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Abstract
Telomeres consisting of tandem guanine-rich repeats can form secondary DNA structures called
G-quadruplexes that represent potential targets for DNA repair enzymes. While G-quadruplexes
interfere with DNA synthesis in vitro, the impact of G-quadruplex formation on telomeric repeat
replication in human cells is not clear. We investigated the mutagenicity of telomeric repeats as a
function of G-quadruplex folding opportunity and thermal stability using a shuttle vector
mutagenesis assay. Since single stranded DNA during lagging strand replication increases the
opportunity for G-quadruplex folding, we tested vectors with G-rich sequences on the lagging
versus the leading strand. Contrary to our prediction, vectors containing human [TTAGGG]10
repeats with a G-rich lagging strand were significantly less mutagenic than vectors with a G-rich
leading strand, after replication in normal human cells. We show by UV melting experiments that
G-quadruplexes from ciliates [TTGGGG]4 and [TTTTGGGG]4 are thermally more stable
compared to human [TTAGGG]4. Consistent with this, replication of vectors with ciliate
[TTGGGG]10 repeats yielded a 3-fold higher mutant rate compared to the human [TTAGGG]10
vectors. Furthermore, we observed significantly more mutagenic events in the ciliate repeats
compared to the human repeats. Our data demonstrate that increased G-quadruplex opportunity
(repeat orientation) in human telomeric repeats decreased mutagenicity, while increased thermal
stability of telomeric G-qaudruplexes was associated with increased mutagenicity.
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1. Introduction
Telomeres are nucleoprotein structures at chromosome ends that critically impact lifespan
and health, as well as cell viability and genome stability [1-3]. Progress in recent years
indicates that the inability to completely replicate chromosome ends is not the only source of
telomere attrition, and that inappropriate processing by DNA repair enzymes or failures in
telomere replication can cause rapid telomere loss (reviewed in [4]). Telomeres consist of an
array of repeat sequences that interact with specific proteins to prevent the chromosome
ends from being recognized as double strand breaks [5,6]. Mammalian telomeres comprise
of TTAGGG repeats, and human telomere lengths vary from 5 -15 kb and terminate in a 3′
ssDNA tail that is 50 -500 nt long [7]. The 3′ tails can invade preceding telomeric repeats to
form a lariat like t-loop/D-loop structure that is further stabilized by the shelterin protein
complex [8,9]. Shelterin proteins TRF2 and TRF1 bind duplex telomeric DNA and POT1
binds to single strand TTAGGG repeats [10,11], and together they recruit the remaining
shelterin proteins TIN2, RAP1, and TPP1[4]. How these proteins influence the fundamental
processes of DNA repair and replication in telomeric repeats has yet to be fully realized.

Cellular evidence indicates that telomeres are fraught with potential obstacles to DNA
replication and require specific proteins to prevent stalling. In S. cerevisiae DNA replication
fork stalling is greatly increased at telomeres in the absence of the Rrm3p helicase [12]. In
S. pombe and humans the telomeric proteins Taz1 and TRF1, respectively, are required to
prevent replication fork stalling at telomeres [13,14]. The precise mechanism is not known,
but some evidence suggests that TRF1 recruits helicases BLM and RTEL to dissociate
alternate DNA structures [15]. The consequences of fork stalling in the telomeres can be loss
of telomeric DNA or aberrant telomere structures including doublets that resemble broken
telomeres [14-16]. Telomere doublets are induced by aphidicolin treatment which stalls
replication forks and induces breaks at fragile sites [14]. The mechanistic models of
mutagenesis in repetitive sequences involve stalling and/or dissociation of the DNA
replication fork due to road blocks [17]. Studies in yeast and bacteria demonstrate that sites
of stalled replication forks are susceptible to chromosomal breakage [12,18,19]. Thus,
replication-mediated breaks in telomeres may represent an important source of telomeric
loss.

Possible sources of replication fork stalling at telomeres include oxidative DNA damage
which preferentially occurs at G runs [20], or alternate DNA structures including the t-loop/
D-loop or G-quadruplex (G4) DNA which can form in ssDNA with tandem guanines.
Telomeric DNA forms G4 structures spontaneously in vitro and in vivo [21-26], that block
DNA polymerase progression in vitro [27]. G4 structures consist of planar arrays of quartets,
and each quartet is formed by four guanines interacting through Hoogsteen base pairing [28]
(Fig. 1A). The number of quartets in a quadruplex influences the stability of the structure
and depends on the number of guanine residues [29]. The potential for G4 formation in the
telomeres exists either in the 3′overhang, displaced DNA in the D-loop, or in the G-rich
sequences present on the lagging strand. Okazaki fragment processing during lagging strand
DNA synthesis is expected to produce transient regions of ssDNA, and G4 DNA folds in
ssDNA regions [26,30]. Cells deficient in the Werner syndrome protein (WRN), POT1 or
FEN1 exhibit preferential loss of telomeres replicated from the G-rich lagging strand
[15,31,32], suggesting these proteins may function in preventing and/or dissociating G4
structures. Furthermore, an agent that stabilizes G4 DNA induces defects in telomere
replication and causes telomeric aberrations [33]. Whether G4 structures can interfere with
telomere replication in normal cells has yet to be established.

Previous work indicates that sequences with the ability to form various alternate structures
exhibit increased mutagenic potential (reviewed in [34]). In these studies shuttle vectors
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with mutation reporter genes have been invaluable. The insertion of sequences with the
potential to form H-DNA and Z-DNA adjacent to a reporter gene induced breaks and large
deletions in the shuttle vector after transfection into normal mammalian cells [35,36]. The
impact of G4 DNA on shuttle vector stability is unknown, but studies in yeast and worms
suggest that G4 structures can be mutagenic. Loss of DOG-1 helicase in C. elegans leads to
deletions in genes containing G-runs [37], and loss of Pif1 helicase in S. cerevisiea promotes
instability in an artificial human G-rich minisatellite in the yeast genome [38]. However, the
fidelity of telomeric repeat replication and the impact of G4 potential on the mutagenicity of
telomeric repeats in human cells are largely unexamined.

Studies of ciliated protozoa provide evidence for G4 formation at telomeres and G4
resolution during replication. Ciliates contain a macronucleus consisting of up to 108 small
DNA molecules that are terminate by telomeres consisting of about 20 bp of duplex DNA
and a 16 nucleotide 3′ G-rich ssDNA tail (reviewed in [39]). This high concentration of
telomeres allowed for the detection of G4 DNA by immuno-staining with antibodies raised
against G4 structures [40]. DNA replication occurs exclusively in a distinct replication band
[41] in which G4 DNA is not detected [40]. G4 formation is regulated by telomere binding
proteins TEBP-α and TEBP-β [23,25]. These studies suggest that G4 DNA is resolved
during telomere replication in ciliates. In this study our goal was to test the mutagenic
potential of telomeric repeat sequences and their ability to induce breaks and deletions upon
replication in normal human cells, using a well established shuttle vector mutagenesis assay.
We hypothesized that the mutagenicity of telomeric repeats correlates with G4 forming
potential and thermal stability. To test this we examined various telomeric repeats that differ
in G-quartet numbers and compared repeats with the G-rich sequence on the lagging strand
versus the leading strand. We show that the ciliate repeats from T. thermophila (TTGGGG)
and O. nova (TTTTGGGG) form more stable G4 DNA than human repeats (TTAGGG) in
vitro. We demonstrate that while all of the vectors with various telomeric repeats exhibited
low mutant rates after replication in human cells, the orientation of the human telomeric
repeats (G-rich lagging versus leading strand) and the stability of the potential G4 structures
significantly affected the vector mutant rates. We also observed an increase in mutagenic
events in the ciliate telomeric repeats compared to the human repeats. However, in contrast
to H-DNA and Z-DNA forming sequences, our data indicate that normal human cells
possess the ability to effectively manage G4 forming sequences, particularly human
telomeric repeats, during replication.

2. Materials and Methods
2.1. Reagents

Oligonucleotides containing telomeric repeat sequences and primers used in sequencing
reactions were ordered from Integrated DNA technologies Inc. (Coralville, IA)
(Supplemental Table S1). Restriction enzymes were purchased from New England Biolabs
(Ipswich, MA). 5-fluoro-2′-deoxyuridine (FUdR) and chloramphenicol (chlor) were
purchased from Sigma Chemical Co. (St.Louis, MO). Hygromycin and gentamycin were
purchased from EMD Chemicals Inc (Gibbstown, NJ) and Fisher BioReagents respectively.
Proteinase K and cell culture reagents RPMI-1640 and FBS were purchased from Invitrogen
Corporation (Carlsbad, CA).

2.2. UV melting curves
All DNAs used in the UV melting curve experiments were purified by gel filtration
chromatography, except for 5-GT-(TTAGGG)10-TC-3′, which was purified by denaturing
polyacrylamide gel electrophoresis. DNA stock solutions were prepared in pure water and
concentrations were determined by UV absorbance at 260 nm at 85°C on a Varian Cary 3
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Bio spectrophotometer. At high temperature the bases are presumably unstacked, and the
extinction coefficient can be calculated as the sum of the individual bases. The DNA base
extinction coefficients were obtained from the literature [42]. Solutions containing 2.5 μM
DNA in 10 mM Tris-HCl (pH 7), 100 mM KCl and 1.0 mM EDTA were prepared in 1 cm
pathlength quartz cuvettes. Samples were placed in a Varian Cary 3 Bio spectrophotometer
equipped with a thermoelectrically controlled multicell holder. The solutions were heated to
90°C and equilibrated for 5 min. Then a cooling gradient was applied at a rate of 1°C/min
down to 25°C, when samples were equilibrated for 5 min before starting a heating gradient
at the same rate up to 90°C. The absorbance at 295 nm was recorded as a function of
temperature every 0.5°C. Melting temperatures were estimated by calculating the first
derivative of the melting curve then determining the maximum value. Each melting curve
was normalized by dividing the entire curve by the minimum absorbance values at 295 nm.

2.3. Cell culture
The non-tumorigenic human lymphoblastoid cell line LCL-721 was used in all experiments.
These cells are EBV-transformed and were established from a clinically normal female
donor. They were cultured in RPMI-1640 supplemented with 10% FBS and 50 μg/ml
gentamycin as described [43].

2.4. Construction of shuttle vectors containing telomeric repeat sequences
Vectors containing various telomeric repeat sequences within the 5′ coding region of the
HSV-tk were constructed as previously described [44]. Briefly, oligonucleotides containing
telomeric repeat sequences were annealed and cloned into the BsiWI and MluI sites of HSV-
tk gene on the pGTK4 plasmid [45] (Supplemental Table S1). Telomeric repeats from
human [TTAGGG]6, [TTAGGG]10, [CCCTAA]6, [CCCTAA]10 and ciliates [TTGGGG]10,
[CCCCAA]10, [GGGGTTTT]5 and [CCCCAAAA]5 were inserted in-frame into the HSV-tk
gene between bases 111 and 112 (Fig. 2). Only the sequence of the HSV-tk antisense strand
will be referred to throughout the manuscript. To avoid introducing a rare codon that would
lead to insufficient production of the HSV-tk reporter gene product, one of the telomere
repeats of the [TTAGGG]6, [TTAGGG]10, and [TTGGGG]10 vectors was interrupted and
the [GGGGTTTT]5 repeats began with a run of Gs rather than Ts (Supplemental Table
S1;Figure 6). Vector names remained the same for simplicity. The HSV-tk gene was then
subcloned into pND123 shuttle vector to generate the pJY parent control vector [43,46] and
the various telomeric repeat containing shuttle vectors. All vectors were introduced and
amplified in the DH5α bacterial strain and the telomeric repeat sequence in each vector was
confirmed by DNA sequence analysis.

2.5. HSV-tk mutational analyses of telomeric repeat shuttle vectors
Vectors (10 μg) were electroporated into 107 LCL721 cells and plasmid-bearing cells were
selected and cloned as previously described [44]. To test for the frequency of pre-existing
mutations in the vectors generated spontaneously during vector propagation and selection in
E. coli, background HSV-tk mutant frequencies of all vectors were calculated as previously
described [45]. To avoid the selection and propagation of LCL721 clones that received a
vector with a pre-exisiting mutation, cells were cloned at densities of 1-20 cells/well that
were less than 0.1 × (1/μ), where μ is the background HSV-tk mutant frequency in E. coli
[44]. Each clonal population was propagated for 26 – 29 generations in media containing
150 μg/ml hygromycin, after which an alkaline extraction method [43] was used to isolate
shuttle vector DNA from 2 – 3 ×108 cells.

To determine HSV-tk mutant frequencies, the isolated shuttle vectors were transformed into
FT334 bacteria (recA113, upp, tdk) followed by selective plating on Vogel Bonner Minimal
Salts media (VBA) supplemented with 50 μg/ml chlor with and without 40 μM FUdR [47].
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Chlor selects for plasmid-bearing bacteria and FUdR selects for bacteria containing shuttle
vectors with a mutation that inactivates the HSV-tk gene product. The HSV-tk mutant
frequency was determined as the number of FudR resistant colonies divided by the total
number of plasmid-bearing colonies. HSV-tk mutant rates were calculated as the mutant
frequency divided by the number of cell generations the clone was propagated to at the time
of DNA isolation. Median mutant rates were determined for each telomeric shuttle vector
and were analyzed by the non-parametric Mann Whitney test for pair-wise comparisons.
Values determined to be outliers by the Grubb’s statistical test for outliers were excluded.

2.6. Generation of HSV-tk telomeric shuttle vector mutation spectra
Restriction enzyme digests and DNA sequencing were used to determine the types and
locations of mutations in the mutant shuttle vectors isolated after replication in the human
cells. For this, plasmids from 5-10 independent HSV-tk mutants from at least 3 clones for
each shuttle vector were isolated and analyzed as described previously [44]. After
electroporation of replicated shuttle vectors into FT334 cells, the bacteria were placed on ice
and aliquoted into multiple tubes containing 1 ml VBA broth. After the 2h recovery period
at 37°C, each culture was plated on selective media, and one FUdR-resistant mutant was
isolated for plasmid purification and sequencing. This ensures that any mutational hotspots
were not due to division of bacteria harboring HSV-tk mutant vectors during the 2 h
recovery. To identify mutants with large deletions or rearrangements the plasmids were
digested with AvaI and BglII restriction enzymes (Fig. 2). For this analysis each mutant
obtained from a single clone was considered independent since the low resolution of this
assay cannot distinguish between potential siblings and independent events. Sequence
changes and mutations within the promoter and coding region of the HSV-tk gene, as well as
the telomeric inserts, were determined by dideoxy DNA sequencing at ACGT Inc.
(Wheeling, IL). DNA sequence analysis was done using Align-X software of Vector NTI
Advance (Invitrogen Corporation). Although rare, some mutants from the same clone
exhibited the identical mutation due to either that mutation occurring independently in
different plasmids within a clone, or due to an early mutagenic event that was replicated
multiple times producing mutant siblings. To maintain rigor and consistency, mutants from
the same clone that exhibited the identical mutation were considered siblings and that
mutation was scored once. The same mutations occurring in different clones were
considered independent.

3. Results
3.1 Ciliate telomeric repeats form more stable G4 structures compared to human

Previous biophysical studies showed that O. nova telomeric (GGGGTTTT)3GGGG
substrates formed significantly more stable G4 structures compared to human telomeric
(GGGTTA)3GGG substrates [29]. We directly compared the G4 structure stability of the
human, O.nova and T.thermophila telomeric repeats in the context of the shuttle vector
flanking sequence in one orientation. The various telomeric repeats were inserted in-frame
between positions 111 and 112 of the HSV-tk reporter gene cassette on the shuttle vector, as
previously described for other repeat sequences [43,44] (Fig. 2). G4 formation and relative
thermal stability of the inserted sequences was measured by standard UV melting
experiments. G4 structures exhibit hypochromic transitions as a function of temperature at
295 nm absorbance, which can serve as a signature for G4 formation [48,49] (Supplemental
Fig. S1). Melting curves for oligonucleotides GT-(TTAGGG)4-TC, GT-(TTAGGG)6-TC,
GT-(TTGGGG)4-TC and GT-(TTTTGGGG)4-TC in 100 mM KCl (Fig. 1) yielded melting
temperatures (Tm) of 52.5, 53.5, 83.0 and 81.0°C, respectively. Similar results were
obtained with 100 mM NaCl, which also promotes G4 folding, although the G4 stabilities
were decreased relative to 100 mM KCl (Supplemental Table S2). Although the O. nova G4
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DNA exhibited large hysteresis between the heating and cooling curves, the melting curves
and Tm values were not dependent on substrate concentration (Supplemental Fig. S2). This
indicates that an intra-molecular G4 structure was formed but that the re-folding rate was
slow relative to the cooling rate for the experiment. These data confirm that the telomeric
repeats with flanking sequence can form intra-molecular G4 DNA, and that the ciliate G4
units with four quartets exhibit increased thermal stability compared to human G4 units with
three quartets.

Next we asked whether sequences that can form two G4 units (at least 8 G-runs) fold into
more stable structures compared to sequences that form a single G4 unit (< 8 G-runs). We
compared the thermal stabilities of TC-(TTAGGG)6-GT to TC-(TTAGGG)10-GT, which
represent the repeat number inserted into the shuttle vector (Figs. 1A and B). The Tm value
for ten repeats at 42.8°C in KCl was 9.3-10.3°C lower than the Tm for the shorter
oligonucleotides containing 4 or 6 repeats of the human telomeric sequence. Thus, the
potential to form two G4 structures for TC-(TTAGGG)10-GT did not increase G4 stability.
Importantly, these studies confirm that telomeric repeats of lengths that were inserted into
the shuttle vector (6 and 10) can form uni-molecular G4 structures.

3.2. Experimental system for analysis of telomeric DNA mutagenesis
Deletions leading to telomere loss even in cells lacking the WRN helicase are rare but can
still critically impact cell function [15,50]. The shortest telomere, rather than average
telomere length, determines cell survival and genome stability [51]. Therefore, we required a
highly sensitive assay to detect the types of mutagenic events that impact telomere structure
and function, namely deletions and rearrangements. The in vitro/ex vivo shuttle vector HSV-
tk mutagenesis assay was chosen for its proven ability to detect rare spontaneous mutations
(frequencies as low as 1×10−5) [43], and for the multiple unique advantages it offers for
analyzing telomeric repeat replication. First, episomal vectors avoid complications of
random insertion at sites of endogenous telomeres. Second, loss of telomeric DNA in the
vector will not impact cell survival, unlike loss of endogenous telomeres. Third, oriP
episomes are used to study human chromosome replication because they replicate once in S-
phase, form chromatin structure, and segregate with sister chromatids [52,53]. Lastly, the
vectors have a defined EBV oriP replication origin and are replicated by the host proteins
and the oriP binding protein EBNA-1 which lacks enzymatic activity [54,55].

Replication of the shuttle vectors initiates at the oriP DS element and terminates at the 20
tandem FR repeats, which causes primarily unidirectional replication [56-62]. This affords
the unique opportunity to examine the mutagenic potential of the TTAGGG (G-rich)
sequence when replicated by lagging strand versus leading strand DNA synthesis. Single
strand gaps during lagging strand replication are thought to permit G4 folding. The correct
orientation on human chromosomes is the 5′-TTAGGG-3′ sequence on the lagging strand,
therefore, we named all the vectors according to the lagging strand sequence. Since the
replication fork starts at the 3′ end of the HSV-tk gene, the lagging strand is the antisense
strand. For example, the [TTAGGG]10 vector has the correct repeat orientation with the G-
rich sequence on the lagging strand (Fig. 2), and the [CCCTAA]10 vector has the reverse
orientation with the G-rich sequence on the leading strand. The assay will detect any
mutation that inactivates the HSV-tk gene product, thus, mutation frequencies and
specificities in the coding region serve as an internal control. Importantly, we can detect
potential deletions or rearrangements induced by the presence of the telomeric repeats
because flanking HSV-tk sequence is also affected. The assay is designed to detect events
that are most likely to impact the telomere integrity, rather than minor alterations in repeat
number.
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3.3. Stability of telomeric vectors in bacteria
We first examined the stability of the telomeric repeat vectors in E.coli by determining the
mutant frequency for each compared to the control vector which lacks telomeric repeats.
The shuttle vectors have the bacterial replication origin derived from pBR322 which is also
unidirectional (Fig. 2 arrow) [63] in the same direction as oriP. The vectors containing the
human telomeric repeats were stable in bacteria and yielded HSV-tk mutant frequencies that
were similar to the control vector (Fig. 3, bars 1-5). Increasing the repeat number from six to
ten did not significantly impact the vector mutant frequency (Fig. 3 compare bars 2 and 4; 3
and 5). Surprisingly, the [TTAGGG]10 vector with the G-rich lagging strand orientation was
highly stable and yielded an average mutant frequency of 0.77×10−5 that was 4-fold lower
than the mutant frequency obtained for G-rich leading strand [CCCTAA]10 vector
(3.2×10−5). The difference was statistically significant whether there were six repeats (p-
value = 0.0007) or ten repeats in the vectors (p-value= 0.0002). Therefore, the orientation of
the human telomeric repeats influences the stability of the vectors in E. coli.

Next we examined the stability of the vectors with ciliate telomeric repeats. In contrast to
the human repeats, the mutant frequencies obtained for the ciliate telomeric vectors were
statistically similar regardless of repeat orientation (G-rich lagging vs. G-rich leading strand)
(Fig. 3, compare bars 6 to 7 and 8 to 9). However, the T.thermophila [TTGGGG]10 vector
with the G-rich lagging strand sequence yielded a mutant frequency of 5.0 ×10−5 that was
significantly higher than the human [TTAGGG]10 vector with the G-rich lagging strand
(0.77×10−5) (Fig. 3 compared bars 4 and 6, p-value = 0.0007). These repeats differ by one
base. Interestingly, when the G-rich sequence was on the leading strand, the mutant
frequencies for the ciliate [CCCCAA]10 and human [CCCTAA]10vectors were not
statistically different (Fig. 3). Thus, T.thermophila telomeric vectors were less stable than
human telomeric vectors only when the repeats were in the G-rich lagging strand
orientation.

The vectors containing the O.nova [GGGGTTTT]5 and [CCCCAAAA]5 telomeric inserts
showed a >100-fold increase in mutant frequency over the control vector (Fig. 3). Since the
O. nova repeats are multiples of 8, changes in repeat number alter the reading frame and
inactivate the HSV-tk gene. To determine if this was the reason for the dramatic increase in
mutant frequency we sequenced the mutants. Most (14/15) of the [GGGGTTTT]5 vector
mutants had alterations in the telomeric repeat number (+1 repeat, 2 events; − 1 repeat, 12
events). Therefore, the O.nova vector affords us the opportunity to examine alterations in
repeat number in telomeric repeats that share similar properties as human repeats (i.e.
tandem G-runs).

3.4. Replication of telomeric vectors in human cells
The vectors with telomeric inserts were introduced into LCL721 human lymphoblastoid
cells by electroporation, and plasmid bearing clones were expanded for 25 to 29 population
doublings [44]. Mutant rates were calculated from 4 – 7 clones from each independent
experiment. Shuttle vector DNA was extracted and transformed into FT334 bacteria and
mutant frequencies were calculated and converted to mutant rates (see Materials and
Methods). The median mutant rate for the control vector was calculated as 3.3 × 10−6 from a
total of 12 clones isolated from two independent experiments. Importantly, the median
mutant rates from each experiment were very similar (4.4×10−6 and 3.4×10−6,Supplemental
Table S3) and were consistent with previous studies (3.6 × 10−6 [44]).

3.4.1. Stability of human telomeric repeat vectors in human cells—Next we
examined the mutagenic potential of vectors with human telomeric repeats after replication
in human LCL721 cells. The human telomeric repeat shuttle vectors were highly stable and
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yielded median mutant rates that were not statistically different from the control vector (Fig.
4 and Supplemental Tables S3 and S5). The data are presented in Fig. 4 as a box plot in
which each box represents the interquartile range (25th to 75th percentiles), horizontal bars in
the box represent the medians, and the vertical bars represent the maximal and minimal
values. When the G-rich sequence was on the lagging strand the vector median mutant rate
was 2.3×10−6 ([TTAGGG]10 vector), which was significantly lower than the mutant rate
obtained for the G-rich leading strand vector ([CCCTAA]10 vector = 3.8×10−6)(p-value =
0.0178, Mann Whitney) (Fig. 4 and Supplemental Table S5). Importantly, the G-rich lagging
strand [TTAGGG]10 vector has the repeats in the correct orientation as they occur at
chromosomal telomeres in humans. Similar to results in bacteria, the human telomeric repeat
sequences are highly stable in human LCL721 cells, and the repeat orientation significantly
impacts the overall median mutant rates of the vectors.

3.4.2. Stability of vectors with human telomere repeats compared to ciliate
repeats—Based on the model that G4 DNA in telomeric sequences may lead to replication
fork demise, we predicted that telomeric sequences that form more stable G4 DNA would
have a greater destabilizing effect on the vectors, compared to the human repeats. Ciliate
telomeric repeats (T.thermophila and O.nova) form G4 structures of greater thermal stability
than human sequences (Fig. 1). We compared T.thermophila repeats to human repeats since
both are multiples of six. Vectors with the correct G-rich lagging strand orientation yielded a
median mutant rate for T.thermophila [TTGGGG]10 vector that was 3.3-fold higher than the
mutant rate obtained for the human [TTAGGG]10 vector; 7.7×10−6 and 2.3×10−6,
respectively (Fig. 4). This difference was statistically significant (p-value = 0.003)
(Supplemental Tables S4-S5). In contrast, the vectors with the G-rich leading strand yielded
very similar median mutant rates; 4.4×10−6 for the T.thermopila [CCCCTT]10 vector,
compared to 3.8×10−6 for the human [CCCTAA]10 vector (Fig. 4, Supplemental Tables S3-
S5). G4 units are expected to fold more frequently in the lagging strand, compared to
leading strand, and these data suggest that the T.thermopila G4 units may impede replication
more than human G4 units. Consistent with this, we observed that the vector mutant rate was
nearly 2-fold higher when the T.thermopila G-rich sequence was on the lagging strand
([TTGGGG]10 vector), compared to its presence on the leading strand ([CCCCAA]10
vector) (Fig. 4, Supplemental Table S4). However this difference was not statistically
significant, perhaps due to the strikingly large spread of values obtained for the
[TTGGGG]10 vector (Fig. 4). In summary, vectors with the correct human repeat orientation
(G-rich lagging) were more stable than vectors with T.thermopila repeats. The orientation of
the telomeric repeats for both human and T.thermopila influences the vector mutant rate, but
in opposite directions.

3.4.3. Vectors with O.nova repeats are more stable in human cells compared
to bacteria—To determine whether tandem telomeric repeats are susceptible to the same
types of repeat alterations that occur in other simple tandem repeat (STR) sequences [43],
we took advantage of the O.nova (GGGGTTTT) sequence. Alterations in O.nova repeat
number inactivate the HSV-tk gene (Fig. 2). These repeats form stable G4 structures (Fig.
1), and resemble human repeats in that they consist of alternating pyrimine and purine runs
and the G-rich sequence is present on the lagging strand [64]. Thus, we asked whether these
characteristics of telomeric repeats make them susceptible to alterations in repeat number.
Replication of the G-rich lagging strand [GGGGTTTT]5 vector yielded a mediate mutant
rate of 5.1×10−6 that was slightly lower than the rate for the vector with the G-rich leading
strand ([CCCCAAAA]5 vector = 7.1×10−6) (Fig. 4, Supplemental Tables S4-S5). However,
this difference was not significant, and neither vector yielded a mutant rate that was
statistically different from the control (Supplemental Table S5). This is in stark contrast to
the 100- and 300-fold increase in mutant frequencies observed for these vectors in bacteria,
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compared to controls (Fig. 3). Thus, while vectors containing O.nova repeats are highly
unstable in E. coli, they exhibit similar stabilities as a vector lacking these repeats after
replication in LCL721 human cells.

3.5. Insertion of telomeric repeats decreases the frequencies of vector alterations
Next we asked whether the mutation types and frequencies arising within the shuttle vectors
were influenced by the various telomeric repeats. We isolated 5 to 10 independent mutants
from about 3 clones for each shuttle vector for mutational analysis (see Supplemental Tables
S3-S4 for clones). Previous reports indicate that H-DNA and Z-DNA forming sequences
increase the frequency of large deletions and rearrangements within a shuttle vector [35,36].
To test whether this was true for the telomeric G4 forming sequences, the mutant vectors
were digested with specific restriction enzymes to test the integrity of the shuttle vector as
described previously [43] (Fig. 2). The proportion of mutant vectors harboring the human G-
rich lagging ([TTAGGG]10) or leading ([CCCTAA]10) strand repeats that exhibited
abnormal digest patterns was significantly lower at 20% or 37%, respectively, compared to
the control vector (56%) (p-values were <0.0001 or 0.01, respectively, Fisher’s exact test)
(Fig. 5). Similar results were observed for the vector mutants bearing ciliate telomeric
repeats [TTGGGG]10 and [GGGGTTTTT]5 (p-values = 0.01 and 0.047, respectively;
Fisher’s exact test). Since the orientation of the ciliate repeats did not significantly alter the
overall mutant rates (Fig. 4), we only analyzed mutants of the vectors with the correct G-rich
lagging strand orientation. In summary, the insertion of telomeric repeats decreased the
frequency of shuttle vector alterations (i.e. large deletions and rearrangements induced
throughout the vectors), and the human repeats in the correct G-rich lagging strand
orientation yielded the most significant decrease.

Deletions that span the telomeric repeats could have arisen from breaks induced by the G4
forming sequences. To determine the frequencies of defined deletions and rearrangements
that involved loss of the telomeric repeats we sequenced the entire 1110-bp HSV-tk gene
and upstream promoter region. The median mutation rate for defined deletions/
rearrangements occurring within the HSV-tk gene was calculated by multiplying the
proportion of these events by the total median mutant rate (Fig. 4 and Table 1). The deletion/
rearrangement mutation rates for human telomeric vectors were not greatly influenced by
repeat orientation and were decreased approximately 2- to 3- fold (5.6×10−7 and 7.6×10−7),
compared to the control and T.thermophila vectors (13×10−7 and 18×10−7, respectively)
(Table 1). Vectors with the O.nova repeats exhibited the lowest rates at 1.5×10−7. However,
there was no significant bias for deletions/rearrangements involving loss of the telomeric
repeats for any of the vectors (Table 1). The proportions of events involving loss of the
telomeric repeats were similar to the proportion of events that spanned the repeat insertion
site (111-112 bps) for the control vector (Fisher’s exact test) (Table 1). This indicates that
the presence of telomeric repeats did not destabilize the insertion region in the HSV-tk gene
(Fig. 2).

3.6. Ciliate telomeric repeats exhibit higher mutation frequencies than human repeats
Next we compared the rates of mutations occurring within the various telomeric repeats.
Mutational events that affected only the HSV-tk coding sequence served as an internal
control, and included base substitutions, frameshifts and small deletions (Table 2). The
proportions of HSV-tk coding sequence mutations were similar among the various vectors
(Table 2). Furthermore, the spectra of mutations in the HSV-tk coding sequence were all
dominated by base substitutions, and the distribution of mutations was not altered by the
telomeric repeats in an obvious manner (Supplemental Tables S6-10). However, we
observed a significantly higher proportion of mutations within the ciliate [TTGGGG]10 and
[GGGGTTTT]10 repeats compared to the human [TTAGGG]10 repeats (p-value = 0.0309
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and 0.0309, respectively, Fisher’s exact test). This translated to a near 10-fold increase in
median mutation rate for the T.thermophila repeats (14×10−7) compared to human repeats in
the same orientation (1.5×10−7) (Table 2). The occurrence of telomeric mutations in the
human repeats was rare and was not significantly influenced by repeat orientation. The
mutations detected were alterations in repeat number that were accompanied by mutations
elsewhere in the HSV-tk gene, and a frameshift within one telomere repeat (Fig. 6 and
Supplemental Tables S6-7). The mutations in the T.thermophila repeats also included
alterations in repeat number, but more strikingly, we observed a total of 8 mutants
containing large deletions with an endpoint in the [TTGGGG]10 repeats (Fig. 6). Since six of
these mutants were isolated from the same clone (C) they could potentially be siblings and
were scored once (Tables 1-2), but it is worth noting that siblings were rare (Supplemental
Tables S6-10). These data indicate that ciliate [TTGGGG] repeats induce deletions likely
due to breaks within the repeats.

The O.nova [GGGGTTTT]5 vectors exhibited an increase in median telomeric mutation rate
(9.2×10−7), compared to vectors with human repeats (1.5×10−7), due to the potential for
alterations in repeat number to shift the HSV-tk reading frame (Table 2). Consistent with
this, all of the sequenced telomeric mutations involved repeat alterations, and the loss of
telomeric repeat units occurred more frequently compared to repeat additions (Fig. 6). Some
mutants from the same clone showed the identical mutation and were considered to be
siblings (Table 2). But we cannot rule out the possibility that these were independent events,
especially considering that similar mutations were observed in multiple distinct clones (Fig.
6). However, none of sequenced O.nova mutants exhibited large deletions with endpoints in
the [GGGGTTTT]5 region, in contrast to the T.thermophila repeats. Thus, the mutation
spectra revealed that the T.thermopila and O.nova repeats yielded higher telomeric mutation
rates compared to the human repeats due to distinctly different mechanisms.

4. Discussion
In this study we measured the mutagenic potential of various telomeric repeats in E. coli and
clonal populations of human lymphoblastoid cells as a function of repeat orientation and G-
quadruplex thermal stability. To our knowledge this is the first report of spontaneous
mutation rates of telomeric repeat sequences using a shuttle vector mutagenesis assay. This
highly sensitive assay allowed us to quantitate rare and independent mutagenic events that
are expected to impact telomere integrity and function, namely large deletions and
rearrangements. Importantly, the unidirectional replication origins afforded a unique
opportunity to compare leading versus lagging strand replication of the G-rich sequences
which possess quadruplex forming potential. As expected we observed that molecules with
telomeric repeats from ciliates formed G4 structures with higher thermal stability compared
to human repeats in vitro. Consistent with this, shuttle vectors with T.thermophila
[TTGGGG]10 repeats exhibited greater mutant frequencies compared to vectors with human
[TTAGGG]10 repeats in both bacteria and human cells. This translated to a near 10-fold
higher rate of mutations within the T.thermophila repeats compared to human repeats (Table
2). Interestingly, the vectors with the human repeats in the correct orientation (lagging G-
rich strand) were highly stable, and exhibited significantly lower mutant frequencies
compared to vectors with the reverse repeat orientation (leading G-rich strand) for both
bacteria and human cells. In general, we observed that the mutagenic potential of various
telomeric repeats is relatively low in human cells, but is influenced by repeat orientation and
thermal stability of the folded G4 DNA.

Replication of G-rich sequences as the lagging strand template mimics the process of
telomere replication on human chromosomes. The result that the human telomeric repeat
vector with the G-rich lagging strand sequence yielded significantly lower mutant
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frequencies compared to the vector with G-rich leading strand sequence, in both human cells
and bacteria, was unexpected (Figs. 2-3). Transient ssDNA in Okazaki fragment processing
is predicted to permit G4 folding, and is thought to explain the preferential loss of telomeres
replicated from the G-rich lagging strand in cells defective for WRN helicase, FEN1, and
POT1 proteins [15,31,32,65]. G4 impediments to replication were also attributed to the
deletions and rearrangements in G-rich repeat sequences in S.cerevisiea lacking Pif1
helicase [38] and C.elegans lacking the FANCJ helicase homolog Dog-1[37]. One possible
explanation for our results is that quadruplexes did not form, or did not fold more frequently
when the G-rich runs were present on the lagging strand versus the leading strand. We
believe the former is unlikely because TTAGGG repeats were observed to form G4 DNA on
plasmids in vivo during transcription [26]. Another possibility is that regulated G4 DNA
folding is favorable for replication of human telomeric repeats rather than detrimental. A
recent study reported a positive role for G4 DNA in the maintenance of telomere lengths,
and suggested that intra-molecular G4 DNA promotes telomerase translocation in
S.cerevisiea [66]. We propose that G4 DNA may recruit helicases such as the RecQ
helicases WRN and BLM or FANCJ in human cells, and RecQ in bacteria, which all exhibit
high affinity for, and unwind G4 structures in vitro [67-69]. These enzymes are known to act
in pathways that prevent replication fork demise, restore stalled replication forks, and
promote genomic stability [70]. Consistent with this, the presence of TTAGGG repeats on
the lagging strand had the greatest stabilizing effect on the shuttle vectors (Figs. 2-3, 5), and
offered the potential for G4 folding during Okazaki fragment processing.

Our studies indicate that the thermal stability of G4 structures also influences the mutagenic
potential of G4 forming sequences. The higher thermal stability of the ciliate repeat G4
DNA, compared to human repeat G4 DNA (Fig. 1), agrees with previous work and is due to
the extra guanine tetrad in the ciliate repeats [29,71]. Even in the presence of a
complementary strand the T.thermophila (TTGGGG)4 strand predominately formed G4
DNA, whereas the human (TTAGGG)4 strand existed in a mixture of G4 and duplex DNA
[71]. This correlated with a higher mutant frequency for vectors with the TTGGGG lagging
strand repeats, compared to vectors with this sequence on the leading strand, and vectors
with the human TTAGGG lagging strand repeats in both bacteria and humans (Figs. 3-4).
Thus, in the case of the T.thermophila repeats, the expected higher G4 potential when the G-
rich sequence was on the lagging strand (correct orientation), compared to leading strand
(reverse orientation), was detrimental rather than beneficial unlike the human repeats. The
G4 forming sequence not only determines thermal stability but also topology (i.e. parallel
vs. anti-parallel, loop size between tetrads, arrangement) [72], therefore, it was proposed that
various helicases exhibit differing efficiencies of G4 unwinding depending on the G4
structure [38]. Humans and E.coli may possess an abundance of helicases, such as RecQ
helicases, that are well suited for disrupting human telomeric G4 DNA, compared to other
types of G4 sequence structures. Recruitment of telomeric proteins TRF1 and TRF2 to the
human repeats may further enhance their stability within the shuttle vector. In human cells,
we observed a higher rate of mutations within the T.thermophila TTGGGG repeats
compared to human repeats in either orientation, and we observed large deletions with
endpoints in the TTGGGG repeats only (Fig. 6). These deletions suggest the T.thermophila
repeats may have impeded replication fork progression. Chromatin immuno-precipitation
studies showed that TRF1 and TRF2 proteins bind the TTAGGGTTA site in the oriP in
human cells [44,73], indicating that the human telomeric sequence we inserted into the
shuttle vectors should also bind telomeric proteins. This raises the possibility that replication
might have initiated within the telomeric repeats, but this is unlikely because only oriP can
support plasmid establishment and long term replication in clonal expansion [74]. TRF1 and
TRF2 interact with G quadruplex resolving helicases including WRN and BLM [75,76], and
may enhance recruitment of these helicases to the shuttle vectors with human telomeric
repeats. Recent work indicates that TRF1 is required to prevent replication fork stalling at
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human telomeric repeats [14]. It is important to note that the structure of the TRF1 and
TRF2 proteins with respect to the progressing replication fork will be influenced by the
orientation of their TTAGGG binding sequences, and this might also influence replication
fidelity.

Since O.nova telomeric repeats are multiples of 8, we could directly compare the stability of
sequences with telomeric character and G-quadruplex forming potential, to Short Tandem
Repeat (STR) sequences elsewhere in the genome. Alterations in repeat number shift the
HSV-tk reading frame. Surprisingly, the vectors with O.nova (GGGGTTTT)5 repeats in
either orientation were highly unstable in E. coli and exhibited a near 100- to 300-fold
increase in mutant frequency compared to controls due to changes in repeat number (Fig. 3
and data not shown). In stark contrast, these repeats were stably replicated in human
LCL721 cells (Fig. 4), and while some mutants also exhibited alterations in repeat number
the frequencies were very low (Table 2 and Fig. 6). The human and bacterial replicative
polymerases may differ in their tendency to slip in regions with high G-C content. However,
our data indicate that in normal human cells the G4 forming potential of repeat sequences is
unlikely to promote DNA polymerase slippage and primer/template misalignments that
could lead to alterations in repeat number. Consistent with this, the vectors with O.nova
repeats in either orientation were more stable and exhibited lower mutant rates (5.1×10−6

and 7.1×10−6) than the STR sequences [TTTC/AAAG]9 and [TCTA/AGAT]9 (38×10−6 and
58×10−6) reported earlier using our system in human cells [44]. While the G4 structures
from O.nova repeats exhibited similar thermal stabilities as the G4 units from T.thermophila,
large deletions were only observed in the T.thermophila repeats (Fig. 6). This suggests that
the T.thermophila repeats likely induced replication fork stalling. RecQ helicases have been
found to efficiently disrupt O.nova telomeric G4 DNA [69], and the larger (TTTT) loop
between G-tetrads compared to the (TT) loop for T.thermophila influences the G4 topology
[77]. Thus, not all G4 forming sequences exhibit the same mutagenic potential and mutation
specificities.

While differences were observed among the various telomeric repeats, all of the telomeric
vectors exhibited relatively low mutant rates after replication in human cells. One limitation
of the assay is that the vectors contain only 5 to 10 telomeric repeats, whereas upwards of
800 repeats exist in chromosomal ends [7]. However, the shuttle vector with 10 telomeric
repeats approaches the average length of an Okazaki fragment during DNA replication
(~140 nt) [78], and thus, mimics the span of ssDNA arising during normal telomere
replication that could form G4 DNA. Furthermore, previous reports indicate that a greater
number of telomeric repeats does not correlate with more G4 DNA units [79]. In contrast to
the G4 forming telomeric repeats, the insertion of sequences of similar length (25-32 bp)
that can form alternate non-B structures (H-DNA and Z-DNA), led to a significant increase
in deletions [35,36]. These data suggest that some H-DNA and Z-DNA structures may
impede replication or provoke breakage [35,36], in stark contrast to the telomeric G4
sequences. Our results are consistent with studies that indicate natural interstitial telomeric
sequences of perfect repeats in human cells are not prone to breakage [80].

In summary, our experiments indicate that human and ciliate telomeric repeats are stably
replicated in normal human somatic non-tumorigenic cells, and that thermal stability and
topology of potential G4 structures and repeat orientation influence the mutagenic potential.
Our studies suggest that normal human cells have evolved mechanisms, including a plethora
of helicases, to facilitate replication through G4 forming telomeric sequences. Consistent
with this, the vectors with human repeats in the correct orientation exhibited significantly
lower mutant rates than the control and other telomeric vectors (Fig. 4), and the lowest
proportion of vector alterations (Fig. 5). These results suggest that human cells have evolved
mechanisms for optimizing replication specifically of human telomeres. This may partly
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explain why telomeres in normal cells are stably replicated despite the tracts of repetitive
sequences that can form alternate structures. The mutagenesis assay used in this study now
provides a highly sensitive approach for elucidating the roles of various proteins in
promoting faithful telomere replication and telomere stability, such as various DNA
helicases.
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Fig. 1.
Ciliate telomeric repeats form G4 DNA structures of greater thermal stability compared to
human telomeric repeats. (A) UV Melting curves showing intra-molecular G-quadruplex
formation in telomeric ssDNA with flanking sequence. Melting curves for oligonucleotides
GT-(TTAGGG)4-TC, GT-(TTAGGG)6-TC, GT-(TTGGGG)4-TC and GT-(TTTTGGGG)4-
TC recorded at 295 nm in solutions containing 100 μM KCl. A schematic of one possible
G4 conformation for human telomere repeats is shown. Grey balls indicates Gs, and grey
lines indicate a quartet formed by base pairing between four Gs. (B) UV melting curves for
the olignucleotide GT-(TTTAGGG)10-TC in two different salt solutions, 100 μM KCl and
100 μM NaCl.

Damerla et al. Page 18

DNA Repair (Amst). Author manuscript; available in PMC 2011 November 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
pJY shuttle vector indicating the site of telomeric repeat insertion within the HSV-tk gene.
The positions of the mutagenic reporter HSV-tk gene including the 3′UTR, EBV (oriP)
origin of replication, ColE1 bacterial origin of replication, choramphenicol acetyltransferase
gene (cat) for selection in bacteria, and hygromycin phosphoryltransferase gene (hph) for
selection in human cells are indicated. The region from the Tet promoter to the 3′end of the
HSV-tk gene is amplified to indicate insertion of the telomeric repeats in-frame between
positions 111 and 112. Human repeats in the correct orientation are shown as an example.
The arrow indicates the primary direction of replication in human cells and bacteria. The
positions of restrictions sites used to screen for large deletions or rearrangements are shown;
A = AvaI, and G = BglII.
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Fig. 3.
HSV-tk mutant frequencies of telomeric shuttle vectors in recA- E. coli. Mutant frequencies
are based on 1.3×104 to 1.7×106 chloramphenicol-resistant bacteria colonies. The sequence
of the telomeric repeats on the antisense (lagging) strand is indicated. Black bars indicate
that the G-rich strand of telomeric repeats in the vector is replicated as the lagging strand
(correct orientation), and the grey bars indicate replication as the leading strand (reverse
oriention). Values represent the mean and standard deviations from at least 5 independent
experiments.
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Fig. 4.
Median mutant rates of telomeric shuttle vectors in LCL721 human cells. Clonal populations
of human cells bearing various shuttle vectors were expanded for 26 to 29 generations.
Shuttle vector DNA was isolated from each clone and the HSV-tk mutant frequency was
determined as described in Materials and Methods. The mutant rate was calculated by
dividing the mutant frequency by the number of generations the clone was expanded to at
the time of shuttle vector isolation (see also Supplemental Tables S3 and S4). Each box
represents the interquartile range (25th to 75th percentiles). The horizontal bars in the boxes
represent the medians. The vertical bars represent the range of values included in the
statistics, from the maximal to the minimal value. The following outliers were excluded: 27
[no insert control]; 71 [CCCTAA]10; and 38 [CCCCAAAA]5. * indicates p≤ 0.05 relative to
[TTAGGG]10 (Mann-Whitney rank sum test (two-sided)).
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Fig. 5.
Proportion of mutants with large deletions and alterations throughout the shuttle vector.
Shuttle vector DNA from 5 to 10 mutants isolated from approximately 3 clones for each
shuttle vector was digested with AvaI and BglII restriction enzymes for 2 hr at 37°C.
Reactions were run on an 0.8% agarose gel. A representative image is shown in panel A. The
+ indicates an abnormal digest pattern. B, the percent of mutant DNA exhibiting a wild type
digest pattern (grey bars) or an abnormal digest pattern (black bars) was calculated as a
function of total mutant vectors that were digested. All mutants isolated from the same clone
were considered independent (see Materials and Methods). p-values calculated from Fisher’s
exact test.
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Fig. 6.
Spectra of mutations arising within the telomeric repeats for the various shuttle vectors. The
sequences of the various telomere repeats (upper case) with flanking HSV-tk coding
sequence (lower case) are shown 3′ to 5′ for the lagging strand of the vector (see Fig. 2).
Sequence alterations in the mutants are shown in bold. A line indicates deleted sequence.
The clone from which the mutant was derived is shown, and the number (no.) next to the
clone indicates the number of mutant isolates from the clone that exhibited the indicated
mutation (See Supplemental Tables S6-S10). Arrow indicates the direction of the replication
fork.
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