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Abstract

Telomere serves two essential functions for the cell. It prevents the recognition of natural
chromosome ends as DNA breaks (the end capping function). It counteracts incomplete end
replication by adding DNA to the ends of chromosomes (the end elongation function). In most
organisms studied, telomerase fulfills the end elongation function. In Drosophila, however,
telomere specific retrotransposons have been coerced into performing this essential function for
the host. In this review, we focus our discussion on transposition mechanisms and transcriptional
regulation of these transposable elements, and present provocative models for the purpose of
spurring new interestsin the field.

1. Introduction

Transposable elements (TES) are omnipresent in eukaryotes and can make up a significant
portion of the genome. For example, the LINE-1 (L1) non-L TR retrotransposon alone has
over half amillion copiesin the human genome, making up more than 17% of our haploid
genome [1]. TEs generally impose detrimental effects on the host genome, for example, by
altering the function of genesin their vicinity (e.g. [2]), or by inducing genome
rearrangement via ectopic recombination between copies of related elements.

A general host responseto a TE invasion, in particular one from retrotransposons that
requires an RNA intermediate, istranscriptional silencing of the element to prevent its
spreading. In addition, there are instances in which host-“parasite” conflicts resulted in
domestication of a selfish element to fulfill cellular functions that are essential for host
survival. One of the best examplesisthe non-L TR retrotransposons that popul ate the
telomeric regions in Drosophila species. These elements transpose only to the ends of the
chromosome and serve as the predominant if not the only mechanism to counter incomplete
end replication, an essential function fulfilled by the telomerase reverse transcriptase and its
RNA template in many other organisms.

For the general features of the Drosophila telomeric elements, the readers are referred to
several recent review articles on the subject [3, 4]. In this article, we highlight areas in the
study of these transposons that could yield rich mechanistic insights into retro-transposition
in general, and basic principles governing the mutual dependence between the host and the
selfish element.
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2. Genomic organization of telomeric transposons in Drosophila

Telomeric DNA in D. melanogaster consists of ordered arrays of three retrotransposons,
HeT-A, TART and TAHRE, inwhichthe 5’ region of all elementsis closer towards the
telomere than the 3'. The HET-A element is the most abundant. It contains a single open
reading frame (orf) that encodes a protein with homology to Orf1 proteins (Orf1p) from
other non-L TR elements (Figure 1, ref [5, 6]). HeT-A lacks a second orf that is present in
other non-L TR elements, which would encode a protein with reverse transcriptase (RT)
function and an endonuclease (EN) domain for target DNA incision [7]. Interestingly, the
promoter for HeT-A transcription does not reside within the 5" region, but at the most distal
part of the 3'UTR (Figure 1, ref [8]). Therefore, transcription of a He7T-A element originates
from the 3'UTR of itsimmediate upstream element (the one closer to the chromosome end).
This represents an ingenious mechanism for preserving the 5’ region of a retrotransposon.

TAHRE isthe least abundant element. Although encoding one additional orf than HeT-A,
TAHRE shares significant sequence homology with HET-A. Thisled to the suggestion that
HeT-A evolved from TAHREby losing orf2 [9]. orf2 encodes an RT-like protein and with
an EN domain. Promoter activities have also been detected at the 3'UTR of TAHRE (Figure
1, ref [10]), representing another similarity between He7-A and TAHRE.

A full-length TART element has two orfs (Figure 1, ref [11]). Orf2p encodes an RT also
with an EN domain. Both 5’ and 3' UTRs have promoter activities [12, 38], although
evidenceislacking for the use of the promoter at 3'UTR in normal transposition. Recently, a
novel template switching mechanism was proposed to explain how TART elements protect
theintegrity of the 5’ region. In this model, after one round of reverse transcription the RT
molecule moves back to the 3’ region of the RNA template, adding DNA sequences from
the 3 region 5' to the element [12].

3. The Biology of transposition

The exact mechanism of transposition remains obscure for the Drosophila telomeric
elements. A generally agreed upon model has been presented multiple times before [3, 14],
and our modified version is shown in Figure 2. Many aspects of the model were derived
from our current knowledge on retro-transposition in general and from segquence analyses of
cloned transposon arrays in Drosophila done by others. One essential aspect of the model,
the mode of transposition, was deduced from studies on transposon attachment to DNA
breaks during telomere healing of terminally deleted chromosomes (TD). We and others
have shown that Drosophila cells can assembl e a protective telomeric cap on chromosome
ends with essentially any sequence so that TDs can be readily recovered by avariety of
means [6, 15-18]. During the formation and/or propagation of these chromosomes,
transposon attachment to the new end has been observed, suggesting that one mode of
transposition is via reverse transcription primed with the 3' end at the chromosome
extremity.

In the model shown in Figure 2, the life cycle of an element starts as mMRNA molecules
generated from the telomeric regions. These transcripts are used for the production of the
Orf1 and Orf2 proteins in the cytoplasm. Orf1p from other better-studied retro-elements
forms RNP with transposon RNA [19, 20]. Therefore it is commonly believed that an Orf1p-
RNA complex from the Drosophila elementsis first assembled in the cytoplasm and then
transported into the nucleus, and perhaps along with Orf2p. The transposition machinery,
Orf1p-Orf2p-RNA, isthen targeted to the ends of chromosomes, where transposition occurs.
Here we highlight severa interesting areas that remain poorly understood.
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3.1. End targeting

The most fascinating aspect of the biology of these transposons is their specific and
exclusive targeting to chromosome ends. Since Drosophila cells rely on these elementsto
elongate their chromosomes, it isimportant to have a sufficient rate of transposition to
chromosome ends. It is equally important to prevent integration of these elements to other
parts of the genome. Since a significant portion of Drosophila elements are full length and
potentially transposition competent [21, 22], spurious attachment of these elements to
spontaneous double strand breaks can have dire consequences for the host. How the retro-
transposition machinery is recruited to telomeres, but not anywhere else is not known.

HeT-A Orflp overproduced in Drosophila cultured cells form nuclear foci, some of which
co-localizes with the HOAP protein specifically enriched at Drosophilatelomeres[23].
Since overexpression was achieved with a heterologous expression system (not with the
endogenous HeT-A regulatory elements), it is possible that Orflp in these telomeric foci is
not in complex with the endogenous HeT-A RNA. If so, it would suggest that Orf1p
contains an intrinsic signal for the targeting to chromosome ends irrespective of the state of
the RNP. If these foci indeed contained HeT-A RNA, it would suggest that the transposon
RNA isanintegral part of the end-targeting signal. Presumably, this targeting was
accomplished by interaction between Orf1p-RNA and one or more of the resident telomeric
proteins, such as HOAP or HipHop [15].

The most understood process of targeting molecular activities to chromosome ends has to do
with the recruitment of the telomerase RNP in organisms with telomerase. Telomeraseis an
RT that adds short DNA repeats to chromosome ends using an RNA template. In yeast S
cerevisiae, the mgjor player in telomerase recruitment is the Cdc13 protein, a component of
the Cdc13-Stn1-Tenl (CST) complex that binds the single strand overhangs of telomeres
[24, 25]. CST has long been considered a yeast specific complex. Recently homologs of
CST have been identified in both plants [26] and vertebrates [27] suggesting that the
function of CST is evolutionarily conserved. Intriguingly, arecent study identified the
Drosophila Verroccio capping protein that shares limited homolog to Stnl proteinsin other
organisms [28], suggesting the tantalizing possibilities that Drosophila has its own CST and
that it might participate in the recruitment of the retro-transposon machinery for the
elongation of Drosophilatelomeres.

3.2. Orflp and RNA interaction

It is aforegone conclusion that Orf1p would interact with transposon RNA. Consistently, a
recent structural analysis suggested that Orf1p from either HET-A or TART contains two
atypical RRM domains with RNA binding capability [29]. However, the temporal and
spatial features of thisinteraction remain unknown.

Orflp from L1 elements has a“ cis-preference” for interacting with its RNA: it preferentially
associates with the transcript that was once translated to make the protein itself [30]. The
evolutionary implication hereisthat only elements with afunctional coding capacity are
allowed to transpose. In addition, since L1 Orf1p’sinteraction with nucleic acid is sequence
non-specific [31], this “cis-preference” suppresses spurious association of Orflp with other
RNA speciesin the cell. However, not all non-L TR retro-elements display a*“cis-
preference”. The telomeric transposons in Bombyx mori can act on heterologous RNA
templates [32]. Results from HeT-A Orflp overexpression experiments [23] suggest that
Drosophila elements are unlikely to have a“ cis-preference”. As discussed earlier,
overproduced Orflp can go to the telomeres either without forming a RNP or forming an
RNP with endogenous transposon RNA molecules that did not encode the protein. However,
it remains formally possible that the He7-A Orflp at the telomeres was in complex with the
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heterol ogous transcripts that encoded the protein. Thisis difficult to imagine since the only
HeT-A homologous region on these transcriptsisin orf1 coding sequences. Because HeT-A
overexpression might not recapitul ate the natural behavior of the transposon, further
investigation is needed to definitively rule out “cis-preference” for the Drosophila elements.

Without a*“ cis-preference” for He7T-A Orflp-RNA association, it would not be necessary to
invoke amodel in which the Orf1p-RNA complex forms only in the cytoplasm and that the
RNA templates for transposition have to be imported from the cytoplasm. It is conceivable
that Orf1p can interact with nascent RNA molecules from the transposons right off the
chromosome and use those RNA species as transposition intermediates. In fact, Orflp
interaction of nascent transposon RNA could be an attractive mechanism for targeting the
transposon machinery to chromosome ends. This cannot be the only mechanism, however,
asit isinconsistent with the ability of these elements to attach to transposon-free ends.
Nevertheless, our current knowledge does not rule out that the Orfp1-RNA interaction
happens in the nucleus or even at the site of transposition.

3.3. RT interaction with Orfl1p-RNA

It isinteresting that HeT-A, the most abundant element at the telomeres, does not encode an
RT. Thisimpliesthat RT for HeT-A transposition has to be supplied /n transeither from
TARHE, TART, or an RT gene from other sources. Thisis reminiscent of the dichotomy of
telomerase and its RNA template into two separate genes. How RT interacts with Orflp-
RNA complex remains obscure for the Drosophila elements. Are they packaged as a
complex before entering the nucleus or does the incorporation of RT into the Orf1 RNP
happen at the telomere? Since RT for HeT-A transposition must be supplied /n trans, it is
unlikely that RT and Orf1p-RNA are always present in the cytoplasm at the same time,
unless there is coordinated protein translation from different elements. Therefore, itis
possible that RT interacts with Orf1p-RNP inside the nucleus, perhaps at or around the site
of genome integration. Thisimpliesthat there is separate targeting of RT and Orf1p-RNA to
chromosome ends. Alternatively, afunctional end-targeting signal requires the participation
of al three components. However, thisis difficult to reconcile with results from He7-A
Orflp overexpression, which likely resulted in vast overrepresentation of Orflpin
comparison with RT. An attractive model positsthat Orflp or RT proteinsinteract with
nascent RNA in achromatin context with high affinity resulting in the targeting of the
transposon machinery to telomeres. How could we then explain targeting to transposon-free
ends? It is possible that the transposition machinery is recruited to these de novotelomeres
viatelomere-telomere association, bringing these ends to transposon-capped ends. If true, it
impliesthat DNA ends are receptive to transposon attachment only after it adopts a
telomeric fate, e.g. occupied by telomere-specific proteins.

3.4. End attachment versus internal integration

It remains debatable whether end attachment is the predominant transposition mechanism
operating at the natural environment of the telomere, i.e. in the presence of similar elements.
It isformally possible that internal integration guided by primary DNA sequences at the
existing elements represent another mode of transposition for Drosophila el ements. We
invoke this possibility because a peculiar feature of the RT proteins encoded by both TART
and TAHRE. Orf2p in these two elements has a distinct endonuclease domain. In other
retro-elements such as mammalian L1, EN nicks the target DNA, afunction essential for
transposition. Interestingly, EN-less L1 elements either naturally present or engineered /n
vitro can transpose to telomere ends [ 33, 34]. In addition, telomeric transposons from
Bombyx mori and Tribolium castaneum use EN-mediated target incision for transposition to
telomeres[35]. Therefore, it remains untested whether Drosophila element can integrate
internally to transposon arrays at telomeres. Such a strategy may serve to protect functional
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elementsfrom 5" degradation due to incomplete end replication. Biochemical analyses using
recombinant RT proteins would be needed to interrogate whether Drosophila telomeric
elements encode EN activities.

3.5. Genetically marked elements for the study of telomeric transposition

Genetically tractable transposons have greatly facilitated the study of TEs, especially in
elucidating the mechanisms for transposition [36, 37]. Similar elements in Drosophila would
no doubt help reveal rich mechanistic insights into transposon biogenesis and put our
provocative models to test. Toward achieving that goal, we have constructed a genetically
marked HeT-A element (unpublished results). Preliminary results suggest that the element
likely encodes afunctional Orflp (Figure 3). Research isin progress to test whether this
element can support transposition to telomeres.

4. The developmental regulation of transposon expression

Expression of Drosophilatelomeric elements has been one of the most widely used readouts
for defectsin small RNA mediated transcriptional silencing. However, the normal
transcriptional regulation of these elementsis far from just silencing. In somatic tissues, all
three elements are actively transcribed with full length sense transcripts detectable [10, 38—
41]. In addition, TART elements produce a nearly full-length anti-sense transcript, whose
function remains unknown. Transposon transcripts are generally limited to proliferating cells
in the soma. Consistently, somatic transposition events can be readily detected as cell clones
in which normal expression of visible markers (whiteor yellow genes) at the extremity of a
terminally truncated chromosome is restored due to transposon attachment [42, 43]. These
attachment events either relieve silencing on the visible marker or more likely provide
promoter activities driving marker expression.

The conserved Heterochromatin Protein 1 (HP1) isamajor player in somatic silencing of
telomeric transposons. Even the loss of asingle copy of the suvar)205 gene, which encoded
HP1, leads to dramatic derepression of the transposons as assayed by Northern blots [42,
44]. Thisis consistent with ChlP results locating HP1 to the transposon arrays [15, 45].
Several other genes, when mutated, confer moderate effects on somatic silencing of
transposons. These include the proliferation disrupter gene[46] and several genes with
essential capping function [47].

In the female germline, low levels of HeT-A and TAHRE transcripts can be detected in
early-staged egg chambers, while TART sense transcripts are found in nurse cells of late-
staged egg chambers[10, 48]. Thislow level of expression is achieved by PIWI-interacting
RNA (p/RNA) mediated silencing as germlines mutant for the pathway have highly elevated
transposon transcripts [13, 49, 50]. Interesting, a 434 bp fragment from HeT-A 3 UTR is
sufficient to confer piIRNA-mediated silencing of a /acZ gene placed 3' to the HeT-A
fragment, but inserted at non-telomeric positions[13]. If piRNA silencing of HeT-A were
mainly executed through post-transcriptional degradation of transposon RNAs, one would
have to conclude from these experiments that only about 30 bp, spanning from the He7-A
transcriptional start site to the start codon of /acZ, would be sufficient to induce instability of
/acZ RNA in the female germline. There might be multiple elements within He7-A that
bring about piRNA-mediated silencing as it has been shown that He7-A orf1 cDNA
overexpressed in the femal e germline was subjected to piRNA mediated silencing [50]. We
constructed afull length He7-A element that encodes a GFP-tagged Orf1p (unpublished
results). Consistent with results from Shpiz et a. [13], this element is subject to piRNA
mediated silencing even at non-telomeric positions. Mutationsin the piRNA pathway
resulted in strong signals of GFP-Orf1p (Figure 3), whereasiit is undetectable under normal
condition (not shown). This suggests that full length HeT-A transcripts are stabilized in the
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mutants, and these transcripts have full coding capacity. Interestingly, piRNA mutants are
female sterile. It remains undetermined whether highly abundant transposon-encoded
proteins as aresult of the derepression of HeT7-A and other retrotransposons contribute to
germline dysfunction.

5. Concluding remarks

Transposons generally affect host fitness in negative ways. However, conflicts between the
host and the selfish elements can sometimes result in co-dependence of the two parties as
host “tames” the transposons to fulfill essential function. The study on the regulation of
Drosophilatel omeric retrotransposons promises to be a fertile ground for the discovery of
fundamental principles on host parasite interaction.
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Figure 1. Molecular organization of telomeric transposonsin Drosophila

Each element is represented as a rectangular box with different parts of the element shaded
differently according to their functions. The large arrowhead at the end of each element
depicts the direction for the sense transcript. The approximate positions of transcriptional
start sites (“txp start”) with their directions of transcription are represented by arrows.
Elements are not drawn to scale.
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Figure 2. A model for thelife cycle of the Drosophila telomeric transposons

In the central region of the diagram is asingle telomere with four transposon insertions (grey
arrows). Transposon RNA (wavery line) with a poly-A tail is exported to cytoplasm for
trandlation to produce Orf1p (green ovals) and RT (red oval). Orflp and RT could come
from different elements, e.g. Orf1p from aHeT-A and RT from a TAHRE. How Orflp
interacts with its RNA is unknown. How Orf1p-RNA interacts with RT is aso unknown.
Presumably, an RT-Orf1p-RNA complex isimported into the nucleus and targeted to the
telomeric region of the chromosome. The mechanism for this “end targeting” processis
unknown. A close-up view of the single representative telomere is given at the top. Two
possible modes of transposition are given: end attachment, which has strong supporting
evidence, and insertional transposition, which is speculative. During end attachment, the
transposon machinery uses the 3' end of the chromosome to prime reverse transcription.
During insertional transposition, the EN activity of RT makes a nick near the junction
between two arbitrarily chosen elements. The transpson machinery usesthe 3' end of this
nick to prime reverse transcription.
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Figure 3. HeT-A Orflp isoverproduced in defective piRNA germline

Two mid-stage egg chambers are shown from a spnE-mutant female, who also had a
transgene carrying afull length HeT-A element with a gfp-tagged orf1 gene. The top panel
shows a merged image of DAPI staining for DNA (in purple) and anti-GFP signal (in

green). The bottom panel shows GFP signals only with arrows pointing to the position of the
oocyte.
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