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Abstract. The ends of linear chromosomes must be elon-
gated in a DNA-replication-independent fashion. For
chromosome end elongation the majority of eukaryotes
use a specialized reverse transcriptase, telomerase, which
adds a short, tandemly repeated DNA sequence motif to
chromosome ends. Chromosome elongation can also be
achieved, however, by mechanisms other than telomerase.
Such elongation events have been detected under condi-

tions where telomerase has been inactivated experimen-
tally and in the few organisms that naturally lack telom-
erase. We will summarize current knowledge on these
telomerase-independent elongation mechanisms in yeast
and mammalian cells and will discuss in more detail the
telomere elongation mechanism by retrotransposons in
Drosophila melanogaster.
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Experimentally generated uncapped
chromosome ends

The ends of linear chromosomes, called telomeres, are
extended in most eukaryotes by the action of telomerase,
a reverse transcriptase that copies short repeats from a
specific RNA template. But chromosome end elongation
can also be achieved by telomerase-independent mecha-
nisms when telomerase has been inactivated in organisms
that normally use telomerase or in the few organisms that
naturally lack telomerase. As excellent reviews on non-
telomerase-mediated telomere elongation in yeast and
mammalian cells have appeared recently [1-4], we will
emphasize the telomere elongation mechanism by retro-
transposons in Drosophila melanogaster.

Some 60 years ago H. J. Muller irradiated Drosophila
males and followed the fate of double strand breaks
(DSBs) produced in germ cells. He found a variety of re-
arranged chromosomes in the offspring, but terminally
deficient chromosomes were never recovered. These re-
sults led him to define the telomere and postulate its cap-
ping function [5, 6], which is to distinguish natural chro-
mosome ends from DSBs. Following broken chromo-
somes that originated from dicentrics during meiosis of
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Zea mays, B. McClintock reached similar conclusions [7,
8]. Uncapped chromosome ends without telomeric re-
peats can be generated experimentally; methods include
irradiation, breaking dicentric chromosomes and cutting
genomic DNA with site-specific endonucleases. Study-
ing the fate of these abnormal chromosome ends in yeast
has revealed important mechanisms of chromosome heal-
ing [9—13]. Uncapped ends trigger a cell cycle check-
point-mediated arrest, but can acquire a new telomere by
de-novo initiation of telomerase at the break, or more of-
ten by capture of a telomere using RAD52-dependent
break-induced recombination, BIR [14]. BIR is a nonrec-
iprocal replication process that is also the basis of gene
conversion and gene targeting. This process is initiated
when a broken chromosome end is resected by endonu-
cleases to generate a 3" overhang, which can undergo ho-
mology-dependent strand invasion to initiate replication
of the invaded DNA duplex (fig. 1). When a DSB in a
chromosome arm shares short sequence homology with a
region near another chromosome end, telomere capture
events can occur that will restore a new telomere at the
broken end [12].

Uncapped chromosomes may also occur after complete
or partial inactivation of telomerase or crucial accessory
proteins at the telomere [15—18], which leads to telomere
shortening. Telomere repeat loss beyond a certain thresh-
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Figure 1. Model of terminal conversion triggered by invasion of
the telomeric repeat region of the homologue by the 3" overhang and
subsequent extension of the invading strand by DNA replication.
Telomeric repeats are depicted as rectangles. Unfilled and diago-
nally hatched rectangles distinguish telomeric repeats on different
chromosomes. Gray-shaded rectangles symbolize repeats copied
from the invaded telomeric repeat region, and vertically hatched
rectangles are repeats synthesized by normal DNA synthesis.

old will eventually lead to an altered telomere structure,
disturbing the binding of telomeric proteins such that the
telomere’s capping function is compromised, and the
chromosome end becomes recognized as a DSB. The re-
sulting phenotypes, such as chromosome end-to-end fu-
sions [19] and increased mutation rate, probably caused
by bridge-breakage-fusion cycles [20], support this no-
tion.

In Saccharomyces cerevisiae, not all cells with dysfunc-
tional telomeres die. Survivors arise that appear to have
restored a functional telomere by using a R4D52-depen-
dent recombination mechanism [21, 22]. Survivors clas-
sified as type I show drastically amplified Y DNA ele-
ments that are found in the subtelomeric region of most
chromosomes and retain very short terminal repeats.
Type-II survivors have long, heterogeneous telomere
tracts. In both cases, repeat sequences are extended at the
chromosome ends, restoring at least some telomeric cap-
ping function, which result in a growth advantage. Even
though telomeres continually shorten in type-II survivors,
growth eventually stabilizes, suggesting that recombina-
tion alone is sufficient to maintain a functional telomere.
The BIR mechanism may be responsible for the higher
number of tandem repeats at chromosome ends in these
survivors. The single strand of a shortened telomere may
invade the telomere of another chromosome (fig. 2 A) or
proximal homologous sequences on the same chromo-
some arm generating a DNA loop (fig. 2B). Extrachro-
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Figure 2. Possible choices of different templates for BIR. (4) inter-
molecular homologous telomere, (B) intramolecular invasion form-
ing a d-loop on the same chromosome, (C) extrachromosomal cir-
cular and (D) small linear DNA. The arrows indicate direction of 3
extension of the invading strand.

mosomal circular (fig. 2C) or linear molecules (fig. 2D)
may also be used as replication templates. A rolling-cir-
cle model is supported by observations of type-II sur-
vivors [23], where abrupt size increases of telomere re-
peat tracts were larger than expected if the other telom-
eres had been used as templates, and these rapid size
increases occurred only at critically short telomeres. This
saltatory behavior of telomere tract extension is reminis-
cent of the abrupt shortening of elongated telomeric tracts
[24, 25] and suggests a common mechanism such as in-
trachromatid recombination with an intermediate struc-
ture, shown in figure 2 B, in which the single-stranded ter-
minal 3” end invades proximal telomeric repeats. Through
branch migration, nicking in the d-loop and resolution of
the Holliday junction, large DNA pieces can be excised,
resulting in rapid telomeric deletion. On the other hand,
the invading strand can be extended by DNA replication,
giving rise to the rapid telomere extensions.

In Kluyveromyces lactis, loss of telomerase function also
leads to telomere shortening, senescence and RADS52-de-
pendent type-II survivors, but the mechanism by which
these survivors maintain their telomeres seems to differ
from that for S. cerevisiae. A URA3 marker inserted into
a subtelomeric region could either be lost or spread to the
telomeres of other chromosomes [26]. Elongated telom-
eres of the survivors contained repeating patterns of
marked and wild-type repeats, which varied among sur-
vivor strains, but within one survivor strain all telomeres
had the same repeat pattern [27]. The authors proposed a
roll-and-spread model in which a small extrachromoso-
mal circle containing telomeric DNA is used in a rolling-
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circle replication step (fig. 2C) to generate a long telom-
ere by BIR, followed by invasion/replication of this
telomeric pattern (fig. 2A) to the other telomeres in the
cell.

Some mammalian cells that naturally lack telomerase ac-
tivity or in which telomerase has been inactivated exper-
imentally are able to grow and maintain their telomeres
for many generations, indicating the existence of a telom-
erase-independent mechanism for telomere maintenance,
which has been termed alternative lengthening of telom-
eres (ALT). As recently reviewed [1], many of the fea-
tures described in ALT cells resemble those of the telom-
erase-negative type-II survivors of yeast, suggesting
telomere maintenance by homologous recombination.

Chromosome breaks in Drosophila

Defined DSBs have been introduced in Drosophila so-
matic and germ-line cells by mobilization of P elements,
which transpose by a cut-and-paste mechanism, leaving a
DSB at the chromosomal donor site [28]. After DNA re-
cession by exonuclease, the broken ends will sometimes
invade homologous regions in the genome and copy
them. This mechanism leads to targeted gene replacement
around the original break with copies from elsewhere in
the genome [29, 30]. The frequency of these break-in-
duced gene-conversion events is below 1% but varies
considerably with the cytological position of the target se-
quence, being higher near telomeres. In somatic cells,
conversion events that lead to the loss of the white eye
color gene can be detected as mosaic eyes [28]. These and
similar experiments [31, 32] showed that in Drosophila,
DSBs induce homologous recombination in somatic and
germ-line cells and that Drosophila possesses a BIR
pathway.

In a different approach, dispensable dicentric chromo-
somes were generated in the premeiotic cells of the male
germ line [33]. This process led to chromosome breakage
at mitotic anaphase, sending one broken end to each
daughter cell. Although some of these broken chromo-
somes caused sterility and embryonic lethality, chromo-
somes with terminal deficiencies were readily recovered.
When similar DSBs were generated from a dicentric
chromosome in imaginal-disc cells of larvae, cell-cycle-
checkpoint arrest and apoptosis ensued, the outcome de-
pending on the proliferative activity of the cells [34]. Ap-
parently, acquisition of a new telomere and resumption of
proliferation does not occur nearly as frequently as in the
germ line.

Heritable terminal deficiencies [35—40] have helped to
characterize the telomere structure in D. melanogaster.
Molecular and cytological analyses of some of these ter-
minal deficiencies showed that the induced breaks were
truly terminal and did not contain any new sequences at
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Figure 3. Observed elongation events at a terminal break in
Drosophila. In the presence of a homologue, the broken end is ex-
tended by BIR. In the absence of a homologue, HeT*4 or TART
transpositions are most prevalent. Once a transposition has oc-
curred, the added HeT*4 element can become the target of sec-
ondary transposition events or can acquire other HeT-A4 element se-
quences by BIR using homologous HeT-4 elements from other
telomeres, giving rise to different types of arrangements depending
on the location of strand invasion within the terminal retrotranspo-
son array [1, 2]. The oligo(A) tails of the retrotransposons are indi-
cated by boxed A’s; hatched and stippled lines depict different
copies of HeT-A or TART retrotransposons.

their breaks [37-39, 41, 42]. Surprisingly, these termi-
nally deleted chromosomes can be maintained for many
generations. The broken ends recede, however, at an ap-
parently constant rate of about 75 bp per fly generation
[36—39, 42, 43]. Because no cell-cycle-arrest response
was elicited by these terminal deficiencies, they must
possess a cap that protects them from being recognized
by cell-cycle checkpoints, and capping must have oc-
curred in the absence of specific DNA sequences at the
chromosome ends.

When the fate of X chromosomes with breaks in the yel-
low gene region was followed over several generations,
two types of elongation events were observed (fig. 3).
First, such ends in the male germ line experienced elon-
gation by the addition of HeT4 transposable elements
[43—45]. Transposition was calculated to occur at a
rate that was just sufficient to balance the gradual loss
of DNA from the chromosome ends, although genetic
variants in the frequency of terminal additions occur
that vary over a range of at least four orders of magnitude
[40, 46, 47]. Taking advantage of the promoter activity
in the 3" UTR of HeT-4 [48], Kahn et al. [40] observed
HeTA transpositions to a promoterless yellow gene at
the break. Second, in the presence of the homologous X
chromosome in females, terminal deficiency chromo-
somes were elongated by BIR [39]. In order to evaluate
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the respective contributions of HeT-A4 transposition and
gene conversion between Hel-4 elements, Kahn et al.
attached an ~300-bp HeT-4 3" UTR to the broken chro-
mosome end, which could then be the target for new
transposition or engage in BIR with HeT'4 elements
at normal telomeres [40]. Of the 18 independent elonga-
tion events observed, 4—6 involved terminal conversion.
The remaining elongation events were Hel-A transposi-
tions. Transposition may therefore be the dominant mech-
anism for extension of broken chromosome ends in
Drosophila, but in the presence of sequences with ho-
mology elsewhere in the genome, BIR also contributes
significantly.

Species that lack telomerase-generated repeats

Drosophila melanogaster is the best-documented exam-
ple of an organism without telomerase; chromosome
breaks are never healed by the addition of telomerase-
generated repeats, and a variety of oligonucleotide probes
representing telomeric repeats do not hybridize to ge-
nomic DNA or to chromosome ends [49—51]. Instead, D.
melanogaster telomeres do hybridize to DNA fragments
from the non-long-terminal-repeat (non-LTR) retrotrans-
posons, HeT-A and TART [41, 42, 52, 53]. Moreover,
telomerase assays failed to detect any activity [54], and
the genome lacks a gene resembling telomerase [55].
Clearly, several independent approaches are required to
determine with reasonable confidence the absence of a
telomerase-based elongation mechanism in any species.
Negative evidence is difficult to interpret, and the ab-
sence of a hybridization signal with a suspected telomere
repeat alone is not sufficient to prove the absence of
telomerase-generated repeats in a particular species. This
problem is exemplified in the case of some Aloe and A/-
lium species. Their telomeres failed to hybridize to the
typical plant-type telomere probe (TTTAGGG), [56—58],
but at least in Aloe, the telomeres were shown later to hy-
bridize with the vertebrate-type (TTAGGG), repeats [59].
Moreover, a variety of different oligonucleotide tem-
plates must be tested to demonstrate the absence of
telomerase activity in an organism, as was done in several
insect species [54]. A negative result does not exclude the
possibility that an unusual telomeric repeat is synthesized
by a telomerase in the species under investigation. Fi-
nally, cloning or polymerase chain reaction (PCR) ampli-
fication of chromosome termini can corroborate results
obtained by the other methods and provide positive iden-
tification of terminal sequences, but clones from chro-
mosome ends must be distinguished from those originat-
ing from DSBs. Although none of these techniques is
perfect, combined results from various approaches, if
consistent, can provide a good answer as to whether a par-
ticular species might use telomerase.

Telomeres without telomerase

With a (TTAGG), probe, hybridization signals were
found at chromosome ends in the silkworm [50] and other
lepidopteran species [60, 61] and in several ant species
[62]. In a more extensive survey the TTAGG probe la-
beled telomeres in a variety of species from six insect or-
ders [49], but the TTAGG motif was found in only 5 of 12
beetle species analyzed [63]. It is not known whether
telomere elongation in these species is indeed indepen-
dent of telomerase. The detection of telomerase activity
in tissue extracts of crickets, cockroaches, potato horn-
worm and swallowtail butterfly strongly suggests that the
pentanucleotide repeats that were observed by fluores-
cence in situ hybridization (FISH) are telomerase gener-
ated [54].

None of the tested dipteran species cross-hybridized with
the (TTAGQ), probe that reacted with most other insect
species [49, 50]. In fact, all dipteran species whose telom-
ere DNA structure has been investigated so far appear to
carry telomeric DNA sequences that do not resemble
telomerase-generated repeats. The telomeres of the
midge Chironomus have been studied extensively. Its
chromosome ends consist of 50—200-kb blocks of com-
plex satellite repeats, which are present at seven of eight
chromosome tips [64—68]; the tip of the telocentric
fourth chromosome harbors instead the kinetochore and
other types of repetitive sequences [68, 69]. Different
telomeres contain different subfamilies of repeats, but
these subfamilies also show considerable variation in dis-
tribution at the same telomere among different individu-
als in the same stock [65, 70]. Subfamily D3, which may
be able to form stable hairpins, is consistently located
most distally, as indicated by Bal31 digestion [71], termi-
nal tailing and PCR, and may extend all the way to the
ends of the chromosomes [72]. Chironomus chromosome
ends also lack the long 3’ single-strand overhangs found
typically at telomerase-maintained telomeres [73]. With-
out a reporter sequence embedded in the telomeric repeat
array, it is difficult to demonstrate telomeric recombina-
tion unequivocally. Recently, extrachromosomal copies
of telomeric repeats have been reported in Chironomus
[74], which are present in >20-kb DNA-RNA complexes.
The origin of these complexes and their relationship, if
any, to telomere recombination are unknown. They may
originate from transcripts of telomeric repeats, which are
converted into DNA by a reverse transcriptase that has
been found associated with some telomeres [75]. Alter-
natively, extrachromosomal telomeric DNA repeats
might be products of rapid telomere shortening or may be
used in telomere extension.

Telomere structure has also been studied at the 2L telom-
ere in the mosquito Anopheles gambiae with the aid of
an inserted transgene. This telomere contained long
stretches of a complex 0.8-kb repeat satellite [76, 77],
but only the transgene was observed at the end, suggest-
ing that mosquitoes do not use retrotransposons or
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telomerase to extend their broken chromosome ends.
The distal end of the transgene receded at a rate of 55 bp
per generation, suggesting that the transgene was indeed
terminal [78]. In 2 years (~100 generations), some 2L
chromosome ends had become elongated by duplicat-
ing part of the integrated pUChsneo plasmid, suggest-
ing recombination between homologous 2L telomeres
[79]. This mechanism may also be used in wild-type
telomere elongation in A. gambiae, although proofis still
lacking.

The absence of simple telomeric repeats and the presence
of long arrays of complex tandem repeats at the telomeres
of dipteran insects have led to the hypothesis that telom-
erase has been lost in an ancestor of dipteran insects [80,
81]. Elongation mechanisms such as BIR may be viable
means of telomere elongation in these insects. Appar-
ently, only D. melanogaster and its closest relatives [82,
83] have recruited retrotransposable elements for telom-
ere elongation. Even in Drosophila virilis, a fairly distant
relative of D. melanogaster, a satellite array with a com-
plex nucleotide composition and a repeat unit of about
370 bp was found at the ends of all chromosomes as well
as in many nontelomeric locations [84].

Telomere elongation in D. melanogaster

Chromosome length in D. melanogaster is probably
maintained by transposition of telomere-specific non-
LTR retrotransposons, HeT-4 and TART, with attachment
of the elements to the chromosome end by their 3’
oligo(A) tails [85]. The structure of these elements has re-
cently been reviewed in detail [86, 87]. Natural chromo-
some ends in this species consist of tandem arrays of
HeT-A and TART elements with their oligo(A) tails to-
ward the centromere. Immediately proximal to the termi-
nal retrotransposon array lie several kilobases of a com-
plex subterminal satellite, termed telomere-associated
sequence (TAS) [41, 42, 88]. TASs from different chro-
mosomes exhibit sequence similarities and some limited
cross-hybridization [88]. Hel-4 elements probably use
the promoter located in their 3 UTR [40, 48] to transcribe
the downstream element in the telomeric array, and occa-
sional long readthrough products may give rise to trans-
positions of multiple elements [89]. Full-length tran-
scripts have been detected by Northern blots, but in con-
trast to HeT-4, which is transcribed asymmetrically,
TART appears to be transcribed from both DNA strands
[90]. This unusual transcription pattern generates tran-
scripts that resemble those of LTR retrotransposons with
terminal redundancy, as its 5" sequences are identical to
its 3" sequences. Thus, because of its unusual head-to-tail
arrangement at telomeres, He7-A has characteristics of an
intermediate stage between non-LTR and LTR retrotrans-
posons [48, 81, 91].
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Figure 4. Model of nuclear and cytoplasmic events in HeT-4 (or
TART) transposition. Telomeric retrotransposon elements are tran-
scribed from the promoter of the more distally located element, and
transcripts leave the nucleus to be translated. The GAG-like protein
binds to the transcript, and this RNP complex reenters the nucleus,
attaches to a chromosome end and becomes a substrate for a reverse
transcriptase, leading to the addition of a new copy of HeT-A or
TART. Reprinted with permission from Landes Bioscience and
Kluwer Academic/ Plenum Publishers, 2002, see [87].
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Little is known about the actual transposition mechanism
of HeT-A and TART or its regulation. Figure 4 shows steps
in the proposed transposition cycle of a HeT-A (or TART)
element. The transcripts leave the nucleus to serve as
messenger RNA (mRNA) for the translation of the ele-
ment-encoded polypeptide(s). The HeT-4-encoded GAG-
like protein plays an important role in the transposition of
the retroelement and, like viral nucleocapsid GAG pro-
teins, may facilitate entry of viral nucleic acid into the nu-
cleus [92], where it forms distinct foci [93]. After entry
into the nucleus, recognition of a telomere by the RNA in-
termediate might be mediated by a protein-protein inter-
action between the GAG-like protein and the terminal
end-binding complex.

As a first step toward understanding the regulation of the
HeT-A promoter in situ, we used a repressed white” eye
color transgene, P{w'*}, inserted between HeT-A and
TAS at the 2L telomere [46]. Phenotypic eye color vari-
ants arose spontaneously in the germ line with high fre-
quency, and molecular analysis of these variants revealed
that transgene expression was correlated with alterations
in the telomere region itself. Higher expression of the
transgene was associated with HeT-4 and TART addi-
tions, and lower expression with loss of HeT-4 and w se-
quences from the chromosome end. This result, in con-
junction with an earlier observation that TAS suppresses
w in nontelomeric transgenes [94], implicates TAS in
telomeric silencing and suggests that TAS silencing
spreads distally, toward the HeT-4 array, and may serve to
regulate HeT-A transcription and transposition and, thus,
telomere elongation.

Expression of the telomeric white reporter gene down-
stream of a long HeT-A array also increased in response
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Figure 5. Features of our telomere-position-effect model include
cis-acting silencing (red) of the white transgene by TAS and cis-act-
ing activation by HeT-A4 (green). The w transgene expression at the
telomere is influenced negatively by TAS and positively by the pro-
moter/enhancer activity in the terminal He7"4 array (4). When TAS
on the homologous chromosome is shortened (B), expression of the
w transgene at the telomere is increased, either by positively influ-
encing promoter activity in the terminal He7-4 array (green) or by
negatively influencing TAS silencing on the homologous chromo-
some (red). E, putative enhancer region on Hel-4 element; P, pro-
moter region on HeT-A and white.

to deletion of some or all of the TAS on the homologous
chromosome [95]. Thus, expression of a subtelomeric re-
porter gene is influenced by the telomere structure in cis
and trans. Deficiencies of TAS on the homologous telom-
ere may disrupt a pairing-dependent repression mediated
by TAS, induce promoter activity of a He7-4 3" UTR, or
inhibit the cis-silencing of this promoter (fig. 5). These
observations led to the proposal that telomeric position
effect observed in D. melanogaster reflects a telomere-
length-control mechanism [96, 97]. Variegated expres-
sion of reporter genes at telomeres may, thus, reflect a
competition between the repressive effects of TAS and
the stimulating effects of He7-4 promoters. In other
words, the mechanisms involved in telomere length regu-
lation in Drosophila may comprise the underlying forces
that manifest themselves as telomeric silencing. Thus,
TAS may play an important role in regulating telomere
elongation by controlling He7-4 promoter activity.

Chromosome capping in Drosophila

Stereotypical tandem repeats at chromosome ends, either
generated by telomerase or maintained by homologous
recombination, can maintain a specialized nucleoprotein
configuration even while the arrays themselves are ex-
panding or contracting. Unless the array reaches a criti-
cally short length, a functional telomere cap can be
formed between repeating nucleotide sequences and spe-
cific proteins that bind to them. At D. melanogaster
telomeres, however, HeT-A/TART arrays are much more

Telomeres without telomerase

complex and variable. Further, terminal chromosome de-
ficiencies exhibiting completely unrelated terminal nu-
cleotide sequences are stably transmitted in the germ line
and appear to be capped. These observations suggest the
existence of sequence-independent capping mechanism
in Drosophila [36, 37].

Because telomere-telomere associations are indicative of
a defective telomere cap, Gatti et al. [98] screened for this
phenotype and first identified the UbcD1 gene, encoding
a ubiquitin-conjugating enzyme. The ubiquitination tar-
get protein is still unknown. It may not be directly in-
volved in chromosome capping but be required for main-
taining proper chromosomal orientation during inter-
phase, by mediating telomere associations, and need to be
degraded during mitosis.

The first identified potential component of the
Drosophila capping complex is the heterochromatin pro-
tein, HP1. Although the bulk of HP1 is localized on the
mostly heterochromatic fourth chromosome and in the
pericentric heterochromatin, it also binds to natural chro-
mosome ends and terminal deficiencies independent of
the presence of HeT-4 and TAS sequences [99]. HP1 is
maternally deposited in the embryo, one of the postulated
features of a capping protein, where it forms complexes
with the origin-recognition complex (ORC) as well as
with various other proteins [100], one of which has re-
cently been identified as HP1/ORC2-associated protein,
HOAP [101]. Defects in telomeric capping often manifest
themselves as an increased frequency of telomere-telom-
ere fusions detectable as anaphase bridges. Because this
phenotype is found in HP1 mutants [99] as well as in the
HOAP mutant caravaggio [M. Gatti, personal communi-
cation], these two proteins are implicated in telomere
capping. Moreover, HP1 mutations increase by more than
100-fold the transposition frequency of He7-4 and TART
elements to broken chromosome ends but do not affect
terminal gene conversion [102]. It is unclear whether the
increased transposition rate is due to a failure in capping
efficacy due to partial loss of HP1, making the chromo-
some end more accessible, or to a derepression of Hel-4
promoters, leading to an observed increase in Hel-A tran-
script levels [102]. Although HP1 mutations are suppres-
sors of centromeric position effect variegation [103], they
do not affect telomeric silencing [104]. This observation
indicates that HP1 may not be a component of a hypo-
thetical TAS-binding complex, which may be responsible
for silencing at telomeres [94, 96, 97]. As HP1 has no di-
rect DNA binding ability itself, an unidentified telomere-
binding protein probably recruits HP1 to the chromosome
end. One candidate for this recruitment may be HOAP, as
in the caravaggio mutant that lacks full-length HOAP,
HP1 levels are reduced at diploid chromosome ends
[105], and HP1 appears absent from polytene chromo-
some tips [M. Gatti, personal communication]. Another
potential component of the telomeric cap may be encoded
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by the tef gene. Mutations in this gene also give rise to
telomere fusions that are not resolved in anaphase, caus-
ing genome rearrangements and apoptosis [106].

Conclusion

Telomere elongation by mechanisms other than telom-
erase are widespread among eukaryotes and can be ob-
served in a variety of organisms when the capping func-
tion of the telomere is compromised. Telomerase is very
efficient in maintaining existing telomeric repeats but
much less efficient in de novo attachment of such repeats.
Therefore, chromosome ends lacking these repeats are
more likely to undergo recombination events or become
targets of transposition. In organisms that have lost
telomerase activity either through experimental manipu-
lation or during the course of evolution, these pathways
are efficient enough to ensure survival.

Acknowledgements. We thank M. Gatti, P. Georgiev and F. Marec
for sharing unpublished information. Part of the work summarized
here was supported by U.S. Public Health Service grant GM-56729
to H.B.

1 Henson J. D., Neumann A. A., Yeager T. R. and Reddel R. R.
(2002) Alternative lengthening of telomeres in mammalian
cells. Oncogene 21: 598610

2 KassEisler A. and Greider C. W. (2000) Recombination in
telomere-length maintenance. Trends Biochem. Sci. 25: 200—
206

3 Lundblad V. (2002) Telomere maintenance without telom-
erase. Oncogene 21: 522531

4 Reddel R. R., Bryan T. M., Colgin L. M., Perrem K. T. and
Yeager T. R. (2001) Alternative lengthening of telomeres in
human cells. Radiat. Res. 155: 194—-200

5 Muller H. J. (1938) The remaking of chromosomes. Collect-
ing Net 8: 182—195

6 Muller H. J. and Herskowitz I. H. (1954) Concerning the heal-
ing of chromosome ends produced by breakage in Drosophila
melanogaster. Am. Nat. 88: 177-208

7 McClintock B. (1941) The stability of broken ends of chro-
mosomes in Zea mays. Genetics 26: 234—282

8 McClintock B. (1942) The fusion of broken ends of chromo-
somes following nuclear fusion. Proc. Natl. Acad. Sci. USA
28:458-463

9 Haber J. E. and Thorburn P. C. (1984) Healing of broken lin-
ear dicentric chromosomes in yeast. Genetics 106: 207—226

10 Kramer K. M. and Haber J. E. (1993) New telomeres in yeast
are initiated with a highly selected subset of TG(1-3) repeats.
Genes Dev. 7: 2345-2356

11 Sandell L. L. and Zakian V. A. (1993) Loss of a yeast telom-
ere: arrest, recovery and chromosome loss. Cell 75: 729-739

12 Bosco G. and Haber J. E. (1998) Chromosome break-induced
DNA replication leads to nonreciprocal translocations and
telomere capture. Genetics 150: 1037—1047

13 Mangahas J. L., Alexander M. K., Sandell L. L. and Zakian V.
A. (2001) Repair of chromosome ends after telomere loss in
Saccharomyces. Mol. Biol. Cell 12: 40784089

14 Kraus E., Leung W. Y. and Haber J. E. (2001) Break-induced
replication: a review and an example in budding yeast. Proc.
Natl. Acad. Sci. USA 98: 8255-8262

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

Multi-author Review Article 2331

Lundblad V. and Szostak J. W. (1989) A mutant with a defect
in telomere elongation leads to senescence in yeast. Cell 57:
633-643

Lendvay T. S., Morris D. K., Sah J., Balasubramanian B. and
Lundblad V. (1996) Senescence mutants of Saccharomyces
cerevisiae with a defect in telomere replication identify three
additional EST genes. Genetics 144: 1399—-1412

Karlseder J., Smogorzewska A. and de Lange T. (2002) Senes-
cence induced by altered telomere state, not telomere loss.
Science 295: 2446—-2449

Bodnar A. G., Ouellette M., Frolkis M., Holt S. E., Chiu C. P,
Morin G. B. et al. (1998) Extension of life-span by introduc-
tion of telomerase into normal human cells. Science 279:
349-352

Hemann M. T., Strong M. A., Hao L.-Y. and Greider C. W.
(2001) The shortest telomere, not average telomere length, is
critical for cell viability and chromosome stability. Cell 107:
67-77

Hackett J. A., Feldser D. M. and Greider C. W. (2001) Telom-
ere dysfunction increases mutation rate and genomic instabil-
ity. Cell 106: 275-286

Lundblad V. and Blackburn E. H. (1993) An alternative path-
way for yeast telomere maintenance rescues estl~ senescence.
Cell 73: 347-360

Teng S. C. and Zakian V. A. (1999) Telomere-telomere recom-
bination is an efficient bypass pathway for telomere main-
tenance in Saccharomyces cerevisiae. Mol. Cell. Biol. 19:
8083-8093

Teng S. C., Chang J., McCowan B. and Zakian V. A. (2000)
Telomerase-independent lengthening of yeast telomeres oc-
curs by an abrupt Rad50p-dependent, Rif-inhibited recombi-
national process. Mol. Cell 6: 947—952

LiB. B. and Lustig A. J. (1996) A novel mechanism for telom-
ere size control in Saccharomyces cerevisiae. Genes Dev. 10:
1310-1326

Bucholc M., Park Y. and Lustig A. J. (2001) Intrachromatid
excision of telomeric DNA as a mechanism for telomere size
control in Saccharomyces cerevisiae. Mol. Cell. Biol. 21:
6559-6573

McEachern M. J. and Iyer S. (2001) Short telomeres in yeast
are highly recombinogenic. Mol. Cell 7: 695-704

Natarajan S. and McEachern M. J. (2002) Recombinational
telomere elongation promoted by DNA circles. Mol. Cell.
Biol. 22: 4512-4521

Engels W. R., Johnson-Schlitz D. M., Eggleston W. B. and
Sved J. (1990) High frequency P element loss in Drosophila is
homolog dependent. Cell 62: 515-525

Gloor G. B., Nassif N. A., Johnson-Schlitz D. M., Preston C.
R. and Engels W. R. (1991) Tartgeted gene replacement in
Drosophila via P element-induced gap repair. Science 253:
1110-1117

Lankenau D. H., Corces V. G. and Engels W. R. (1996) Com-
parison of targeted-gene replacement frequencies in
Drosophila melanogaster at the forked and white loci. Mol.
Cell. Biol. 16: 3535-3544

Gray Y. H. M., Tanaka M. M. and Sved J. (1996) P-element-
induced recombination in Drosophila melanogaster: hybrid
element insertion. Genetics 144: 1601-1610

Preston C. R. and Engels W. R. (1996) P-element-induced
male recombination and gene conversion in Drosophila. Ge-
netics 144: 1611-1622

Ahmad K. and Golic K. G. (1998) The transmission of frag-
mented chromosomes in Drosophila melanogaster. Genetics
148: 775-792

Ahmad K. and Golic K. G. (1999) Telomere loss in somatic
cells of Drosophila causes cell cycle arrest and apoptosis. Ge-
netics 151: 10411051

Mason J. M., Strobel E. and Green M. M. (1984) mu-2: mut-
ator gene in Drosophila that potentiates the induction of



2332

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

H. Biessmann and J. M. Mason

terminal deficiencies. Proc. Natl. Acad. Sci. USA 81: 6090—
6094

Biessmann H. and Mason J. M. (1988) Progressive loss of
DNA sequences from terminal chromosome deficiencies in
Drosophila melanogaster. EMBO J. 7: 1081-1086
Biessmann H., Carter S. B. and Mason J. M. (1990) Chromo-
some ends in Drosophila without telomeric DNA sequences.
Proc. Natl. Acad. Sci. USA 87: 1758—1761

Levis R. W. (1989) Viable deletions of a telomere from a
Drosophila chromosome. Cell 58: 791-801

Mikhailovsky S., Belenkaya T. and Georgiev P. (1999) Broken
chromosomal ends can be elongated by conversion in
Drosophila melanogaster. Chromosoma 108: 114—120
Kahn T., Savitsky M. and Georgiev P. (2000) Attachment of
HeT-A sequences to chromosomal termini in Drosophila
melanogaster may occur by different mechanisms. Mol. Cell.
Biol. 20: 7634-7642

Walter M. E, Jang C., Kasravi B., Donath J., Mechler B. M.,
Mason J. M. et al. (1995) DNA organization and polymor-
phism of a wild-type Drosophila telomere region. Chromo-
soma 104: 229-241

Levis R. W., Ganesan R., Houtchens K., Tolar L. A. and Sheen
F. M. (1993) Transposons in place of telomeric repeats at a
Drosophila telomere. Cell 75: 1083—-1093

Biessmann H., Champion L. E., O’Hair M., Ikenaga K., Kas-
ravi B. and Mason J. M. (1992) Frequent transpositions of
Drosophila melanogaster HeT-A transposable elements to re-
ceding chromosome ends. EMBO J. 11: 4459—4469
Biessmann H., Mason J. M., Ferry K., d’Hulst M., Valgeirs-
dottir K., Traverse K. L. et al. (1990) Addition of telomere-
associated HeT DNA sequences ‘heals’ broken chromosome
ends in Drosophila. Cell 61: 663—673

Biessmann H., Valgeirsdottir K., Lofsky A., Chin C.,
Ginther B., Levis R. W. et al. (1992) HeT-A, a transposable
element specifically involved in healing broken chromo-
some ends in Drosophila melanogaster. Mol. Cell. Biol. 12:
3910-3918

Golubovsky M. D., Konev A. Y., Walter M. F.,, Biessmann H.
and Mason J. M. (2001) Terminal retrotransposons activate
a subtelomeric white transgene at the 2L telomere in
Drosophila. Genetics 158: 1111-1123

Siriaco G. M., Cenci G., Haoudi A., Champion L. E., Zhou C.,
Gatti M. et al. (2002) Telomere elongation (Tel), a new muta-
tion in Drosophila melanogaster that produces long telom-
eres. Genetics 160: 235-245

Danilevskaya O. N., Arkhipova I. R., Traverse K. L. and Par-
due M. L. (1997) Promoting in tandem: the promoter for
telomere transposon HeT-4 and implications for the evolution
of retroviral LTRs. Cell 88: 647—-655

Sahara K., Marec F. and Traut W. (1999) TTAGG telomeric re-
peats in chromosomes of some insects and other arthropods.
Chromosome Res. 7: 449—-460

Okazaki S., Tsuchida K., Maekawa H., Ishikawa H. and Fuji-
wara H. (1993) Identification of a pentanucleotide telomeric
sequence, (TTAGG)n, in the silkworm Bombyx mori and in
other insects. Mol. Cell. Biol. 13: 1424—-1432

Levis R. W. (1993) Drosophila melanogaster does not share
the telomeric repeat sequence of another invertebrate, Ascaris
lumbricoides. Mol. Gen. Genet. 236: 440—442

Rubin G. M. (1978) Isolation of a telomeric DNA sequence
from Drosophila melanogaster. Cold Spring Harb. Symp.
Quant. Biol. 42: 1041-1046

Young B. S., Pession A., Traverse K. L., French C. and Pardue
M. L. (1983) Telomere regions in Drosophila share complex
DNA sequences with pericentric heterochromatin. Cell 34:
85-94

Sasaki T. and Fujiwara H. (2000) Detection and distribution
patterns of telomerase activity in insects. Eur. J. Biochem.
267:3025-3031

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

Telomeres without telomerase

Adams M., Celniker S., Holt R. A., Evans C. A., Gocayne J.
D., Amanatides P. G. et al. (2000) The genome sequence of
Drosophila melanogaster. Science 287: 2185-2195

Pich U, Fritsch R. and Schubert 1. (1996) Closely related A4/-
lium species (Alliaceae) share a very similar satellite se-
quence. Plant Syst. Evol. 202: 255-264

Adams S. P, Leitch 1. J., Bennett M. D. and Leitch A. R.
(2000) Aloe L. — a second plant family without (TT-
TAGGG)(N) telomeres. Chromosoma 109: 201-205

Adams S. P, Hartman T. P. V,, Lim K. Y., Chase M. W., Ben-
nett M. D., Leitch L. J. et al. (2001) Loss and recovery of Ara-
bidopsis-type telomere repeat sequences 5’-(TTTAGGG)(n)-
3’ in the evolution of a major radiation of flowering plants.
Proc. R. Soc. Lond. B Biol. Sci. 268: 1541-1546

Weiss H. and Scherthan H. (2002) Aloe spp. — plants with ver-
tebrate-like telomeric repeats. Chromosome Res. 10: 155—
164

Maeshima K., Janssen S. and Laemmli U. K. (2001) Specific
targeting of insect and vertebrate telomeres with pyrrole and
imidazole polyamides. EMBO J. 20: 3218-3228

Mandrioli M. (2002) Cytogenetic characterization of telom-
eres in the holocentric chromosomes of the lepidopteran
Mamestra brassicae. Chromosome Res. 10: 279-286

Meyne J., Hirai H. and Imai H. T. (1995) FISH analysis of the
telomere sequences of bulldog ants (Myrmecia: Formicidae).
Chromosoma 104: 1418

Frydrychova R. and Marec F. (2002) Repeated losses of
TTAGG telomere repeats in evolution of beetles (Coleoptera).
Genetica 115: 179-187

Carmona M. J., Morcillio G., Galler R., Martinez-Salas E., de
la Campa A. G. and Edstrom J. E. (1985) Cloning and molec-
ular characterization of a telomeric sequence from a tempera-
ture-induced Baliani ring. Chromosoma 92: 108—115

Cohn M. and Edstrom J. E. (1992) Telomere-associated re-
peats in Chironomus form discrete subfamilies generated by
gene conversion. J. Mol. Evol. 35: 114—122

Saiga H. and Edstrom J. E. (1985) Long tandem arrays of
complex repeat units in Chironomus telomeres. EMBO J. 4:
799804

Nielsen L., Schmidt E. R. and Edstrom J. E. (1990) Subre-
peats result from regional DNA sequence conservation in
tandem repeats in Chironomus telomeres. J. Mol. Biol. 216:
577-584

Rosén M. and Edstrom J. E. (2000) DNA structures common
for chironomid telomeres terminating with complex repeats.
Insect Mol. Biol. 9: 341-347

Rovira C., Beermann W. and Edstrom J. E. (1993) A repetitive
DNA sequence associated with the centromeres of Chirono-
mus pallidivittatus. Nucleic Acids Res. 21: 1775—-1781

Cohn M. and Edstrém J. E. (1992) Chromosome ends in Chi-
ronomus pallidivittatus contain different subfamilies of
telomere-associated repeats. Chromosoma 101: 634—640
ZhangY. J., Kamnert I., Lopez C. C., Cohn M. and Edstrom J.
E. (1994) A family of complex tandem DNA repeats in the
telomeres of Chironomus pallidivittatus. Mol. Cell. Biol. 14:
8028-8036

Lopez C. C., Nielsen L. and Edstréom J. E. (1996) Terminal
long tandem repeats in chromosomes from Chironomus pal-
lidivittatus. Mol. Cell. Biol. 16: 3285-3290

Rosén M. and Edstrom J. E. (2002) Chromosome ends in Chi-
ronomus tentans do not have long single-stranded overhangs
characterizing canonical telomeres. Chromosome Res. 10: 21-31
Rosén M., Kamnert I. and Edstrom J. E. (2002) Extrachromo-
somal RNA-DNA complex containing long telomeric repeats
in chironomids. Insect Mol. Biol. 11: 167-174

Lopez C. C., Rodriguez E., Diez J., Edstrom J. E. and Morcillo
G. (1999) Histochemical localization of reverse transcriptase
in polytene chromosomes of chironomids. Chromosoma 108:
302-307



CMLS, Cell. Mol. Life Sci.

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

Vol. 60, 2003

Biessmann H., Donath J. and Walter M. F. (1996) Molecular
characterization of the Anopheles gambiae 2L telomeric re-
gion via an integrated transgene. Insect Mol. Biol. 5: 11-20
Biessmann H., Kobeski F., Walter M. E,, Kasravi A. and Roth
C. W. (1998) DNA organization and length polymorphism at
the 2L telomeric region of Anopheles gambiae. Insect Mol.
Biol. 7: 83-93

Walter M. E,, Bozorgnia L., Maheshwari A. and Biessmann H.
(2001) The rate of terminal nucleotide loss from a telomere of
the mosquito Anopheles gambiae. Insect Mol. Biol 10: 105—
110

Roth C. W,, Kobeski F., Walter M. F. and Biessmann H. (1997)
Chromosome end elongation by recombination in the mos-
quito Anopheles gambiae. Mol. Cell. Biol. 17: 5176—5183
Biessmann H. and Mason J. M. (1997) Telomere maintenance
without telomerase. Chromosoma 106: 63—69

Pardue M. L., Danilevskaya O. N., Traverse K. L. and Lowen-
haupt K. (1997) Evolutionary links between telomeres and
transposable elements. Genetica 100: 73 -84

Danilevskaya O. N., Tan C., Wong J., Alibhai M. and Pardue
M. L. (1998) Unusual features of the Drosophila melano-
gaster telomere transposable element HeT-A4 are conserved in
Drosophila yakuba telomere elements. Proc. Natl. Acad. Sci.
USA 95:3770-3775

Casacuberta E. and Pardue M. L. (2002) Coevolution of the
telomeric retrotransposons across Drosophila species. Genet-
ics 161: 1113-1124

Biessmann H., Zurovcova M., Yao J. G., Lozovskaya E. and
Walter M. F. (2000) A telomeric satellite in Drosophila virilis
and its sibling species. Chromosoma 109: 372—380

Mason J. M. and Biessmann H. (1995) The unusual telomeres
of Drosophila. Trends Genet. 11: 58—62

Pardue M. L. and DeBaryshe P. G. (2002) Telomeres and
transposable elements. In: Mobile DNA II, pp. 870—887,
Craig N. L. (ed.), ASM Press, Washington, DC

Biessmann H., Walter M. F. and Mason J. M. (2002) Telom-
eres in Drosophila and other insects. In: Telomeres and Telom-
erases: Cancer and Biology, Krupp G. and Parwaresch R.
(eds), Landes Bioscience, Eurekah.com, Georgetown, TX,
http://www.eurekah.com/chapter.php?chapid=122&bookid=
19&catid=30

Karpen G. H. and Spradling A. C. (1992) Analysis of sub-
telomeric heterochromatin in the Drosophila minichromo-
some Dpl187 by single-P element insertional mutagenesis.
Genetics 132: 737-753

Biessmann H., Kasravi B., Bui T., Fujiwara G., Champion L.
E. and Mason J. M. (1994) Comparison of two active HeT-A
retroposons of Drosophila melanogaster. Chromosoma 103:
90-98

Danilevskaya O. N., Traverse K. L., Hogan N. C., Debaryshe
P. G. and Pardue M. L. (1999) The two Drosophila telomeric
transposable elements have very different patterns of tran-
scription. Mol. Cell. Biol. 19: 873881

Pardue M. L. and DeBaryshe P. G. (2000) Drosophila telom-
eres: two transposable elements with important roles in chro-
mosomes. Genetica 107: 189—-196

Kasamatsu H. and Nakanishi A. (1998) How do animal DNA
viruses get into the nucleus? Annu. Rev. Microbiol. 52: 627—
686

93

94

95

96

97

98

99

100

101

102

103

104

105

106

Multi-author Review Article 2333

Rashkova S., Karam S. E. and Pardue M. L. (2002) Element-
specific localization of Drosophila retrotransposon Gag pro-
teins occurs in both nucleus and cytoplasm. Proc. Natl. Acad.
Sci. USA 99: 3621-3626

Kurenova E., Champion L., Biessmann H. and Mason J. M.
(1998) Directional gene silencing induced by a complex sub-
telomeric satellite from Drosophila. Chromosoma 107: 311—
320

Mason J. M., Konev A. Y., Golubovsky M. D. and Biessmann
H. (2003) Cis- and trans-acting influences on telomeric posi-
tion effect in Drosophila melanogaster detected with a subter-
minal transgene. Genetics 163: 917-930

Mason J. M., Haoudi A., Konev A. Y., Kurenova E., Walter M.
F. and Biessmann H. (2000) Control of telomere elongation
and telomeric silencing in Drosophila melanogaster. Genetica
109: 61-70

Mason J. M., Konev A.Y. and Biessmann H. (2003) Telomeric
position effect in Drosophila melanogaster reflects a telomere
length control mechanism. Genetica 117: 319-325

Cenci G., Rawson R. B., Belloni G., Castrillon D. H., Tudor
M., Petrucci R. et al. (1997) UbcD1, a Drosophila ubiquitin-
conjugating enzyme required for proper telomere behavior.
Gene Dev. 11: 863-875

Fanti L., Giovinazzo G., Berloco M. and Pimpinelli S. (1998)
The heterochromatin protein 1 prevents telomere fusions in
Drosophila. Mol. Cell 2: 527-538

Huang D. W,, Fanti L., Pak D. T. S., Botchan M. R., Pimpinelli
S. and Kellum R. (1998) Distinct cytoplasmic and nuclear
fractions of Drosophila heterochromatin protein 1: their phos-
phorylation levels and associations with origin recognition
complex proteins. J. Cell Biol. 142: 307-318

Shareef M. M., King C., Damaj M., Badagu R., Huang D. W.
and Kellum R. (2001) Drosophila heterochromatin protein 1
(HPI)/origin recognition complex (ORC) protein is associated
with HP1 and ORC and functions in heterochromatin-induced
silencing. Mol. Biol. Cell 12: 1671-1685

Savitsky M., Kravchuk O., Melnikova L. and Georgiev P.
(2002) Heterochromatin protein 1 is involved in control of
telomere elongation in Drosophila melanogaster. Mol. Cell.
Biol. 22: 32043218

Eissenberg J. C., James T. C., Foster-Hartnett D. M., Hart-
nett T., Ngan V. and Elgin S. C. (1990) Mutation in a hete-
rochromatin-specific chromosomal protein is associated
with suppression of position-effect variegation in
Drosophila melanogaster. Proc. Natl. Acad. Sci. USA 87:
9923-9927

Wallrath L. L. and Elgin S. C. R. (1995) Position effect varie-
gation in Drosophila is associated with an altered chromatin
structure. Genes Dev. 9: 12631277

Cenci G., Siriaco G., Raffa G. D., Kellum R. and Gatti M.
(2003) The Drosophila HOAP protein is required for telomere
capping. Nat. Cell. Biol. 5: 82—84

Queiroz-Machado J., Perdigao J., Simoes-Carvalho P, Her-
rmann S. and Sunkel C. E. (2001) tef: a mutation that causes
telomere fusion and severe genome rearrangements in
Drosophila melanogaster. Chromosoma 110: 10-23



