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Both the classical and alternative non-homologous end joining pathways
contribute to the fusion of drastically shortened telomeres induced by TRF2
overexpression
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ABSTRACT

The double-stranded telomeric binding protein TRF2 is expressed in many human cancers at
elevated levels. Moreover, experimental overexpression of TRF2 in human cells causes replication
stalling in telomeric tracts, which leads to drastic telomere shortening and fusion of deprotected
chromosome ends. To understand which end joining pathway is involved in mediating these
chromosome fusions, we overexpressed TRF2 in human HCT116 cell lines that were deficient for
the DNA Ligase 4 (Lig4)-dependent classical non-homologous end joining (C-NHEJ) or the DNA
Ligase 3 (Lig3)-dependent alternative non-homologous end joining (A-NHEJ) pathway. Surp-
risingly, abrogation of either Lig4 or nuclear Lig3 significantly reduced inter-chromosomal fusion
of drastically shortened telomeres, suggesting that both the C-NHEJ and A-NHEJ pathways are
involved in mediating this type of fusion. Fusion between deprotected sister chromatids, however,
only required the Lig3-dependent A-NHEJ pathway. Interestingly, a previous study reported
similar end joining pathway requirements for the fusion of critically shortened telomeres during
a telomere attrition-based cellular crisis. We speculate that, as in cellular crisis, the same repair
pathway(s) may drive clonal and genomic evolution in human cancers containing elevated TRF2
levels.
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telomeric overhang [7,8], while TRF1 and TREF2
bind the duplex telomeric DNA [9,10] and recruit
TIN2, TPP1, POTI1 and Rapl along the telomere
tract through protein-protein interactions [11-16].
When TRF2 or TPP1-POT1 are depleted, the
uncapped telomeres activate a DNA damage
response and are repaired by NHE] pathways
(5,17,18].

NHE] consists of two genetically distinct path-
ways: Lig4-dependent C-NHE] and Lig3-
dependent A-NHE] [19,20]. C-NHE] is thought
to mediate the fast repair of double-stranded
breaks and does not involve extensive resection
at the break point. In contrast, A-NHE] is gener-
ally associated with slower repair that involves
deletions of longer stretches of DNA and at least
3 nucleotides of microhomology between the
fusion molecules at the break point [21].
Importantly, distinct end joining pathways are uti-
lized to process different types of deprotected tel-
omeres: experimental removal of TRF2 from

Introduction

Mammalian telomeres consist of long stretches of
TTAGGG DNA repeats that terminate in a short
3’ single-stranded overhang. The reverse transcrip-
tase telomerase extends telomeres by directing the
addition of new telomeric sequences to this over-
hang [1]. In human somatic cells, where telomer-
ase activity is very low, telomeres progressively
shorten during successive S phases due to the
end replication problem [2]. Critically short telo-
meres will then trigger a DNA damage response
[3], which normally signals cell cycle arrest or
senescence [4]. In checkpoint-deficient cells, how-
ever, the deprotected chromosome ends are
repaired by NHE], causing end-to-end fusions,
which, in turn, initiate genome instability [5,6].
Telomeric DNAs are bound by the shelterins,
a six-subunit protein complex that plays a major
role in protecting the integrity of chromosome
ends [3]. Within the shelterin complex, the TPP1-
POT1 heterodimer binds the single-stranded
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telomeres elicits C-NHE]-mediated chromosome
fusions [17,18], while telomeres devoid of TPP1-
POT1 proteins are fused via the A-NHE] pathway
[5,6,22]. Adding complexity to these observations
is the fact that the fusion of critically shortened
telomeres at a telomere-driven replicative crisis
requires the action of both C-NHE] and A-NHE]
pathways [23].

While a deficiency of TRF2 causes chromo-
some fusion, somewhat paradoxically, so does
a superabundance of TRF2. Specifically, we
have demonstrated that TRF2 overexpression, to
physiologically relevant levels that are seen in
a subset of human cancers, caused telomere
replication stalling and the formation of telo-
meric ultrafine anaphase bridges (UFBs) [24].
Resolution of these telomeric UFBs led to drastic
telomere shortening and increased end-to-end
fusions. The vast majority of TRF2 overexpres-
sion-induced chromosome fusions possessed fea-
tures that were characteristic of the A-NHE]
repair process: the fusions were accompanied by
large deletions that extended into the adjacent
sub-telomeric region; also, 1-4 nucleotides of
microhomology  were frequently  observed
between the fused molecules at the break point.
While these observations were suggestive of the
use of A-NHE], they were only correlative. To
unequivocally address this issue, we have now
genetically determined which NHE] pathway is
involved in mediating chromosome fusions eli-
cited by elevated levels of TRF2. To accomplish
this goal, TRF2 was overexpressed in human
HCT116 colon cancer cell lines in which either
the C-NHE] or A-NHE] pathway was inactivated
by genetically deleting Lig4 or nuclear Lig3,
respectively [25,26]. Unexpectedly, we demon-
strate that the deprotected chromosome ends
generated by too much TRF2 engaged both Lig4-
dependent C-NHE] and Lig3-dependent A-NHE]
to form inter-chromosomal fusions. Sister chro-
matid fusions, however, were facilitated solely by
Lig3-dependent A-NHE]. Thus, this study pro-
vides  clinically-relevant  insight into the
mechanism(s) of genomic instability caused by
TRF2 overexpression and it expands our under-
standing of the basic knowledge of NHE] path-
way choice selection at dysfunctional telomeres
in human somatic cells.
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Materials and methods
Cells

Human HCT116 colorectal cancer Ligd”’~ and
Lig3™ ™" (nuclear Lig3-null cells complemented
with a mitochondrial-specific Lig3) derivative cell
lines were generated as described [25,26]. All cell
lines were grown in DMEM supplemented with
10% fetal bovine serum, and continuously pas-
saged to maintain exponential growth.

Lentiviral plasmids

The pHR’'CMV lentiviral expression vector system
was kindly provided by Dr. Didier Trono. The
TRF2 expression lentiviral vector contains the full-
length, untagged, wild-type TRF2 cDNA driven by
a CMV promoter, followed by an internal ribo-
some entry site and a hygromycin resistance gene.
The telomerase expression lentiviral vector con-
tains a human telomerase catalytic subunit
(hTERT) cDNA driven by a CMV promoter, fol-
lowed by an internal ribosome entry site and
a hygromycin resistance gene, and a telomerase
RNA (hTR) cDNA driven by an IUl promoter
[27]. Lentivirus preparation and lentiviral infec-
tion were performed as described previously
[24,28].

Telomere Restriction Fragment length analysis

5-10 pg of genomic DNA digested with Hinf I and
Rsa I was fractionated by 0.6% agarose-TBE gel
electrophoresis and transferred to a charged nylon
membrane (Hybond XL, GE). Southern blotting
was carried out with an end-labeled telomeric
probe (C5;TA,),. Blots were then analyzed by the
ImageQuant software. Mean telomere lengths were
calculated according to the positions of molecular
weight markers run on the same gel.

Immunoblotting analysis

Whole cell extracts were resolved with 10% SDS-
PAGE and transferred to a PVDG nitrocellulose
membrane. Immunoblots were incubated with
a mouse monoclonal anti-TRF2 (BD Transduction
Laboratories), followed by a horseradish peroxidase-
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conjugated donkey anti-mouse IgG (Jackson
ImmunResearch). ECL Prime reagent (GE
Healthcare) was used for signal detection. The
same blot was then stripped and re-probed with
a mouse monoclonal anti-tubulin antibody (Sigma-
Aldrich), which served as a loading control.

Metaphase fluorescence in situ hybridization

Metaphase spreading and fluorescence in situ
hybridization was performed as described [29],
using Alexa488-O0-5-(CCCTAA);-3' (telomeric
sequence) and TMR-OO-5'-CTTCGTTGGAAAC
GGGA-3' (centromeric sequence) PNA probes
(Panagene). Images were acquired with a Nikon
Ti-U microscope using a 60x objective. All
image files were mixed and randomly assigned
coded names to allow blinded scoring for chro-
mosome fusions, signal-free ends and fragile
telomeres.

Results

TRF2 overexpression causes drastic telomere
shortening

TREF2 overexpression in human cells causes persis-
tent replication stalling in duplex telomeric repeat
tracts, which ultimately leads to stochastic deletion
of large chunks of telomeric sequences and the
formation of end-to-end fusions [24]. Both cyto-
genetic evidence and sequencing analyses showed
that the vast majority of the fused chromosomes
do not contain telomeric sequences at the fusion
junction. This feature is conspicuously different
from that observed in TRF2 depletion-induced
C-NHEJ-mediated fusions, where long tracts of
telomeric repeats are often preserved on either
side of the fusion point [17,18,30]. To determine
which NHE] pathway is responsible for generating
chromosome fusions in cells overexpressing TRF2,
we overexpressed TRF2 in HCT116 cells geneti-
cally engineered to be deficient for either the
C-NHE]J (Ligd ") [26] or A-NHEJ (Lig3™"~™"
a mitochondrial form of Lig3 is supplemented to
the cell line to rescue the lethality of a Lig3 knock-
out) [25] pathway and examined telomere length
and chromosome morphology. As a negative con-
trol, the same cell lines overexpressing GFP were

analyzed side-by-each for all
experiments.

The mean bulk telomere length of the HCT116
parental cells was ~5kb, whereas that of Ligd ™~
and Lig3™ ™" were only ~2.5kb (Figure 1(a)).
Since telomere length is a heterogeneous trait,
this difference in mean telomere length was likely
due to the stochastic nature of the single-cell sub-
cloning required to obtain the cell lines and not
biologically significant. The extent of TRF2 over-
expression-induced telomere shortening, however,
is known to closely correlates with mean telomere
length [24]. Therefore, we extended the telomeres
in these cell lines to similar lengths. This was
accomplished by infecting the cells with
a lentiviral vector expressing both the telomerase
catalytic and RNA subunit (hTERT+hTR) for
~20 days until mean telomere lengths stabilized
at an equivalent length greater than 10kb for all
three cell lines (Figure 1(a)). We then overex-
pressed full-length, untagged wild-type TRF2 to
comparable levels in these HCT116 cell lines con-
taining pre-extended telomeres (Figure 1(b)). Cells
expressing GFP were used as control. As shown in
Figure 1(c), all cell lines were collected for further
analysis after they underwent similar number of
cell divisions (~8 days since the overexpression of
TREF2). As expected, TRF2 overexpression induced
stochastic telomere shortening, changing the dis-
tribution of bulk telomeres from a tight cluster to
a wide smear in all three cell lines (Figure 1(d)).

subsequent

Lig3- or Lig4-deficiency does not affect the
induction of fragile telomeres and signal-free
ends by TRF2 overexpression

To further examine telomere morphology, we
performed fluorescent in situ hybridization
(FISH) using telomeric and centromeric probes
on metaphase chromosomes. Upon TRF2 over-
expression, an increase of fragile telomeres
(decondensed or multiple split telomeric fluores-
cence signals whose formation are replication
stress-dependent) was observed in all three
lines (Figure 2(a)). We also observed an increase
of telomere signal-free ends in all three lines
(Figure 2(b)). The absence of Lig4 or nuclear
Lig3 did not significantly change the level of
increase in fragile telomeres or signal-free ends,
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Figure 1. Overexpression of TRF2 causes drastic telomere shortening. (a) Left: Telomere Restriction Fragment (TRF) analysis of the
indicated cell lines was performed using a telomeric repeat probe. Right: Telomeres of the respective HCT116 cells were pre-
extended to comparable lengths by expression of telomerase (hTERT+hTR). Cells of indicated genotype were infected with
lentiviruses expressing hTERT+hTR. Afterwards, the infected cells were pooled and continuously passaged for ~20 days. TRF analysis
was then performed using a telomeric repeat probe. (b) Immunoblot analysis assessing TRF2 expression levels in the respective
HCT116 cell lines. Note that the endogenous TRF2 appears as a doublet. (c) Population doublings (PDs) undergone by respective
HCT116 cell lines when they were collected for TRF or FISH analysis. Data were obtained from three independent sets of
experiments. Bars represent the mean and SD. P values calculated by two-tailed Student’s t-tests. (d) TRF analysis demonstrating
telomere shortening caused by overexpression of TRF2. Note that all the cell lines used for TRF2 overexpression in this study
contained pre-extended telomeres as shown in the right panel of (a). For (c) and (d), cells were infected with lentiviruses expressing
either GFP as a control or TRF2 and then analyzed ~8 days post-infection.

suggesting that the two ligases do not affect
TRF2 overexpression-induced telomere replica-
tion fork stalling nor the ensuing telomere
shortening.

Lig3- or Lig4-deficiency affects TRF2
overexpression-induced chromosome end fusions

In agreement with previous findings [24], chromo-
some end-to-end fusions were detected in parental

HCT116 cells overexpressing TRF2. The vast
majority (>80%) of inter-chromosomal fusions
were the chromosome type (Figure 3(a)), in
which both chromatids of the involved chromo-
somes were fused together. Sister chromatid
fusions also arose after TRF2 overexpression
(Figure 3(a)). Almost all of these fusions were
devoid of telomere signals at the fusion sites
(Figure 3(b,c), left panels), indicating that the
loss of telomeric sequences preceded the
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Figure 2. Overexpression of TRF2 leads to increased telomere fragility and signal-free ends in different cell lines. (a) Quantification of
fragile telomeres in the indicated cell lines. Bars represent mean values and SEM (~100 metaphases from two independent
experiments examined for each line). Representative fragile telomeres from the parental cells overexpressing TRF2 are marked by
yellow arrowheads on images at the left panel. (b) Quantification of telomere signal-free ends in the indicated cell lines. Bars
represent mean values and SEM (~100 metaphases from two independent experiments examined for each line). Representative
signal-free ends from the parental cells overexpressing TRF2 are marked by yellow arrowheads on images at the left panel. For (a)
and (b), cells were infected with lentiviruses expressing a GFP control or TRF2 and then analyzed ~8 days post-infection by
metaphase spreading followed by FISH analysis. Chromosomes (blue) were hybridized with PNA probes for telomeric sequences
(green) or centromeric sequences (red). All quantifications were carried out blindly. ****P < 0.0001; Two-tailed Student’s t-tests were

performed to make pairwise comparison for statistical significance.

chromosome deprotection and fusion events.
Interestingly, TRF2 overexpression induced signif-
icantly fewer inter-chromosomal fusions in Lig4-
or Lig3-deficient cells (Figure 3(a,b)). In contrast,
the number of TRF2-induced sister chromatid
fusion was reduced by Lig3- but not Lig4-
deficiency, to a level indistinguishable from that
observed in control cells (Figure 3(a,c)). Taken
together, our data show that upon TRF2 overex-
pression, both the Lig4- and Lig3-dependent end
joining pathways are engaged by damaged telo-
meres, while only the Lig3-dependent pathway

plays a major role in mediating sister chromatid
fusions.

Discussion

Overexpression of TRF2 induces persistent repli-
cation stalling and formation of ultrafine anaphase
bridges (UFBs) in the subsequent mitosis [24].
Resolution of UFBs leads to stochastic shortening
of telomeres and consequently, end deprotection
at some chromosome ends [24]. If UFB resolution
and end deprotection happens before sister
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Figure 3. Lig3- and Lig4-deficiency affect TRF2 overexpression-induced inter-chromosomal fusion and sister chromatid fusion
differently. (@) Summary of fusion events in the indicated TRF2-overexpressing HCT116 cell lines. ~100 metaphases from two
independent experiments were examined for each line. (b) Lig3- or Lig4-deficiency reduced efficiency of TRF2 overexpression-
induced inter-chromosomal fusion. Bars represent mean value of fusions and SEM (~100 metaphases from two independent
experiments examined for each line). Representative fusions from the parental cells overexpressing TRF2 are marked by yellow
arrowheads on images at the left panel. (c) Lig3-, but not Lig4-deficiency abrogated TRF2 overexpression-induced sister chromatid
fusions. Bars represent mean value of sister chromatid fusions and SEM (~100 metaphases from two independent experiments
examined for each line). Representative fusions from the parental cells overexpressing TRF2 are marked by yellow arrowheads on
images at the left panel. Cells were infected with lentiviruses expressing a GFP control or TRF2 and then analyzed ~8 days post-
infection by metaphase spreading followed by FISH analysis. Chromosomes (blue) were hybridized with PNA probes for telomeric
sequences (green) or centromeric sequences (red). All quantifications were carried out blindly. *P < 0.05; **P < 0.01; ***P < 0.001;
Two-tailed Student’s t-tests were performed to make pairwise comparison for statistical significance.

chromatid segregation, NHE] results in chroma-  UFB resolution and end deprotection happens
tid-type and chromosome-type fusions (collec-  after sister chromatid segregation, NHE] results
tively called the inter-chromosomal fusions), as  in formation of dicentric chromosomes which,
well as sister chromatid fusions (Figure 4). If  after DNA replication, appear as chromosome-
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Figure 4. A schematic diagram showing chromosome fusions
via NHEJ upon TRF2 overexpression as detected by metaphase
spreading. Chromosomes are depicted in blue, centromeres in
red, and telomeres in green. Wavy lines indicate deprotected
chromosome ends. The green thin thread connecting between
sister chromatids represents un-replicated telomeric regions
that persist into mitosis to form ultrafine anaphase bridges
(UFBs) [24]. Resolution of UFBs leads to critical shortening of
telomeres at some chromosome ends. Chromosome-type
fusions mainly arise when NHEJ occurs after sister chromatids
are well segregated (during G1 or late stages of mitosis) or
result from dicentrics generated by a chromatid-type fusion
from a previous cell cycle.

type fusions in the next mitosis (Figure 4). When
examining which end joining pathway is involved
in mediating TRF2 overexpression-induced
fusions, we found that the depletion of either
Lig4 or nuclear Lig3 significantly reduced the effi-
ciency of inter-chromosomal fusion. In contrast,
Lig3-dependent A-NHE], but not the Lig4-
dependent C-NHE], was required for mediating
sister chromatid fusions (Figure 4).

Sequence analysis of the TRF2 overexpression-
induced fusions in a previous study [24] revealed
large deletions of telomeric sequence that extended
into the sub-telomeric region. Furthermore, the
fused molecules frequently contained 1 to 4

nucleotides of microhomology at the fusion junction
[24]. These features were generally considered to be
characteristic of A-NHEJ [19,20,23]. Indeed, we
showed here a prominent role of A-NHE] in mediat-
ing TRF2 overexpression-induced fusions. The sig-
nificant involvement of Lig4-dependent C-NHE] to
this repair process was unexpected, as C-NHE]
usually entails very little processing/resection at the
break point. One possibility is that the “resection-
dependent C-NHE]J” [31], a recently defined slower
sub-pathway of C-NHE] involved in repairing dou-
ble-stranded breaks within heterochromatin regions,
might contribute to the end processing and fusion of
a subset of deprotected telomeres induced by TRF2
overexpression. Further experiments are required to
examine whether DNA ligase 1 (Ligl) may compen-
sate for the absence of Lig3 and/or Lig4 for TRF2-
induced chromosome fusions in mechanistically dis-
tinct manners. There is precedence for this in at least
the case of crisis-induced fusion events [32,33].
Several constituents of the DNA damage repair path-
ways, such as the Ku complex [5,34-36], WRN [37],
PARP1 [38-40], and DNA polymerase theta [41],
have been reported to affect C- and A-NHE] choices
at damaged telomeres. A subject for future study is to
understand the contribution of each to TRF2 over-
expression-induced fusions.

The fact that most of the TRF2 overexpression-
induced inter-chromosomal fusions are of the
chromosome type makes us speculate that the
majority of chromosome deprotection likely
occurs during G1 phase of the cell cycle or at late
mitosis when sister chromatids are well segregated.
If chromosome ends become deprotected during
G2 or any other stage before sister chromatids are
segregated from each other, there should instead
be a considerable number of chromatid type
fusions in which only one of the two chromatids
are fused end-to-end (Figure 4). Another interest-
ing finding is that sister chromatid fusions require
the A-NHE]J, but not the C-NHE] pathway. One
potential explanation is that sister chromatid
fusions happen at a time during mitosis when
C-NHE] is largely suppressed. Indeed, it has been
found that human cells apply multiple layers of
suppression to the C-NHE] pathway during mito-
sis [42].

It is worth noting that similar end joining
pathway requirements have been established for



fusion of critically shortened telomeres during
telomere attrition-based cellular crisis [23]: both
the Lig3-dependent A-NHE] and the Lig4-
dependent C-NHE] pathway contribute to inter-
chromosomal fusion of critically shortened telo-
meres, while only the Lig3-dependent A-NHE]
facilitates intra-chromosomal fusion (i.e. sister
chromatid fusion). Intra-chromosomal fusion
has been demonstrated to play an important
role in initiating certain types of genomic rear-
rangements that allow cells to escape from crisis
[43]. We speculate that the Lig3-dependent
A-NHE] may likewise be indispensable in driving
clonal and genomic evolution in the subset of
human cancers containing significantly increased
TREF2 levels.
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