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It is generally assumed that there are only two ways to maintain the ends of chromosomes in yeast and
mammalian nuclei: telomerase and recombination. Without telomerase and recombination, cells enter
senescence, a state of permanent growth arrest. We found that the decisive role in preventing senescent
budding yeast cells from dividing is played by the Exol nuclease. In the absence of Exol, telomerase- and
recombination-defective yeast can resume cell cycle progression, despite degradation of telomeric regions from
many chromosomes. As degradation progresses toward internal chromosomal regions, a progressive decrease in
viability would be expected, caused by loss of essential genes. However, this was not the case. We
demonstrate that extensive degradation and loss of essential genes can be efficiently prevented through a
little-studied mechanism of DNA double-strand-break repair, in which short DNA palindromes induce
formation of large DNA palindromes. For the first time, we show that large palindromes form as a natural
consequence of postsenescence growth and that they become essential for immortalization in the absence of

telomerase activity.
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The stability of eukaryotic chromosomes depends on the
structural and functional integrity of their ends, called
telomeres. It is generally accepted that telomeres have
different properties from internal double-strand breaks,
because functional telomeres do not alert DNA-damage
surveillance mechanisms or repair pathways. Several hy-
potheses have been proposed to explain what distin-
guishes telomeres from internal double-strand breaks
(Cervantes and Lundblad 2002; Lydall 2003; Ferreira et
al. 2004; Harrington 2004). One involves a particular
telomeric structure called the t-loop, where a 3’ single-
stranded DNA extension loops back and intercalates
into the double-stranded DNA (Griffith et al. 1999). An-
other hypothesis attributes to telomere-associated pro-
teins the major role in telomere protection, although
many (Ku, Sir, MRX) are also associated with double-
strand breaks. Recent evidence suggests that telomerase
itself plays a role in telomere protection (Masutomi et al.
2008).

Another critical function of telomeres in dividing cells
is to solve the end-replication problem. The end-replica-
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tion problem, originally recognized by Olovnikov and
Watson, is caused by the incapacity of conventional
DNA replication to fully replicate the end of linear DNA
molecules (Watson 1972; Olovnikov 1973). All forms of
life with linear DNA molecules, from bacteriophage to
mammals, have developed mechanisms to solve the end-
replication problem. One such mechanism is provided
by telomerase. Telomerase, found in most eukaryotic or-
ganisms, is a reverse transcriptase-based enzyme able to
synthesize DNA de novo, using species-specific RNA
templates.

In many multicellular organisms, telomerase expres-
sion appears to be limited, except in stem cells, germ
cells, and cancer cells. Somatic cells can divide in the
absence of telomerase, but their telomeres shorten with
each division. After several divisions, telomeres of many
somatic cells are sufficiently short to lose their “cap-
ping” properties and activate checkpoint proteins and
repair pathways, as DNA double-strand breaks do. Telo-
mere dysfunction is thought to be the major cause of
replicative senescence, a state of continued cell viability
without cell division. It has been shown that inactiva-
tion of checkpoint pathways (Rb and p53) permits hu-
man cells to bypass replicative senescence. However,
such checkpoint-defective postsenescent cells enter cri-
sis and lose viability after several divisions (Shay and
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Wright 1989; Hara et al. 1991). Conversely, telomerase
expression is thought to allow many tumor cells to di-
vide indefinitely.

Budding yeast cells express telomerase and divide in-
definitely. Yeast cells from which telomerase has been
removed behave like mammalian somatic cells, dividing
for a limited number of generations before cell division is
inhibited by short or defective telomeres (Lundblad and
Szostak 1989). After a period of senescence, rare telo-
merase-negative survivors escape senescence using re-
combination-dependent mechanisms to amplify telo-
meric and subtelomeric repeats (Lundblad and Blackburn
1993). Similarly, some immortalized human cells are
able to maintain telomeres without expressing telomer-
ase. These cells use a mechanism that has been termed
ALT (Alternative Lengthening of Telomeres) (Henson et
al. 2002). The ALT mechanism is also thought to be re-
combination-dependent (Dunham et al. 2000; Varley et
al. 2002).

Here we report that telomerase- and recombination-
defective yeast can escape senescence in the absence of a
telomere-active nuclease, Exol. These cells proliferate
indefinitely with linear, but abnormally sized chromo-
somes that have lost, in most cases, telomeric and sub-
telomeric sequences. In these strains, essential genes are
maintained by formation of palindromes at the ends of
chromosomes.

Results

Exol-defective cells proliferate with chromosomes
lacking telomeres

To date, there are only two ways known to maintain
linear chromosomes in budding yeast and mammalian
nuclei: telomerase and recombination. To facilitate iden-
tification of other ways to maintain linear chromo-
somes, we eliminated telomerase and recombination by
deleting the TLC1 and RADA52 genes in budding yeast.
TLC1 encodes the RNA component of telomerase
(Singer and Gottschling 1994), whereas RAD52 is re-
quired for wvirtually all homologous recombination
events (Paques and Haber 1999). Normally, telomerase-
and recombination-defective cells rapidly enter senes-
cence and do not recover to generate survivors (Lundblad
and Blackburn 1993).

We recently showed that the Exol nuclease was im-
portant for cell cycle arrest (Maringele and Lydall 2002)
and death (L. Maringele, unpubl.) of telomere-defective
mutants and contributed to senescence of telomerase-
deficient cells (Maringele and Lydall 2004). Therefore,
we reasoned that deletion of Exol might rescue growth
of telomerase- and recombination-defective cells.

To test the role of Exol, several independent haploid
tic1A rad52A exolA strains were generated, along with
controls, and ~10 million cells from each strain were
serially propagated on solid plates (Fig. 1A). As previ-
ously found, RAD52* tic1A control strains escaped se-
nescence within a few days, whereas none of the 100
million tested tIc1A rad52A cells (from 10 independent
strains) was able to generate survivors (Fig. 1A; Table 1).
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Figure 1. Exol inhibits growth of tlc1IA rad52A strains. (A)
Two independent strains of each genotype were passaged on
plates every 4 d and photographed 4, 16, and 100 d after being
taken from germination plates. Top segments are tIc1A rad52A
exo1A strains, equatorial segments are tIc1A strains, and bottom
segments are tlc1IA rad52A strains. (B) Twelve independent
strains, propagated for the indicated periods, were grown over-
night in liquid, and fivefold dilution series were prepared before
small aliquots were spotted onto agar plates. The top 10 strains
were photographed after 4 d, the bottom three strains, which
grew more slowly, after 6 d. The wild-type strain was DLY641,
and the tIcIA strain was DLY2146, propagated for >60 d. (C)
Four strains, described in B, were grown in liquid culture at
25°C. Cells were diluted in fresh medium and counted, by he-
mocytometer, every 2 h.

In contrast, 10 out of 22 independent tIc1A rad52A exolA
strains generated survivors (indicated by arrows in Fig.
1A; Table 1) after a period of senescence. Thus, it is clear
that EXO1 opposes telomerase- and recombination-inde-
pendent survival.

Previous experiments showed overlapping roles for
Exol and another nuclease, Mrell, in DNA repair (Tsu-
bouchi and Ogawa 2000; Moreau et al. 2001; Lee et al.
2002; Lewis et al. 2002; Tran et al. 2002). Therefore, we
tested the role of Mrell in tic1A rad52A cells. We found
that in the presence of EXO1, none of the 100 million
tlc1A rad52A mrellA cells, from 10 independent strains,
escaped senescence (Table 1). Thus, deletion of MRE11 is
insufficient to permit tic1A rad52A cells to escape senes-
cence.

Interestingly, we found that deletion of MREI11 in-
creased by hundreds of fold the frequency of telomerase-
and recombination-independent survivors in an exolA
background. All tic1A rad52A exolA mrellA strains es-
caped senescence at a frequency higher than 1 x 107°
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Table 1. Exol opposes escape from senescence and immortalization

Fraction escaped Fraction

Total time in

Genotype senescence immortalized culture (days) Strain numbers

tlc1A rad52A 0/10

tlc1A exolA rad52A 10/22 5/5 >310 PAL-2, PAL-3, PAL-5, PAL-6, PAL-10

tlc1A mrellA rad52A 0/10

tlcIA exolA mrellA rad52A 10/10 6/6 >390 PAL-1, PAL-11, PAL-30, PAL-32, PAL-36, PAL-38
yku70A mrellA rad52A 0/5

yku70A mrellA exolA rad52A 5/5 4/5 >460 PAL-15, PAL-22, PAL-52, PAL-55

Column 1 shows the genotypes of strains generated from germinated spores and propagated as described in Materials and Methods.
Column 2 indicates the fraction of strains that escaped senescence and that were passaged for at least 60 d. Column 3 shows the
fractions of strains that were passaged for longer. Only one of 16 propagated strains lost viability, after ~70 d. Column 4 shows the

current length of time in culture. Column 5 shows strain numbers.

cells. This frequency was deduced from the lowest num-
ber of tlcIA rad52A exolA mrellA cells in 3/3 liquid
cultures shown to generate survivors (Maringele and Ly-
dall 2004). Taken together, our data indicate that Exol
strongly opposes telomerase- and recombination-inde-
pendent survival, whereas Mrell plays an obvious role
only in the absence of Exol, when it decreases the num-
ber of telomerase- and recombination-defective cells that
escape senescence.

It is possible to induce senescence without removing
telomerase. For example, we and others have shown that
cells defective in two telomere capping proteins, Yku70
and Mrell, rapidly enter senescence, even though telo-
merase is expressed (DuBois et al. 2002; Maringele and
Lydall 2002, 2004). We wanted to know if removal of
Exol also permitted growth in such situations. We found
that all tested yku70A mrel1A rad52A exolA strains es-
caped senescence, but none of the yku70A mrellA
rad52A strains escaped (Table 1). Together with data in
the tlcIA background, this indicates that deletion of
EXO1 permits proliferation of a variety of telomere-in-
duced senescent cells. This experiment also shows that
Yku?70 is not essential for growth in the absence of both
recombination and efficient telomerase activity.

To simplify description, we call the telomerase-, re-
combination-, and Exol-defective strains PAL-survivors,
based on the mechanism that permits their immortal-
ization, as described later. PAL-survivors grew slowly
during passages 4-10, then growth improved (Fig. 1A, cf.
growth and colony size at passages 4 and 25).

To compare the growth of PAL-survivors with strains
using telomerase or recombination to maintain telo-
meres, we plated serial dilutions on agar. Figure 1B
shows that although some strains grew slower than oth-
ers, the viability of PAL-survivors was high. Further-
more, the best growing PAL-survivors (PAL-3, PAL-36)
had similar growth rates to a ticIA strain (maintaining
telomeres using recombination). We found that PAL-sur-
vivors lacking YKU70 grew more slowly, perhaps be-
cause of more pronounced DNA repair defects.

PAL-survivors not only grow well, but are probably
immortalized, because 15/16 were still growing 300-460
d after they were generated. These time periods corre-
spond to ~3000-4600 generations for wild-type cells
grown under the same conditions. In summary, PAL-

survivors grow well and indefinitely, yet they lack the
classical mechanisms to maintain chromosome ends.
How is this possible?

One possibility to explain growth of yeast cells with-
out telomerase and recombination would be that they
circularized their chromosomes, like telomerase-defec-
tive fission yeast (Nakamura et al. 1998). To test this
hypothesis, we performed pulsed field gel electrophore-
sis (PFGE) on pre- and postsenescent strains, because
only linear chromosomes should enter pulsed field gels.
Figure 2A and B shows that both pre- and postsenescent
strains contained linear chromosomes, recognizable as
tight bands of similar intensity as the wild-type chromo-
some bands. This PFGE analysis also revealed that all
“mature” (older than 200 d) PAL-survivors had extensive
chromosome size abnormalities. Moreover, each PAL-
survivor had a different pattern of extensive chromo-
somal changes.

To test if PAL-survivors contained telomeric DNA, we
hybridized the chromosomes to a probe that detected
telomeric and subtelomeric repeats. Figure 2C shows
that all 12 PAL-survivors gave few telomeric signals,
ranging from one to six bands, whereas wild-type strains
had eight hybridization bands. In conclusion, it is clear
that PAL-survivors escaped senescence and proliferated
with linear, but abnormally sized chromosomes, that
have lost, in most cases, telomeric and subtelomeric
DNA.

PAL-survivors progressively lose single gene loci

To address the question of whether chromosomes of
PAL-survivors had lost more DNA than just telomeric
and subtelomeric regions, we analyzed, by quantitative
PCR, single gene loci on chromosomes V and VII. The
amount of DNA at all loci was measured in three inde-
pendent PAL-survivors, and the mean amount of DNA is
shown in Figure 3A-C. We found that DNA levels at
internal single copy loci were getting progressively less
with time. For example, after 32 d, the right arm of chro-
mosome V had lost 30 kb of DNA in ~99% of cells (Fig.
3A). The extent of degradation exceeded the DNA loss
expected from the end-replication problem, which
causes <10 bp loss per generation in budding yeast (Lund-
blad and Szostak 1989). If survivors divided 10 times per
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Figure 2. PAL survivors contain linear, abnormally sized chro-
mosomes. (A) PFGE of strains unable to maintain telomeres
using telomerase, at early passage. Twelve independent freshly
germinated spores were grown on agar plates for 5 d, then over-
night in liquid culture, before chromosomes were analyzed.
Lane 1 is the wild type strain DLY641; lanes bracketed by 2 are
yku70A mrellA exolA rad52A strains; lanes bracketed by 3 are
tic1A exolA rad52A strains; and lanes bracketed by 4 are tIcIA
mrellA exolA rad52A strains. (B) As in A, except that PAL-
survivors had been in culture for 200-340 d before chromosomal
analysis. The genotypes bracketed by the numbers are as in A.
From left to right, lane 1 is wild type; lanes bracketed by 2 are
PAL-15, PAL-22, PAL-52, PAL-55 (340 d); lanes bracketed by 3
are PAL-2, PAL-5, PAL-6, PAL-10 (200 d); and lanes bracketed by
4 are PAL-1, PAL-30, PAL-36, PAL-38 (270 d). (C) The gel shown
in B was hybridized to a telomeric and subtelomeric probe, pre-
viously described (Maringele and Lydall 2004).

day for 32 d, they should lose a maximum of 3.2 kb of
DNA because of the end-replication problem. After 100 d
in culture, the right arm of chromosome V had lost 38 kb
in >50% of cells, and degradation largely stopped before
the RAD24 gene at 40 kb (Fig. 3A). DNA loss showed a
similar pattern on different chromosomes and in differ-
ent genetic backgrounds: it started at telomeres and pro-
gressed toward centromeres (Fig. 2B,C). This pattern and
the speed of degradation are consistent with the activity
of nucleases degrading the ends of chromosomes V and
VII, in addition to the end-replication problem.

We further asked if Mrell or Yku70, both involved in
telomere protection, influenced chromosomal degrada-
tion in PAL-survivors. When we examined DNA loss on
the right arm of chromosome V, yku70A mrellA exolA
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rad52A strains showed more degradation than other
PAL-survivors (Fig. 3B). However, on the left arm of
chromosome VII, we found that YKU70+ MRE11+ (tic1A
exolA rad52A) strains had more degradation (Fig. 3C).
Therefore, we conclude that neither Mrell nor Yku70
plays a critical role in protecting chromosome ends from
degradation in PAL-survivors. Degradation appears to be
a stochastic process. The apparently different degrada-
tion rates on different chromosomes (Fig. 3, cf. B and C)
might be partially caused by unannotated sequences
near telomeres, some as large as 30 kb (E. Louis, pers.
comm.). Alternatively, different chromosome ends may
have different susceptibilities to degradation.

To better understand the extent of degradation on all
chromosome ends, we used genomic microarray analy-
sis. Figure 3D is a schematic representation of all chro-
mosomes from one PAL-survivor (PAL-22, yku70A
mrellA exolArad52A, 240 d) and shows that 28/32 chro-
mosome ends have lost DNA, some up to 45 kb. Primary
data are presented in Supplementary Figure 1. Impor-
tantly, microarray analysis confirmed that 38 kb was lost
from the right arm of chromosome V, as found by quan-
titative PCR as shown in Figure 3A.

Interestingly, 8/32 chromosome ends of PAL-22
showed 50-400-kb regions of duplicated DNA (Fig. 3D;
Supplementary Fig. 1). Duplications detected by micro-
arrays were larger (on chromosomes VII, IX, XIII), simi-
larly sized (chromosome V), or smaller (chromosome I}
than deletions on the same chromosome (Fig. 3D). We
found a corresponding variation in chromosome size by
PFGE (Fig. 3E), suggesting that duplications were not
translocated to other chromosomes. Consistent with du-
plications not being translocated is the fact that the
probes used in Southern blots were directed to the du-
plicated DNA (except for XIII, which was a dicentric
chromosome), and they detected mainly single bands.

Unprotected chromosome ends might fuse to other
chromosome ends. However, Figure 3E shows this was
not the case for PAL-22, because chromosomes III, XI,
and XV were shorter or similarly sized to the correspond-
ing wild-type chromosomes (Fig. 3E). Degradation of
telomeres in this strain was confirmed by hybridization
with a telomeric probe: only three weak signals were
detected (Fig. 3E, last column, labeled Y'). We also used
microarrays to analyze whole genomes of six indepen-
dent tlcIA exolA rad52A and tlc1A mrellA exolA
rad52A strains and found a similar picture of absent dis-
tal genes and large duplicated chromosome regions
(Supplementary Fig. 2; data not shown).

Palindromes limit loss of DNA and rescue
essential genes

Duplications detected by microarray were frequently ad-
jacent to regions of degradation (Fig. 3D; Supplementary
Figs. 1, 2). This pattern suggested that cells with un-
capped chromosomes limit progressive DNA loss by du-
plicating large chromosomal regions.

Microarray analysis allowed us to map (within 15 kb)
the loci where degradation stopped and duplication be-
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gan. Duplications of DNA on a single chromosome could
be, in principle, caused by direct or inverted repeats (pal-
indromes). To differentiate between these possibilities
by Southern blot, we used a succession of restriction
enzymes (1, 2, 3, 4) chosen to cut progressively further
from the junction between two repeats, marked with |
(Fig. 4A). At the wild-type locus or in the case of several-
kilobase-large direct repeats, different fragments would
most likely give a random pattern. In contrast, if a pal-
indrome formed, the cut sites would be symmetric
around the junction, and increasing fragment sizes
would appear as a ladder (Fig. 4A). Figure 4B shows that
ladders were clearly detected on the right arms of chro-
mosomes VII, VI, and II in PAL-22, indicating that du-
plications were palindromes. It is also clear that a
weaker ladder of bands, half the size of the palindrome
ladder, accompanied each palindrome ladder. The origin
of these half-sized bands is discussed below. Palindromes
also formed in other PAL-survivors with different geno-
types (Figs. 4C, 5, 6).

In PAL-survivors, there is strong selective pressure to
maintain essential genes that could be degraded at chro-
mosome ends. One hypothesis to explain palindrome
formation in PAL-survivors is that palindromes always

form close to essential genes under selective pressure.
Because all genes essential for cell viability have been

Telomerase and recombination independent growth

Figure 3. DNA loss and amplification in PAL-survivors. (A-C)
Each column shows the average amount of DNA relative to
wild type, measured by quantitative PCR in three independent
strains with the same genotype, indicated by the key below C.
(A) DNA levels were measured at seven loci along the right arm
of chromosome V after 4, 32, and 100 d in culture. The X-axis
indicates the distance from the right end of chromosome V.
(Bottom) A cartoon indicates genes on the right arm of chro-
mosome V (gray boxes) and the relative position of the probes
(black boxes). (B) Loss of DNA along the right arm of chromo-
some V, after 60 d in culture, measured using a subset of the
probes described in A. (C) Loss of DNA along the left arm of
chromosome VII, after 100 d in culture, measured using probes
at 10-kb intervals. (D) Genomic analysis of PAL-22 at 240 d.
Wild-type and PAL-22 DNA were separately labeled and hybrid-
ized to Affymetrix S98 microarrrays, and the PAL/wild-type
ratio was calculated for each gene. Yeast chromosomes sizes
and centromere positions (circles) are according to the Saccha-
romyces Genome Database. Deletions detected by microarrays
are marked in white, duplications are marked in dark gray, and
normal levels of DNA are light gray. We classified DNA in
PAL-22 as deleted if the ratio to wild type was 0-0.5 and as
duplicated if the ratio was >1.4. We ignored single amplified
genes. See Supplementary Figure 1 for primary data. (E) The first
column shows PFGE of wild-type (W) and PAL-22 strain (P)
stained with ethidium bromide. The following eight columns
are Southern blots of the gel shown in the first column. The
chromosomes detected are indicated above each blot. Probes
hybridized to regions of duplicated DNA (except for chromo-
some XIII). Primers used to make probes are listed in Supple-
mentary List 1. In the case of chromosome III, the probe also
bound to a region close to the left end of the wild-type chro-
mosome XV, and this region was deleted in PAL-22. The last
column shows chromosomes hybridized with the telomere
probe used in Figure 2C.

mapped in budding yeast, it was possible to test if pal-
indromes only formed close to essential genes. We found
this was not always the case. For example, on the right
arm of chromosome II of PAL-22 (Fig. 4B), a palindrome
formed in a subtelomeric repetitive region, 72 kb away
from TSC10, the closest essential gene to the right telo-
mere. However, we cannot exclude the possibility of se-
lective pressure caused by synthetic lethal interactions
(specific subtelomeric genes may become essential when
other genes are deleted).

On other chromosomes and in other strains, it is very
likely that palindromes rescued essential genes from
degradation, and therefore, palindromes were critical for
immortalization of these strains. Consistent with this,
on the left arm of chromosome II (IIL) in PAL-5 (tic1A
exolA rad52A; Fig. 4C-E), palindromes originated 2 kb
from PKC1, the most telomere-proximal essential gene.
Interestingly, we found a 6-bp inverted repeat (short pal-
indrome) at the origin of palindrome formation on IIL
(Fig. 4D).

Another situation in which palindromes rescued es-
sential genes occurred on chromosome V. On the right
arm of chromosome V, the most telomere-proximal es-
sential gene is BRR2, 41 kb from the natural telomere.
We used the restriction mapping approach described in
Figure 4, in this case using nine different restrictions

GENES & DEVELOPMENT 2667
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Figure 4. Palindromes form on chromosome arms. (A) Car-
toons demonstrating how palindrome symmetry can be identi-
fied by appropriate choice of restriction enzymes and probe lo-
cation. (Left cartoon) A succession of restriction enzymes (1, 2,
3, 4) will give a random pattern of bands when cutting wild-type
DNA. (Right cartoon) If a palindrome has formed at this locus
(by deleting the right half of wild-type DNA and duplicating the
left half), enzymes will cut symmetrically around the junction
between the palindrome arms, and increasing fragment sizes
will generate a ladder. (B) Palindromes detected on the right arm
of chromosomes VII, VI, and IT in PAL-22. In each case, the first
lane from the Ileft shows molecular weight markers, the next
four lanes are wild-type DNA, and the four right lanes are PAL-
22 DNA (yku70A mrellA exolA rad52A at 240 d). The enzymes
used to cut DNA are indicated with numbers above each lane as
follows: for chromosome VII, Stul (1), Bstl1 (2), EcoR1 (3), and
Bgl2 (4); for chromosome VI, Bstll (1), Kpnl (2), Pstl (3), and
Sac2 (4); and for chromosome II, Nsil (1), Afl2 (2), EcoR5 (3), and
Nspl (4). The junction loci are shown in Figure 6. In the case of
chromosome IIR, the probe hybridized close to the end of chro-
mosome II, but also to several other wild-type chromosome
ends, which were lost in this PAL-survivor by 240 d. Primers
used to make probes are listed in Supplementary List 1. (C) A
palindrome formed near PKC1 on the left arm of chromosome
II. The first lane from the left shows molecular weight markers,
the next five lanes are wild-type DNA, the five right lanes are
DNA from PAL-5 (tlcIA exolA rad52A strain at 100 d). The
enzymes used to cut DNA and their positions are shown in D
and E. (D) A map of the wild-type locus examined in C. Restric-
tion enzymes sites, probe location, open reading frames, and an
inverted repeat are shown. (E) A map of the palindrome detected
in C.

enzymes, and found palindromes on the right arm of
chromosome V in five independent PAL-survivors (data
are only shown for Xmnl in Fig. 5C, and EcoRV in
Supplementary Fig. 3). 4 PAL-survivors formed palin-
dromes ~2 kb from BRR2, and restriction mapping
showed an AT-rich short inverted repeat (IR) at the junc-
tion between palindrome arms (Supplementary Fig. 3).

2668 GENES & DEVELOPMENT

Weak half-sized bands were always detected in addi-
tion to strong palindrome bands (Figs. 4, 5). These might
indicate sister chromatids joined together through non-
covalent bonds (e.g., through base pairing between
single-stranded inverted repeats) and able to separate un-
der certain circumstances (Supplementary Fig. 3C).
However, we found that the bond between palindrome
arms was covalent, because it did not break under heat
(Supplementary Fig. 3D) or alkali (Supplementary Fig.
3E). Also, separation of palindrome arms did not appear
to be cell cycle phase-specific (Supplementary Fig. 3G).

We think it is more likely that half-sized bands are
related to a fraction of palindromes that form a cruci-
form-like structure, caused by intrastrand base pairing
around the junction (Supplementary Fig. 3H). Because
cruciform structures are similar to recombination inter-
mediates, Holliday junctions, it is possible that the en-
zyme required to resolve Holliday junctions, resolvase,
cleaves around the junction of cruciforms (cut site la-
beled with 1 in Supplementary Fig. 3H). Alternatively,
the half-sized bands might be generated in vitro by cut-
ting large cruciforms (extending over several kilobases)
with restriction enzymes that recognize sites on the ver-
tical arms (a virtual cut site is labeled with 2 in Supple-
mentary Fig. 3H). Irrespective of the origin of half-sized
bands, we consider these bands a signature of large pal-
indromes on chromosome arms.

Mechanism of palindrome formation

To understand the sequence of events that leads to pal-
indrome formation, we analyzed the BRR2 locus on
chromosome V by Southern blot. A simple model ex-
plaining the series of events that might lead to palin-
drome formation is shown in Figure 5A. To analyze the
sequence of events in vivo, we cut genomic DNA and
monitored the BRR2 locus by Southern blot, in two in-
dependent PAL-survivors, at regular periods of time, as
indicated in Figure 5B. Consistent with the high speci-
ficity of our probes, we obtained a single 5-kb band in
wild-type DNA (Fig. 5B). We had shown by real-time
PCR that 30-38 kb from the right telomere of chromo-
some V had been lost in these two PAL-survivors (Fig.
3A), indicating that degradation was approaching the
BRR2 locus. In PAL-52 at 60 d, we detected a diffuse
band, 3.5-3.9 kb in size (Fig. 5B). This diffuse hybridiza-
tion pattern, stretching over 400 bp, shows that DNA cut
with Xmn1 and hybridized to the probe is heterogeneous
in size. This heterogeneity reflects the range of chromo-
some ends in a large population of cells. At 80 d, the band
became smaller (~3.5 kb), but also tighter, suggesting
that degradation had slowed in many cells. After 100 d, a
strong 7-kb band, caused by a palindrome, appeared and
persisted for the rest of the experiment (Fig. 5B). Another
independent strain, PAL-22, appeared to be comprised of
two populations of cells. A minor population formed a
7-kb palindrome early during the time course, because a
weak 7-kb band can be seen by 30 d. The major popula-
tion contained the wild-type 5-kb band for 80 d, then
showed a diffuse band at 100 d before, finally, a palin-
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Figure 5. Palindrome formation in PAL-survi-
vors. (A-D) Examination of the right end of chro-
mosome V. (E-H) Examination of the left end of

centromere < » telomere telomere centromere
Xmni vt et chromosome II. The strain genotypes are listed in
41.9kb 36.9kb 11.5kb Table 1. (A) A cartoon explaining the nature of the
%‘% DNA fragments detected in B, C, and D. In B-D,
an Xmnl restriction enzyme was used to cut
find tindll  DNA; the distance between the telomere and the

relevant cut sites is shown. Also indicated are the
positions of the probes used in B-D. The primers
& used to generate probes are in Supplementary List

+

Tko NEETP BRR2

A O ON®

w
)

1. (B) Southern blot analysis of DNA extracted
from PAL-52 and PAL-22 at intervals indicated
above each lane. (C) Southern blot analysis of 12
independent PAL survivors: PAL-22, PAL-52, PAL-
55 at 180 d; PAL-6, PAL-10 at 110 d; PAL-1, PAL-
11, PAL-30, PAL-32, PAL-36, PAL-38 at 140 d. (D)
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clones. All clones were grown for 7 d after the time
point shown blot in C, when single clones were
selected. (E) A map of the PKC1 locus near the left
telomere of chromosome II. HindIIl and Xmn1 re-
striction enzyme sites are shown. Probes used to
examine zones 1 and 2 by Southern blot are shown
as black boxes. (F) Twelve independent PAL-sur-
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d; PAL-2, PAL-3, PAL-5, PAL-6 at 250 d; and PAL-
1, PAL-11, PAL-36, PAL-38 at 320 d. (G) The same
DNA preparation examined in F were examined
by Southern blot after HindIII digestion, using the
probe directed to zone 2. (H) Southern blot analy-
sis of DNA purified from PAL-55 at the indicated
time points and cut with Clal (sites 4.8 and 15.7
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drome formed and persisted for the remainder of the
time course.

To see if palindromes formed at the BRR2 locus in
other strains, we analyzed 11 independent PAL-survivors
(Fig. 5C). Four appeared to have formed a palindrome at
the same location (PAL-22, PAL-52, PAL-36, PAL-38).
This suggests that palindromes may be specifically
formed when degradation reaches a hot spot, presumably
the short inverted repeat at this locus (Supplementary
Fig. 3C). One strain, PAL-1, showed a larger 7.6-kb band,
indicating that in this case, a palindrome initiated 300 bp
before degradation reached the major hot spot on chro-
mosome V. In this case also, a short inverted repeat
mapped to the origin of the large palindrome (data not
shown). Other PAL-survivors analyzed in Figure 5C had
diffuse (PAL-6) or wild-type-like bands (PAL-55, PAL-10,
PAL-11, PAL-30, PAL-32) at this time point and, accord-
ing to the model in Figure 5A, either had not formed
palindromes yet, or formed palindromes closer to the
original telomere.

The sequence of events presented in Figure 5A could
occur in many cells from the same strain, rather than in
a single clone that overtook the culture. For example,
when we analyzed four clones purified from cells with

kb from the telomere). The probe was as in G.

diffuse bands (PAL-6, Fig. 5C) we found that within 7 d,
three of these clones had started to generate 7-kb bands
from 3.5-kb bands (Fig. 5D, lanes 4,5,7), whereas one
clone still had a diffuse band (Fig. 5D, lane 6).

Microarray analysis showed duplications (palin-
dromes) at only a fraction of chromosome ends. More-
over, the same chromosome end appeared to have
formed a palindrome in some PAL-survivors, but not in
others (Supplementary Figs. 1, 2; data not shown). There-
fore, we questioned whether the “palindrome-free” ends
might have another form of end-protection, or if they
formed palindromes at later time points. To systemati-
cally address this question, we visualized the left end of
chromosome II in 12 independent PAL-survivors that
had been in culture for 250-390 d. We chose chromo-
some II because the first essential gene, PKC1, is only 15
kb from the chromosome end. Importantly, all 12 strains
had changed the left end of chromosome II, and four of 12
strains (PAL-15, PAL-22, PAL-5, PAL-1) showed clear
evidence for palindrome formation, based on the pres-
ence of a novel band accompanied by a half-sized band
(Fig. 5F,G).

Two of 12 strains (PAL-36, PAL-38) showed high-mo-
lecular-weight bands, which might indicate palindromes
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A Chromosome VII right L q es added in PAL-survivors

1061646 CAGCTATTGTAAGTAAATaaggacacctttGATCTTTCGTTaaoggtgtccttTATTTITCGCCTTTCTCA  wild-type
CAGCTATTGTAAGTAAATaaggacacctttGATCTTTCGT Taaaggtgtett PAL-1
CAGCTATTGTAAGTAAATaaggacacctttGATCTTTGGTTaaaggtgtctt4AT PAL-22
CAGCTATTGTAAGTAAATaaggacacctttGATCTTTCGTTaaaggtgtctt{ATT] [Gl PAL-38

spacer
B Chromosome VI right
257 351 AAAGGGAACTAATGTACAAGATCTTGTAtcctGAGAAGAggaAATAAGTACTCAAGAATGGGCCAGAAAT wild-type

AAAGGGAACTAATGTACAAGATCTTGTA tcctGAGAAGAggalTACAAGATCTTGTACATTAGTTCCCTTT|  ppL -22

C Chromosome II right

Figure 6. Palindrome junctions contain unduplicated 812
wild-type inverted repeats. (A-D) The sequences at the
junction of nine palindromes from four independent
strains are shown. The coordinates indicated on the

right are according to the Saccharomyces Genome Da-

D Chromosome V right

spacer<—
[ bases not present in wild-type

wild-type

010 GCAAAACCTAGAGGTACGGTGGTACTCAGAM tcatgeatgaCCTCTGGGT) AATTAGCACITCI'CCCGCIT G
A PAL-22

GCAAAACCTAGAGGTACGGTGGTACTCAGAGGtcatgcatgal

T sequences deleted in PALs

538348 GAATAAATTAATAAATAARAGtatatacatatATATTAGtatgtatatatGTATGAATATAGTTTTCATT — wild-type

tabase. Blue lowercase letters indicate the arms of wild- GAATAAATTAATAAATAAAAGtatatac R g tatata PAL-22

. .. . GAATAAATTAATAAATAAAAG tatatac IR g tatata PAL-36
type inverted repeats, and red boxes indicate palin- GAATAAAWAATAAATAAAAutatatqcmgtatutam PAL-38
drome duplications. Black and blue arrows indicate GAATAAATTAATAAATAANAGtatatac spicir gtatatotITIIATTTATIAATITATIC] PAL-52
complementary arms of inverted repeats and palin- deleted
dromes. PAL-22 and PAL-52 had been in culture for 317 240 days 577 d
d and PAL-1, PAL-36, and PAL-38 for 240 d. To facili- E 3 5o oy’ G 170 days
tate PCR amplification and sequencing of palindrome ~ L '
junctions, DNA was treated with sodium meta-bisul- %" ﬁiin ks . |
fite to convert cytosine to uracil. The sequences shown ol R o ¥ 4 <
have been deconverted, meaning some Ts were manu- R - . =
ally changed back to Cs, to facilitate reading of the pal-
indrome sequences. Supplementary Figure 4 shows pri- F= X g Xl
mary data. (E) Microarray analysis of chromosome IX of = * - [ L ———
PAL-22 at 240 and 317 d. (F) Microarray analysis of = o | Gy
chromosome XIIT of PAL-22, at 240 and 317 d. (G) Mi- & |", ~ “eveey | | {F] g
croarray analysis of chromosome IX of PAL-2 at 170 d. i =t e ]

formed close to the chromosome end (Fig. 5F). Consis-
tent with this, microarray analysis detected large dupli-
cations close to this chromosome end (Supplementary
Fig. 2; data not shown).

Two of 12 strains (PAL-2, PAL-11) showed novel high-
molecular-weight bands (Fig. 5F). These bands are diffi-
cult to classify, because it is not possible to design spe-
cific probes closer to this end of chromosome II, due to 9
kb of repetitive DNA (subtelomeric regions and LTRs).

The remaining four of 12 strains (PAL-52, PAL-55,
PAL-3, PAL-6) showed diffuse bands (Fig. 5F,G; data not
shown), characteristic of freely degradable chromosome
ends, and they may form palindromes with time. To test
whether this was the case, we analyzed the left arm of
chromosome II in PAL-55 at different time points, be-
tween 60 and 400 d (Fig. 5H). Consistent with the diffuse
band being a freely degradable chromosome end, the
band shortened over time. Between 60 and 300 d, the
chromosome had lost ~8.5 kb, on average 28 bp/d, which
can be explained solely by the end-replication problem.
At 370 d, three subpopulations of palindrome-containing
cells were visible (main palindrome bands are labeled
with A, B, and C and corresponding half-sized bands with
a, b, and ¢). Palindrome A appeared by 290 d, then in-
creased in intensity. Interestingly, the subpopulation
containing Palindrome B appeared to be overgrown with
time, while the subpopulation containing Palindrome C
remained constant. These data show that even in a single
culture different subpopulations evolve and compete
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with each other and that palindromes can form at differ-
ent locations.

In summary, there is evidence that palindrome forma-
tion is an important mechanism to protect the left end of
chromosome II, occurring in 7/12 survivors (PAL-15,
PAL-22, PAL-5, PAL-1, PAL-36, PAL-38, PAL-55). An-
other 3/12 showed diffuse bands (PAL-52, PAL-3, PAL-6)
and, like PAL-55, will probably form palindromes with
time.

Palindromes originate at inverted repeats

To better understand how palindromes form in PAL-sur-
vivors, we amplified and sequenced the junctions be-
tween palindrome arms. Palindromes are difficult to am-
plify by PCR, because they fold back rapidly through
intrastrand base pairing between the arms. Tanaka et al.
(2002) have shown that bisulfite treatment of palin-
dromic DNA converts cytosine to uracil, disrupting in-
trastrand base pairing and permitting PCR amplification.
We used this method to sequence a total of nine palin-
drome junctions on four different chromosomes, in sev-
eral independent PAL-survivors.

We found that all PCR-amplified palindromes con-
tained single copies of short wild-type inverted repeats
(IRs) at the junction between palindrome arms (Fig. 6A~
D). These data indicate that palindromes are formed
when degradation reaches a wild-type IR. Importantly,
the wild-type IR was not itself duplicated. The duplica-



tion started exactly after the IR, consistent with the
mechanism we describe in the Discussion. Interestingly,
we found that the spacer and a few additional base pairs
have been deleted from the IR found on chromosome V
in four independent strains (Fig. 6D). Similar loss of
DNA at the center of palindromes has been recently ob-
served in mouse cells (Cunningham et al. 2003). Several
other palindrome junctions were intact (Fig. 6A-C). In
conclusion, short inverted repeats, naturally present on
chromosome arms, catalyze palindrome formation in
PAL-survivors.

Metamorphosis of large palindromes

Microarray analysis of PAL-22 at 240 d and later at 317 d
allowed us to monitor the stability of large palindromes
over a 77-d period. We found that seven duplications
(palindromes) were relatively stable (Supplementary Fig.
1). We also noted at least one new duplication, on the
right arm of chromosome IX in PAL-22 at 317 d (Fig. 6E).
Interestingly, part of the duplication detected on chro-
mosome XIII at 240 d has been lost by 317 d, so that the
terminal duplication evolved into what appears to be an
internal duplication (Fig. 6F). Although at this stage we
do not understand the mechanism underlining this
change, it is probably responsible for other “internal du-
plications” observed in all PAL-survivors (e.g., three in-
ternal duplications in PAL-5 and PAL-38; Supplementary
Fig. 2 and in other strains; data not shown).

Finally, we sometimes saw more than twofold ampli-
fication of DNA in PAL-survivors (triplications, quadru-
plications), as on the right arm of chromosome IX in
PAL-2 at 170 d (Fig. 6G). This is most likely caused by
reduplication of a palindrome, because the end of one
palindrome arm is exposed to degradation/end-replica-
tion defect and also contains many short inverted repeats
that could trigger a reamplification process.
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Discussion

The PAL-mechanism

We have discovered a way to immortalize budding yeast
cells in the absence of telomerase and recombination.
The PAL mechanism (for palindrome-dependent mecha-
nism) allows cells to overcome senescence and immor-
talize. This mechanism involves four phases (Fig. 7A): (1)
Inactivation of Exol (or functionally equivalent nucle-
ases). (2) Adaptation to telomere defects. Adaptation is
resumption of cell cycle progression without repair of
telomere defects. Inactivation of Mrell, another nucle-
ase/checkpoint protein, significantly increases adapta-
tion of exo1A strains, but is not itself sufficient to permit
phase 2. (3) Early postsenescent phase, characterized by
progressive degradation of chromosome ends. (4) Late
postsenescent phase, characterized by palindrome for-
mation, initiated at inverted repeats. Palindromes may
further evolve to reduplicate and/or delete regions
within arms.

How inverted repeats catalyze palindrome formation
has been previously modeled by others (Cavalier-Smith
1974; Bateman 1975; Butler et al. 1995, 1996, 2002; Qin
and Cohen 2000, 2002; Lobachev et al. 2002; Tanaka et
al. 2002). These models, summarized in 4a, Figure 7A,
are based on the idea that once an IR becomes single-
stranded, it flips back at the junction between its
complementary halves and base pairs. Ligase seals the
nick between the 3’-end and the 5’-end. After DNA rep-
lication, a dicentric chromosome forms, because two
identical chromosomes remain joined together through
the inverted repeat. Because a dicentric chromosome has
two active centromeres, it can be pulled in opposite di-
rections during mitosis and break. If dicentric chromo-
somes break asymmetrically between centromeres, one
daughter cell will contain a palindrome and be alive,
whereas the other may lose essential genes and die.

This model (4a in Fig. 7A) does not explain why the
300-kb duplication detected on chromosome XIII con-
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Figure 7. A model for telomerase- and recombination-
independent immortalization of yeast cells. (A) The PAL
mechanism. (B) Exol opposes adaptation and PAL
mechanism. See Discussion for further details.
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tained two centromeres (Fig. 3D), because every palin-
drome should form after breakage of a dicentric chromo-
some between centromeres. Therefore, we propose an-
other model of palindrome formation that does not
necessarily require breakage of dicentric chromosomes.
In this model, the 3’-end of the IR serves as a primer for
DNA polymerases to initiate DNA synthesis as a form of
DNA repair, similar to break-induced replication (4b in
Fig. 7A). The break-induced replication-like (BIR-like)
process starts at the chromosome end and may stop be-
fore duplicating the entire chromosome. The result is a
chromosome with a duplicated region and, perhaps, a
stalled replication fork. After S phase, the result of rep-
licating such a chromosome would be a chromosome
with a duplicated region, as in PAL-survivors and an-
other chromosome that loses the inverted repeat (4b in
Fig. 7A). Our data show that Rad52 is not necessary for
these BIR-like events.

We found that EXO1 strongly interferes with the PAL
mechanism, because EXO1* senescent cells do not gen-
erate survivors (Table 1). We presume this is because
Exol generates single-stranded DNA (Fig. 7B), a potent
activator of cell cycle arrest, as it does in yku70A mu-
tants (Maringele and Lydall 2002) and ultimately kills
cells by degrading essential genes. Presumably, palin-
dromes cannot form in arrested cells because the passage
through S phase is necessary (4a, 4b in Fig. 7A). Interest-
ingly, deletion of MREI11 increases the rate at which
exolA tlcIA rad52A strains escape senescence. Mrell
plays many roles: It is a nuclease, DNA-repair protein,
checkpoint protein, and telomere protection protein
(D’Amours and Jackson 2002). Mrell also makes palin-
dromes unstable (Lobachev et al. 2002). In this case, we
believe it is most likely that Mrel1 is behaving primarily
as a checkpoint protein, rather than a palindrome-de-
grading protein, since its deletion allows tlcIA exolA
cells to escape senescence rapidly, within 2 or 3 d (Mar-
ingele and Lydall 2004), whereas palindromes take
longer to form. Additionally, microarray and Southern
blots showed similar numbers of palindromes in cells
with and without Mrell. However, we do not exclude
the possibility that MRE11 or its interacting partners
have been mutated in exo1A tlc1A rad52A survivors. Al-
though we establish here some of the genetic require-
ments essential for adaptation to senescence, the mecha-
nism of adaptation will be addressed separately.

The role of inverted repeats in natural
palindrome formation

Our experiments suggest that short inverted repeats
catalyze palindrome formation. Previous experiments
demonstrated that IRs initiate palindromes, when situ-
ated close to experimentally induced double-strand
breaks (Yasuda and Yao 1991; Butler et al. 1995; Qin and
Cohen 2000; Lobachev et al. 2002; Tanaka et al. 2002).
However, there was doubt whether IRs play a role in
naturally occurring palindromes, since natural palin-
dromes contained large deletions that made it difficult to
interpret their origin (Okuno et al. 2004).
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Our data are the first evidence that IRs are at the junc-
tion of several naturally formed palindromes (Fig. 6) and
strongly suggest that the palindromes we identified were
caused by IR-assisted replication, as presented in Figure
7A, and not by sister-chromatid fusion. If IRs catalyzed
sister-chromatid fusions, so that a chromatid with an IR
at one end would fuse to its sister (also terminating in an
IR), this would most probably result in duplicated wild-
type IRs at the junction. Importantly, we found that
wild-type IRs were not duplicated at palindrome junc-
tions, and this supports the argument against sister-chro-
matid fusion as a mechanism. However, we cannot
eliminate the possibility of sister-chromatid fusions by
ligation of two identical 3'-single-stranded and base-
paired IRs, as shown in Supplementary Figure 3C. It is
clear that the process of palindrome generation did not
require Rad52-dependent recombination, because all
PAL-survivors were deleted for RAD52.

Are palindromes essential for immortalization?

The fact that many chromosome ends in PAL-survivors
showed no detectable duplications raised the question of
whether palindrome formation was essential for immor-
talization of these cells. One hypothesis to explain why
not all chromosomes contained palindromes is that ma-
ture PAL-survivors down-regulate degradation, by mu-
tating genes encoding nucleases or by increasing pro-
tection against degradation. In this case, the selective
pressure to maintain essential genes would certainly de-
crease and palindromes might take longer to form (e.g.,
on the left arm of chromosome II in PAL-55; Fig. 5H).

An alternative hypothesis is that there are other ways
to protect chromosome ends and solve the end-replica-
tion problem, such as chromosome end-fusions, patch-
ing the ends with mitochondrial, ribosomal DNA (Yu
and Gabriel 1999) or transposons. However, we have not
detected such events. We believe that proteins that bind
chromosome ends or specific structural modifications of
chromosome ends (e.g., t-loops) are relevant for adapta-
tion and for continued cell cycle progression without
telomeres; however, they do not stop degradation.

In conclusion, in the absence of telomerase and recom-
bination, palindrome formation is a naturally selected
way to stop chromosomal degradation and rescue essen-
tial genes. We believe that while at first, palindromes
were an effect of early postsenescent proliferation
(phases 1-3 of the PAL mechanism; Fig. 7A), they then
became an important cause of immortalization in PAL-
survivors (phase 4).

The PAL mechanism and its potential relevance
to cancer

The PAL mechanism described here may be relevant to
cancer cells. First, palindrome formation might be re-
sponsible for maintaining chromosome ends in precan-
cerous cells, before telomerase activation. It is known
that in many cancers, telomerase activation is a late
event, occurring after widespread karyotypic changes
(Blasco and Hahn 2003). Second, the PAL mechanism



leads to amplification of genes, and oncogene amplifica-
tion is involved in tumorigenesis, whereas amplification
of drug-resistance genes is a problem in cancer therapy.
Third, the PAL mechanism may lead to amplification of
whole chromosomes, that is, aneuploidy, the most com-
mon genetic change in cancer. Fourth, it may be respon-
sible for chromosome maintenance in a fraction of those
tumor cells that do not express telomerase (ALT cells).

According to one hypothesis, senescent cells do not
transform directly into cancer cells, but they induce ma-
lign transformation of their neighbors (Krtolica et al.
2001). Here we show that senescent yeast cells deficient
in nucleases immortalize and have many genetic simi-
larities to cancer cells (deletions, gene amplifications,
palindromes). Like yeast cells, senescent mammalian
cells might be able to escape senescence (by mutation in
EXO1, MRE11, or other nucleases with functions at telo-
meres), and a PAL-type mechanism might be respon-
sible, at least in part, for their malignant transformation.

Interestingly, in PAL-survivors we have not so far ob-
served chromosome fusions that would lead to translo-
cations and other aspects of genetic instability found in
cancer cells. We propose two hypotheses to explain why
not: (1) Genes involved in chromosome fusions in cancer
cells were mutated in PAL-survivors. (2) Chromosome
ends in PAL-survivors, although degradable, might have
special protection (proteins?) against fusions, and this
protection is absent in cancer cells. Further investigation
of the PAL mechanism may lead to further insights into
carcinogenesis.

The PAL mechanism and genomic evolution

The recent sequencing of the human Y chromosome
identified eight massive palindromes on this chromo-
some (Skaletsky et al. 2003). The P1 palindrome, situ-
ated adjacent to one of the telomeres of the Y chromo-
some, contains many genes specifically expressed in tes-
tes. Therefore, it may be that the Y chromosome, which
is unable to undergo some of the recombination mecha-
nisms available to autosomes and X chromosomes, has
used a PAL-type mechanism to protect genes that are
important for sex determination.

A palindrome theory of end-replication was proposed
in 1974 by Cavalier-Smith (1974) and later modified by
Bateman (1975). They imagined that telomeres of eu-
karyotic cells consisted of palindromes. However, the
sequencing of telomeres and the discovery of telomerase
made this theory redundant.

We suggest that palindrome formation might have
been a primordial pathway for chromosome end-replica-
tion, long before telomerase ancestors became respon-
sible for end-replication. This is because the PAL mecha-
nism is based on the existence of short inverted repeats,
which are universal. Today, PAL-like-mechanisms may
replicate prokaryotic chromosomes (Qin and Cohen
2000), linear plasmids (Qin and Cohen 2000), mitochon-
drial DNA (Nosek et al. 1998), chloroplast DNA (Ellis
and Day 1986), and parvoviruses (Cotmore and Tattersall
2003) and amplify specific genes (Yasuda and Yao 1991;
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Butler et al. 1995). Here we show that the PAL mecha-
nism can also be activated on eukaryotic chromosomes,
as a consequence of postsenescence growth in the ab-
sence of telomerase, and it allows PAL-survivors to im-
mortalize. Thus, the PAL mechanism is an end-replica-
tion solution for linear chromosomes that unifies eu-
karyotes, prokaryotes, organelles, and viruses and has
the potential to become active in every genome that has
inverted repeats, theoretically in any genome.

Materials and methods

Yeast strains

All strains used in this study were in the W303 background and
RADS5*. To construct strains, standard genetic procedures of
transformation and tetrad analysis were followed (Adams et al.
1997). Because W303 strains contain an ade2-1 mutation, YPD
(yeast extract, peptone, and dextrose) medium was routinely
supplemented with adenine at 50 mg/L. yku70A mrellA exolA
rad52A strains and their controls were made by crossing
DLY2041 (mre11A::hisG:: URAS3) with DLY1708 (yku70A:: HIS3
ex0lA::LEU2 rad52::TRP1). tlclA exolA rad52A strains
came from dissection of diploid DLY2151 (tlc1A::HIS3/+
pTLC1::URA3) (pSD120 from D. Gottschling, Fred Hutchinson
Cancer Research Center, Seattle, WA), exolA:: LEU2/EXO1
rad52A:: TRP1/RAD52, after loss of the pTLCI plasmid
or from crossing DLY1950 (mrel1A::hisG:: URA3 rad52A:: TRP1)
with an early passage tic1A:: HIS3 exolA:: LEU2 strain (1a/767).
tlclA exolA mrellA rad52A strains came from crossing
DLY1950 (mrel1A::hisG:: URA3 rad52A:: TRP1) with an early
passage tlc1A::HIS3 exolA::LEUZ strain (1a/767).

Yeast propagation and growth assay

Cells from a fresh germination plate were passaged every 4 d on
YPD plates at 25°C by pooling colonies on a toothpick (~107
cells) and spreading them onto fresh plates. Serial dilutions and
growth rates were performed as previously described (Maringele
and Lydall 2002), except that we grew cells at 25°C and inocu-
lated populations of cells, rather than colony-purified strains.
Sonication was avoided, to reduce stress on PAL-survivors.

Quantitative PCR

Tagman assays, using 5’-Fam- and 3'-Tamra-labeled probes and
an ABI7700 real-time PCR machine were used to quantify the
amount of DNA at different genomic loci (Supplementary List
1). To calculate the relative amount of DNA in survivors, 10-
fold dilution series of wild-type genomic DNA were used to
prepare standard curves. DNA was prepared by a zymolyase-
based method, and DNA levels in survivors and wild type were
equalized at centromeric loci as previously described (Booth et
al. 2001).

Southern blots

Southern blot analyses were performed using nonradioactive,
fluorescein-labeled probes and detection kits from Amersham
according to the manufacturer’s instructions. Alkaline South-
ern blots were performed as previously described (Lydall et al.
1996), at 4°C, with buffer recirculation, except that transfer of
DNA was in 1 M NH,OAc to a Magna nylon membrane.

Pulsed Field Gel Electrophoresis (PFGE)

DNA plugs were prepared according to a protocol kindly pro-
vided by Liti and Louis (2003). Manufacturer-recommended
conditions were used to separate chromosomes on a Bio-Rad
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Chef DRIII apparatus, and gels were stained with ethidium bro-
mide to visualize chromosomes.

Microarray analysis

DNA was prepared and labeled for microarray analysis on Af-
fymetrix S98 chips exactly as described (Winzeler et al. 2003).

Amplification and sequencing of palindrome junctions

To facilitate PCR amplification of palindrome junctions,
QIAGEN yeast DNA preps were treated with sodium meta-
bisulfite to convert cytosine to uracil (Paulin et al. 1998; Tanaka
et al. 2002). This destroyed the symmetry of the palindromes
and also changed the sequence of wild-type DNA. PCR primers
were designed to amplify one strand of the converted DNA from
PAL-survivors and wild-type DNA. Thus, forward primers com-
prised only A, T, and G bases and reverse primers A, T, and C
bases. In each case, no-template controls and wild-type DNA
amplified with palindrome-specific primers gave no significant
product. PCR products were sequenced directly and also cloned
into Topo-vectors, then sequenced using primers directed to the
vector.
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