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Abstract
Understanding the mechanism by which single-stranded oligonucleotides (ODNs) elicit targeted
nucleotide exchange (TNE) is imperative to achieving optimal correction efficiencies and medical
applicability. It has been previously shown that introduction of an ODN into cells results in the
activation of DNA damage response pathways, but there has been no evaluation of the damage created
at the level of the DNA. The activation of H2AX, a hallmark protein of DNA breakage, suggests that
a double-strand break (DSB) could be occurring during the targeted gene alteration (TGA) reaction.
Using the human HCT116 cell line with a single integrated mutant eGFP gene as our model system,
we demonstrate that the DNA strand breakage occurs when a specific ODN, designed to direct TGA,
is transfected into the cells. Both single and double-stranded DNA cleavage is observed dependent
on the level of ODN added to the reaction. Possible mechanisms of ODN-dependent DSB formation,
as a function of TGA, are discussed herein.

1. Introduction
Single-stranded DNA oligonucleotides (ODNs) can direct the exchange of a single base in
genomic DNA and alter cellular phenotype in a reaction known as targeted gene alteration
(TGA) [1,2 and references therein]. In the proposed mechanism, ODNs align in homologous
register with the complementary sequence in the chromosome but create a single mismatched
base pair with the nucleotide targeted for change. Once paired at this site, the ODN is hybridized
to one strand of the helix, while the other strand is displaced forming a structure known as a
D-loop [2-4]. This helical distortion attracts enzymes involved in genome maintenance and
activates members of the homologous recombinational repair pathway [5,6]. Evidence from
studies in yeast [7,8] supports the involvement of proteins such as Nbs1, Rad51, Rad54, and
Mre11 in the TGA reaction pathway. Some of these enzymes process and resolve the D-loop
restoring the integrity of the helix [9,10].

The efficiency of nucleotide exchange is elevated dramatically if TGA is directed to active
regions of DNA synthesis [11-15]. By utilizing 2′,3′-dideoxycytidine (ddC), an inhibitor of
elongation, Engstrom and Kmiec [11] synchronized cells in different cell cycle phases and
demonstrated that the concentration correlating to the highest level of cells synchronized in S-
phase prior to addition of the ODN correlated with highest level of correction efficiency. These
workers were also able to demonstrate the same phenomenon using aphidicolin, a potent
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inhibitor of polymerase α, δ, and ε. Similar findings using a thymidine block and hydroxyurea,
both of which affect the ribonucleotide reductase pathway, corroborated earlier findings in
HCT116 cells [5,16]. It has been observed that blocking the ends of the targeting ODN
significantly decreases the level of correction [17]. Finally, Wu et al. [15] demonstrated that
inhibition of S-phase progression after addition of ODN completely abolished gene correction.
Considering that the presence of the ODN initiates a replication delay [18], evidence strongly
supports a model where cells stalled in S-phase exhibit significantly higher levels of correction
efficiency than cells stalled in any other phase of the cell cycle.

Since the initial step in TGA is the creation of a D-loop, we wondered if the ODN paired at
the target site physically impedes the activity around or within the replication fork. It is possible
that this stalling explains why ODN-treated cells experience replication delay and a retardation
in cell cycle. Stalled replication forks result in exposed single-stranded regions which are
subject to mechanical breakage and nucleolytic attack [19]. A stalled replication fork could be
a substrate for single-stranded nicking, vis-à-vis cleavage of DNA secondary structures that
eventually appear as strand breaks [20]. In prokaryotes, inhibition or blockage of helicase
DnaB, which is necessary for replication, leads to DNA breakage by creation of entry sites for
the RecBCD complex. This complex harbors nucleolytic activity and acts in the area of the
initial steps of homologous recombination [20,21]. Seigneur et al. [22] predicted that Holliday
junction formation at stalled replication forks are resolved by DNA breakage through the
activity of the RuvABC protein complex [22]. Both observations link stalled replication fork
resolution by double strand break (DSB) formation with homologous recombination and
replication fork re-initiation. In a eukaryotic system, Saintigny et al. observed that when
replication inhibitors, such as hydroxyurea, were added to mammalian cell cultures,
accumulation of DSBs was observed [23]. Since there seems to be a strong correlation between
DNA replication and elevated TGA activity, we asked whether DNA breakage also occurs
during the process of gene correction, perhaps as a result of stalled replication activity. Finding
such breaks, perhaps only transitory in nature, may provide some insight into the events going
on at the site of nucleotide exchange. In this paper, we describe an analysis of DNA cleavage
activity as a function of targeted gene alteration.

2. Materials and Methods
2.1 Cell Line and Culture Conditions

HCT116 cells were acquired from ATCC (American Type Cell Culture, Manassas, VA). The
integrated HCT116 clone 19 (HCT116-19) was created through the integration of pEGFP-N3
vector (Clontech, Palo Alto, CA) containing a mutated eGFP gene, as described by Hu et al.
[24] and clones isolated by selection. The mutated eGFP gene has a nonsense mutation at
position +67 resulting in nonfunctional eGFP protein. For these experiments, HCT116-19 cells
were cultured in McCoy's 5A Modified medium (Sigma-Aldrich, St. Louis, MO) supplemented
with 10% fetal bovine serum, 2 mM L-Glutamine, and 1% Penicillin/Streptomycin. Cells were
maintained at 37 °C and 5% CO2.

2.2 Oligonucleotide design and eGFP gene targeting
DNA oligonucleotides (ODNs) were synthesized by Integrated DNA Technologies (Coralville,
IA). The targeting ODNs were designed as 72-mers that complemented either the non-
transcribed (NT) or transcribed (T) strand of the target mutant eGFP gene. Each ODN has three
phosphorothioate linkages on either end to help prevent nuclease degradation. The ODNs that
were designed to elicit correction of the gene (72NT and 72T) have a central mismatch that
would direct conversion of the mutant stop codon to the wild-type eGFP tyrosine, thereby
allowing expression of functional eGFP.
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Prior to eGFP targeting, cells were treated with 2 μM aphidicolin for 24 hours in complete
growth medium. Cells were then trypsinized and harvested by centrifugation. Cells were
resuspended to a concentration of 2.5×107 cells/mL in serum-free medium and 100 μL
transferred to a 4 mm gap cuvette (Fisher Scientific, Pittsburgh, PA). The respective ODN was
added to a final concentration of 8 μM (unless otherwise noted) and the cells were
electroporated (250 V, 13 ms, 2 pulses, 1 s interval) using a BTX Electro Square Porator™
ECM 830 (BTX Instrument Division, Holliston, MA). The electroporated cells were then
transferred to a 100 mm dish and allowed to recover in complete growth medium for 24 hours
(unless otherwise noted) at 37°C.

2.3 Cell-based analyses: flow cytometry and immunofluorescence
eGFP fluorescence was measured by a Becton Dickinson FACScalibur flow cytometer (Becton
Dickinson, Franklin Lakes, NJ) 24 hours after electroporation. Cells were harvested by
trypsinization and resuspended in FACS buffer (0.5% BSA, 2 mM EDTA, 2 μg/mL propidium
iodide in PBS). Correction efficiency was then calculated as the percentage of eGFP positive
cells out of the live cell population.

Targeted cells were immediately plated in 8-well chambers (5×104 cells/well) and allowed to
recover for 24 hours. Control cells were treated with 300 nM camptothecin (CPT) for 24 hours.
H2AX: Cells were then washed for 5 minutes at 37°C in PBS. Cells were fixed in 4%
paraformaldehyde for 30 minutes at room temperature. After washing with PBS, cells were
permeabilized with 0.5% Triton X-100 in PBS for 10 minutes at room temperature. Cells were
blocked with 10% normal goat serum for 10 minutes and then for 30 minutes in a 10% milk
solution. pH2AX antibody was added at a dilution of 1:100 in 10% milk and kept at 4°C
overnight (Cell Signaling, Boston, MA). The next day, cells were washed 4 times for 10 minutes
each in 0.1% Triton X-100. The secondary antibody (α-rabbit, goat-Cy3) was then added for
1 hour at room temperature. Cells were again washed 4 times for 10 minutes each in 0.1%
Triton X-100. Anti-fade with DAPI was added and then cells were visualized with a Zeiss LSM
510 NLO attached to an Axiovert 200M.

2.4 DNA damage analyses: COMET assay
Targeted cells were allowed to recover for 24 hours. Cells were harvested by trypsinization
and 1×105 cells were isolated and pelleted. The cell pellet was washed with PBS and then
suspended in 20 uL of PBS. Cells were combined in a 1:10 ratio with low melt agarose and
immediately pipetted onto a CometSlide. Cell mixture was allowed to cool for 10 minutes at
4°C in the dark before immersing in lysis solution at 4°C for 60 minutes. Cells were then
immersed in a freshly prepared alkaline solution, pH 13.0, for 60 minutes in the dark at room
temperature. Slides were rinsed in TBE buffer and transferred to a horizontal electrophoresis
apparatus. TBE was added to cover slides and the unit was run at 1 volt/cm for 15 minutes.
Slides were submerged in 70% ethanol for 5 minutes and allowed to air dry in the dark
overnight. The next day a few drops of SYBR Green I were added to each sample and the slides
were covered with a coverslip and sealed. Slides were visualized on a Zeiss LSM 510. At least
12 images were captured per treatment. Percent of COMETs was determined for each field
and averaged for each treatment.

2.5 Pulse-Field Gel Electrophoresis (PFGE)
Targeted cells were allowed to recover for 24 hours. Cells were harvested by trypsinization
and 1×106 cells were isolated and pelleted by centrifuging at 1500 rpm for 5 minutes. Cells
were then resuspended in PBS, pelleted again, and finally suspended in 50 mM EDTA. Cells
were combined in a 1:1 ratio with 1% low melt agarose (GIBCO, Invitrogen, Carlsbad, CA)
in 50 mM EDTA and transferred to plug molds. Plugs were allowed to cool at room temperature
for approximately 30 minutes before being transferred to lysis solution (50 mM EDTA, 1%
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N-laurosylsarcosine, 1 mg/mL proteinase K). Cells were kept in lysis solution at 50°C for 24
hours while shaking. Plugs were then washed four times in 1X TE buffer before being inserted
into a 1% pulse field certified agarose gel (Bio-Rad, Hercules, CA). The gel was run for 24
hours using a 120° field angle, 60 to 240 s switch time, 4 V/cm at 14°C. The next day the gel
was stained for 1 hour in ethidium bromide prior to imaging on an AlphaImager 2200 (Alpha
Innotech Corp., San Leandro, CA).

2.6 BrdU Incorporation
Targeted cells were allowed to recover for specified time in 96-well tissue-culture treated plates
at 15,000 cells/well. Cells were incubated in the presence of BrdU for two hours prior to
analysis with BrdU ELISA kit (Roche Diagnostics, Mannheim, Germany). Absorbances at
450nm and 690nm were monitored with a Victor X3 2030 Multilabel Reader (Perkin Elmer,
Waltham, Massachusetts).

2.7 XL-PCR
Targeted cells were allowed to recover for 24 hours prior to DNA extraction with an Epicentre
MasterPure™ Complete DNA and RNA Purification Kit (Epicentre Biotechnologies,
Madison, WI). Isolated DNA was quantified with a NanoDrop ND-1000 spectrophotometer
(Thermo Scientific, Wilmington, DE) and then 120 ng was used in the XL-PCR reaction.
Mitochondrial primers 15149 and 14841 were used to generate a 16.2 kb fragment, while
nuclear primers 62007 and 48510 were used to generate a 13.5 kb fragment [25].

3. Results
The correction of a single base mutation in an integrated copy of the eGFP gene results in the
emergence of green fluorescence in transgenic HCT116-19 cells [11]. This cell line was created
to serve as a model system for the rescue of a point mutation in a single copy gene directed by
single-stranded oligonucleotides (ODNs). As such, targeted gene alteration (TGA) can be
evaluated in a mechanistic fashion using a validated system wherein both genotypic and
phenotypic changes can be confirmed. Fig. 1 displays the sequence surrounding the target base
(in bold) in the mutant EGFP gene. Conversion of the G to a C changes a stop codon to one
encoding tyrosine, thereby restoring normal protein function. Oligonucleotides, EGFP3S/
72NT (72NT) and EGFP3S/72T (72T), are 72 bases in length containing three
phosphorothioate linkages between the terminal four bases to protect against nucleolytic attack
[see 24]. 72NT hybridizes to the non-transcribed strand while 72T binds to the transcribed
strand; both create the appropriate mismatched base pair at the target site (72NT, G•G; 72T,
C•C). In contrast, EGFP3S/72NT-PM (72NT-PM) binds with perfect complementarity to the
NT strand of the target gene; it should not stimulate TGA. Oligonucleotides designated as NS1
and NS2 have a nonspecific sequence that bears no complementarity to the target sites.

The experimental strategy for targeting mutant reporter genes such as eGFP has been widely
reported and extensively reviewed [see 6,26]. Briefly, cells (2.5×106) are electroporated in the
presence of the ODN after 24 hours of pretreatment with 2 μM aphidicolin. This drug is used
to synchronize cells in early S phase; upon washout and release progression through S phase
takes place. This protocol has been shown previously to enhance TGA activity [5,12,16,18,
24]. Twenty-four hours later, the cells are processed for FACS with the emergence of green
fluorescence indicating the presence of cells containing a wild-type (corrected) eGFP gene.
Corrected cells are quantitated by counting live fluorescent cells and dividing by the total
number of live cells [24]. This determination generates a value referred to as the correction
efficiency (CE), which is often presented as a percentage (%). This experiment was carried out
using three ODNs designed to target mutant eGFP in HCT116-19 cells as illustrated in Fig. 1.
The results are depicted in Fig. 2. A dose-response is evident from 2-8 μM when 72NT is used
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but the two other ODNs promoted either no TGA or at levels not detectable by FACS. The
dramatic increase in CE when 2 μM ODN is raised to 4 μM (72NT), represents what is likely
to be a mass action effect in which a certain threshold level of ODN must be present in order
to initialize TGA [26,27]. Correction bias favoring the NT strand is also evident, a phenomenon
reported previously by many investigators [24,28-30], some of whom hypothesize that the
transcriptional activity on the T strand leads to a dislodging of the 72T ODN [29]. Taken
together, these data confirm that TGA activity leads to the correction of a single copy mutant
eGFP gene by the 72NT ODN in HCT116-19 cells.

High levels of correction are attained when approximately 4.82×1014 molecules of ODN are
transfected into 2.5×106 cells. This large excess of ODN appears to be required so that enough
targeting molecules can enter the cell, traverse the cytoplasm and pass into the nucleus.
Previously, we and others have reported that single-stranded ODNs activate a DNA damage
signaling pathway leading to an activation and accumulation of a group of proteins associated
with DNA recombinational repair [5,12,14]. We confirmed those observations in HCT116-19
cells first by visualizing the penetration of the ODN into the cells using confocal microscopy,
then, we looked for the activation of the DNA damage response protein, pH2AX, in cells that
had taken up the ODN. Fig. 3A displays typical images of transfected cells bearing
fluorescently-tagged ODNs. The majority of ODNs localize in the cytoplasm at the 24 hours
post-electroporation time point; DAPI is used as a stain to demarcate the nucleus. Single-
stranded ODNs do penetrate the nucleus and apparently lead to the activation pH2AX, as seen
in the images presented in Fig. 3B. H2AXγ is a universally accepted protein marker of DNA
damage, often in the form of double-strand breaks [31-33]. The anticancer drug, CPT, which
introduces irreversible strand breaks, is used as a positive control and, in fact, H2AX activation
is readily observed under these reaction conditions. As seen in Fig. 3A and 3B, the number of
cells bearing Cy3-ODN roughly corresponds to the level of pH2AX induction within the entire
population. Induction of pH2AX is followed by the activation of cell cycle checkpoint proteins,
Chk1 and Chk2, which together contribute to the stalling of DNA replication [5,12,18], and
the elevation of TGA activity [11]. Here, the introduction of single-stranded ODNs activates
a signaling pathway that can severely impact cell cycle progression and cell metabolism via
the response to free ends.

We wondered if the activation of pH2AX and its downstream partners arise not only from the
presence of single-stranded (ODN) free ends but also from nascent DNA-strand breaks caused
by the TGA reaction itself. Hence, an analysis of genomic DNA integrity in the target cells
was carried out under the same reaction conditions that support the highest level of TGA, i.e.
8 μM 72NT for 24 hours. Single-stranded breaks were monitored by the COMET and XL-PCR
assays. The COMET assay is based on the appearance of a tailing halo in cells reflecting single-
strand interruptions in genomic DNA (Trevigen, Gaithersburg, MD). In this assay, cells and
agarose are combined and then exposed to alkaline which causes membrane degeneration and
DNA denaturation. After the extract is electrophoresed on a slide, SYBR green is used to stain
for DNA; the appearance of a cone-shaped tail indicates breakage. The results of the COMET
assay, shown in Fig. 4, demonstrate that the targeting ODNs induce single-stranded DNA
breaks. Fig. 4A shows a representative time course experiment where HCT116-19 cells, treated
with 8 μM of a particular ODN, were allowed to recover for either 8, 12, 16, or 24 hours post-
electroporation (after introduction of the ODN). HCT116-19 cells all show a similar pattern
of COMET appearance 12 hours post-electroporation and with an apparent recovery after 24
hours as judged by a severe reduction in halos. Percent COMETs per treatment are quantified
in Fig. 4B and suggest an ODN-independent single-strand break activity since the control (No
ODN) exhibits the same pattern described above. However, it is pertinent to consider that cells
treated with ODN experience a significant delay in replication; a process that can generate
transient single-stranded breaks [13,16,18,34,35]. Therefore, the demonstrated lag in
replication in ODN-treated cells, as seen with both the BrdU incorporation assay (Figure 4C)
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and cell counts after recovery (data not shown), implicate that ODN treatment is responsible
for some degree of single-stranded break occurrence independent of normal cellular
replication. For example, by 16 hours of recovery the amount of replication is significantly
lessened in ODN-treated cells, but the amount of single-strand breaks is similar between 72NT,
72T, and control (No ODN) treated cells. This is indicative of the targeting ODNs having a
positive effect on single-strand break occurrence since the level of single-strand breaks in
ODN-treated cells cannot be explained by replication alone. This is more clearly demonstrated
when the percent of COMETs is compared to the number of cells present at time of collection,
a number representative of the level of cellular replication (Figure 4D). Here, the amount of
single-stranded DNA breaks in cells treated with targeting ODN appears significantly higher
than in samples where cells were treated with nonspecific ODN or without ODN. And since
the single-stranded breaks seen at 16 hours are resolved by 24 hours without the ODN-treated
cells replicating (Fig. 4C) it follows that the level of single-stranded DNA breaks induced by
the targeting ODNs is independent of single-stranded breaks contributed by DNA replication.

To our surprise, the NS ODN elicits less single-stranded breaks than the targeting ODNs and
so the specificity of the targeting ODN reaction was investigated by mixing the targeting ODN
72NT with NS ODN in different molar ratios with a final concentration of 4 μM respectively.
As seen in Fig. 4E, diluting the 72NT ODN with NS ODN drastically decreases the amount of
single-strand DNA breaks induced. Interestingly, in the HCT116-19 cell model system,
dilution of targeting ODN with NS ODN concurrently decreases correction efficiency (data
not shown), in contrast to some evidence suggesting that addition of NS ODN raises correction
efficiency either by sequestering factors inhibitory to the TGA reaction or mass action [36,
37].

Next, we employed a gene specific Q-PCR assay, XL-PCR, to look for breaks in genomic
(nuclear and mitochondrial) DNA under conditions that enable TGA. This assay is based on
the concept that genomic DNA containing lesions will amplify less effectively than genomic
DNA with fewer lesions [25]. As such, DNA containing strand breaks will produce a lower
number of amplicons than intact DNA samples. Using this rationale, it is possible to
discriminate between host nuclear and mitochondrial DNA by using a set of primers unique to
each genome. Importantly, this assay can be used to compare nonspecific effects of the ODN
on nuclear DNA (nDNA) and mitochondrial DNA (mtDNA). For our analysis of mtDNA, we
chose primers that amplify a mitochondrial specific fragment of 16.2 kb; for nuclear DNA we
used primers that amplify a 13.5 kb fragment of the β-globin gene [25]. Here, we ask whether
random DNA breaks are elevated in the presence of ODN. Since the targeting ODNs show an
increased level of single-stranded breaks, the 72NT, 72T and the 72NT-PM ODNs were
electroporated into HCT116-19 cells and after 24 hours, mitochondrial and genomic DNA were
amplified by the specific primers described above to determine if the single-stranded breaks
are being induced randomly throughout the genome. As shown in Table I, the mtDNA sample
does not exhibit a statistically significant difference in DNA breaks as compared to the mock-
transfected cells. The same is true for the nDNA samples except for one point; 72NT-PM does
produce a statistically significant difference, albeit at a low confidence level. But, the 72NT
ODN, which produces the highest level of TGA when introduced into HCT116-19 cells, does
not induce random single-stranded breaks in mtDNA or nDNA. Taking the results of the
COMET and XL-PCR assays together, we believe that the reaction conditions at which the
ODN that promotes TGA at discernable levels does increase the number of single-stranded
breaks in HCT116-19 cells, most likely at or near the target gene site.

3.1 Induction of double-stranded DNA breakage by TGA
We next examined whether double-stranded DNA breaks (DSBs) are formed during the TGA
reaction by carrying out pulse-field gel electrophoresis (PFGE) on treated samples. We have
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used this technique previously to analyze how anti-cancer agents influence the frequency of
TGA [38]. In PFGE, DSBs in DNA are detected by the capacity of shortened chromosomal
fragments to migrate through an agarose gel within a constantly changing electric field. We
monitored double-strand breakage under conditions that promote efficient TGA activity (4
μM). The reaction was carried out in HCT116-19 cells for 24 hours and the samples processed
for PFGE. The results are presented in Fig. 5A and in reactions containing ODNs specific for
the target site (72NT, 72T, 72NT-PM), DNA breakage is seen; in contrast, samples containing
mock electroporated cells or cells treated with the nonspecific ODN exhibited a very low level
of double-stranded breakage. While there is some difference in the degree of breakage among
various cells treated with site-specific ODNs, the variance is likely not statistically significant.
CPT is used as a positive control and generates DNA breakage vis-à-vis the appearance of a
faster migrating band and a smear throughout the lane. Fig. 5B shows that the DSBs induced
by the ODNs exhibit a dose-response, similar to the dose response in the correction efficiency
of the ODNs; increasing concentration correlating to both increasing DSBs and correction
efficiency. However, the NS ODN maintains a lower level of DSBs than the targeting ODN
regardless of concentration.

Since the HCT116 cell line is mismatch repair deficient, we wanted to employ the use of another
human cell line with no known mismatch repair deficiencies to confirm that the ODN induced
DSB occurrence is a more universal mechanism. For this purpose, a DLD1 cell line that has
the mutant eGFP gene stably integrated into it (DLD1-1) was treated with increasing amounts
of either the 72NT or NS ODN and allowed to recover for 24 hours prior to harvesting for
PFGE. As can be seen in Figure 5C, a dose-dependent response is seen when the cells were
electroporated with increasing concentrations of the targeting ODN, whereas minimal DSB
occurrence is seen in cells treated with an NS ODN. Therefore the mechanism of ODN induced
DSB occurrence is not a factor of a lacking mismatch repair response.

To investigate the specificity of ODN induced DSB occurrence, a mixing experiment similar
to the COMET mixing experiment (Fig. 4E) was performed. Here, 4 μM of ODN is maintained
but the composition of the reaction is changed. To confirm specific ODN activity, we mixed
specific and nonspecific ODNs in the ratios indicated (Fig. 5D and 5E). For example, NS1NT3
indicates that 3 times as much ODN targeting the non-transcribed strand is present in the
reaction; NS0NT4 means only NT ODN is present. These combinations of ODNs were
electroporated into the cells and 24 hours later, the amount of double-strand breakage was
evaluated using PFGE. Fig. 5D reveals that the extent of double-strand breakage reflects the
level of the specific NT ODN present in the reaction in a dose-dependent fashion. We see the
same response from a mixing experiment in which 72T and NS were used (4 μM total, once
again) where breakage depends on the level of specific ODN in the reaction (Fig. 5E). In both
cases, the capacity to support double-stranded DNA breakage can be diluted by increasing the
level of NS ODN transfected into the cells. We have replicated these experiments with ODNs
bearing different nonspecific sequences (all of which are noncomplementary to the target gene
and human genome) and none of them induced double-stranded DNA breakage (data not
shown). Hence, our data suggest that the process of TGA directed by ODNs that target the
specific site, results in single- and double-stranded DNA breakage within the cell and the
amount of this breakage correlates with correction efficiency.

Another factor known to influence correction efficiency of the TGA reaction is the cell cycle.
Previously, we demonstrated that slowing progression through S-phase increases the time spent
in S-phase significantly which results in increasing correction efficiency [11,17,18]. Since the
DSBs induced in the TGA reaction correlate positively to correction efficiency, we wanted to
investigate if the DSBs were dependent upon S-phase progression. To accomplish this,
HCT116-19 cells were pre-treated with 2 μM aphidicolin for 24 hours prior to electroporation.
Cells were electroporated with 8 μM of different ODNs and allowed to recover for 24 hours
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in full growth media supplemented with 2 μM aphidicolin. Cells were then harvested and part
of the reaction processed for PFGE. The remaining part of the sample was resuspended in cell
cycle FACS buffer [17] and analyzed using a Becton Dickinson FACScalibur flow cytometer
(Becton Dickinson, Franklin Lakes, NJ). Fig. 6A shows that DSB formation is not affected by
reduced cell cycle progression of the entire population into and through S-phase. Fig. 6B
confirms that targeted cells have been substantially blocked in early S or at the G1/S border
by treatment with aphidicolin as predicted. Hence, DSB formation does not appear to be
affected by cell cycle progression, but seems to correlate with correction efficiency of the TGA
reaction.

4. Discussion
Targeted gene alteration remains a viable approach for creating single base changes in genomic
DNA [6]. The mechanism of the nucleotide exchange reaction is being studied in several model
systems including yeast, worms, bacteria and cultured human cells. In many cases, the target
gene is a reporter construct that enables confirmation of genetic alteration by both phenotypic
and genotypic readout. Recently, the regulation of TGA has been a particular focus of work in
several labs and the consensus view is that S phase is the part of the cell cycle when TGA
activity is maximized [11-13,39]. Slowing down the progression of a cell through S phase, by
reducing the rate of replication, enhances the frequency with which TGA takes place [5]. This
is due, in all likelihood, to maintenance of an open chromatin configuration created by stalled
replication forks. But, little is known about metabolic or nucleolytic events that take place
either at the target site or as a function of base exchange itself. While it is clear that D-loops
are created during the initiation or pairing phase of the reaction [3,40,41], the resolution phase
of TGA, in which the ODN strand is incorporated into the genome, remains to be elucidated
[9,42].

We report here that DNA breakage is associated with TGA. There is an increase in the level/
number of single-stranded breaks and the appearance of double-stranded breaks in a population
of cells that are being targeted for correction. In our experiments, we targeted a single copy of
the mutant eGFP gene integrated into HCT116 cells and monitored DNA breakage as a function
of the TGA reaction. On a purely mechanistic level, our results validate previous observations
made by several labs, using a variety of different gene and cell systems [11,26 and references
therein]. Transfection of increasing levels of ODN results in higher levels of gene repair [6]
and targeting the non-transcribed strand of the mutant gene leads to a significantly higher level
of gene repair than targeting the transcribed strand [7,9,24,28,39,43]. An ODN bearing
complete complementarity does not catalyze any TGA reaction even though it is known to pair
stably at the target site. This last observation is at least consistent with the belief that TGA
activity acts with some degree of specificity.

The activation of H2AX, as seen in Fig. 3, and related proteins [5,12,38] have led us to suspect
that some DNA breakage might take place during TGA. Our results are consistent with the
notion that strand interruptions result from TGA activity and that sequence homology enhances
the level of single-strand breaks found in treated cells. This conclusion is based, in part, on
data generated in the COMET assay by taking into consideration the decrease in replication
rates of cells transfected with the ODN. Clearly, a higher number of breaks is observed in cells
transfected with target-specific ODNs (see Fig. 4D).

Double-stranded DNA breakage is also observed as a result of ODN-promoted TGA activity.
The response is dilutable and dose-dependent as breakage can be eliminated when the specific
targeting ODN is replaced with nonspecific ODNs (Fig. 5). The unexpected result is that ODNs
targeting either the non-transcribed or the transcribed strand induce DSBs at equal levels.
Furthermore, an ODN designed to hybridize to the target site with perfect complementarity
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also induces dsDNA cleavage, yet only the 72NT ODN supports TGA activity in the HCT116
cell system. These data suggest that initial pairing of the ODN to the target site provides a
substrate for DNA cleavage in a reaction mediated perhaps by enzymes involved in DNA
replication or recombinational repair. We have shown that an ODN paired at the target site
creates a three-stranded complex, which may evolve into a preferred substrate for nuclease
cleavage [3,40,44]. In yeast, nucleolytic activity in the TGA reaction is promoted by Mre11
[8]. Striking similarities exist between the mechanism of TGA in yeast and mammalian cells
as they are currently defined. Both require DNA pairing activities in the cell to form a common
D-loop structure; both missense and frameshift mutations can be repaired with comparable
efficiencies; and, TGA is regulated by both suppressor and enhancer protein activities in yeast
that have functional homologs in mammalian cells [5,7,12,45,46]. So, it is likely that an Mre11-
like function in HCT116 cells drives the DNA breakage, and we are currently determining the
identity of the nuclease(s) catalyzing cleavage in mammalian cells.

The appearance of DNA breaks in reactions involved in nucleotide exchange, are not without
precedent. Wang et al. [47] showed that ssODNs can produce specific deletions in plasmid and
genomic DNA in mammalian cells. This activity was precise in nature since the readout was
the generation of functional eGFP, but strand breaks undoubtedly took place. These results
align with our data although the frequency of correction is low.

Chromosomal patch repair directed by ODNs relies on the creation of a DNA lesion at the site
prior to the addition of the ODN [48-52]. ODNs then act to bridge the break site, essentially
patching the lesion and providing a template for repair; RNA may also function in this type of
repair reaction. Our data suggest that pre-existing DSBs at the site of correction are not a
prerequisite for TGA and thus, in this case, breakage may follow or be coincident with the
nucleotide exchange reaction.

Two issues remain to be addressed; is the break within or at the target site and why is ds
breakage, stimulated by 72T and 72PM even though these two ODNs do not support detectable
TGA in HCT116 cells? With regard to the site(s) of breakage, we are beginning a detailed
study to map the location of any and all DSBs in genomic DNA. In response to the question
of why breaks are seen in the absence of correction, our first hypothesis is based on the fact
that the target site is transcriptionally active, and thus the D-loop structure could be viewed as
a helix distortion by the cell's metabolic machinery. This structural aberration would thus
engage TCR-related repair activities that involve nucleolytic cleavage or excision. If the
transcribed strand is targeted, then the repair may be biased toward the strand in the helix rather
than the invading strand (ODN). As such, 72T would be removed prior to directing a TGA
event. In contrast, since 72NT is not directly impeding the movement of RNA polymerase on
the transcribed strand, TGA may be take place prior to scission and resolution, assuming that
TGA is not reliant on scission for nucleotide exchange. In yeast, ODNs designed to hybridize
to the transcribed strand of the target site can be displaced by transcriptional activity and
movement of RNA polymerase [29]. This may also account for the widely observed bias toward
correction on the non-transcribed strand.

The data reported herein also enable us to develop a second hypothesis to explain our results.
The creation of strand breaks may be a byproduct of the processing and/or resolution of a
reaction intermediate, the stabilized D-loop. In one proposed mechanism of TGA, a sequence
complementary ODN is aligned in homologous register with the target site [26]. Once bound
stably, the ODN is incorporated into an actively growing replication module providing a primer
for extension, akin to an Okazaki fragment [9]. As described above, the incorporation of an
ODN into a replication bubble, specific for a particular complementary sequence of a
replicating genome may induce fork stalling. This action could be a response to the presence
of the D-loop or may be the result of an untethered double-stranded region near the fork. In
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either case, mechanical stress or nucleolytic attack leads to DNA cleavage at such chromosomal
sites [19]. It is pertinent to point out that the lagging strand of the target site has been shown
to be more amenable to TGA [53]. These observations are predictable if we can assume that
ODN incorporation plays a major role in generating a repaired gene. Thus, the non-transcribed
strand may also be the lagging strand; both T and NT ODNs pair at the site to enable breakage,
but only the NT ODN incorporates producing a “corrected” sequence. Incorporation itself
likely requires some strand breakage during strand assimilation, both of which can leave the
“footprints” we observe. We cannot conclude that such breaks are irrefutably associated with
successful correction but the evidence certainly points to what appears to be a link between
genomic cleavage and TGA.
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Fig. 1.
The target eGFP sequence has a single base mutation (bold) that codes for a premature stop
codon and produces truncated, non-functional eGFP protein. Specific oligonucleotides (ODNs)
were designed to bind the non-transcribed (NT) strand of the target eGFP gene (72NT and
72NT-PM) or the transcribed (T) strand (72T), (*) denotes phosphorothioate linkages. 72NT-
PM is a perfect match oligonucleotide that complements the NT strand exactly, whereas, 72NT
and 72T have one designed central mismatch to induce targeted gene alteration in the eGFP
gene (bold). There were two nonspecific (NS) ODNs utilized throughout the experiments,
neither bind the target eGFP gene.

Bonner and Kmiec Page 13

Mutat Res. Author manuscript; available in PMC 2010 October 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Correction efficiency of integrated eGFP gene in HCT116-19s using FACS. HCT116-19 cells
were pre-treated with 2 μM aphidicolin and then electroporated with 2, 4, or 8 μM of respective
ODN. Cells were allowed to recover for 24 hours prior to FACS analysis. Correction efficiency
was determined as number of GFP positive cells over number of live cells in the population.
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Fig. 3.
(A) Confocal image of fluorescently-tagged oligonucleotide in and around the cell nucleus.
HCT116-19 cells were electroporated with 8 μM of Cy3-labeled ODN (red) and allowed to
recover for 24 hours. DAPI was used to label nucleus (blue). (B) Presence of ssODN stimulates
H2AX activation. Confocal image of pH2AX in HCT116-19 cells in the presence of 8 μM
72NT. Camptothecin (CPT) (300 nM) treatment serves as positive control.
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Fig. 4.
(A) COMET assay shows single-stranded DNA breaks with and without the presence of 8
μM ODN. CPT (300 nM for 24 h) is used as a positive control. (B) Quantification of COMET
time course. Average percent COMETs per field was used to compare between treatments over
time. Error bars are standard error. (C) BrdU incorporation in ODN-treated and untreated cells
over time demonstrates that ODN inhibits the level of cellular replication. Cells without ODN
present are able to replicate at a higher level. Error bars are standard error. (D) Normalizing
the average percent COMET data (B) to the cell counts for each treatment over time highlights
the significant level of single-strand breaks present in cells treated with targeting ODN at 16
hours post-electroporation that are independent of replication. (E) Mixing experiment shows
that addition of NS ODN significantly reduces the amount of single-strand breaks associated
with targeting ODN presence in cells. 72NT and NS ODNs were mixed in molar ratios totaling
4 μM ODN. As in (D), average percent COMETs are normalized to cell count.
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Fig. 5.
(A) Pulse-field gel electrophoresis (PFGE) of HCT116-19 cells 24 hours after being
electroporated with 4 μM of respective ODN after 24 hour pre-treatment with 2 μM aphidicolin.
A non-specific (NS) ODN does not induce double-strand breaks, whereas ODNs specific to
either the NT or T strand do. (B) PGFE of HCT116-19 cells, 24 hours after electroporation,
shows DSB formation is dose-dependent. 72NT and NS ODNs were present at 2, 4, and 8 μM.
(C) PFGE of HCT116-19 cells, 24 hours after electroporation, with 4 μM total ODN (72NT
and non-specific) in specified molar ratios. (D) Pulse-field gel of HCT116-19 cells, 24 hours
after electroporation, with 4 μM total ODN (72T and non-specific) in specified molar ratios.
Increasing the molar ratio of NS ODN relative to either the 72NT or 72T ODN decreases the
amount of DSBs.
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Fig. 6.
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(A) PFGE of HCT116-19 pre-treated with 2 μM aphidicolin for 24 hours, electroporated with
8 μM ODN, and then allowed to recover for 24 hours in full growth media supplemented with
2 μM aphidicolin to block S-phase progression. (B) Cell cycle profiles of HCT116-19 cells
after 24 hours recovery in the presence of 2 μM aphidicolin show the majority of cells are still
in early S-phase.
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Table 1
Results of extra-long nuclear and mitochondrial PCR amplification using 8 μM of designated oligonucleotide presented
with the corresponding correction efficiencies.

Oligonucleotide Relative Amplification of nDNA Relative Amplification of mtDNA Correction Efficiency (%)a

72NT 0.75 ± 0.25 0.99 ± 0.29 2.01 ± 0.10

72T 0.74 ± 0.24 1.18 ± 0.27 0.01 ± 0.00

72NT-PM 0.38 ± 0.20 * 1.61 ± 0.59 0.00 ± 0.00

a
Errors are standard error.

*
p = 0.036.
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