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Abstract

The unlimited growth potential of tumors depends on telomere maintenance and 
typically depends on telomerase, an RNA-dependent DNA polymerase, which reverse 
transcribes the telomerase RNA template, synthesizing telomere repeats at the ends of 
chromosomes. Studies in various model organisms genetically deleted for telomerase 
indicate that several recombination-based mechanisms also contribute to telomere 
maintenance. Understanding the molecular basis of these mechanisms is critical since 
some human tumors form without telomerase, yet the sequence is maintained at the 
telomeres. Recombination-based mechanisms also likely contribute at some frequency 
to telomere maintenance in tumors expressing telomerase. Preventing telomere 
maintenance is predicted to impact tumor growth, yet inhibiting telomerase may 
select for the recombination-based mechanisms. Telomere recombination mechanisms 
likely involve altered or unregulated pathways of DNA repair. The use of some DNA 
damaging agents may encourage the use of these unregulated pathways of DNA 
repair to be utilized and may allow some tumors to generate resistance to these agents 
depending on which repair pathways are altered in the tumors. This review will discuss 
the various telomere recombination mechanisms and will provide rationale regarding 
the possibility that L1 retrotransposition may contribute to telomere maintenance in 
tumors lacking telomerase. 

ABBREVIATIONS
LINE-1 or L1: Long interspersed nucleotide element-1; 

RNP: Ribonucleoprotein; ALT: Alternative lengthening of 
telomeres; SV40 T: Simian Virus 40 large T antigen; PML: 
promyelocytic leukemia; T-SCEs: Telomere-sister chromatid 
exchanges; CO-FISH: Chromosome orientation fluorescence in 
situ hybridization; APBs: Alternative lengthening of telomeres 
promyelocytic leukemia bodies; NHEJ: Non-homologous end-
joining; LOH: loss of heterozygosity; LTR: long terminal repeat; 
HERV: human endogenous retrovirus; SINEs: short interspersed 
nucleotide elements; SVA: SINE-VNTR-Alu; TPRT: target-primed 
reverse transcription; Q-FISH: quantitative fluorescence in situ 
hybridization; C-CIRCLES: telomere C-strand circles; G-CIRCLES: 
Telomere G-strand circles; T-CIRCLES: double-stranded circular 
telomere repeats; SFEs signal-free ends; PLEs Penelope-like 
elements; TAHRE: Telomere-Associated and HeT-A-Related 
Element; TRF2: telomeric repeat binding factor 2; TIN2: (TRF1) 
-interacting nuclear factor 2; TPP1: POT1 and TIN2-interacting 
protein; Pot1: Protection of telomeres 1; NBS1: Nijmegen 
Breakage Syndrome; MRN: MRE11/Rad50/NBS1 complex; 

SMC5/6: Structural maintenance of chromosomes 5/6; Mus81: 
Structure-specific endonuclease; EME1: essential meiotic 
endonuclease 1; Top3a: topoisomerase (DNA) III alpha; FANCD2: 
Fanconi anemia, complementation group D2; FANCA: Fanconi 
anemia, complementation group A; NSE2: Non-structural 
maintenance of chromosomes element 2; E3 SUMO: Small 
ubiquitin-like modifier 3; RAP1: Repressor/activator protein 
1 homolog; TRF1: Telomeric repeat-binding factor 1; TRF2: 
Telomeric repeat-binding factor 2; TIN2: (TRF1) -interacting 
nuclear factor 2; SLX4: Structure-specific endonuclease subunit

INTRODUCTION
As initially proposed by Herman Muller and Barbara 

McClintock, the ends of all linear genomes are comprised of a 
unique and genetically stable structure, termed the telomere [1]. 
It was later realized that telomeres must require some mechanism 
(s) to maintain the sequence due to the end-replication problem 
[2,3]. This is typically achieved by telomerase. However studies 
using various model organisms, which have been genetically 
deleted for telomerase, indicate that multiple recombination-
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based mechanisms can contribute to telomere maintenance. 
Such mechanisms are likely recombination-based and use 
repetitive sequences, such as retrotransposons. This review 
will focus on the current understanding of these recombination-
based mechanisms and proposes that retrotransposons may 
contribute to the mechanisms. Understanding these mechanisms 
is critical for the eventual development of specific treatments for 
individuals who develop tumors that lack telomerase. Tumors 
lacking telomerase can still maintain the telomere sequences 
and typically include sarcomas and certain types of brain tumors. 
Tumors lacking telomerase would not be sensitive to telomerase 
inhibitors, which are currently in development. Insight into how 
repetitive sequences, such as retrotransposons, impact telomere 
maintenance in mammalian cells is currently under investigation 
in our laboratory. 

Telomeres & Subtelomeres

Telomeres are nucleoprotein complexes located at the 
beginning and ends of all linear chromosomes. The microsatellite 
sequence repeat located at the telomere varies among organisms. 
In addition in some organisms, such as Drosophila, there is a 
complete lack of the microsatellite repeat. Instead Drosophila 
telomeres are comprised of an array of repetitive elements, termed 
non-LTR retrotransposons. In humans and mice the telomere 
microsatellite repeat sequence is (5’-TTAGGG)n, however in other 
organisms, such as yeast, the sequence is (5’-TG1-3). The frequency 
of the reiteration of the microsatellite repeat contributes to the 
telomere length. In addition, the telomere sequence is bound by 
a multiprotein complex termed the shelterin complex. In human 
cells this consists of the proteins TRF2, TRF1, TIN2, Rap1, TPP1 
and Pot1 [4]. The shelterin complex protects the termini from 
triggering an inappropriate DNA damage response and is thought 
to contribute to the formation of a potential (telomere) T-loop 
structure that resembles a Holliday junction intermediate, and 
is present at the termini of some chromosomes [5]. Since TRF1 
bind in a sequence specific manner to the microsatellite repeat, 
it is thought that the removal of the shelterin complex, due to the 
loss of the microsatellite repeat (telomere shortening), triggers 
additional pathways that recruit telomerase to the telomere [6]. 
In the absence of telomerase, the telomeres become dysfunctional 
activating a DNA damage response [7]. 

In addition to the telomeres, chromosomes have additional 
structural zones known as the subtelomeres. These regions are 
proximal to the microsatellite telomere repeat and are comprised 
of a mosaic of different types of repetitive sequences in the 
genome [8]. In humans, subtelomeres are highly polymorphic 
due to large segmental duplications, which are likely generated 
from homologous recombination among repetitive sequences [9-
12]. 

Telomerase

Telomerase is a ribonucleoprotein complex comprised of a 
reverse transcriptase (in humans, TERT) and an RNA component 
(in humans, TERC or hTR) that specifically generates the 
canonical telomere repeat (5’-TTAGGG in humans) by using RNA 
as a template [13-16]. Telomerase function in vivo also depends 
on other proteins that bind the RNA, including dyskerin, and 
various dyskerin binding proteins including NHP2, NOP10 and 

GAR1 [17-20]. The telomerase ribonucleoprotein complex (RNP) 
is recruited to short telomeres, and reverse transcribes a portion 
of the RNA component by adding sequence to the terminal 3’-
OH, thereby maintaining the telomere length [6]. The expression 
of telomerase maintains telomeres in rapidly dividing human 
primary cells, including most stem cells and germ cells [21,22]. 
Most other somatic cells lack telomerase activity. Without 
telomerase, the telomeres progressively shorten, leading to 
genome instability, senescence, or apoptosis [6]. Thus telomere 
shortening has been implicated in both cancer due to genome 
instability, and aging due to cellular senescence and apoptosis. 
Heterozygous mutations in various genes required for telomerase 
activity can also contribute to human diseases including: 
dyskeratosis congenita, aplastic anemia, and pulmonary fibrosis 
[23-27]. The genetic mechanism associated with telomerase 
and disease progression is due to haploinsufficiency [28,29]. 
However, not all reported mutations in telomerase genes cause 
disease [30]. This could be contributed to various reasons 
including: genetic anticipation, the sequence change is a variant 
that was perhaps misclassified as a mutation, or that additional 
genetic and/or environmental factors contribute to the onset of 
telomerase-associated diseases. 

Human tumors lacking telomerase

The unlimited growth potential of tumors requires telomere 
maintenance, which is thought to occur by telomerase, since 
telomerase is detected in most tumor cells [21]. Yet it is 
peculiar that the telomeres in most human tumor cells are still 
extremely short compared to normal tissue, and questions 
whether telomerase solely contributes to telomere maintenance 
in tumors expressing telomerase [31]. In addition, although 
telomerase inhibitors have been developed, these inhibitors have 
yet to impact tumor growth. This is perhaps because mechanisms 
other than telomerase contribute to telomere maintenance. 
An estimated 10% of human tumors lack telomerase activity. 
Despite the lack of telomerase, the telomeres in these tumors 
are still maintained and are extremely long and heterogeneous 
in length (ranging from 3kb to 50kb) [32-34]. Tumors lacking 
telomerase also have the ability to divide indefinitely in culture. 
Tumors lacking telomerase are typically described as using 
Alternative Lengthening of Telomeres (ALT) mechanisms 
or basically recombination-based mechanisms of telomere 
maintenance. Nearly 50% of sarcomas lack telomerase, including 
osteosarcomas and soft tissue sarcomas. In addition, certain 
types of brain tumors often lack telomerase. These include 
glioblastoma, medulloblastoma, astrocytomas and oligosarcomas 
[35]. Some epithelial-derived tumors have been reported to lack 
telomerase, including gastric, ovarian, adrenocortical and breast 
carcinomas [32,33,36]. Thus most tumors lacking telomerase 
are derived from certain primary cell types of mesenchymal cell 
origin [34,36]. Some of our projects are focused on understanding 
this cell type specificity as it relates to active retrotransposition 
in primary somatic cells, including neuronal and mesenchymal 
cells, lacking telomerase. 

Telomere maintenance in the absence of telomerase activity 
was initially detected when primary human foreskin fibroblasts 
were immortalized with SV40 T antigen [32]. A portion of the 
immortalized cells were found to lack telomerase, yet had very 



Central

Morrish et al. (2013)
Email: tammy.morrish@utoledo.edu

J Cancer Biol Res 1(3): 1012 (2013) 3/15

long heterogeneous telomere lengths [32]. However mouse 
tumors which lack telomerase can maintain telomeres without 
extensive lengthening of the bulk telomere lengths [37,38]. 
Telomere maintenance that occurs without changing the bulk 
telomere length is analogous to the Type 1 mechanism of 
recombination used in yeast lacking telomerase [39-41]. 

Immortalized human cells and tumors lacking telomerase 
have other general features. Extrachromosomal DNA can be 
detected in some tumors lacking telomerase and exist as either 
single or double-stranded circles [42,43]. These circular DNA 
fragments have the potential to integrate into the telomere us-
ing recombination or may serve as a template for rolling circle 
replication [43]. The recent development of an assay to detect 
these extrachromosomal DNA fragments, called the C-circle as-
say, is potentially a useful assay to initially evaluate if a tumor 
is using telomere recombination for telomere maintenance. Ex-
trachromosomal DNA can sometimes associate with nuclear foci 
which are essentially aggregates of the protein PML, along with 
the recombination proteins, extrachromosomal telomeric DNA, 
and various telomere-binding proteins [32,33,42,44-47]. These 
foci have been called ALT associated PML bodies or APBs, and are 
only detected in human tumors and immortalized cells lacking 
telomerase [44]. The appearance of APBs correlates with the on-
set of SV40 T-antigen mediated immortalization of primary cells, 
but are detected in a only small portion of the total cell popula-
tion [44]. Whether APBs or extrachromosomal DNA are directly 
involved in telomere recombination mechanisms is uncertain. 
However telomere maintenance can occur without APBs or ex-
trachromosomal DNA [48,49]. Again these findings illustrate the 
existence of multiple telomere recombination mechanisms. Tu-
mors lacking telomerase have also been associated with micros-
atellite instability at certain non-telomeric genomic loci [50] and 
are increased for telomere sister chromatid exchanges [45,50]. 
Tumors expressing telomerase may also utilize telomerase-
independent mechanisms for telomere maintenance at reduced 
frequency. Therefore, the treatment of tumors with telomerase 
inhibitors could select for these additional telomere maintenance 
mechanisms. In summary, not all tumors express telomerase, and 
instead these tumors have the potential to utilize various recom-
bination-based mechanisms for telomere length maintenance. 
Characteristics associated with tumors lacking telomerase in-
clude extensive telomere length heterogeneity, the presence of 
APBs, extrachromosomal DNA, microsatellite instability and 
increased T-SCEs. Although not all telomerase negative tumors 
exhibit the same characteristics, these variable features suggest 
that multiple non-telomerase mechanisms are contributing to te-
lomere maintenance [34,48,49,51]. 

Overall, studies that can directly test for telomere 
recombination in human tumors will be critical. We are currently 
using assays to detect subtelomere recombination in mouse 
tumors lacking telomerase and plan to develop such assays 
to detect subtelomere recombination in human cells. These 
microarrays along with sequencing for copy number changes in 
the subtelomere will evaluate which mechanisms are operating 
in tumors lacking telomerase. More specifically these arrays will 
determine which mammalian genes contribute to BIR and will be 
critical to develop treatments for tumors lacking telomerase and 

for treating tumors that are resistant to telomerase inhibitors. 

Telomere recombination

Mechanisms other than telomerase that have been 
proposed to maintain the telomeres include T-loops, hairpin 
structures, G-quadruplexes, extrachromosomal DNA, break-
induced replication, and retrotransposons [52,53]. Telomere 
maintenance in the absence of telomerase has been studied 
in various organisms and has been extensively characterized 
in yeast lacking telomerase. Telomere recombination in yeast 
can use two different recombination pathways to maintain 
the telomeres and are typically described as Type I or Type II 
survivors [39-41]. The dominant mechanism utilized in yeast 
lacking telomerase is break-induced replication (BIR). BIR 
involves DNA synthesis coupled with recombination and will 
generate DNA intermediates including: Holliday junctions and 
stalled replication forks [54-56]. Although initially described 
in replicating bacteriophage, studies in yeast indicate BIR also 
occurs in eukaryotes by multiple pathways [57-64]. Next we will 
describe in detail the different recombination mechanisms and 
the mechanism of BIR. 

Telomere recombination based on studies in yeast 
lacking telomerase 

Initial experiments suggesting that recombination can 
contribute to telomere maintenance, was observed in yeast 
in which the telomere repeat sequence was transferred 
to a linearized plasmid DNA [65]. Bona fide evidence that 
recombination could sufficiently maintain the telomeres was 
shown when yeast cells were deleted for telomerase. After most 
cells underwent senescence, survivors were generated that grew 
without telomerase [39]. Two general types of recombination 
events were observed 1) amplified Y’ telomere repeats and 2) 
amplified Y’ subtelomere repeats [40,41] (Figure 1 A&B). Both 
types depend on recombination as shown by the requirement 
for Rad52, but occur by different mechanisms since each type 
had different characteristics and genetic requirements [40,41]. 
For instance, Type II survivors have long heterogeneous tracts 
of telomere repeats, require Rad50, and initiate recombination 
within telomere repeat tracts (Figure 1A). Type I survivors have 
short telomere repeats, amplified subtelomeric Y’ repetitive 
elements, require Rad51, and initiate recombination in the 
subtelomere Y’ sequences (Figure 1B). Interestingly, Type 
I survivors are more frequent among the initial survivor 
populations, but these Type I survivors grow slowly and have 
a growth disadvantage compared to Type II survivors. Studies 
in both S. cerevisiae and K. lactis, have further shown that BIR 
mechanisms help maintain the telomeres [54,63,66,67]. Thus, 
survivor formation in yeast deleted for telomerase occurs by 
recombination in using different types of BIR mechanisms. From 
these studies it yeast, it indicates that telomere maintenance 
can occur by recombination events within the telomere or 
subtelomere repeats and depends on Rad50 and Rad51 repair 
proteins, respectively. 

Break-induced replication (BIR) 

Walmsley et al. described a model proposing that telomeres 
may use a recombination-based replicative mechanism for 
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Figure 1 Break-induced replication. Shown are models of break-induced replication based on studies in yeast (54). A.  For Type II survivors, the 3’-OH of a short 
telomere (green) strand invades into another telomere repeat.  This sequence can be on the other homolog or on a different chromosome. Strand invasion generates a 
replication fork and a Holliday junction.  Conventional DNA polymerases are used to synthesize both strands, followed by resolution of the Holliday junction.  BIR that 
initiates in the telomere repeat will result in a net gain of telomere sequence.  B. For Type I survivors, BIR in subtelomere repeats occurs when telomere shortening 
proceeds into a Y’ (blue) repeat.  BIR that is initiated within the subtelomeres results in a net gain in Y’ sequence. 

elongation, similar to BIR [68]. Subsequent studies in yeast 
indicate BIR is the predominant mechanism to maintain telomeres 
[54]. BIR is initiated when a 3’-OH of one free end at a damaged 
chromosome, such as a short telomere, or a stalled replication 
fork, strands invades into another chromosome, often referred 
as a “recipient” chromosome (Figure 1). A recipient chromosome 
can be any other chromosome exhibiting sequence homology with 
the 3’ end of the damaged chromosome. We propose that the first 
strand synthesis of a retrotransposon intermediate could also 
initiate BIR. For instance, during reverse transcription, the first 
synthesized strand could invade at a recipient chromosome that 
has a similar type of retrotransposon sequence. Strand invasion 
of a 3’-OH into another chromosome generates a replication fork 
and forms a Holliday junction. This replication intermediate 
allows for conventional polymerases to generate a new sequence, 
using the recipient chromosome as a template. The new 
synthesis of this first strand proceeds by copying to the terminal 
end of the recipient chromosome, followed by second strand 
synthesis and resolution of the Holliday junction. Consistent 
with the involvement of conventional DNA polymerases, BIR 
depends on various DNA replication factors [69]. Furthermore, 
the non-essential Polδ subunit, Pol32, is required for both BIR and 
telomere maintenance in yeast [67]. 

Repair by break-induced replication is error prone, and can 
generate loss of heterozygosity (LOH) events, non-reciprocal 
translocations, and copy number changes (duplications or 
deletions). BIR between two homologs with different alleles, such 
as a wildtype or mutant p53 allele, could lead to LOH of p53, a 
common early event during tumorigenesis. Thus LOH generates 
two copies of the same allele, and is a frequent hallmark in some 
tumor types. If BIR occurs between different chromosomes 

this leads to non-reciprocal translocations, duplications, or 
segmental duplications [70-72]. Consistent with a role of BIR in 
maintaining telomeres in mammalian tumors lacking telomerase, 
mouse tumors lacking telomerase have elevated frequencies of 
copy number changes, non-reciprocal translocations, and loss 
of heterozygosity compared to tumors expressing telomerase 
[73-76]. These findings suggest that BIR mechanisms are more 
frequent in tumors lacking telomerase. 

In summary, BIR mechanisms are evolutionarily conserved, 
involve both replication and recombination, and generate 
mutational errors characteristic of tumors lacking telomerase. 
Studies in yeast lacking telomerase find that BIR is the 
predominant pathway for telomere maintenance and can occur by 
two different pathways. BIR can initiate within the subtelomere 
or telomere repeats. If BIR initiates in the subtelomere, the 
individual chromosome will have increased both the amount 
of subtelomere and telomere sequences. If BIR initiates within 
the telomere repeats the individual chromosome will have 
only increased the amount of telomere repeats. An increase in 
BIR events during continuous cell divisions could increase the 
bulk telomere length. Thus telomere maintenance by BIR can 
lengthen the telomere at an individual chromosome. A further 
understanding of the different BIR pathways in mammalian 
cells will be important to elucidate telomere maintenance in the 
absence of telomerase. 

Recombination in human tumors lacking telomerase

Various mechanisms have been proposed for telomere 
maintenance in tumors lacking telomerase. It seems genetically 
possible that depending on the tumor and the genetic mutations 
that have accumulated in different repair genes, that different 
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recombination pathways are possible. Dunham et al. , provided 
direct experimental evidence that mechanisms, similar to BIR, 
are likely occurring in human tumors lacking telomerase [77]. 
In this study a selectable marker was targeted within a telomere 
array of a single chromosome. Clonal cells containing the single 
targeted end were serially passaged. In these passaged cells it 
was found that the marker was copied to other chromosomes 
indicating that an interchromosomal, recombination-based 
mechanism had occurred consistent with BIR. In this study, 
the tag was located in the telomere repeat, not within the 
subtelomere repeats. Therefore, any chromosomes that could 
initiate BIR, either from a short telomere or from a subtelomere, 
could strand invade into the tagged telomere, and would copy 
the marker to an interchromosomal location. Others propose 
that recombination by T-SCEs are contributing to the mechanism 
of telomere maintenance, however T-SCEs do not explain how 
the sequences at the marked chromosome was amplified to a 
different chromosome, since T-SCEs only occur between sister 
chromatids. However, it is important to realize a mechanism like 
T-SCEs cannot result in a net increase in telomere sequence, since 
there is no DNA synthesis during sister chromatid exchange. 
Since sister chromatid exchanges are detected by an assay called 
CO-FISH, it is possible that the Holliday junction intermediates 
that form during BIR are actually contributing to the presumed 
increase in T-SCEs that are detected by CO-FISH. There is the 
possibility that recombination occurs within the T-loop, which 
involves strand invasion of the terminal 3’-OH into internal 
regions of the very same chromosome (i. e. intrachromosomal 
recombination) [78]. However it is important to recognize that 
T-loop recombination will not amplify sequence to different 
chromosome ends. Therefore, recombination-based mechanisms 
that are similar to BIR are likely responsible for the copy number 
increase and the transfer of sequences to other chromosomes in 
human tumors lacking telomerase. 

Most experiments on the mechanism of BIR are based on 
studies using yeast. Little is known regarding how the mechanism 
of BIR occurs in mammalian cells. In addition, homologous 
recombination is more tightly regulated; with arguably non-
homologous ending joining (NHEJ) the more widely used 
mechanism for DNA repair in mammalian cells. However specific 
genomic changes associated with BIR in telomerase deficient 
tumors, indicate that BIR mechanisms occur in telomerase 
negative tumors including loss of heterozygosity (LOH), non-
reciprocal translocations, segmental duplications, and copy 
number changes. During BIR, repetitive sequences are used as 
substrates for recombination. Given the significant amount of 
repetitive sequences in the human genome, we are investigating 
whether certain types of repetitive sequences contribute 
to telomere maintenance in cells deficient for telomerase. 
Specifically we are examining if LINE-1 retrotransposition into 
DNA breaks contributes to telomere maintenance. We are also 
testing whether genes involved in telomere recombination 
impact LINE-1 retrotransposition into the telomere by using a 
previously published PCR/Southern based assay. This will allow 
us to test for LINE-1 integration events, using a cell-culture based 
assay for retrotransposition, coupled with a lentiviral shRNA 
approach to various candidate genes [79]. 

Other proposed telomere recombination mechanisms in 
human tumors lacking telomerase include recombination at 
T-loops, which are potential secondary structures present at 
some telomeres in vivo [5]. As described earlier, telomere sister 
chromatid exchanges (T-SCEs) have been proposed to maintain 
the telomeres [45,78]. Extrachromosomal DNA can also maintain 
telomeres in the yeast strain Kluyveromyces lactis when cells 
are deleted for telomerase either by rolling circle replication 
or by direct integration into the telomere; a similar mechanism 
likely occurs in human tumors since many have detectable 
extrachromosomal DNA [42,80,81]. Lastly telomere studies in 
Drosophila, find that the ends of chromosomes are completely 
devoid of a microsatellite repeat. Instead Drosophila telomeres 
are exclusively comprised of non-LTR retrotransposons 
[82]. The telomeres of other organisms also harbor non-LTR 
retrotransposons within the telomere [83]. Furthermore a 
number of eukaryotes harbor actively mobile retrotransposons 
that lack the endonuclease and reside at the telomeres [84,85]. 
Given that we also have found that mammalian cells with 
dysfunctional telomeres will result in retrotransposition 
into telomere sequences, we suspect that in some cases 
retrotransposons may be contributing to telomere maintenance 
in tumors lacking telomerase [79,86]. Specifically we will be 
testing if the mechanism of LINE-1 integration by target-primed 
reverse transcription (TPRT), involves the repair mechanism of 
BIR. 

Retrotransposons

The bulk of repetitive sequences in the human genome are 
derived from transposable elements [87,88]. Transposons can 
be classified into three general groups and include DNA-based 
transposons, and two different types of RNA-based transposons. 
The RNA-based transposons include both LTR-retrotransposons 
(ie. Human Endogenous Retroviruses, HERVs) and non-LTR 
retrotransposons (ie. LINEs). Briefly, LTR-retrotransposons 
are structurally similar to a retrovirus and encode for a reverse 
transcriptase in addition to other proteins. LTR retrotransposons 
are inactive in the human genome but are active in many non-
mammalian genomes [89]. Active in the human genome are 
non-LTR retrotransposons including LINEs, SINEs, and SVA 
elements [90-94]. SINEs and SVAs do not encode for a reverse 
transcriptase, and instead depend on the L1 reverse transcriptase 
for the mobility of the RNA [95,96]. These various types of 
mobile genetic elements have the potential to impact telomere 
maintenance by active reverse transcription. In addition, these 
sequences along with other repetitive sequences likely provide 
sequence substrates for homologous recombination. 

The most distal sequences located at the telomeres in 
human chromosomes are tandem arrays of perfect hexameric 
5’-TTAGGG, microsatellite repeats. This hexameric repeat 
degenerates (ie. 5’-TTTGGG, 5’-TTAGGC) into the proximal areas 
of the subtelomere. Thus, human subtelomeres are a patchwork 
of unique and repetitive sequences [11]. Given that mammalian 
genomes have a plethora of repetitive sequences, these repetitive 
sequences are potentially used for homologous recombination 
in the subtelomere. However, it is uncertain if certain types 
of repetitive sequences are more prone to recombination. In 
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particular we plan to focus on repetitive sequences that are 
known to mobilize in the genome, including LINEs and SINEs. 
These repetitive elements are likely candidates since the 
mechanism of mobility, by target primed reverse transcription 
(TPRT), has many parallels and evolutionary relationships 
with telomerase [97-99]. In addition retrotransposition can 
occur into dysfunctional telomeres [79]. To determine if 
retrotransposons impact telomere maintenance will require 
a biological approach using conventional assays for telomere 
biology along with assays to study LINE-1 retrotranspositon. 
To examine telomere recombination, assays include pq-ratios, 
CO-FISH, C-circles, Q-FISH, and the selection or detection 
of subtelomere recombination events (Figure 2). To detect 
subtelomere recombination events we are using a microarray 
approach to examine this process using a mouse B-cell 
lymphoma model lacking telomerase. We also anticipate the 

need for sequencing to determine if the breakpoints occur within 
certain types of repetitive sequences. These assays will need 
to be coupled with computational and statistical approaches to 
decipher how certain repair and recombination genes impact 
the frequency of retrotransposition within the telomeres and 
subtelomere sequences. In addition we are in the early stages 
of utilizing additional model systems that exclusively utilize 
retrotransposons for telomere maintenance, such as Drosophila, 
or organisms that have bona fide telomere microsatellite repeats 
and retrotransposons at the telomeres, such as the silkworm 
Bombyx mori, [82,83]. Overall these studies will help elucidate 
the genes that contribute to LINE-1 retrotransposition into 
the telomere and will allow us to determine if the signatures 
of BIR events in the subtelomeres are altered following LINE-1 
integration into the telomeres/subtelomeres. 

Figure 2 Assays to directly examine telomere recombination. A. CO-FISH assay:  Replicating cells are grown in the presence of the nucleotide analogs BrdU/C, for one 
complete round of replication.  Due to semi-conservative DNA replication, BrdU/C will be incorporated into the newly replicated strand. Metaphase spreads are treated 
with Hoechst and UV, which nicks the BrdU/C incorporated daughter strand, which is then degraded by exonulcease III (ExoIII).  Telomere probes (5’CCCTAA) are then 
hybridized to the ends.  If a sister chromatid exchange occurred then the strand will be protected from degradation and two signals will be detected. B. pq-ratio assay:  
This assay measures the variation in telomere lengths at the p- and q-arms of a chromosome. The telomeres at both ends of a given chromosome shorten at a similar rate, 
therefore the telomere ratio for most chromosomes is expected to be q/p~1. If instead recombination is used to maintain the ends, then the amount of lengthening at one 
end could be different compared to the other end. This results in variable values for the pq-ratio.
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Extrachromosomal DNA 

Studies using various model organisms suggest 
extrachromosomal DNA contributes to telomere maintenance 
by rolling circle replication or by direct integration [80,100]. 
For instance, K. lactis deleted for telomerase can use 
extrachromosomal DNA to elongate short telomeres. Once 
incorporated into the telomere, the sequence is propagated to 
other ends by BIR mechanisms. 

Self-replicating extrachromosomal DNA with telomere 
repeats and Y’ sequence can also be detected in S. cerevisiae 
[101,102]. In human tumors extrachromosomal DNA can also 
be comprised of telomere repeats or different types of repetitive 
DNA, such as non-LTR retrotransposons [103]. Various kinds of 
extrachromosomal DNA are detected in human tumors lacking 
telomerase, including C-circles, G-circles, and T-circles [46,104]. 
The nomenclature indicates whether the sequence is single-
stranded and comprised of sequences: (5’-CCCTAA, C-circles), 
(5’-TTAGGG, G-circles) or is double-stranded and contains both 
(5’-CCCTAA/5’-TTAGGG, T-circles). T-circles also likely have 
nicks at both strands; therefore a polymerase could not use it for 
a template during rolling circle replication. Instead, T-circles may 
directly integrate into the ends using BIR mechanisms [46]. C- 
and G-circles can be amplified by a polymerase indicating that 
at least one strand lacks a nick; therefore these structures could 
be primed for rolling circle replication [104]. As with K. lactis, 
human tumors that incorporate extrachromosomal DNA into the 
telomeres likely amplify this sequence into other telomeres by 
BIR. 

In addition to the integration and propagation of 
extrachromosomal DNA into telomeres, the formation of 
extrachromosomal DNA also likely depends on recombination, 
perhaps by recombination within a T-loop [5]. In S. 
cerevisiae recombination between Y’ elements, could also 
generate extrachromosomal DNA which then autonomously 
replicates [101]. Interestingly, the formation of some types 
of extrachromosomal DNA in human cells depends on Xrcc3 
(a Rad51 paralog) and also Nbs1 that forms a complex with 
Rad50 and Mre11 [105,106]. shRNA knockdown of these genes 
in human tumor cells lacking telomerase reduces the amount 
of extrachromosomal DNA, and correlates with telomere 
shortening. However, these shRNAs have no impact on the ability 
of the cells to grow. This minimal impact on growth suggests 
that the presence of extrachromosomal DNA may contribute to 
only some non-telomerase telomere maintenance mechanisms 
that can be used in the cells [106]. In summary, telomere 
maintenance in human cells lacking telomerase likely utilizes 
extrachromosomal DNA, which depends on recombination 
mechanisms for the generation, integration, and amplification 
of the telomere sequence. It is uncertain how extrachromosomal 
DNA is incorporated into the telomeres in human cells, however it 
has the potential of introducing both telomere and non-telomere 
repeat sequences into the ends of chromosomes. 

Genes contributing to telomere recombination in 
human tumors lacking telomerase are also involved 
in BIR mechanisms

A variety of genes have been identified that likely contribute 

to telomere maintenance in human tumors lacking telomerase. 
These include Rad50 and the MRN complex, and some Rad51 
paralogs [107,108]. These findings are consistent with studies on 
yeast survivors and these genes play a role in different pathways 
of BIR [39-41,109,110]. Some genes involved in telomere 
maintenance in tumors lacking telomerase have orthologs that 
contribute to BIR in yeast and include SMC5/6 and Mus81-EME1 
[111,112]. Additional candidate genes that have putative roles 
in Holliday junction formation or resolution, and are also likely 
involved in break-induced replication, include Top3a, FANCD2, 
and FANCA. Thus understanding the role of various genes in 
non-telomerase telomere maintenance mechanisms will provide 
additional insight into telomere maintenance in the absence of 
telomerase and will help determine what genes contribute to BIR 
mechanisms in mammalian cells. 

Structural Maintenance of Chromosomes: SMC5/6 
complex 

Studies in human cells lacking telomerase indicate that the 
structural maintenance of chromosome proteins, SMC5 and 
SMC6 (SMC5/6), contribute to telomere maintenance in the 
absence of telomerase [113,114]. The SMC5/6 complex functions 
in recombination restart of replication forks, and maintenance 
of repetitive sequence. To function in these roles, the SMC5/6 
complex binds the MMS21/NSE2 complex and other components. 
MMS21/NSE2 has an E3 SUMO (small ubiquitin-like modifier) 
ligase activity and is involved in sumoylation, a posttranslational 
modification, and likely sumoylates components of the shelterin 
complex including RAP1, TRF1, TRF2, and TIN2 in human cells 
[113]. shRNA knockdown of SMC5/6 causes telomere shortening, 
senescence, and reduced T-SCEs [113]. However, it is uncertain 
whether other recombination mechanisms, such as BIR were also 
affected. 

Studies in yeast suggest that the Smc5/6 protein complex 
plays a role in telomere maintenance and some smc5/6 yeast 
mutants increase BIR [111,114]. Yeast temperature sensitive 
smc5/6 mutants, also deleted for telomerase, showed severe 
growth arrest due to accelerated senescence and delayed 
survivor formation, yet these mutants had minimal effects 
on telomere lengths [115]. Thus it was concluded that the 
role of Smc5/6 in yeast lacking telomerase is recombination-
independent. These findings suggest that in yeast Smc5/6, may 
have different functions compared to human cells. Therefore it 
will be necessary to sort out what role Smc5/6 plays in telomere 
maintenance when telomerase is deleted in yeast and human 
cells. Overall, a potential role of the SMC5/6 sumoylation 
complex in the maintenance of telomeres in tumors and yeast 
lacking telomerase further suggests BIR mechanisms contribute 
to telomere maintenance. 

Mus81-Eme1: a structure specific endonuclease

Mus81 may also contribute to telomere maintenance in 
human tumors deficient for telomerase. Mus81 is a structure 
specific endonuclease that preferentially cleaves 3’- flaps, 
Holliday junctions, D-loops, and replication forks [116]. The 
cleavage activity of Mus81 requires dimerization with Eme1 
and forms a multiprotein complex with the mammalian Holliday 
junction resolvase, BTBD12/SLX4 [117]. Therefore, Mus81 may 
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regulate or inhibit BIR by cleavage of the Holliday junction. Mus81 
may also interface with telomere recombination mechanisms 
by a putative interaction with TRF2. In vitro, Mus81 can bind to 
TRF2, which reduces the DNA binding and cleavage activity of 
Mus81. Also, deletion of TRF2 increases the Mus81 endonuclease 
cleavage activity for D-loops and other cleavage substrates, but 
does not alter production of extrachromosomal DNA [116]. Thus, 
TRF2 or the shelterin complex could regulate Mus81, which may 
in turn regulate BIR at the telomere. 

The shRNA knockdown of Mus81 reduces proliferation 
specifically in human tumors lacking telomerase, and increases 
the amount of telomeres with signal free ends (SFEs) [116,118]. 
SFEs are likely ends that are either too short or lack telomere 
sequence for binding of the fluorescently labeled telomere 
probes. Surprisingly, Mus81 knockdown did not increase 
apoptosis, telomere fusions, or impact the telomere length. 
Knockdown also decreased the frequency of telomere sister 
chromatid exchanges (T-SCEs) but this result could be an issue 
with the quantitation in the CO-FISH assay. For instance, Mus81-
/- mice have a global increase in sister chromatid exchanges, 
therefore to correctly score for T-SCEs in the CO-FISH assay, the 
cells need to be normalized for global sister chromatid exchanges 
[119]. Mus81 knockdown did not impact the formation of 
extrachromosomal DNA; therefore it is possible that telomere 
maintenance mechanisms that involve extrachromosomal DNA 
could still operate when Mus81 is reduced. Finally, the deletion of 
Mus81 in yeast increases pol32-dependent BIR events [67,112]. 

In summary, these studies illustrate that if multiple non-
telomerase mechanisms maintain telomeres, the impact on 
telomere length may not always be detected by disrupting just 
one pathway. Furthermore, some genes contributing to non-
telomerase telomere maintenance mechanisms in human cells 
also have yeast orthologs, which contribute to BIR. 

LTR-retrotransposons can maintain telomeres in 
yeast survivors

LTR-retrotransposons in the human genome, such as 
human endogenous retroviruses or, HERVs, can account for an 
estimated 8% of the human genome; however these elements 
no longer mobilize in the human genome. In S. cerevisiae, LTR-
retrotransposons account for ~3% of the genome, many are 
still active, and include the various types of Ty elements [89]. 
Ty elements that transpose encode for an integrase, a reverse 
transcriptase, and synthesize cDNA in a cytoplasmic particle 
[120]. Some Ty elements, such as Ty5, normally reside near 
telomeres in different yeast strains, and preferentially integrate 
into silenced regions including telomeres [121]. Furthermore, 
the LTR-retrotransposon Ty1 can contribute to the generation 
of survivors in yeast deleted for telomerase and are activated 
by telomere shortening [40,122,123]. Initially, the frequency of 
survivor formation by Ty1 transposition was found to be rare 
in telomerase deficient S. cerevisiae grown at 30°C [40]. Using 
these growth conditions, Ty1 transposition is normally reduced 
[124]. More recent studies found that a significant portion 
of survivor formation depended on Ty1 transposition when 
yeast was grown at 25°C, a temperature favoring transposition. 
These studies found that Ty1 encoded reverse transcriptase 

could also reverse transcribe Y’ transcripts, in Ty1 cytoplasmic 
particles. These Ty1-Y’ chimeric cDNAs were then subsequently 
integrated into the telomeres [123]. It will be interesting to 
perform telomere Southern blots on these Ty1-Y’ survivors, to 
determine if both types of survivors formed, and if the insertions 
altered the telomere lengths. Integration of the Ty1-Y’ cDNAs at 
the telomere was also associated with genome instability. It will 
also be interesting to test if Ty1-Y’ sequence amplifies to other 
ends by break-induced replication [125] (Figure 3). Overall, 
these findings indicate that LTR-retrotransposons can maintain 
telomeres in yeast lacking telomerase. More importantly, it 
illustrates that other reverse transcriptases can impact telomere 
maintenance in cells lacking telomerase. 

Non-LTR retrotransposons mobilize by target primed 
reverse transcription

Non-LTR retrotransposons are mobile genetic elements, and 
encode for a reverse transcriptase with homology to telomerase. 
These elements are evolutionarily conserved, and are present 
in numerous organisms [16,97,99]. Non-LTR retrotransposons 
replicate using a mechanism called target-primed reverse 
transcription, or TPRT [98]. The majority of the human genome 
is derived from non-LTR retrotransposons (LINEs or SINEs) 
[87,88]. These elements still mobilize in the human genome, and 
are major drivers of evolutionary change, genome instability, and 
human genetic variation [90-92,126,127]. Much of the non-LTR 
retrotransposon sequences within the human genome cannot 
mobilize, because the sequence is 5’truncated, rearranged or 
mutated [128]. Typically, only retrotransposition-competent 
L1s can mobilize in the genome. Retrotransposition-competent 
L1s in the human genome have two intact open reading frames 
(ORFs) (Figure3). ORF1 is a chaperone with nucleic acid binding 
activity, and ORF2 encodes for an endonuclease, a reverse 
transcriptase, and a C-domain of unknown function [129-131]. 
In order to retrotranspose, a full-length L1 RNA is transcribed 
from an internal promoter [132]. The RNA is then exported to 
the cytoplasm for translation. The proteins generated from the 
L1 RNA bind to the L1 RNA in cis to form a ribonucleoprotein 
complex (RNP). Once in the nucleus, target-primed reverse 
transcription is primed at a 3’-OH in the genome, which is 
typically generated by the L1 encoded endonuclease. It is 
uncertain how integration is completed, however various models 
can account for the completion of an L1 integration event. 
Characteristics of conventional L1 integration by TPRT include 
insertions at a consensus EN cleavage site, 5’truncations of the 
integrated L1, a 3’ variable length poly (A) tail sequence, and 
flanking target-site duplications. However, integration can occur 
by additional mechanisms as exemplified by examination of the 
human genome sequence compared to other primates, or by the 
study of L1 integration events in cell culture assays or different 
mouse models [132-138]. For instance, L1 integration could be 
coupled with BIR (Figure 4B). In such a model, the first strand of 
cDNA generated by L1 reverse transcription could strand invade 
at another genomic location harboring L1 sequence [98]. This 
may occur in the human genome since in yeast, BIR can initiate by 
strand invasion into repetitive regions in the yeast genome and 
copy >130kb to the end of a chromosome [63,139]. 
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Figure 3 TPRT & ENi-retrotransposition. A. A full-length retrotransposition competent L1 contains an L1-specific promoter, two intact open reading frames (ORF1 and 
ORF2), a polyadenylation signal sequence, and is followed by a poly(A)tail. ORF1 encodes for a nucleic acid binding protein and ORF2 encodes for both an endonuclease 
and a reverse transcriptase, and a C-domain of unknown function. B. Target-primed reverse transcription is a mechanism whereby the L1-encoded endonuclease cleaves 
the genomic DNA at a consensus cleavage site.  The 3’-OH on the nicked DNA is used to prime reverse transcription of the L1 RNA.   ENi-retrotransposition can also occur, 
whereby L1 can insert at DNA lesions or deprotected telomeres. For both conventional TPRT and ENi-retrotransposition, reverse transcription generates an intermediate 
that could be used during BIR.

Endonuclease-independent (ENi) -retrotransposition 
can occur at deprotected telomeres and DNA breaks

An additional pathway of integration, endonuclease-
independent (ENi) retrotransposition was initially detected in 
hamster cells defective in non-homologous end-joining, due to the 
lack of XRCC4 (Figure 4A) [86]. Characterization of ENi integration 
events indicated that insertions occurred at DNA lesions since 
integration occurred at atypical endonuclease cleavage sites. 
The insertions also lacked target-site duplications, and were 
often both 5’- and 3’-truncated. In addition, the events were 
associated with insertions or deletions of additional sequences. 
ENi-retrotransposition was also frequent in DNA-PKcs deficient 
cells, another component of non-homologous end-joining, and 
in cells with dysfunctional telomeres, due to the expression of a 
dominant negative TRF2 [79]. Sequence characterization of these 
insertions showed some events inserted adjacent to telomere 
repeats, suggesting that reverse transcription was primed from 

the telomere 3’-OH. Although initially detected in a cell culture 
system, integration events with similar characteristics have been 
observed in some mouse mutants [140]. In addition, analysis of 
human genomic sequence finds that ENi-retrotransposition events 
can also occur in vivo and are associated with interchromosomal 
recombination events [138]. Thus, integration of non-LTR 
retrotransposons into short or dysfunctional telomeres by ENi-
retrotransposition, could contribute to non-telomerase telomere 
maintenance mechanisms in mammalian tumor cells. 

PLE-like elements

Evolutionary studies in other organisms suggest ENi-
retrotransposition may be an ancient mechanism of 
retrotransposition, and provides additional insight into the 
evolutionary origin of telomerase [85]. Specifically, a certain 
class of retrotransposons, called Penelope-like elements (PLEs), 
resides in the genome of bdelloid rotifers, and other eukaryotes 
[84]. These Penelope-like retrotransposons are embedded within 
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telomere repeats, and have an intact reverse transcriptase but 
lack an endonuclease domain. PLE transcripts include telomere 
repeats that could base pair with the terminal 3’-OH at the end of 
the chromosome, implicating reverse transcription initiates from 
the terminal 3’-OH. The orientation of the PLEs in the genome 
also suggests that reverse transcription initiates at the terminal 
3’-OH. Lastly, these elements likely function with telomerase 
since the chromosome ends have a more canonical telomere 
repeat. 

Drosophila telomeres

Telomere maintenance in Drosophila requires non-LTR 
retrotransposons, and the telomeres are comprised of three 
different non-LTR retrotransposon sequences, including Het-A, 
TART, and TAHRE [82,141]. Drosophila telomeres also have 
capping proteins, which are required to prevent telomere 
fusions [142-144]. These capping proteins share similarities to a 
shelterin complex seen in other eukaryotes. In addition, ATM, and 
the Rad50-MRE11-NBS1 (MRN) complex are required to prevent 
telomere fusions in Drosophila [145,146]. As with most non-LTR 
retrotransposons, integration of these retrotransposons into the 
telomeres occurs by a mechanism termed target-primed reverse 
transcription or TPRT (Figure 3) [98]. Only TART and TAHRE 
encode for reverse transcriptase [147,148]. Thus, the mobility of 

Het-A likely depends on TART or TAHRE reverse transcriptases 
provided in trans [147]. Recombination likely also contributes 
at some frequency to the amplification of some of the sequences 
[149]. The mechanism of transcription of Het-A and TART 
is unusual. For instance, the mechanism of TPRT orients the 
retrotransposon with the promoter residing at the very termini of 
the chromosome. Telomere erosion would destroy the promoter 
reducing future retrotransposition events. To circumvent this 
issue, Drosophila non-LTR retrotransposons have evolved to 
initiate transcription from a promoter residing in the 3’UTR 
of the adjacent retrotransposon [150]. In summary, telomere 
specific retrotransposons in Drosophila are a mechanism of 
telomere maintenance that does not involve telomerase. Some 
may consider this a Drosophila-specific mechanism; however 
non-LTR retrotransposons are active in mammalian genomes 
and under some conditions ENi-retrotransposition can integrate 
into telomere repeats. These insertions could be capped or could 
invoke BIR to maintain the ends. Capping of insertions that 
integrate at the ends would only amplify the retrotransposon 
sequences, and would not increase the amount of telomere 
repeats. This would be consistent with Type I survivors seen in 
yeast, where telomeres are maintained but do not increase the 
amount of telomere repeats. Alternatively, ENi-retrotransposition 
at a telomere or even conventional TPRT at subtelomere or 

Figure 4 BIR coupled with target-primed reverse transcription (TPRT).  ENi-retrotransposition or TPRT at a dysfunctional telomere will generate by reverse 
transcription a free-end that could be used to strand invade by BIR.  The newly generated cDNA, would strand invade into another chromosome where a non-LTR 
retrotransposon resides. Conventional polymerases would copy sequences onto the chromosome using the other chromosome as a template. Thus ENi-retrotransposition 
or conventional TPRT could be coupled with BIR.
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internal locations could invoke BIR mechanisms increasing the 
amount of telomere repeats at an end, eventually increasing the 
bulk amount of telomere repeats in the population. 

In summary, non-LTR retrotransposons and other types 
of repetitive sequences in the human genome are likely 
involved in telomere maintenance in the absence of telomerase. 
These mechanisms of telomere maintenance could couple 
retrotransposition with BIR. Although these non-telomerase 
mechanisms have the potential to occur if telomerase is 
present, the mere efficiency and direct function of telomerase 
would predominate in maintaining ends. Thus, non-LTR 
retrotransposons may facilitate telomere maintenance in the 
absence of telomerase by reverse transcription at DNA breaks 
and dysfunctional telomeres, or by recombination using BIR-like 
mechanisms among similar DNA sequences. 

CONCLUSIONS
A portion of tumors lack telomerase, add including ~50% 

of sarcomas, certain types of brain tumors, and some epithelial-
derived tumors. Developing treatments for tumors lacking 
telomerase will depend on understanding non-telomerase 
mechanisms for telomere maintenance. In addition, some of 
these mechanisms are likely selected in telomerase positive 
tumors, when treated with telomerase inhibitors. Tumors 
lacking telomerase have characteristics associated with BIR 
mechanisms (i. e. , LOH, copy number variations, non-reciprocal 
translocations), suggesting that BIR mechanisms may contribute 
to telomere maintenance. It is uncertain whether some BIR 
mechanisms could be coupled with ENi-retrotransposition or 
conventional retrotransposition. However, it is curious that 
LINE-1 retrotransposition is detected in some primary cells 
types [151,152]. For instance, neuronal progenitor cells readily 
accommodate L1 retrotransposition, and a portion of tumors 
lacking telomerase such as glioblastomas, astrocytomas, 
medulloblastomas, and oligosarcomas represent a large portion 
of tumors lacking telomerase [35,151,153]. Furthermore, a 
number of sarcomas lack telomerase, and retrotransposition has 
also been detected in primary human fibroblasts [152,153]. Given 
that a significant portion of the human genome is comprised 
of retrotransposons, it seems possible that BIR mechanisms 
between these regions of the human genome may facilitate 
retrotransposition during telomere maintenance. Additional 
understanding of the genes that contribute to either BIR or 
retrotransposition will help determine if these mechanisms 
cooperate to maintain the ends in tumors lacking telomerase. 
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