening that eventually
triggered RTE.

To construct an elongated telomere containing Bcl repeats, we
took advantage of the observation that use of the QuikChange
mutagenesis kit (Stratagene) for altering the sequence of a
cloned K. lactis telomere often generated cloned telomeres with
altered numbers of repeats (D. H. Underwood, W. McRae and
M.J.M., unpublished observations). Sequences of the K. lactis
telomeric repeat and base changes in the Bcl- and Kpn-mutant
repeats are given in Fig. 14. After two cycles of “mutagenesis”
using oligonucleotides matching the Bcl repeat, a telomere clone
with ~11.5 telomeric repeats was converted into a clone with
~40 repeats (~1,000 bp).

Transformation of K. lactis Cells with Mutant Telomeric Repeats. K.
lactis terIA cells carrying a HIS3 TERI plasmid (15) were
transformed with URA3-tagged telomeric fragments (18) con-
taining ~11 and ~40 Bcl-telomeric repeats as outlined in Fig.
1B. Ura™ colonies were then examined by Southern blotting to
confirm that the URA3-tagged telomere had replaced a single
native telomere by means of subtelomeric recombination.

DNA and Hybridization Analysis. Hybridizations were carried out as
described in ref. 19. The telomeric-hybridization probe was the
Klac1-25 oligonucleotide (ACGGATTTGATTAGGTATGT-
GGTGT). BsrBI-Bcll digests were separated on 4% NuSieve 3:1
(Cambrex Bio Science, Rockland, ME) agarose.

Results

The roll-and-spread model (12) predicts that K. lactis telomer-
ase-deletion mutants will produce postsenescence survivors with
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Fig. 1. Spreading of a telomeric sequence from a single telomere source during RTE. (A) Sequence of the K. /actis telomeric repeat and base changes present

inthe Bcl-and Kpn-mutant repeats. (B) Experimental outline. K. lactis ter1A cells carrying a HIS3 TERT plasmid (15) were transformed with URA3-tagged telomeric
fragments (18) containing ~11 and ~40 Bcl telomeric repeats. Bcl and WT repeats are shown as gray and white boxes, respectively. Loss of the TERT plasmid
produced telomere shortening and RTE. After RTE, spreading of the Bcl repeats to all other telomeres was observed in a minority of cases in cells originally
containing the normal-length Bcl telomere and, in the great majority of cases, in cells originally containing the extra-long Bcl telomere. (C) Growth scores of ter7A
strains containing one tagged telomere, either normal-length Bcl (#), long Bcl (©), or long Kpn (@), after loss of TERT. Growth scores are based on average size
and appearance of colonies on rich-media plates during serial restreaking done every 2 days (9). A score of 4 indicates growth indistinguishable from WT cells
and ascore of 1indicates very small, rough colonies and typically high cell mortality. (D) BsrBl-digested genomic DNA of a strain with a normal-length Bcl telomere
(lane 1) and a strain with an extra-long Bcl telomere (lane 2) before loss of telomerase. The normal-length Bcl telomere is among other telomeres in the major
band, which is <500 bp. The extra-long Bcl telomere is indicated by the arrow. (E) Southern blot hybridized to a telomeric probe of seven postsenescence survivors
from the normal-length Bcl strain. Genomic DNAs are shown digested with EcoRI (—) and EcoRI/Bcll (+). (F) Nine postRTE isolates from the extra-long Bcl strain.

Digests are as in E.

elongated telomeres that are derived from a single source. We
therefore tested whether a sequence from a single telomere can
spread to all other telomeres during survivor formation. The
strategy for doing this is shown in Fig. 1B. K. lactis ter]1A cells
containing TERI on a plasmid were first constructed to have a
single telomere composed of mutationally tagged but phenotyp-
ically normal “Bcl” telomeric repeats (15, 16, 20) (Fig. 14). We
predicted that, if a sequence from a single, randomly selected
telomere became amplified and spread to all telomeres in the
cell, approximately 1 in 12 postsenescence survivors would have
Bcl repeats at all 12 telomeres. When the TERI plasmid was lost,
the cells containing the Bcl telomere underwent gradual telo-
mere shortening and growth senescence indistinguishable from
typical ter/ A mutants (Fig. 1C and data not shown). Similarly, the
production of well growing postsenescence survivors that ap-
peared after 75-100 cell divisions also appeared to be unaltered.
Examination of telomere structure in survivors derived from the
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strain containing the Bcl telomere revealed that 175 of 195
(90%) had restriction patterns that were resistant to digestion
with Bcll (Fig. 1E). This finding indicates that Bcl repeats were
absent or rare in the elongated telomeres. The majority of these
survivors retained the single URA3-tagged telomere but a
minority had lost it completely, presumably through gene con-
version (data not shown) (18). In sharp contrast, 20 of 195 (10%)
of the survivors had all of their telomeric fragments shortened
by cleavage with Bcll (Fig. 1E and Table 1), indicating that each
of the telomeres in these survivors had acquired Bcl-telomeric
repeats. As is typical with K. lactis ter] A postsenescence survi-
vors, the extent of telomere elongation was highly variable
between different telomeres and different survivors. Where
spreading of Bcl repeats had occurred, Bc/l digestion was often
seen to remove up to several hundred base pairs of DNA from
telomeric fragments. Acquisition of Bcl repeats by a telomere
originally lacking them occurred through both inter- and sub-
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Table 1. Frequency of spreading of sequence from a single
tagged telomere to all other telomeres in K. lactis cells
lacking telomerase

No. of clones with

Tagged telomere No. of clones spreading of tag (%)

Bcl 195 20 (10)
Long Bcl 78 74 (94)
Long Kpn 40 38 (95)

K. lactis ter1A cells initially containing a single telomere tagged with
mutant repeats were grown by serial streaking through 75-100 cell divisions
on rich-media plates and examined for spreading of the mutant repeats to all
other telomeres.

telomeric events. The former were detectable as telomeric
fragments retaining WT repeats after Bcll cleavage (Fig. 1E),
whereas the latter involved acquisition of the URA3 gene along
with the Bcl repeats (data not shown). These results demonstrate
that a sequence from one telomere can be spread to all other
telomeres and supports the argument that this routinely occurs
during the formation of a postsenescence survivor.

Another important prediction of the roll-and-spread model is
that a key, and possibly rate-limiting, intermediate in the for-
mation of a postsenescence survivor is the generation of a single
elongated telomere by rolling-circle gene conversion. We there-
fore examined the effect of a single elongated telomere on a
telomerase-deletion mutant. As described in Materials and Meth-
ods, it was possible to adapt a common mutagenesis procedure
to randomly alter the number of telomeric repeats present in a
cloned K. lactis telomere and generate Bcl telomeres of various
sizes. A Bcl telomere engineered to be ~1,000-bp long (~2-3
times normal length) was transformed into K. lactis cells, where
it replaced a single native telomere (Fig. 1D). Subclones from 10
independent transformants were then screened for loss of the
plasmid containing TERI. Serial passaging of subclones of these
transformants on solid media demonstrated that the subclones
exhibited early-senescence phenotypes similar to other ter/A
cells. However, the subclones typically did not exhibit the severe
growth defects characteristic of late senescence of ter/A cells
(Fig. 1C). This result indicated that the single long telomere
partially suppressed senescence. Also, unlike the case with a
normal-length Bcl telomere, cells starting with the long Bcl
telomere appeared to be more resistant to loss of the subtelo-
meric URA3 tag (data not shown). We next examined the
telomere structure of the subclones ~75-100 cell divisions after
loss of the TERI gene, a point equivalent to that at which better
growing postsenescence survivors emerge in typical terl A cells.
Our results showed that 94% (73 of 78) of the subclones had
telomeres that were all cleaved with Bcll. No spreading of Bcl
repeats occurred if cells with the long telomere retained 7ER!
function (data not shown). These results demonstrated that a
sequence from a single elongated telomere is highly preferen-
tially spread to all other telomeres in ter/ A cells. The suppression
of senescence that is caused by the single long telomere is
presumably accounted for by the apparent ease with which the
sequence from one long telomere can spread to other telomeres.

The presence of some WT repeats at the basal regions of many
telomeres, even after spreading of Bcl repeats had occurred
(visible as telomeric hybridization after Bcll digestion in clones
2,5, and 7 in Fig. 1E and clones 1-9 in Fig. 1F), indicated that
shortening WT telomeres had often initiated recombination
events before complete loss of telomeric repeats. We determined
the number of residual WT repeats that were present by
examining DNA digested with BsrBI and Bc/l. The latter re-
moves the acquired Bcl repeats and the former cuts 10 of 12
telomeres in K. lactis at a subtelomeric position just 3-bp internal
to the start of the telomeric-repeat array (Fig. 24). Results from
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Fig. 2. Determination of the number of basal WT repeats remaining after
spread of Bcl repeats from RTE. (A) Schematic of the fragments produced in B
and C. Bcl and WT repeats are shown as gray and white boxes, respectively.
Sequences shown in capital letters demarcate the BsrBl/Bcll fragments, with
the Bcl mutation underlined. A fragment containing one full WT repeat is 43
bp long, with additional repeats increasing in size by multiples of 25 bp. (B)
Southern blot using a telomeric probe of BsrBl/Bcll-digested genomic DNA
from eight postsenescence survivors from the normal-length Bcl strain. Clone
3 did not spread Bcl repeats and has telomeres resistant to Bcl/l cleavage. All
other clones were among those in which all telomeres had acquired Bcl
repeats. (C) Southern blot of digests, equivalent to B, of genomic DNA from
post-RTE isolates from the extra-long Bcl strain, all of which had spread Bcl
repeats.

this analysis (Fig. 2 B and C) showed that there was a clearly
favored size at which telomeres recombined. In most clones
examined, both from Bcl and long-Bcl backgrounds, most re-
combinant telomeres contained 3.5 WT repeats (detectable as a
93-bp band). Whereas clones from the long-Bcl background
often had one or more telomere with 4.5 or 5.5 basal WT repeats,
no clones derived from the normal-length-Bcl background had
any telomeres with >3.5 WT repeats. These results are consis-
tent with observations that short telomeres in yeast are prone to
recombination (18, 21). These findings suggest further that the
capping function that normally protects a K. lactis telomere from
acquiring a sequence by means of recombination is lost quite
abruptly as a telomere shortens to below ~4 repeats.

We next examined the consequences to ferlA cells of a single
long telomere composed of Kpn-mutant repeats (Fig. 14). The
ter]-Kpn mutation is a member of a group of ferl-template
mutations that alter a domain of the telomeric repeat that is
adjacent to, but not within, the telomeric binding site of the Rap1
protein (17, 22). These mutations produce extreme telomere
elongation but only after a period of growth, often very ex-
tended, in which telomeres are somewhat shorter than normal.
Unlike the long Bcl telomere, which is only transiently long, a
Kpn telomere in a cell with WT telomerase is stably long, with
a WT telomeric-repeat array of nearly normal length being
added onto the dysfunctional array of mutant repeats (17). As is
seen with the long Bcl telomere, when the plasmid carrying
TERI was lost from cells carrying the long Kpn telomere, growth
senescence was partially suppressed (Fig. 1C), and spreading of
the tagged sequence to all other telomeres occurred at a 95%
frequency (Table 1 and Fig. 3). Furthermore, telomeres that had
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Fig.3. Greatly elongated telomeres produced by RTE in cells that have Kpn
repeats. Shown is a Southern blot, hybridized to a telomeric probe, of three
post-RTE clones derived from a strain originally having one Kpn telomere.
Genomic DNAs are shown digested with EcoRI (—) and EcoRI/Kpnl (+).

acquired Kpn repeats through spreading retained similar num-
bers of basal WT repeats as did those with the long-Bcl-telomere
experiment (data not shown). Strikingly, however, the telomeres
interl A cells where Kpn repeats had spread to all telomeres were
very long, extending to limit mobility in gels. This result is very
different from cells of ter/A postsenescence survivors with all
telomeres composed of Bcl or WT repeats, where such extreme
elongation was never observed. These results indicate that Kpn
repeats are defective, not only in the ability to regulate telom-
erase, but also in the ability to regulate RTE.

Discussion

Our results here support the argument that the telomere elon-
gation that generates postsenescence survivors in K. lactis
telomerase-deletion mutants usually occurs through a single
telomere source. When all telomeres are the same size, a
sequence from one particular telomere spreads to all others at
a frequency (10%) proportional to its abundance (1 of 12
telomeres). In contrast, when a telomere is substantially longer
than other telomeres, its sequence is spread to all other telo-
meres in 90-95% of cell lineages. These results are fully con-
sistent with the roll-and-spread model, which proposes that a
single, tiny telomeric circle is copied by a rolling-circle event to
generate the first long telomere and that other telomeres become
elongated by copying the sequence from that telomere. Our
results are, however, inconsistent with other models of RTE that
have been proposed (9, 11, 23). RTE based solely on intratelo-
meric-recombination events cannot account for the spread of Bcl
repeats to other telomeres. And models based on intertelomeric
recombination in the absence of a rolling-circle event cannot
easily explain how a cell with only extremely short telomeres
could specifically amplify and spread a sequence from only one
of those telomeres to all others.

Whereas our data here do not directly address the possible
involvement of telomeric circles in RTE, substantial other
circumstantial evidence suggests this possibility. Survivors gen-
erated in terIA cells with two kinds of telomeric repeats were
found to have telomeres with repeating patterns common to
most, or all, elongated telomeres. The 100-bp periodicity of some
of these patterns suggested the possibility that they might have
been generated by copying telomeric circles as small as 100 bp
(12). Telomeric circles of this size that were built in vitro and
transformed into K. lactis cells promoted RTE to lengths (hun-
dreds of base pairs) similar to that seen in ter/A cells (13). Other
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experiments (12) showed that single molecules of 1.6-kb circles
containing telomeric repeats and a selectable marker gene
promoted very long (>10 kb) extensions of telomeres. Although
small telomeric circles have yet to be observed in terl A cells, both
double-stranded and single-stranded telomeric circles as small as
~100 bp (or nt) have been shown to be very abundant in a K.
lactis mutant with long, dysfunctional telomeres (C. Groft-
Vindman, A. Cesare, S. Natarajan, J. Griffith, and M.J.M,,
unpublished data). How such small telomeric circles form is not
clear. However, their dependence on RADS52 indicates that they
are a product of homologous recombination. One possible
mechanism for the formation of these circles is an intratelomeric
loop-out initiated by strand invasion of the 3" end of a telomere
into its own, more internal, telomeric repeats. Such a mechanism
has been proposed to underlie telomere rapid deletion (24).

Our results suggest that spreading of a sequence from a long
telomere to a short telomere is initiated by the transition of the
short telomere to a recombination-prone state. This transition
occurs within a relatively narrow telomeric size range, at ~4
repeats in length. This size is substantially shorter than the
minimum observed size of telomeres in TERI cells, indicating
that this transition is different from the transition of a shortening
telomere to a telomerase-accessible state (21). A telomere in a
recombination-prone state presumably permits the resectioning
of the 5’ strand that occurs at DNA double-strand breaks (25).
The exposed 3’ tail of the short telomere could then bind
recombination proteins, including Rad51 and Rad52, and
strand-invade another chromosome end. Extension of the in-
vaded 3" end by a DNA polymerase would then copy the
sequence of the longer telomere onto the shorter telomere.

The ease with which the sequence of a long telomere can be
spread to other telomeres appears to affect the nature of the
recombination events involved. Among fer/A clones in which
spreading of Bcl repeats has occurred, fewer instances of co-
spreading of the subtelomeric URA3 marker gene occur in cells
with a long Bcl telomere than in cells with a short Bcl telomere
(data not shown). Also, the other telomeres in a long-Bcl-
telomere strain tended to retain a slightly higher average number
of WT repeats (Fig. 2C). These data likely indicate that a
senescing ferl A strain without a preexisting long telomere often
suffers appreciable telomeric-sequence loss between the point
when the transition to a recombination-prone state occurs and
when recombination actually succeeds at lengthening the telo-
mere. We predict that the presence of one long telomere in
senescing terl A cells bypasses the need for a rolling-circle event
and often permits spreading to occur at an earlier point than
would otherwise be the case. This would explain why the
presence of a single long telomere reduces the severity of
senescence in ferl A cells.

How telomeres are capped to prevent them from eliciting a
DNA-repair response is not well understood. Proteins known to
be involved in capping in yeast include the single-strand
telomere-binding complex Cdc13-Stn1-Tenl (26-29) and the
double-strand telomere-binding protein Rap1 (30). Mutations in
CDCI3 and STNI have recently been shown to cause or con-
tribute to the ability of telomeres to undergo RTE even in the
presence of telomerase (ref. 31 and S. Iyer and M.J.M., unpub-
lished data). Capping at some telomeres, including those of
mammalian cells, appears to also involve formation of a t-loop,
a displacement loop formed by strand-invasion of the 3’ over-
hang into a more internal double-stranded telomeric sequence
(32). Why reducing telomere length in K. lactis to ~100 bp causes
a transition to a recombination-prone state is not known. We
suggest that the loss of a higher-order structure such as a
foldback or t-loop (32-34) may underlie the abrupt switch to the
recombination-prone state. A related question is whether the
transition to a recombination-prone state represents a complete
or partial loss of the protective telomere-capping function. A
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100-bp-long telomere should still be able to bind telomere-
binding proteins that might partially protect it from initiating a
recombination event and perhaps completely block it from
participating in nonhomologous-end joining. Retention of some
capping function would help explain why covalent fusions be-
tween telomeres appear to be rare in ferlA cells, although they
are common in mutants with terminal repeats defective at
binding Rapl (30). The transition to a fully uncapped state is
therefore likely to require even greater loss of telomeric se-
quence than is required for the transition to a recombination-
prone state.

The lengthened telomeres present in K. lactis terl A survivors
are seldom longer than 1 kb (9). This finding indicates that RTE
is regulated in these cells in a way that prevents runaway
telomere elongation. Two things expected to contribute to this
regulation are the length-dependence of the recombination-
prone state and the limited lengthening capacity of the key
events governing survivor formation. Because a recombination-
prone state is produced in a telomere composed of WT repeats
only when that telomere is reduced less than ~4 repeats in size,
any telomere that is appreciably lengthened to above this size
should be resistant to any further recombination. This finding
suggests that telomere length in ter/A survivors is largely a
consequence of how much a telomere can be elongated by a
single recombination event. According to the roll-and-spread
model, the critical event affecting telomere length in survivors is
the length of sequence that could be generated by one instance
of rolling-circle replication of a telomeric circle. Data with
transformed telomeric circles suggest that very small telomeric
circles may be much poorer templates for extensive DNA
synthesis than are larger circles. Whereas K. lactis telomeres are
routinely extended by >10 kb in cells transformed with a 1.6-kb
telomere/URA3 circle (12), they are extended by only hundreds
of base pairs when acquiring a sequence from a 100-nt telomeric
circle (13).

The highly elongated telomeres present in ter A cells that have
spread mutant-Kpn-telomeric repeats demonstrate that the Kpn
mutation disrupts a mechanism that limits telomere length in
normal ferlA survivors. The Kpn mutant is a member of the
delayed-elongation class of mutations within the K. lactis telo-
meric repeat that cluster to one side of the Rap1-binding site and
disrupt the ability of the internal region of the telomere (away
from the terminus) to regulate the addition of sequences by
telomerase at the end (17, 22). The nature of the defect in Kpn
repeats is unknown, but it does not involve a disruption of Rap1
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binding to the telomeric repeat (35). It is likely that the Kpn
mutation leads to a disruption in telomere structure that permits
increased access by both telomerase and proteins that bring
about recombination. We propose that telomeres composed of
Kpn repeats are disrupted in their ability to form the higher-
order structures needed to protect them from initiating recom-
bination, and that this structure is necessary but not sufficient for
generating the telomere state (formed by relatively long telo-
meres) that is resistant to being elongated by telomerase. With
such a defect, even long telomeres composed of Kpn repeats
would have a capping defect and be prone to continued recom-
bination events that could lengthen them uncontrollably. Inter-
estingly, the long telomeres of ter/A cells with Kpn repeats
resemble those of human alternative-lengthening-of-telomeres
(ALT) cells (36). This finding may suggest that telomere-capping
defects such as defects in certain telomere-binding proteins may
be required for triggering the ALT state.

In summary, K. lactis telomeres are likely to undergo two
distinct transitions that occur at different lengths and that
regulate different aspects of telomere function. At ~4 repeats,
telomeres can form a structure that is resistant to initiating
recombination but is still accessible to telomerase. Only at a
much larger size (likely =20 repeats), would they be able to
assume a structure that is also inaccessible to telomerase. With
these two transitions, a telomere can retain a protective cap that
distinguishes it from a broken end over a wide range of sizes that
could still allow access by telomerase.

Whether the copying of telomeric circles or the spreading of
a sequence from a single telomere source will be found to occur
in other instances of RTE is not known. Copying telomeric
circles has been proposed to be responsible for the sudden
emergence of type-II survivors (which have elongated tracts of
telomeric repeats) in S. cerevisiae (37) and could also account for
the telomere-Y'-element amplifications of type-I survivors (8).
The spreading of a marker gene inserted into a telomeric
sequence to some other telomeres has been observed in human
ALT cells (38). The production of telomeric circles of a wide
range of sizes has recently been found to be a characteristic of
human ALT cells (39, 40). This finding clearly suggests that
circles could contribute to RTE in some human cancers. Much
further work will be needed to fully understand the similarities
and differences of RTE in its various guises.
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