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Telomere repeat sequences cap the ends of eucaryotic chromosomes and help stabilize them. At interstitial
sites, however, they may destabilize chromosomes, as suggested by cytogenetic studies in mammalian cells that
correlate interstitial telomere sequence with sites of spontaneous and radiation-induced chromosome rear-
rangements. In no instance is the length, purity, or orientation of the telomere repeats at these potentially
destabilizing interstitial sites known. To determine the effects of a defined interstitial telomere sequence on
chromosome instability, as well as other aspects of DNA metabolism, we deposited 800 bp of the functional
vertebrate telomere repeat, TTAGGG, in two orientations in the second intron of the adenosine phosphoribo-
syltransferase (APRT) gene in Chinese hamster ovary cells. In one orientation, the deposited telomere sequence
did not interfere with expression of the APRT gene, whereas in the other it reduced mRNA levels slightly. The
telomere sequence did not induce chromosome truncation and the seeding of a new telomere at a frequency
above the limits of detection. Similarly, the telomere sequence did not alter the rate or distribution of
homologous recombination events. The interstitial telomere repeat sequence in both orientations, however,
dramatically increased gene rearrangements some 30-fold. Analysis of individual rearrangements confirmed
the involvement of the telomere sequence. These studies define the telomere repeat sequence as a destabilizing
element in the interior of chromosomes in mammalian cells.

Several kilobases of short repeated sequences—TTAGGG
in vertebrates—make up the DNA component of telomeres,
which cap the ends of eucaryotic chromosomes (9). These
sequences serve as binding sites for a collection of proteins that
compensate for progressive losses due to replication (9), pro-
tect the ends from nuclease degradation and end-to-end fusion
(11, 71), and give rise to a unique chromatin structure (70).
Telomeric proteins play additional roles in chromosome at-
tachment to the nuclear matrix (44) and in the separation of
telomeres at mitosis and meiosis (13, 40). Thus, the telomere
sequence mediates a complicated interplay of proteins and
processes.

Telomeres influence replication, gene expression, and re-
combination in their vicinity. Activation of replication origins
is delayed or abolished near telomeres in mitotically dividing
Saccharomyces cerevisiae (21, 26, 57, 69), and replication timing
is shifted from middle to late for the breakpoint region adja-
cent to a repaired telomere in human cells (53). Genes near
telomeres in S. cerevisiae (28), Schizosaccharomyces pombe
(52), Drosophila melanogaster (43), and Trypanosoma brucei
(33, 61) are transcriptionally repressed. Near telomeres in
mammalian cells, selectable genes with strong promoters are
not affected, whereas genes driven by weak promoters may be
slightly repressed (8, 14). During meiosis in S. cerevisiae, ec-

topic recombination is significantly greater between inserts
near telomeres than it is between more centrally located inserts
(27), although recombination between directly repeated LEU2
gene segments was unaffected by proximity to the telomere
(55). In humans, meiotic recombination is elevated near telo-
meres (5, 39). By contrast, molecular and cytological studies of
meiosis in grasshoppers show reduced recombination near
telomeres (48).

Telomere repeats are not confined to the ends of chromo-
somes but are also found at discrete intrachromosomal sites in
many eucaryotic species (1, 6, 19, 56). It is thought that these
interstitial telomere repeats arose as the result of chromosome
rearrangements in the course of genome evolution (34, 67), a
view supported by occasional observation of aberrant chromo-
somes that have telomere repeats at the site of rearrangement
(58). Like repeats at telomeres, interstitial repeats also appear
to influence aspects of DNA metabolism in their vicinity. Cy-
togenetic studies in mitotically dividing cells have linked inter-
stitial telomere repeats with sites of spontaneous and radia-
tion-induced chromosome rearrangements (10, 17, 54, 66),
chromosome fragility (12, 50), and unstable rearrangements
known as jumping translocations (16, 36, 72). In meiotic cells in
the Armenian hamster, an interstitial telomere repeat was a
site of frequent chiasma formation, consistent with a hotspot
for homologous recombination (4). DNA molecules injected
into the macronucleus of Paramecium primaurelia preferen-
tially integrate by illegitimate recombination in or near inter-
stitial telomere repeats (37).

Because interstitial telomere sequences are uncharacterized
for length, purity, and repeat orientation and because intersti-
tial repeats are not all hotspots for rearrangement (10), several
studies introduced defined telomeric sequences into the ge-
nome. In S. cerevisiae, insertion of 49 bp of telomeric sequence
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at the HIS4 locus stimulated meiotic homologous recombina-
tion and the formation of nearby meiosis-specific double-
strand DNA breaks (22, 74). In mitotic yeast cells, homologous
recombination between 300-bp duplications of telomeric se-
quence occurred at roughly the same frequency as that be-
tween the same length of unique sequence, except in the vi-
cinity of the telomere, where telomere repeat recombination
was reduced 10-fold (68). Overexpression of the telomere-
binding protein Rap1p eliminated repression of recombination
near telomeres and stimulated recombination at interior telo-
meric repeats, indicating that some telomere-repeat-binding
proteins recognize interstitial sequences (68). Finally, at sev-
eral locations in the S. cerevisiae genome, telomere repeats
repress transcription of nearby genes (68).

In mammalian cells, telomere repeat sequences have been
introduced to fragment chromosomes and to generate
minichromosomes (7, 23–25, 29, 32, 35, 41, 49). Random inte-
gration of plasmids carrying telomere repeats adjacent to a
selectable marker generated selected colonies with a newly
seeded telomere next to the marker at a frequency of 20% in
Chinese hamster ovary (CHO) cells (23) and 70% in HeLa
cells (29). Surprisingly, the majority of such clones carried
duplications or other rearrangements at the site of chromo-
some truncation (14, 24, 32). The role of telomere sequence in
chromosome truncation and terminal rearrangement—beyond
its capacity to seed new telomeres—is unclear. Cytogenetic
analysis of three human cell lines with randomly integrated
telomere-repeat-containing plasmids showed that two were
highly unstable, but the instability was due not to telomere
sequence (20) but rather to random integration, which com-
monly generates ongoing rearrangements (47, 59).

To assess the effects of interstitial telomere sequence on
several aspects of DNA metabolism, we used site-specific re-
combination to insert 800 bp of functional vertebrate telomere
sequence in two orientations into the second intron of the
adenosine phosphoribosyltransferase (APRT) gene in CHO
cells. Site-specific recombination avoids the inherent instability
of many random integrants (20, 47, 59), and targeting to the
APRT locus allows us to make comparisons with previous re-
sults (63–65). These cell lines allowed us to test the effects of
telomere sequence on gene expression, homologous recombi-
nation, gene rearrangements, and chromosome truncation.

MATERIALS AND METHODS

Construction of vectors. Targeting vectors were constructed from previously
described vectors (63, 65), which contained the herpesvirus TK gene, the bacte-
rial GPT gene, and an APRT2 gene truncated at the 39 end of the last exon. To
generate targeting vector pAK30 containing telomere sequence in the CCCTAA
orientation, telomere sequence from the Sty11 plasmid, kindly provided by Titia
de Lange (29), was subcloned into a polylinker adjacent to a FLP recombinaton
target (FRT) site, and the pair were then cloned into the polylinker in pGS89. To
construct targeting vector pAK50 containing telomere in the TTAGGG orien-
tation, telomere sequence was cloned into the polylinker adjacent to the FRT site
in pGS101. Orientations of the telomere sequence are indicated by the sequence
of the repeat in the mRNA-like strand of the DNA. Targeting vectors pAK30
and pAK50 were checked for the presence and correct orientation of telomere
sequence by restriction digestion of surrounding polylinker sequence and by
sequence analysis. In both cases, the telomere sequence consisted predominantly
of TTAGGG repeats, with interspersed TTGGGG repeats common at the non-
seeding (TA-rich) end but rare at the seeding (G-rich) end. (Telomerase adds
new telomere repeats to the 39 end of the G-rich strand, which we refer to as the
seeding end because of its ability to serve as a substrate for addition of telomere
repeats.) The telomere sequences in pAK30 and pAK50 were identical to that in

Sty11 except that both were missing one TTGGGG repeat at the nonseeding
end. Targeting vectors containing the I-SceI recognition site were constructed by
inserting a synthetic I-SceI site into a restriction site in the polylinker adjacent to
the seeding end of the telomere sequence.

A targeting vector containing HPRT DNA was constructed by ligating an
800-bp PCR fragment (from bases 14928 to 15730 of the human HPRT intron 2)
into the SalI and NotI sites in the polylinker at the EcoRI site in pGS101, via SalI
and NotI sites in the PCR primers. The targeting vector containing HPRT DNA
with a central I-SceI site was constructed by recombinant PCR. The outside
primers were the same as above, and the inside primers created an I-SceI site.

Vectors for random integration were constructed by modification of plasmid
pGS36, which carried the wild-type APRT gene with an adjacent GPT gene and
4.5 kb of upstream sequences. A HindIII-XhoI fragment from pAK30 or pAK50,
which includes the upstream sequences, the GPT gene, and a segment of the
APRT gene containing exons 1 through the middle of exon 3 and the telomere
sequences, was used to replace the corresponding segment of pGS36 to generate
plasmids pAK301 and pAK501. These vectors were linearized at the unique
HindIII site prior to transfection.

Construction of cell lines. FLP recombinase-mediated site-specific recombi-
nation between the engineered FRT sites in the vectors and in the endogenous
APRT gene on the chromosome was carried out as described previously (46). The
APRT gene in the RMP41 cell line (46) carries a nonreverting point mutation
that eliminates the EcoRV site in exon 2 (63). Site-specific recombination gen-
erated the tandemly duplicated gene structures shown in Fig. 1. The upstream
APRT gene carries two mutations: the point mutation in exon 2 and the trunca-
tion of the 39 end. The downstream, functional APRT gene carries the telomere
sequence or HPRT DNA in intron 2. Cell line AK550 was derived from cell line
AK213 by selection for TK2 APRT1 colonies arising by homologous recombi-
nation (63).

Tetraploid cell lines were constructed by cell fusion (2) between the tandem
duplication cell lines carrying telomere sequence and a ouabain-resistant deriv-
ative of T2S24 (51), in which exons 1 and 2 of the APRT gene are deleted. Fused
cells were selected by growth in medium containing 1 mM ouabain and ALASA
(25 mM alanosine, 50 mM azaserine, 100 mM adenine) (2) and shown to be
tetraploid by fluorescence-activated cell sorting analysis.

Structures of all cell lines were verified by Southern analysis following diges-
tion with restriction enzymes diagnostic for the predicted structure. The parental
cell line and selected diploid and tetraploid cell lines were shown to contain
active telomerase by telomeric repeat amplification protocol assays (38).

Cell culture, fluctuation analysis, and transfection. Cell lines were maintained
in Dulbecco’s modified Eagle medium supplemented with amino acids and 10%
fetal calf serum. Selections were carried out as previously described (62). APRT1

cells were selected by growth in ALASA medium. APRT2 cells were selected by
growth in medium made with 10% dialyzed fetal calf serum and supplemented
with 400 mM 8-aza-adenine. TK2 APRT2 cells were selected by growth in
APRT2 selection medium supplemented with 0.3 mM fluoroiodoarabinosyluri-
dine.

Fluctuation analysis (42, 45) was carried out using 12 parallel cultures grown
from initial populations of 50 to 100 cells for each rate determination, as de-
scribed previously (63). The numbers of APRT2 or TK2 APRT2 colonies in
parallel cultures were used to calculate rates by the method of the median (42).
A single colony was picked from each parallel culture to ensure that all analyzed
colonies arose independently.

In experiments that used I-SceI to generate double-strand breaks, 15 mg of the
expression vector for I-SceI, pCMVI-SceI (60), was introduced by Lipo-
fectAmine (Gibco/BRL) into subconfluent cultures on 100-mm-diameter plates
as described previously (64).

Southern and Northern analyses, PCR analysis, and DNA sequencing. North-
ern and Southern analyses were carried out using standard protocols (62). The
probe for Southern analysis was the 3.9-kb BamHI fragment containing the
entire APRT gene, labeled by random priming with [32P]dCTP. The probes for
the Northern blot were a CHO APRT cDNA, kindly provided by Elliot Dro-
betsky, and GAPDH cDNA as an internal loading control. Quantification of
RNA on Northern blots was performed by a PhosphorImager using Molecular
Dynamics software. PCR analysis of the recombination products was carried out
as previously described (63). The locations of PCR primers used for analysis of
rearrangements are shown in Fig. 4A; their sequences are available on request.
DNA sequencing was carried out using automated sequencing technology on
targeting plasmids to confirm the orientation of the telomere sequence insert and
on amplified PCR fragments to determine the sequences of the rearrangement
junctions.
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FIG. 1. Molecular structures of the substrates at the APRT locus in diploid and tetraploid cell lines and of the products isolated in various
selections. (A) Inserted sequences are shown above their common site in the second intron of the downstream, functional APRT gene (the five
exons of APRT are shown as boxes). Vertical arrows indicate locations of the I-SceI recognition sites. Inverted triangles indicate the positions of
the FRT recognition sequences. The upstream copy of APRT is nonfunctional by virtue of a truncated fifth exon and a mutation in exon 2 (filled
box). The upstream and downstream copies share 6.8 kb of homology: 4.5 kb upstream of the APRT gene (thick line) and 2.3 kb of homology within
the gene itself. Cleavage sites for the restriction enzymes BamHI (B), HindIII (H), and BclI (Bc) that were used in Southern analyses are indicated.
An additional BamHI site in AK775 and AK858 is located in the polylinker adjacent to the TA end of the telomere sequence (not shown). The
hybridization probe corresponds to the downstream BamHI fragment that encompasses the APRT gene, but included no inserted sequences. (B)
Products were distinguished based on Southern patterns after BamHI and HindIII cleavage and PCR analysis (63–65). Conversions have a
structure like the parental tandem duplication, except that some lose the insert as part of the conversion process (status of the insert is indicated
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RESULTS

Effects of telomere sequence on the APRT1 phenotype. To
design the experiments described here, it was essential to know
that telomere sequence in either orientation would not inter-
fere with the ability of CHO cells to express the APRT1 phe-
notype. A functional APRT gene was necessary for our target-
ing strategy and for our loss-of-function assays for homologous
recombination, gene rearrangement, and chromosome trunca-
tion. To address this question, we used plasmids that contained
a GPT gene and a wild-type APRT gene, with or without a
telomere repeat sequence in the second intron. We linearized
plasmids pGS36 (no insert), pAK301 (CCCTAA), and
pAK501 (TTAGGG) and transfected them into the APRT2

cell line RMP41. Transfected cells were plated to recover
APRT1 or GPT1 colonies arising by random integration of the
plasmid DNA (Table 1). If the telomere sequence embedded
in the middle of the APRT gene blocked its expression, we
would have expected many fewer APRT1 colonies than GPT1

colonies. Because APRT1 and GPT1 colonies were recovered
at roughly equal frequencies in transfections with each plas-
mid, we concluded that 800 bp of telomere sequence in the
second intron did not affect the ability of the gene to express
the APRT1 phenotype.

Construction of cell lines and experimental rationale. To
test the effects of interstitial telomere sequence on gene ex-
pression, homologous recombination, gene rearrangements,
and chromosome truncation, we constructed a variety of cell
lines whose structures are shown in Fig. 1A. Targeting vectors
carrying different DNA sequences adjacent to an FRT site in
the second APRT intron were integrated via FLP-mediated
site-specific recombination so that the inserted sequences were
located in the downstream, APRT1 copy of the gene. The
upstream APRT2 copy of the gene carries a nonreverting point
mutation and is truncated at its 39 end. The structures of the
tandem duplications in these cells lines is analogous to those
we have used before (63, 65) and thus allow us to make direct
comparisons with our previous results.

We chose to use 800 bp of telomere sequence because this
length was sufficient to support telomere-associated chromo-
some fragmentation (TACF) in HeLa cells (29). Similar ex-
periments in CHO cells demonstrated TACF using only 500 bp
of telomere sequence (23). As a control for this length of
insert, we constructed cell lines carrying an 800-bp fragment
from intron 2 of the human HPRT gene (Fig. 1A). As a positive

control to test the effects of double-strand breaks, we con-
structed parallel cell lines that carried the recognition site for
endonuclease I-SceI at the seeding (G-rich) end of the telo-
mere sequence or in the middle of the HPRT fragment (arrows
in Fig. 1A).

To test for chromosome truncation accompanied by the for-
mation of new telomeres at the inserted telomere sequence, it
was necessary to provide a second copy of the chromosome
that carries the APRT gene. Since large portions of the APRT-
containing chromosome are hemizygous (3), it was possible
that chromosome truncation would eliminate an essential
gene, rendering those cells nonviable. A second copy of the
APRT-containing chromosome was provided by fusion with
cell line T2S24, which carries a deletion in the APRT gene (51).
A defective APRT gene on this second chromosome was crit-
ical for our analysis, which depends on selection for the
APRT2 phenotype.

Effects of telomere sequence on production of APRT mRNA.
Although telomere sequence does not interfere with expres-
sion of the APRT1 phenotype (Table 1), it could still reduce
mRNA levels substantially, since cells with only a few percent
of wild-type Aprt enzyme activity are phenotypically APRT1

(18). To measure the effect of telomere sequence on produc-
tion of APRT mRNA, we performed Northern analysis on
RNA extracted from wild-type cells and from cells with tar-
geted tandem duplication at the APRT locus (Fig. 2). The level
of APRT mRNA relative to GAPDH mRNA is the same for
control cell lines carrying a single copy of the APRT gene (lane
1), a tandem duplication with no insert (lane 3), and a tandem
duplication with the HPRT insert (lane 4). Cell line AK213
with telomere sequence in the CCCTAA orientation expresses
the same relative level of APRT mRNA as the control cell lines
(lane 5). Cell line AK775, with telomere sequence in the TTA
GGG orientation, expresses about half the amount of APRT
mRNA, relative to GAPDH mRNA, as the other cell lines
(lane 6).

Since we did not know the transcriptional status of the up-
stream APRT gene fragment, we included in the analysis an
additional cell line, DELI26, which carries a tandem duplica-
tion with the same structure except that the downstream gene
is promoterless (46). The absence of APRT mRNA in this cell
line (lane 2) indicates that the upstream fragment of the APRT
gene does not yield a stable transcript. Thus, the detected
transcripts in the other tandem-duplication cell lines must

TABLE 1. Relative transfection efficiencies of APRT genes with telomere sequence

Plasmid (insert) Transfection method APRT1 frequency GPT1 frequency APRT1/GPT1 ratio

pGS36 (none) Electroporation 3.3 3 1025 4.0 3 1025 0.8
pAK301 (CCCTAA) Electroporation 1.0 3 1024 1.0 3 1024 1.0
pAK501 (TTAGGG) Calcium phosphate 4.0 3 1023 5.4 3 1023 0.7

by 1/2). Conversions were shown to contain the EcoRV mutation in exon 2 (filled box) by PCR amplification across the exon (Fig. 4A) followed
by incubation with EcoRV. Crossovers have a single copy of the APRT gene whose size depends on whether the insert was retained or lost.
Rearrangements yield a Southern pattern that does not correspond to conversions or crossovers (Fig. 3); they were subjected to further Southern
and PCR analyses (Fig. 4A). Mutations were identical to conversions by Southern analysis but were shown not to contain the EcoRV mutation
by PCR analysis. They are assumed to carry point mutations or small deletions elsewhere in the APRT gene; however, they have not been further
characterized.
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come exclusively from the downstream gene, which harbors the
different sequences tested. From these experiments we con-
clude that the CCCTAA orientation of telomere sequence has
no effect on APRT transcription and processing, whereas the
TTAGGG orientation reduces mRNA production by about
50%.

Effects of telomere sequence on chromosome truncation.
The single functional APRT gene in CHO AT32 cells resides in
a hemizygous region near the chromosome end and is tran-
scribed toward the centromere (73). Truncation of the chro-
mosome at the interstitial telomere sequence and the seeding
of a new telomere, which could occur only in the CCCTAA
orientation, would eliminate the 59 end of the APRT gene
along with more distal sequences. To render eliminated se-
quences nonessential, we fused tandemly duplicated cell lines
to a cell line carrying an APRT deletion. In these tetraploid cell
lines, APRT2 colonies arose (presumably due to chromosome
loss) at the same frequency in cell lines with no telomere
sequence (AK723, [3.8 6 1.8] 3 1024) and with a nonseeding,
TTAGGG sequence (AK858, [4.9 6 1.9] 3 1024). In two
potentially seeding, CCCTAA cell lines (AK863 and AK728),
APRT2 colonies arose at similar frequencies (average, [6.6 6
3.1] 3 1024). Thus, telomere sequence at the APRT locus does
not cause chromosome truncation and the seeding of new
telomeres at a frequency greater than 0.1%. Expression of
I-SceI in these cell lines did not stimulate APRT2 colony for-
mation sufficiently above the level of chromosome loss to de-
tect the seeding of new telomeres directly (data not shown).

Effects of telomere sequence on homologous recombination.
Although tandem duplications can give rise to APRT2 cells in
several ways (Fig. 1B), previous analysis of spontaneous events
indicated that homologous recombination was dominant, ac-
counting for about 95% of events, compared to 5% for muta-
tions and ,0.5% for rearrangements (63, 65). The same stud-
ies showed that TK2 APRT2 cells were generated entirely by
homologous recombination (Fig. 1B). Thus, we measured the
effects of telomere sequence on homologous recombination by
measuring rates of production of APRT2 and TK2 APRT2

phenotypes. Homologous recombination yields TK2 APRT2

cells by crossover (popout) recombination, which eliminates
one copy of the APRT gene; it generates APRT2 cells by
crossover recombination and by gene conversion, in which the
EcoRV mutation in the upstream copy is transferred to the
downstream copy (Fig. 1B).

Tandem duplications carrying telomere sequence yielded
TK2 APRT2 cells and APRT2 cells at rates that were indistin-
guishable from those of cells carrying an HPRT insert or
smaller inserts (Table 2), suggesting that homologous recom-
bination was unaffected by telomere sequence in either orien-
tation. Analysis of individual colonies by Southern blotting and
PCR confirmed that the majority arose by homologous recom-
bination (Fig. 3; Table 2). Among APRT2 colonies from cell
lines containing telomere sequence, the proportions of conver-
sions and crossovers (18 versus 4) were similar to those ob-
served previously (88 versus 17) (Table 2). In addition, cross-
overs that retained telomere sequence (13 of 24) or lost it (11
of 24) were generated in proportion to the lengths of homology
flanking the telomere sequence, consistent with results for
smaller inserts (63). Thus, analysis of neither the rates of re-
combination nor the nature of the products reveals any influ-
ence of telomere sequence.

To determine whether stimulated recombination could be
detected in the vicinity of telomere sequence, we expressed
endonuclease I-SceI in cell lines that carried its recognition site
alone, adjacent to the telomere sequence, or in the middle of
the HPRT insert (Fig. 1A). I-SceI expression typically stimu-
lates homologous recombination several hundred-fold in mam-
malian cells (60, 64). In all cases recombination was stimulated
to similar levels (Table 3), much above the spontaneous rates
(Table 2). Analysis of individual colonies confirmed that most
arose by homologous recombination (data not shown). Since
increased recombination could have been detected, we con-
clude that telomere sequence does not affect homologous re-
combination at APRT.

Effects of telomere sequence on gene rearrangements. Our
loss-of-function assay allows us to detect gene rearrangements
in addition to homologous recombinants (Fig. 1B). Rearrange-
ments had not previously been observed among spontaneous
recombinants in wild-type CHO cells (63, 65). Thus, the most
striking feature of the data in Table 2 is the presence of rear-
rangements, which were detected by their abnormal Southern
blot patterns (Fig. 3). Among 59 colonies from tandem dupli-
cations carrying the telomere sequence, 10 were rearrange-
ments. By contrast, none of 23 colonies from the HPRT insert
were rearrangements. In experiments with inserts of less than
200 bp (63, 65), no rearrangements were detected among 183
analyzed colonies (Table 2). These numbers (10 of 59 for
telomere sequence versus none of 206 for HPRT and small
inserts) indicate that rearrangements were stimulated some
30-fold or more by interstitial telomere sequence. One addi-
tional rearrangement was found among 10 independent
APRT2 colonies isolated from cell line AK550, which had a
single copy of the APRT gene (Fig. 1A).

PCR and Southern analyses of nine rearrangements showed
that they included deletions, insertions, and a probable trans-
location and that all involved the telomere sequence (Fig. 4A).
Five rearrangement junctions were successfully amplified by
PCR and sequenced (Fig. 4B). In rearrangement AK586,
APRT sequences around the original telomere sequence were

FIG. 2. Northern analysis of APRT expression in various cell lines.
Lane 1, transcript levels in cell line RMP41 (20), which has a single
copy of the APRT gene. Lane 2, transcript levels in cell line DELI26
(20), which has a tandem duplication structure but in which the down-
stream copy of APRT is lacking the promoter and 59 half of the gene.
Absence of a transcript in this strain indicates that no stable transcript
is made from the truncated, upstream copy of APRT, which is identical
to that in the other strains tested. Lane 3, transcript levels in cell line
GSAA5, which carries I-SceI and FRT recognition sites. Lane 4, tran-
script levels in cell line AK209, which carries an HPRT insert. Lane 5,
transcript levels in cell line AK213, which carries a CCCTAA insert.
Lane 6, transcript levels in cell line AK775, which carries a TTAGGG
insert. Hybridization to GAPDH serves as a loading control.
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deleted and replaced with a short telomere sequence, flipped
with respect to the original orientation. The new telomere
insert does not correspond to a known sequence in the original
insert, and thus it may have been corrupted in the course of the
rearrangement.

Rearrangements AK797, AK802, AK806, and AK810 each
had lost some 400 bp of telomere sequence. Interspersed TTG
GGG repeats at the nonseeding end of the telomere sequence
allowed one end of the deletion to be mapped to a common
region in all four rearrangements (Fig. 4B); however, their 39
ends could not be positioned relative to the featureless repeats
at the seeding end of the telomere sequence. Differences in
lengths of Southern fragments and PCR products suggest that
these telomere sequence deletions are not identical. Neverthe-
less, their similarity raised the possibility that they preexisted in
the starting cell population. If their isolation in these experi-
ments was coincidental, then they should be present in the
starting population at roughly the same frequency as among
the selected colonies, that is, at 15 to 20% (four isolates among

FIG. 3. Southern analysis of TK2 APRT2 and APRT2 colonies
from AK775. DNAs from individual colonies were digested with
BamHI and HindIII, and the fragments were resolved by electrophore-
sis and visualized by Southern blotting using a 32P-labeled BamHI
fragment of the wild-type APRT gene as a probe. Crossovers that have
lost the telomere sequence have a single band at 4.0 kb; crossovers that
have retained the telomere sequence have bands at 3.5 and 1.3 kb.
There is a BamHI site (not shown in Fig. 1A) at the TA end of the
telomere sequence, so that the telomere sequence is in the 3.5-kb
band. Conversions have the 7.0-kb band from the upstream copy of
APRT. Conversions that have lost the telomere sequence have an
additional band at 4.0 kb; conversions that retain the telomere se-
quence have two additional bands at 3.5 and 1.3 kb. Rearrangements
have patterns that do not match these expectations; their identities are
indicated at the top. Numbers at the sides indicate the lengths of
fragments in kilobases. RMP41 carries a single copy of the APRT gene;
AK92 carries a tandem duplication with telomere sequence in the
CCCTAA orientation (it does not carry a BamHI site adjacent to the
telomere sequence).
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FIG. 4. Molecular structures of rearrangements and sequences of some rearrangement junctions. (A) Locations of restriction enzyme and PCR
primer sites are shown in the tandem duplication structure at the top. Parent cell lines from which the rearrangements arose are shown in brackets
at the left. Sizes of deletions and insertions are estimates based on Southern and PCR analyses. Crossovers and conversions were confirmed by
lack of cleavage of the PCR products across the second exon, indicating the presence of the EcoRV mutation. AK613 is designated a translocation
because it gives two bands upon cleavage by BamHI, HindIII, or BclI; however, it could be an insertion of DNA that includes all three recognition
sites. (B) Nucleotide sequences around the insertion point for the parental cell lines, AK213 and AK775, are shown along with the sequences of
the rearrangement junctions. TTGGGG sequences (bold) are interspersed with TTAGGG sequences (lightface) and one TTAGCG sequence
(italics) at the nonseeding (TA-rich) end of the telomere sequence. Dashes indicated the large number of predominantly TTAGGG sequences
toward the seeding (G-rich) end of the telomere sequence. The site of insertion in APRT, nucleotide 1310, is indicated, as are the last nucleotides
of APRT sequences that flank the insertion in AK586. The locations of polylinker (poly) sequences, FRT sites, and I-SceI sites are also indicated.
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22 colonies). Sensitive Southern analysis, which could have
detected about a 2% subpopulation, failed to reveal the band
diagnostic for these telomere sequence deletions in the
genomic DNA from the parental AK775 cell line (data not
shown).

DISCUSSION

These studies clearly document that interstitial telomere
repeat sequence of known purity, of specific length, and in
either orientation confers instability at a defined site in a mam-
malian genome. By using the well-characterized APRT locus in
CHO cells and a substrate design that allowed sensitive, simul-
taneous detection of homologous recombination and gene re-
arrangements, we have demonstrated that telomere sequence
stimulates rearrangements some 30-fold above background,
without noticeable effects on homologous recombination. Di-
rect participation of telomere sequence in the detected rear-
rangements is supported by molecular analyses, which showed
that every characterized rearrangement involved the telomere
repeats. Previous studies using random integration of a 1.6-kb
telomere sequence failed to detect repeat-induced instability
by less sensitive cytogenetic methods (20). Thus, these studies
define the telomere repeat sequence as a destabilizing element
in the interior of a mammalian chromosome, providing direct
support for previous correlations between interstitial telomere
repeats and chromosome rearrangements (10, 12, 16, 17, 36,
50, 54, 66, 72).

The effects of telomeres on expression of nearby genes are
dramatic in many lower eucaryotes (28, 33, 43, 52, 61) but weak
or nonexistent in mammalian cells (8, 14). In yeast, interstitial
telomere sequence also reduces expression of nearby genes
(68). We have shown here that telomere sequence in an intron
of the APRT gene has only a modest effect on expression of the
gene (Fig. 2). Because only one orientation of the repeat (TT
AGGG) reduced mRNA levels, it seems unlikely that the re-
duction is due to repeat-binding proteins, whose effects might
be expected to be orientation independent. It may be that the
repeated sequence in the template strand (39-AATCCC) im-
pedes RNA polymerase or that the repeated sequence in the
nascent RNA (59-UUAGGG) interferes with RNA processing.
Further studies are required to resolve these possibilities.

Chromosome truncation and the seeding of new telomeres
were not detected above the background loss of chromosomes
that is common in tetraploid cell lines (2), which places an
upper limit of about 0.1% on the frequency of these events at

the APRT locus. When these studies were initiated, the orien-
tation of the APRT gene on the chromosome was unknown
(73) and our particular arrangement of selectable markers did
not allow us to distinguish between a lost chromosome and a
truncated one. We have now reconfigured the markers to ad-
dress this issue with more sensitivity. Nevertheless, the low
frequency of chromosome truncation cannot account for the 20
to 70% truncation frequencies observed in TACF experiments
(23, 29), suggesting that TACF is unlikely to occur by random
integration followed by telomere sequence-induced breakage.
It seems more likely that truncation observed in TACF exper-
iments results from plasmid ligation to transient double-strand
breaks or from random-integration-triggered rearrangements
that are resolved when a break appears near the telomere
sequence (14).

The effects of telomeres and telomere sequence on homol-
ogous recombination are varied, sometimes stimulating it (4, 5,
22, 27, 39, 74), sometimes inhibiting it (48, 68), and sometimes
leaving it unaffected (55). At the APRT locus, telomere se-
quence does not detectably affect homologous recombination,
as assessed by rates of recombination, proportions of cross-
overs and conversions, and distribution of exchanges. When
double-strand breaks were deliberately introduced adjacent to
telomere sequence, homologous recombination was stimulated
to the same extent as in cell lines lacking telomere sequence.
Thus, stimulated recombination could have been detected in
the vicinity of the telomere sequence.

The inherent instability of interstitial telomere sequence
likely contributes to the rearrangements observed in cancer
cells subsequent to the chromosome fusions that occur when
telomeres become critically short (15, 30, 31). The extraordi-
narily high instability (several percent) correlated with some
naturally occurring interstitial telomere sequences (10, 12, 16,
17, 36, 50, 54, 66, 72) suggests that instability increases with
telomere sequence length or with some undefined aspect of the
arrangement or structure of the repeats. The approaches de-
scribed here provide a means to quantify these undefined el-
ements of telomere sequence-induced instability.
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