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ABSTRACT

Structural alterations in DNA can serve as natural
impediments to replication fork stability and progres-
sion, resulting in DNA damage and genomic instabil-
ity. Naturally occurring polypurine mirror repeat se-
quences in the human genome can create endoge-
nous triplex structures evoking a robust DNA dam-
age response. Failures to recognize or adequately
process these genomic lesions can result in loss of
genomic integrity. Nucleotide excision repair (NER)
proteins have been found to play a prominent role in
the recognition and repair of triplex structures. We
demonstrate using triplex-forming oligonucleotides
that chromosomal triplexes perturb DNA replication
fork progression, eventually resulting in fork col-
lapse and the induction of double strand breaks
(DSBs). We find that cells deficient in the NER dam-
age recognition proteins, XPA and XPC, accumulate
more DSBs in response to chromosomal triplex for-
mation than NER-proficient cells. Furthermore, we
demonstrate that XPC-deficient cells are particularly
prone to replication-associated DSBs in the presence
of triplexes. In the absence of XPA or XPC, deleteri-
ous consequences of triplex-induced genomic insta-
bility may be averted by activating apoptosis via dual
phosphorylation of the H2AX protein. Our results re-
veal that damage recognition by XPC and XPA is crit-
ical to maintaining replication fork integrity and pre-
venting replication fork collapse in the presence of
triplex structures.

INTRODUCTION

The generation of aberrant DNA replication forks is a ma-
jor source of the mutations and chromosomal rearrange-
ments that are associated with pathological disease. Since
replicating DNA is prone to error, replication stress in the
form of slowing or stalling of fork progression has serious
implications for genome stability. Replication stress can oc-

cur in regions of the genome that are intrinsically difficult
to replicate due to DNA sequence patterns, including trinu-
cleotide, inverted, mirror and direct tandem repeats, which
can often adapt secondary DNA structures (1). The pro-
cess of replication denatures the DNA duplex and exposes
long single-stranded regions at the fork, particularly dur-
ing lagging strand synthesis, which provides an environment
conducive to the formation of non-B structures. Conditions
that alter replication fork structure during DNA synthesis
can prime the region for chromosomal breakage, thus be-
coming a major source of spontaneous genomic instability,
and consequently driving malignant transformation of pre-
cancerous cells. Therefore, replication checkpoints monitor
fork progression and trigger cellular responses aimed at pre-
serving genomic integrity. Cells can either activate DNA re-
pair pathways to repair the damage in replicating DNA or
initiate programmed cell death (2,3).

Non-canonical secondary DNA structures such as cruci-
forms, hairpins, H-DNA (triplex) and Z-DNA are formed
at specific repetitive DNA sequences and can affect the
progression of DNA replication forks (2,4,5). Under many
circumstances, replication-associated helicases can resolve
non-B conformations created in front of the progressing
polymerase (6,7). However, if the altered helical structure
is unresolved, it can initiate a stalled replication fork, lead-
ing to fork collapse and DNA double strand breaks (DSBs).
The continuation of DNA synthesis past non-B DNA struc-
tures has been proposed as a key contributor to the gener-
ation of the expanded repeats responsible for the develop-
ment of human diseases and hereditary disorders (2,4). For
example, Friedreich’s ataxia is an autosomal recessive neu-
rodegenerative disorder caused by repeat expansion. Stud-
ies from several labs have revealed that the GAA repeat el-
ement in the first intron of the frataxin gene is capable of
forming an intramolecular triplex (8). The molecular mech-
anism of repeat expansion has been attributed to triplex for-
mation, which stalls replication fork progression and adds
extra repeats during replication fork restart (9,10). Repli-
cation inhibition caused by triplet repeats and triple helices
has also been reported through the use of plasmids contain-
ing genes associated with other hereditary disorders caused
by the expansion of microsatellite DNA repeats (11-13).
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However, none of these studies focused on replication stress
and its effect on genomic integrity in the presence of multi-
ple chromosomal triplex structures.

Cells have evolved several mechanisms to process the
recurrent challenge of altered helical structures. The nu-
cleotide excision repair (NER) pathway is responsible for
the removal of bulky, helix-distorting lesions, including al-
tered helical structures created by triplex formation (14-16).
The NER protein XPC, complexed with hHR23B, serves as
a DNA damage sensor and repair recruitment factor. The
major function of XPC is to recognize helix-distorting le-
sions located in a transcriptionally inactive genome or the
non-transcribed strand of actively transcribed genes. An-
other NER protein, XPA, verifies the damage in an open
DNA conformation and coordinates the assembly of the
remaining repair machinery. Human replication protein A
(RPA) and XPA have been reported to form a DNA recog-
nition complex with greater specificity for damaged DNA
than XPA alone (17,18). Replication stress usually results
in the formation of stretches of single-stranded DNA (ss-
DNA) as the replicative helicase continues to unwind the
parental DNA after the polymerase has stalled. RPA binds
to the excessive ssDNA that is generated as a result of repli-
cation stress and generates the signal that activates the repli-
cation stress response (19). Notably, RPA has a compro-
mised binding affinity for DNA that is composed of repet-
itive purine sequences (20). Both XPC-hHR23B and XPA-
RPA complexes have been shown to recognize triplex struc-
tures and triplex-directed psoralen crosslinks in vitro using
DNA substrates (17,21). Since triplex DNA is recognized
and repaired by the NER pathway, it is important to inves-
tigate the role of NER in resolving replication stress induced
by altered helical structures.

Synthetic triplex DNA can be generated when
triplex-forming  oligonucleotides (TFOs) bind as
third strands in the major groove of duplex DNA at
polypurine/polypyrimidine regions via Hoogsteen hydro-
gen bonds. TFOs represent an excellent model to study
the biological effects of chromosomal triplex formation,
as these molecules have been shown to activate recombi-
nation and DNA repair in addition to inducing genomic
instability (22-24). We have previously reported that TFOs
can induce DNA DSBs and activate apoptosis in cells
containing multiple chromosomal triplex target sites (25).
To better understand the mechanism responsible for the
generation of TFO-induced DSBs, we investigated the
role of NER damage recognition proteins in processing
triplex-induced DNA damage. In the current study, we
determined that TFOs induce replication stress by stalling
replication fork progression. XPC- and XPA-deficient cells
had increased sensitivity to triplex-mediated replication
fork collapse, with eventual induction of DNA DSBs. In
the absence of triplex-initiated DNA damage recognition
by XPC or XPA, cells activated apoptosis through dual
phosphorylation of H2AX at residues serine 139 (S139)
and tyrosine 142 (Y 142), thus averting genomic instability.
Our present study reveals the important roles of XPC and
XPA in the response to triplex-induced DNA replication
stress. This study also provides evidence that triplex forma-
tion can induce NER-independent DSBs by stalling DNA
replication forks.
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MATERIALS AND METHODS
Oligonucleotides

Oligonucleotides ~ were  synthesized by  Midland
Certified Reagent Co., Inc. and were purified by
reversed-phase HPLC. To resist 3’-exonuclease activ-
ity, oligonucleotides were designed with a 3’-amino-
modifier C7 CPG (Glen Research). The 30-mer
TFO, AG30 was synthesized with the sequence 5'-
AGGAAGGGGGGGGTGGTGGGGGAGGGGGAG-
3’ and has been previously shown to bind with
high affinity to a polypurine/polypyrimidine site lo-
cated at positions 167-196 in the supFGI reporter
gene (24). The control mixed-sequence oligonu-
cleotide MIX30 has the following sequence: 5'-
AGTCAGTCAGTCAGTCAGTCAGTCAGTCAG-3'.

Cell lines and transfection

Mouse embryonic fibroblast (MEF) cell lines were derived
from transgenic mice carrying the supFGI reporter vector
as a transgene in addition to targeted disruptions in the
NER genes XPA (XPA~/~) or XPC (XPC~/7). A similar
cell line containing the sup FGI gene was derived from wild-
type (WT) mice and used for comparison. Cells were grown
in DMEM medium (Invitrogen) supplemented with 10% fe-
tal bovine serum (FBS) (Invitrogen) and were maintained
at 37°C in a humidified incubator with 5% CO,. On the day
before transfection, cells were seeded in six-well plates at a
density of 2-3 x 103 cells per well. Cells were transfected
with 2 pg of AG30 or MIX30 using the transfection reagent
Oligofectamine (Invitrogen) as per manufacturer’s instruc-
tions.

Western blotting

Floating and adherent cells were collected. Cell pellets were
lysed with RIPA buffer, and 30-50 pg of total protein per
sample was resolved by SDS-PAGE. Proteins were detected
by a standard immunoblot protocol using the following
primary antibodies: cleaved PARP, yH2AX (Cell Signal-
ing Technology), p-H2AX (tyrosine 142; EMD Millipore),
tubulin (clone B-512; Sigma) and GAPDH-HRP (Protein-
tech). Each experiment was carried out three times, and rep-
resentative Western blots are shown.

Chromatin immunoprecipitation assay (ChIP)

Specific recruitment of XPA, XPC and RADS51 to the
triplex site was evaluated using ChIP assays as previously
described (26). Wild-type MEFs were transfected with
AG30 or MIX30, and cells were collected 4 h and 6 h post-
transfection. Chromatin immunoprecipitation (ChIP) was
performed using the following antibodies: RADS51 (H-92,
Santa Cruz), XPC (H-300, Santa Cruz), IgG (Jackson Im-
munoresearch Lab) and XPA (14). Samples were subjected
to polymerase chain reaction (PCR) using the Advantage
2 PCR kit (Clontech) and amplified in an Eppendorf ther-
mal cycler with the following settings: initial denaturation
for 5 min at 95°C and 40 cycles at 95°C for 1 min, 1 min at



7744 Nucleic Acids Research, 2016, Vol. 44, No. 16

55°C and 1 min at 72°C. The primers utilized in these stud-
ies were: Primer J1, 5- ACC TTC GAA GTC GAT GAC
GGC AG and Primer J2, 5- AGC GGA TAA CAATTT
CAC ACA GG. The PCR products were resolved on a 1.5%
agarose gel and visualized by ethidium bromide staining us-
ing a BIORAD Chemidoc imaging system. The band inten-
sity of the PCR products was quantified using Image Lab
(BIORAD). The relative enrichment of the PCR products
was determined via normalization against input followed by
normalization to the untreated samples.

Apoptosis analysis

Cells (2 x 10°) were seeded in six-well plates 24 h prior
to treatment with either AG30 or MIX30 (2 wg). Post-
treatment analysis was performed using the Annexin V-
FITC/PI apoptosis detection kit (BD Pharmingen) accord-
ing to the manufacturer’s protocol. Apoptotic frequency
was calculated as the combined percentage of early and late
apoptotic cells. Data analysis was performed using FlowJo
software.

Immunofluorescence

MEFs were seeded onto UV-irradiated coverslips and were
treated for 24 h with either AG30, MIX30 or a mock trans-
fection. Cells were processed 24 h post-transfection, fixed
with 4% formaldehyde and then incubated with ice-cold
100% methanol followed by a methanol and acetic acid so-
lution (1:1) for 20 min at —20°C. After washing with phos-
phate buffered saline (PBS), cells were blocked with block-
ing buffer (4% BSA, 0.2% Triton X-100 in PBS) for 30 min
and then incubated overnight with the following primary
antibodies: yH2AX (1:500; Cell Signaling), S3BP1 (1:100;
Santa Cruz), RADSI (Santa Cruz) and pRPA32 (Bethyl
Laboratories) in blocking buffer at 4°C. After three washes,
cells were incubated with secondary antibodies Alexa 488
F(ab’)2 fragment goat anti-rabbit IgG or Alexa 568 F(ab’)2
fragment goat anti-mouse IgG (1:1000; Molecular Probes)
for 1 h at room temperature. Cells were then mounted on
microscope glass slides with anti-fade mounting media con-
taining DAPI (Life Technologies), and pictures were taken
with a Leica SP5 microscope. pRPA32 foci were detected
using the protocol described by Mirzoeva and Petrini (27).

Comet assay

Neutral comet assays were performed 24 h post-
transfection as per the manufacturer’s instructions
(Trevigen) with the adjustment of 3.5 x 10° cells/ml
cell suspension and 30 min electrophoresis. Additionally,
alkaline comet assays were performed using 300 mM
NaOH alkaline unwinding and electrophoresis solution.
Comets were visualized using an Axiovert 200 microscope
and analyzed with CometScore software. Approximately
100-200 comets were analyzed per experiment. Results
were expressed as mean tail moment.

BrdU immunofluorescence and flow cytometry

Unsynchronized cells were treated with AG30 or MIX30
(2 wg), followed by a 20 min incubation with BrdU (10

wM). Treated cells were collected and washed twice with
PBS before fixation and incubation with 70% ethanol for
10 min for immunofluorescence and overnight at —20°C
for flow cytometry. For staining, cells were treated with 2.5
M HCI for 30 min and then neutralized for 2 min with
0.1 M sodium borate, pH 8.5. Cells were washed with PBS
and blocked with 4% BSA in PBS for 30 min. For co-
detection of y H2AX foci with BrdU, yH2AX antibody was
added overnight at 4°C (1:500; Cell Signaling). After three
washes, secondary antibody for y H2AX (Alexa 488; Molec-
ular Probes) and anti-BrdU antibody (BD Biosciences) was
added for 1 h at room temperature followed by PBS washes.
Cells were mounted on microscope slides with anti-fade
mounting media containing DAPI. For flow cytometry of
BrdU with PI, cells were incubated with PI staining solu-
tion for 15 min. Labeled cells were analyzed using a FAC-
SCalibur flow cytometer. Data analysis was performed us-
ing FlowJo software.

Mutagenesis assay

MEF cell lines deficient in either XPA or XPC were estab-
lished with multiple copies of the supFGI reporter gene sta-
bly integrated into the genome. Cells were treated with ei-
ther the control oligonucleotide MIX30, the TFO AG30 or
a mock transfection, and genomic DNA was isolated from
adherent cells 48 h post-transfection. Genomic DNA was
incubated with in vitro packaging extracts as described pre-
viously for shuttle vector rescue and reporter gene analysis
(28). Mutation frequency was calculated by dividing color-
less mutant plaques by the total number of plaques counted.
Standard error mean was calculated from three independent
experiments.

DNA fiber analysis

DNA fiber assays were performed as previously described
(29,30). WT, XPA~/~ and XPC~/~ cells were first labeled
with 25 wM IdU for 20 min, treated with AG30 or MIX30
for 24 h, and then labeled with 250 wM CIdU for 60 min.
Cells were washed with PBS before resuspension at a con-
centration of 7.5 x 10° cells/ml in PBS. Cells (2 ul) were
spotted on a glass slide and lysed with 7 pl of lysis buffer
(50 mM EDTA, 0.5% SDS, 200 mM Tris-HCI, pH 7.5) for
2 min. Slides were tilted at a 15° angle to allow for the
spreading of DNA fibers. For immunofluorescence, slides
were immersed in methanol:acetic acid (3:1) for 10 min
and then treated with 2.5 M HCI for 80 min. After PBS
washes, slides were incubated with 5% BSA for 30 min at
room temperature followed by overnight incubation at 4°C
with primary antibodies (1:25 mouse anti-BrdU for IdU
and 1:400 rat anti-BrdU for CIdU). Slides were washed
with PBS and incubated with secondary antibodies (1:500
sheep anti-mouse Cy3 for IdU and 1:400 goat anti-rat Alexa
Fluor 488 for CIdU) for 1 h at room temperature. Slides
were washed three times and covered with coverslips with
VECTASHIELD mounting media. Images were acquired
at 63x magnification with a Zeiss microscope. ImagelJ soft-
ware was used to measure the lengths of IdU-labeled (red
Cy3) or CIdU-labeled (green Alexa 488) fibers, and values
were converted into micrometers. XPA and XPC proteins



were produced in the complementation studies using the
pcDNA4-Flag-XPA (Addgene) and pcDNA-HA-XPC (ob-
tained from P. Glazer) expression vectors.

Statistical analysis

Statistical analysis was performed by one-way or two-way
ANOVA with the Tukey’s test as post hoc. All analysis
was completed using GraphPad Prism software. ¥***P <
0.0001, ***P < 0.001, **P < 0.01, *P < 0.05.

RESULTS

NER damage recognition proteins bind TFO-induced struc-
tures

Our prior studies have demonstrated that the formation of
multiple triplex structures creates a severe enough alteration
in the DNA double helix to generate DNA damage in the
form of DSBs (25). Triplex formation has been previously
shown to be recognized as DNA damage by the NER path-
way. In order to elucidate the mechanism by which triplex
structures induce DSBs, we used NER-deficient MEF cell
lines (XPC~/~ and XPA~/7) to investigate the potential
role of DNA damage recognition (Figure 1A). These NER-
deficient cells were also engineered to contain multiple chro-
mosomal triplex target sites. Thus, triplex structures can be
synthetically generated using the TFO, AG30, which binds
specifically to its polypurine target sequence (Figure 1B).

To validate that the damage recognition proteins XPA
and XPC interact with the synthetic chromosomal triplex
structures generated by AG30, we performed ChIP assays
in the WT MEFs. PCR amplification following chromatin
immunoprecipitation with either XPA or XPC antibodies
using proximal primers to the target sequence revealed an
enrichment of both proteins at the triplex site compared to
untreated cells (Figure 1). XPA immunoprecipitated DNA
fragments isolated from WT cells 6 h post TFO-treatment
clearly demonstrated an enrichment of XPA (~5-fold) at the
triplex binding site relative to untreated control cells (Fig-
ure 1C and D), suggesting DNA damage-specific recruit-
ment of XPA. However, XPC enrichment was detected at
the triplex site as early as 4 h post AG30-treatment (Figure
1E and F). XPC had a greater than 9-fold enrichment at the
TFO binding site compared to untreated cells. These results
indicate that XPA and XPC are specifically recruited to the
triplex structure and suggest that XPC is the first recogni-
tion protein at the triplex-induced damage site. Taken to-
gether, these findings confirm that TFO-induced structures
are recognized as DNA damage by NER damage recogni-
tion proteins.

Triplex DNA induces replication associated DNA strand
breaks

To assess whether triplex-induced DNA DSBs were asso-
ciated with DNA replication, we co-immunostained NER-
proficient and -deficient cells with BrdU and yH2AX,
whose colocalization can be used as a marker of replication
stress (31). The majority of triplex-induced yH2AX foci
was present in BrdU-positive cells and thus attributed to
replication-mediated DNA damage. Treatment with AG30
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led to an increase in YH2AX foci formation in BrdU-
positive NER-proficient and -deficient cell lines compared
to treatment with the control oligonucleotide, MIX30,
which is unable to form a triplex structure (Figure 2A).
Mock treatment with the transfection reagent alone had
minimal effect on yH2AX foci formation in BrdU-positive
cells. The percentage of dual BrdU- and yH2AX-positive
cells following 24 h AG30 treatment was significantly higher
in the NER-deficient cell lines compared to NER-proficient
cells (Figure 2B). Furthermore, replicating XPC-deficient
cells (68%) accumulated more triplex-induced DNA dam-
age than replicating XPA-deficient cells (54%) (Figure 2B).

To determine if triplex-induced replication stress corre-
lated with the accumulation of DNA strand breaks, we
performed the alkaline comet assay, which measures DNA
damage resulting from both single-strand breaks (SSBs)
and DSBs. We observed 24 h after AG30 treatment that the
accumulation of DNA strand breaks as determined by tail
moment was significantly higher in the NER-deficient cells,
XPC~/~ and XPA~/~ compared to NER-proficient cells
(Figure 2C and D). In order to determine whether the exces-
sive DNA damage induced by triplex formation in unsyn-
chronized replicating cells would affect cell cycle progres-
sion, we also analyzed BrdU incorporation through flow
cytometry. FACS analysis revealed that the level of BrdU-
positive cells (S-phase) was significantly reduced 24 h af-
ter AG30 treatment (Figure 2E). However, this reduction in
the S-phase population following TFO treatment was more
prevalent in XPC~/~ cells compared to XPA~/~ and WT
(Figure 2E and Supplementary Figure S1). Triplex forma-
tion in NER-proficient cells also resulted in increased cell
populations in the G1 and G2/M phases of the cell cy-
cle. Concurrently, G1 arrest was observed in XPA-deficient
AG30-treated cells in contrast to XPC-deficient cells, where
G2 arrest was observed with AG30 treatment (Figure 2E).

NER deficiency attenuates nascent DNA strand length fol-
lowing triplex-induced DNA damage

To understand the impact of triplex formation on DNA
replication in NER-deficient cells, we performed DNA
fiber analysis to study replication perturbation at a single-
molecule level. The DNA fiber or combing assay involves
the direct measurement of DNA synthesis and has been
reported to be a clear readout of replication stress (32).
The general schematic for these experiments is illustrated
in Figure 3A. Cells were pulse-labeled with 1IdU (red) fol-
lowed by treatment with either MIX30 or AG30 and la-
beling with CIdU (green). Ongoing replication can be de-
tected by simultaneous staining of red and green DNA
strands, whereas singly labeled red or green tracts indi-
cate stalled forks and newly initiated forks, respectively.
TFO-treated WT, XPA~/~ and XPC~/~ cells produced
more stalled replication forks compared to untreated and
MIX30-treated cells (Figure 3B). However, we observed
that XPC~/~ cells (64%) had a higher percentage of stalled
forks compared to XPA~/~ (52%) and WT (33%) cells (Fig-
ure 3C). This corresponds to the greater decrease in the
S-phase population of XPC-deficient, TFO-treated cells as
observed in the cell cycle studies (Figure 2E). We then tested
the ability of XPA protein to restore the TFO-induced dam-
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Figure 1. Association of NER damage recognition proteins with triplex DNA. (A) NER deficient cell lines XPA~/~ and XPC~/~ were analyzed for XPA
and XPC protein levels and compared with WT. (B) Schematic for the generation of synthetic triplex structures. Triplex structures were generated using
the TFO, AG30, which binds specifically to a polypurine target sequence in the supFGI reporter gene. (C) PCR analysis of ChIP assays from WT cells
demonstrated an enrichment of XPA at the AG30 binding site 6 h post-treatment. Lane 1, untreated cells; Lane 2, MIX30; Lane 3, AG30. Lanes 4,5 and 6
are IgG controls for Lanes 1, 2 and 3, respectively. Lanes 7-9 represent 1% input for Lanes 1-3, respectively. (D) Quantification of PCR amplification from
C indicated 5-fold enrichment of XPA after TFO treatment compared to untreated cells. (E) ChIP experiments with WT cells treated with TFO for 4 h
(Lanes 1, 4, 7: untreated cells; Lanes 2, 5, 8: MIX30; Lanes 3, 6, 9: AG30) and chromatin immunoprecipatated with indicated antibodies. (F) Quantification
of PCR products from E demonstrates greater than 9-fold enrichment of XPC after AG30 treatment compared to untreated cells.

age recognition in XPA~/~ cells. The results show that the
expression of XPA provides functional complementation in
the XPA~/~ cells (Supplementary Figure S2A and S2B). We
observed a lower percentage of AG30-induced stalled forks
in the XPA complemented cells (20%) compared to XPA~/~
cells transfected with empty vector control (40%) (Figure
3D). Likewise, XPC protein was capable of complementa-
tion in the XPC-deficient cells (Supplementary Figure S2C
and S2D). Expression of XPC in the XPC-deficient cells re-
sulted in a lower percentage of triplex-induced stalled repli-
cation forks (15%), even lower than the percentage of stalled
forks observed in TFO-treated WT cells (Figure 3E). These
findings support the hypothesis that DNA damage recog-
nition is important in maintaining replication fork progres-
sion in the presence of triplex structures.

Since AG30 treatment led to stalled and collapsed repli-
cation forks, we further investigated the effect of triplex
structures on the maintenance of nascent DNA strands.
We analyzed individual nascent DNA strands using the
DNA fiber assay. Interestingly, we found that untreated

NER-deficient cells (Mean & SEM: XPA~/~, 7 4+ 0.4 pum
and XPC~/~ 6 & 0.3 pm) spontaneously exhibited shorter
mean fiber lengths of nascent DNA strands compared to
untreated WT cells (9 £+ 0.4 pm) (Figure 3F). TFO treat-
ment resulted in decreased DNA fiber lengths in all cell
lines. However, they were significantly shorter in the NER-
deficient cells compared to WT. These results suggest that
NER DNA damage recognition is critical for the mainte-
nance of nascent DNA strands in response to triplex for-
mation. To determine how NER deficiency affects the nor-
mal distribution of nascent DNA stability, we analyzed the
DNA fiber assay based on the percentage of replication
track length frequency. Not only was the DNA fiber length
shorter in AG30-treated cells, but the frequency of shorter
DNA fibers in the range of 1-5 wm was higher than in
cells treated with the control oligonucleotide MIX30 (Fig-
ure 3G). We found that 40% and 36% of replication track
lengths were in the range of 1-5 wm in untreated XPA =/~
and XPC~/~ cells, respectively, versus 27% in WT cells.
However, TFO treatment increased the percentage of repli-
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formation on cell cycle progression based on flow cytometry analysis of BrdU incorporation 24 h after TFO-treatment. Statistical significance indicated

as *(P < 0.05), **(P < 0.01), ***(P < 0.001) and ****(P < 0.0001).

cation track length frequency in that range to 66% and 80%
in XPA~/~ and XPC~/~ cells, respectively, compared to
62% in WT cells.

Accumulation of triplex-induced DNA damage at stalled
replication forks induces phospho-RPA and Rad51 foci

Stalled replication forks generate long stretches of ssDNA
that can trigger RPA phosphorylation, which is required
to stabilize the replisome and generate a replication stress
response (33-35). To determine if ssSDNA levels increased
as a result of triplex formation in NER-deficient cells, we
conducted immunofluorescence studies of phospho-RPA
(pRPA) foci (Figure 4A). In WT and XPA~/~ cells, triplex
formation induced a small number of large pRPA foci in
contrast to XPC~/~ cells, which showed numerous but small
pRPA foci (Figure 4A). It has been reported that the pres-

ence of a few large foci is indicative of late S or G2 cells
(36), whereas many small RPA foci is characteristic of cells
in mid-S-phase (37). Our data indicate an increase in the
mean pRPA foci per cell in AG30-treated cells compared to
MIX30-treated cells (Figure 4B). The mean AG30-induced
pRPA foci per cell was approximately 2- to 3-fold higher in
XPC~/~ cells compared to XPA~/~ and WT TFO-treated
cells. Since RPA is an indicator of regions of ssDNA, these
results suggest that the formation of multiple triplex struc-
tures induces numerous regions of ssDNA at stalled repli-
cation forks, which can result in replication stress. Further-
more, these results imply that generation of single-stranded
regions is increased in cells that are unable to recognize the
triplex structure as DNA damage.

RADSI is recruited to sites of damaged replication forks
to repair them and restart replication fork progression.
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RADS]1 prevents the accumulation of DSBs due to replica-
tion stress through homologous recombination when repair
of the replication fork fails and results in collapsed forks
(30,31). Since we observed replication stress-associated
DNA strand breaks, we wanted to explore whether RADS1
interacts at the triplex-induced DNA damage site. To ac-
complish this, we performed the ChIP assay in WT cells
(Supplementary Figure S3A). PCR amplification follow-
ing chromatin immunoprecipitation with RADS1 antibod-
ies revealed a ~6-fold enrichment of RADSI1 at the TFO

binding site 6h post-treatment compared to untreated cells
(Supplementary Figure S3B). These results indicate that
RAD?SI is recruited to the TFO-induced stalled replication
fork.

We then proceeded to explore in WT, XPA~/~ and
XPC~/~ cells whether RAD51 colocalizes with yH2AX
foci at the sites of DNA damage (Figure 4C). After 24 h
of AG30 treatment, all cell lines exhibited an increase in
the percentage of RADS1 and yH2AX foci-positive cells.
The highest percentage of RADSI- and yH2AX-positive
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cells was observed in XPC~/~ (35.3%, 44.6%), followed
by XPA~/~ (27.7%, 36%) and WT (19.2%, 24%) (Figure
4D). When cells were analyzed for the mean number of
RADSI1 and yH2AX foci per cell, we observed that forma-
tion of multiple triplex structures in the NER-deficient cell
lines increased the number of foci. The number of RADS1
foci per cell in AG30-treated XPC~/~ and XPA~/~ cells
was approximately 2 times that of AG30-treated WT cells
(Figure 4D). Similarly, there was a greater increase in the
number of yH2AX foci per cell in XPC~/~ and XPA~/~
cells than in WT cells (Figure 4D). Even though the num-

ber of RADS5I1 foci was higher in XPA~/~ and XPC~/~
than in WT, only partial colocalization of RADS1 foci with
vyH2AX was observed in these two cell lines compared to
NER-proficient cells, where most yH2AX foci were colo-
calized with RADSI1. This observation may be attributed
to previous reports indicating that XPC is required for the
recruitment of RADS1 to the damage site (38).
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Increased DNA damage and the accumulation of DNA DSBs

If they are not repaired in a timely manner, the stalling
and collapse of replication forks can lead to DNA DSBs.
DSBs are associated with the DNA damage-signaling pro-
teins, yH2AX and 53BP1, which form distinct foci at the
DNA damage site. Due to stalled/collapsed replication
forks, XPA~/~ and XPC~/~ cells exhibited larger and more
numerous AG30-induced yH2AX- and 53BP1-positive foci
than WT cells (Figure 5A). The percentage of 53BP1 foci
in AG30-treated XPC~/~ cells (46.5%) was higher than in
XPA~/~ (27.6%) and WT (13.1%) cells, consistent with the
percentage of yH2AX-positive cells after AG30 treatment
(XPC~/~, 59%; XPA~/~, 41.3% and WT, 35%, Figure 5B).
Colocalization of 53BP1 and yH2AX was observed af-
ter AG30 treatment in 43% of XPC~/~ cells and 21% of
XPA~/~ cells compared to 12% of WT cells (Figure 5B).
We further assessed the accumulation of DSBs in all cell
lines 24 h post-TFO treatment using the neutral comet assay
and MIX30, mock and untreated cells as negative controls.
The neutral comet assay allows for the quantitative mea-
surement of DNA DSBs by DNA tail moment. AG30 in-
duced DSBs in all cell lines, as shown by an increase in DNA
tail moment (Figure 5C and D). Interestingly, untreated
XPC~/~ cells had ~4-fold higher tail moment than WT and
XPA~/~ untreated cells. The highest triplex-induced tail
moment was also observed in XPC-deficient cells. These re-
sults support our 53BP1 and yH2AX immunofluorescence
data, confirming that AG30 induces DNA DSBs as a result
of stalled replication. They also reveal that triplex-induced
DNA DSBs are not dependent upon the processing of these
structures by the NER pathway.

Triplex-induced apoptosis preserves genomic integrity in
NER-deficient cells

We have shown that triplex formation generates DSBs in
a replication-dependent manner when replication forks en-
counter the unresolved structures in NER-deficient cells.
We then initiated studies to explore whether the replica-
tion stress-induced DNA breaks resulted in genomic insta-
bility in NER-deficient cells, or whether the accumulation
of DNA strand breaks triggered the cells to activate apop-
totic pathways as a means to preserve genomic integrity. We
measured the level of apoptotic cells 4, 6 and 24 h following
AG30-treatment using the AnnexinV assay. We observed
AnnexinV-positive cells as early as 6 h, with an increase at
24 h post-treatment (Supplementary Figure S4). TFO treat-
ment induced a significantly higher percentage of apopto-
sis in XPC~/~ cells (66%) compared to XPA~/~ (43%) or
WT (24%) cells, which correlates with the increased level
of DNA damage observed in earlier studies (Figure 6A).
Enhanced activation of apoptosis in XPA~/~ and XPC~/~
cells as a result of triplex formation further suggests that
replication forks are unstable and prone to collapse in these
repair-deficient cells.

We previously reported that triplex formation induced
apoptosis via a signaling mechanism dependent on the
phosphorylation of H2AX at S139 and Y142 (25). We
wanted to determine if a similar mechanism was utilized
in NER-deficient cells. To investigate this, we performed a
time course study to observe phosphorylation of H2AX at

Y142 and S139. We found that phosphorylation of H2AX
at both residues was detectable as early as 4 h post-AG30
treatment in XPA~/~ and XPC~/~ cells, whereas it was ob-
served 8 h after treatment in WT cells (Figure 6B and C).
The dual phosphorylation of H2AX increased 24 h post-
treatment in WT cells. As we observed in our previous
experiments, triplex-induced DNA strand breaks resulted
in the activation of apoptosis in both NER-proficient and
NER-deficient cells as determined by the presence of the
apoptotic marker, cleaved PARP. Cleaved PARP was de-
tectable at 4 h post-AG30 treatment, with slightly higher
levels in the NER-deficient cells. Although cleaved PARP
was detectable in both XPA~/~ and XPC~/~ cells as early
as 4 h following TFO treatment, slightly higher levels of
S139 phosphorylation were observed in the XPC-deficient
cells, suggesting the presence of more DSBs. In the case of
XPC~/~ cells, an increase in the level of Y142 phosphory-
lation was detected at the 4 h and 8 h time points compared
to XPA~/~ and WT cells. As Y142 phosphorylation is a
prerequisite for the recruitment of pro-apoptotic proteins,
these results correspond with our AnnexinV data.

We wanted to determine whether AG30 treatment
induced mutations in cells following the induction of
replication-associated DSBs. To accomplish this, we took
advantage of an established assay for triplex-induced muta-
genesis (14,28,39). The MEF cell lines utilized in this study
have multiple copies of the AsupFGI shuttle vector sta-
bly integrated into their chromosomes. SupFGI not only
contains the AG30 binding site, but also encodes an am-
ber suppressor tRNA whose function can be scored in in-
dicator bacteria. Genomic DNA was isolated from WT,
XPA~/~ and XPC~/~ cells 48 h after mock, MIX30 and
AG30 treatment. The vector DNA was then analyzed for
induced mutations. In order to evaluate the relevance of
apoptosis in preserving genomic integrity, only adherent
cells (alive), not floating cells (apoptotic) were collected and
analyzed for targeted mutations. We observed an AG30-
induced mutation frequency of 27 x 107> in WT cells, which
was more than 2-fold that of MIX30-treated cells (Fig-
ure 6D). Mutation frequency was significantly reduced in
AG30-treated XPA~/~ cells compared to WT cells (15.9 x
10=3, Figure 6D), with less than a 2-fold increase compared
to MIX30-treated XPA~/~ cells. Interestingly, AG30 treat-
ment did not increase mutation frequency in XPC~/~ cells
(2.9 x 107%) compared to MIX30 treatment (12 x 107>, Fig-
ure 6D). This decrease in mutagenesis corresponds to the
increase in apoptosis observed in XPC~/~ cells following
TFO treatment. Taken together, these results suggest that
NER-deficient cells may undergo apoptosis as a means to
preserve genomic integrity under conditions where repair is
compromised.

The TFO-induced mutations generated in the NER-
deficient cell lines were then sequenced to characterize the
mutation spectra in the repair-deficient cells (Figure 6E).
Sequencing results of the TFO-induced mutations gener-
ated in the WT cells revealed 35% insertions, 45% dele-
tions and 20% base substitutions within the triplex tar-
get site. Triplex formation in XPA~/~ cells resulted in in-
creased insertions (80%), with no alterations in the level of
TFO-induced base substitutions. On the other hand, TFO-
induced mutations generated in XPC~/~ cells resulted in
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an increase in insertions (67%) compared to WT, with 33%
deletions and no base substitutions.

DISCUSSION

We previously reported that the formation of multiple
triplex structures can activate apoptosis as a result of DNA
DSB induction (25). However, the question remained as

to the mechanism by which TFOs generate DNA damage.
Herein, we have provided evidence that triplex formation
causes stalled replication forks and a decrease in the S-phase
cell population. In the absence of the NER damage recog-
nition proteins, XPA and XPC, stalled replication forks
collapse, resulting in the accumulation of SSBs and DSBs
which trigger the cell to activate apoptotic pathways as a



means to preserve genomic integrity. Our findings empha-
size the importance of the DNA damage sensor proteins,
XPA and XPC in the repair of replication-associated, struc-
turally induced DNA damage. They also suggest a potential
role for XPC and XPA in the activation of DNA damage
response. These results also provide evidence to support a
mechanism where lesion processing is not an essential step
for the generation of DSBs following triplex formation. Our
results are in contrast to other studies, which report that
XPA and XPC are required for yH2AX foci formation and
fork breakage following UV irradiation (40).

It has previously been shown by others that DNA replica-
tion can be inhibited by sequences that have triplex-forming
potential (41,42). However, site-directed inhibition of DNA
replication by TFOs has only been demonstrated when the
triplex-forming molecules were bound covalently to their
target sequences on duplex DNA (11). Our current work
demonstrates that the formation of multiple chromosomal
triplex structures is capable of stalling replication fork pro-
gression. Krasilnikov et al. have reported that triplex re-
gions cannot be resolved by DNA polymerase because of in-
creased stability at physiological conditions (43). The repli-
cation machinery must be recruited to the triplex site to un-
ravel duplex DNA from triplex DNA.

Triplex formation induces stalled replication forks, DSBs
in S phase and Gl cell cycle arrest in XPA~/~ cells and
G2 arrest in XPC~/~ cells. Earlier work determined that
the NER proteins, XPA and XPC, recognize triplex DNA
(17,21). Although XPC and XPA are both required for
DNA damage recognition in the NER pathway, the XPA-
RPA complex is not the initial DNA damage recognition
factor (44,45). Instead XPA—RPA serves as the ‘damage ver-
ification’ protein in the NER process. Consequently, XPC-
hHR23B has been determined to be the initiating factor for
damage repair (44). Since XPC is required for DNA dam-
age recognition in the global genome repair (GGR) sub-
pathway of NER, recruitment of the remaining NER pro-
teins to the damage site is inhibited in its absence (40). Lack
of damage recognition may explain why we observe more
stalled replication forks and DNA breaks in XPC-deficient
cells compared to XPA~/~ and WT cells. On the contrary,
triplex formation in XPA-deficient cells resulted in G1 ar-
rest, which would suggest that the structures are initially
recognized as DNA damage. Damage recognition and G1-
arrest would allow the cell to repair the structures prior to
entry into S-phase. However, in XPA-deficient cells the re-
maining NER proteins would not be recruited to complete
the repair process.

Replication forks can collapse when altered DNA struc-
tures are unrepaired, resulting in the formation of DSBs
and the potential induction of genomic instability (46-49).
To preserve genomic integrity, cells initiate repair of the
triplex structure; however, if cells are compromised for re-
pair or overwhelmed by excessive damage, apoptosis is ac-
tivated (14,24,28). G2/M arrest has been associated with
enhanced cell death. In the present study, we demonstrate
that triplex formation in XPC-deficient cells triggers G2/M
cell cycle arrest and induces apoptosis via a mechanism
that includes dual phosphorylation of H2AX at the S139
and Y142 residues. It has been established that the phos-
phorylation status of the Y142 H2AX residue is critical
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in determining the relative recruitment of either DNA re-
pair or pro-apoptotic factors to the DSB site (25,50). Al-
though studies suggest that Y142 is gradually dephospho-
rylated after DNA damage to initiate repair, our current
data provides evidence that Y142 is re-phosphorylated to
facilitate apoptosis under conditions where repair cannot be
completed. In response to the generation of stalled replica-
tion forks in XPC-deficient cells, H2AX is phosphorylated
at S139 4 h post TFO-treatment, indicating DNA damage.
However, 8 h post-treatment, H2AX S139 persists with re-
phosphorylation of H2AX Y 142. Dual phosphorylation of
H2AX on S139 and Y142 activates apoptotic pathways. An
apoptotic switch in response to excessive DNA damage in
XPC~/~ cells prevents the induction of mutations, thus pre-
serving genomic integrity.
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