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Differential effects of poly(ADP-ribose) polymerase
inhibition on DNA break repair in human cells are
revealed with Epstein—Barr virus
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Poly(ADP-ribose) polymerase (PARP) inhibitors can generate syn-
thetic lethality in cancer cells defective in homologous recombina-
tion. However, the mechanism(s) by which they affect DNA repair
has not been established. Here we directly determined the effects of
PARP inhibition and PARP1 depletion on the repair of ionizing
radiation-induced single- and double-strand breaks (SSBs and DSBs)
in human lymphoid cell lines. To do this, we developed an in vivo
repair assay based on large endogenous Epstein-Barr virus (EBV)
circular episomes. The EBV break assay provides the opportunity
to assess quantitatively and simultaneously the induction and repair
of SSBs and DSBs in human cells. Repair was efficient in G1 and G2
cells and was not dependent on functional p53. shRNA-mediated
knockdown of PARP1 demonstrated that the PARP1 protein was
not essential for SSB repair. Among 10 widely used PARP inhibitors,
none affected DSB repair, although an inhibitor of DNA-dependent
protein kinase was highly effective at reducing DSB repair. Only
Olaparib and Iniparib, which are in clinical cancer therapy trials, as
well as 4-AN inhibited SSB repair. However, a decrease in PARP1
expression reversed the ability of Iniparib to reduce SSB repair. Be-
cause Iniparib disrupts PARP1-DNA binding, the mechanism of in-
hibition does not appear to involve trapping PARP at SSBs.

base excision repair | BRCA

Poly(ADP—ribose) polymerases (PARPs) are a family of enzymes
that catalyze ADP ribosylation of a variety of cellular factors
(1). Interest in PARPs, especially PARP1, was intensified by the
discovery that PARP inhibition is toxic for cancer cells that are
defective in the homologous recombination (HR) genes BRCA1
and BRCA2 (2, 3). These mutations are found in breast and
ovarian cancer (4). Increased sensitivity to PARP inhibition has
also been observed with cells defective in other DNA double-
strand break (DSB) repair genes such as MRE11 (5) and ATM
(6, 7). Despite these findings and the promising clinical utility of
PARP inhibitors in treating HR-deficient cancers, the underlying
mechanism(s) remains elusive. PARP1 and PARP2 are generally
considered important enzymes in single-strand break (SSB) repair
(8-10). Therefore, the synthetic lethality between PARP in-
hibition and HR defects has been attributed to accumulation of
SSBs, which are subsequently converted to DSBs (11). However,
unlike PARP inhibition, depletion of PARP1 resulted in only
modest toxicity in BRCA2-deficient cells (2). Given the wide-
ranging biological consequences expected from PARP inhibition,
the synthetic lethality in cells with an HR defect might go beyond
effects on just DNA repair. Elucidating the mechanisms of action
is critical to addressing the efficacy of PARP inhibitors, un-
derstanding mechanisms of drug resistance, as well as extending
PARP-related treatment to other types of cancers.

Because PARP participates in DNA repair processes, it is
important to examine the effects of inhibitors on DNA damage
and repair, especially SSBs and DSBs, which can lead to genome
instability. Despite many repair studies in human cells, there is
a lack of robust systems for accurate in vivo measurement of
randomly induced SSBs and DSBs, thereby limiting opportunities
to investigate underlying mechanisms of induction and repair, as
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well as the role of PARP. Currently, the most commonly used
approach to detect random DSBs uses immunostaining of DSB-
related biomarkers such as y-H2AX (12). This approach is sen-
sitive and has provided considerable understanding of proteins
recruited to damage sites. However, detection of DSBs is indirect,
and there are limitations with regard to knowing which proteins
are directly required for repair and which are related cofactors
that are part of downstream signaling or chromatin modification
events. The comet assay, another commonly used approach, vis-
ualizes damage within the mass of nuclear DNA when DNA is
subjected to an electric field. Comet assays are widely used to
detect SSBs/DSBs as well as other lesions that can be converted
into DNA strand breaks, such as alkali-labile sites (13, 14).
However, the actual incidence of breaks cannot be determined
directly, and there are limitations on assessing the specificity of
the damage response (15, 16).

We have developed an approach for detecting SSBs and DSBs
in human cells based on our previous findings with circular chro-
mosomes in budding yeast. A single DSB dramatically changes the
migration pattern of the chromosome during pulsed-field gel
electrophoresis (PFGE) (17) because a DSB converts a circular
chromosome into a unit-length linear form. We describe a human
cell system based on Epstein—Barr virus (EBV) episomes. These
minichromosomes are large circular molecules (165-180 kb) that
have many human chromosome features, including nucleosomes
with spacing typical of human chromatin (18, 19). Moreover,
replication, which occurs only once per cell cycle, is controlled by
host proteins (20), which makes this system ideal to study cell
cycle-dependent DNA repair events. Here we show that the EBV
break assay can assess directly and accurately the formation and
repair of both SSBs and DSBs.

To address the impact of PARP and PARP inhibitors on DNA
repair, we have used human lymphoblastoid cells containing the
circular EBV episomal genome to assess ionizing radiation-
induced SSB and DSB as well as repair. We evaluated the inhibi-
tory properties of various widely used PARP inhibitors, including
those showing clinical potential for cancer treatment such as Ola-
parib and Iniparib (21, 22). In addition, we confirmed the impor-
tant difference between PARP knockdown and chemical inhibition
of PARP on DNA strand break repair in vivo.
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Results

Simultaneous, Quantitative Detection of SSBs and DSBs in Human
Cells. Yeast circular chromosomes have been used in combination
with PFGE to monitor the formation and repair of DSBs (17, 23) as
well as resection in vivo (24, 25). Large circular chromosomal DNA
molecules (~300 kb in Saccharomyces cerevisiae) are retained in the
starting well during PFGE; however, a single random DSB gen-
erates a unit-length linear molecule detectable as a single band by
Southern blot (Fig. 1). Previously, Johnson and Beerman (26)
reported a similar approach to detect DSBs in EBV episomes from
EBV-infected cells when the DNA was irradiated in plugs. We
extended our yeast approach to EBV to quantitate radiation
damage and repair within human cells. The EBV system provides
the opportunity to monitor simultaneously the induction and re-
pair in vivo of not only DSBs but also SSBs.

Without irradiation, two forms of EBV are detected in the
DNA from Raji cancer cells (Burkitt lymphoma) or LCL35
EBV-transformed lymphoblast cells, as described in Fig. 14. The
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Fig. 1. Detection of SSBs and DSBs in EBV. (4) IR changes the topology of
EBV molecules in vivo in a dose-dependent manner. Following PFGE of ir-
radiated cells, breaks in chromosomes were detected by ethidium bromide
(Eb) staining (Left). The lower compaction band corresponds to broken high-
molecular weight molecules. Southern blotting with an EBV-specific probe
(Right) revealed three forms of EBV: relaxed circles (top band) that are not
able to enter the gel, unit-size linear EBV molecules (bottom band) that were
due to single DSBs in the EBV molecules, and supercoiled EBV (middle band).
Note: The linear molecules arose primarily from DSBs in relaxed molecules
that would have appeared in the well before IR. (B) Demonstration that the
middle band is supercoiled EBV. Duplicate chromosomal DNA samples
without damage were run on PFGE for 6 h to let the proposed “supercoil”
DNA run out of the well. The well was then removed from one of the lanes
to leave only the supercoiled DNA in the lane. Each gel slab containing the
two lanes was irradiated, followed by PFGE for another 18 h. EBV was
detected by Southern blotting. Without irradiation, the initial supercoiled
band moves to a new position. However, because of nicking by the radiation
the supercoiled DNA is relaxed, preventing further movement of the band.
The radiation also generated broken molecules (i.e., induced DSBs) that
would give rise to two linear EBV bands for the left lane (derived from DNA
in the well and supercoil band) and only one for the right lane.
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majority of the molecules detected with the EBV-specific probe
remained in the well. Following irradiation, there is loss of the
upper band as well as the appearance of a much faster moving
band that corresponds to linear EBV (based on a comparison
with DNA markers) resulting from random single DSBs. Multi-
ple DSBs result in a broad smear of DNA (17).

The mobility of the upper band and the loss at small doses
suggested that this might be due to EBV supercoils, in which
case SSBs would relax the material, preventing entry into the gel.
If this were the case, then loss of the upper band would provide
a direct measurement of SSBs. To demonstrate that the upper
band is indeed supercoiled EBV, we examined the consequences
of radiation on this band using the approach described in Fig. 1B,
because SSBs would relax these molecules. Several plugs of
unirradiated DNA were subjected to PFGE (6 h) to create lanes
that had EBV DNA (presumably relaxed DNA) retained in the
plug and a band of fast-running DNA (proposed supercoiled
form). The gels were sliced so that each slice had two lanes; four
slices with two lanes each were created. The four slices were
irradiated with 0, 25, 50, or 100 Gy and subjected to further
PFGE. If the upper band of DNA was actually due to super-
coiled EBYV, irradiation would lead to nicks and relaxation,
preventing further movement upon the second round of PFGE.
As shown in Fig. 1B, the EBV band in the unirradiated slab
moved much farther during the subsequent PFGE, and there was
no additional material contributed by the DNA in the well
(compare left and right lanes after 0 dose to slab). However,
irradiation with as little as 25 Gy essentially prevented any fur-
ther migration of the band. We conclude that this is due to re-
laxation of the supercoiled form, which prevents further PFGE
migration. In the right lane of each irradiated slab there was also
a single higher-mobility band that was due to the linearization of
molecules in the supercoiled band. In the left lane there were
two fast-moving bands corresponding to linearized EBV from
the plug and linearized DNA from the supercoiled band.

Thus, the mobility of supercoiled EBV provides a sensitive
assay for monitoring SSB formation and repair in vivo. Because
a single SSB would transform the EBV supercoil into a relaxed
circle that remains trapped in the well, the efficiency of SSB
induction can be determined by applying Poisson distributions to
model the loss of material from the supercoiled band (SI Mate-
rials and Methods). The method does not allow an estimate of
nicked and unnicked circles that remain in the well. For example,
the incidence of SSBs resulting from 100 Gy is 11.3 SSBs/Mb,
which would correspond to 680 SSBs/Gy in the human genome,
as described in Table 1 (assuming 6 x 10° bp per diploid ge-
nome). Similar values have been obtained with less direct
methods (27). The induction of DSBs can also be quantitated
based on Poisson distribution by determining the appearance of
material with a single DSB (i.e., the fast-moving linear band in
Fig. 1; SI Materials and Methods). There was a near-linear in-
crease in material corresponding to ~0.016 DSBs-Mb~'.Gy™! or

Table 1. Measurement of in vivo SSBs and DSBs induced by
ionizing radiation

IR (Gy) SSBs/Mb DSBs/Mb SSBs/cell DSBs/cell SSB:DSB
5 1.23 (1.10-1.67) 0.09 (0.04-0.16) 7,380 540 13.7
10 2.14 (1.72-2.60) 0.16 (0.11-0.25) 12,840 960 13.4
20 3.41 (2.84-3.71) 0.33 (0.15-0.48) 20,460 1,980 10.3
50 5.43 (3.95-5.56) 0.59 (0.47-0.66) 32,580 3,540 9.2
100 9.77 (9.24-10.95) 1.15 (0.71-1.21) 58,620 6,900 8.5
200 19.26 (18.3-22.9) 2.33 (1.53-2.48) 115,800 13,980 8.3

Number of SSBs and DSBs was calculated as described in S/ Materials and
Methods. Values presented are in the format of median and range (in paren-
theses) from five independent measurements. SSBs or DSBs per cell were cal-
culated assuming a genome size of 6 x 10° bp in G2 phase (4N DNA content).
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~100 DSBs/Gy in the genome of human diploid cells (Table 1).
This value corresponds to the range of 63—-70 DSBs/Gy per cell
from previous estimates (27) and nearly twice that measured in
yeast with the same approach using changes in a circular chro-
mosome (24). Comparable values of SSBs and DSBs were found
for LCL35 cells, which have fivefold fewer copies of EBV than
the Raji cell line (~10 vs. ~50), consistent with previous studies
in which the initial number of DNA breaks is independent of cell
type (28, 29).

Using the EBV system, the ratio of SSB:DSB lesions induced
in vivo by radiation was ~10 over a 10-100 Gy dose range (Table
1), consistent with previous measurements with plasmids (30). The
reduction in the SSB:DSB ratio with increasing doses also fits with
previous data and proposed models (31, 32). Whereas a DSB
could be generated if SSBs on opposite strands are closely spaced,
we previously showed that for random SSBs generated during
repair of methyl methanesulfonate (MMS) damage, only a few
DSBs were produced following the generation of thousands
of SSBs (17). The present ionizing radiation (IR) results are
consistent with multiple free radicals being produced by single
radiation events within a radius of only a few nanometers to
generate DSBs (33).

Repair of IR-Induced DNA Breaks. The EBV system provides a unique
opportunity to quantitatively address repair of SSBs and DSBs.
As shown in Fig. 2, repair of SSBs was first detected within several
minutes after a dose of 100 Gy to a population of growing Raji cells
(most of which are in G1). There was a small increase in super-
coiled DNA by 10 min, and by 30 min about half the SSBs were
repaired. Eventually, the amount of supercoiled DNA reached
a level comparable to that before IR. The chromatin structure of
the EBV minichromosomes is likely to be retained, including
within the vicinity of breaks (34), so that repair of an SSB will result
in the reappearance of supercoils when the DNA is displayed with
PFGE. These results suggest that whereas before IR there is more
relaxed EBV than supercoiled (compare DNA in the well vs. the
supercoiled band), the reappearance of supercoiled molecules is
largely due to repair of the IR-nicked supercoiled molecules. In-
cluded among the sources of preexisting relaxed DNA in the well
are molecules that are replicating, gapped, or damaged.

Similar to SSBs, ~20% of the DSBs were repaired in the first 20
min; however, the subsequent reduction in broken molecules was
less, with nearly half remaining at 60-90 min. To address a possi-
ble role for nonhomologous end joining (NHEJ), a key pathway

Time (min) after 100 Gy
Lo eps e e P

Y LY Vv v = ¥

Supercoil| W

Linear -

SSBs repaired (%)
DSBs repaired (%)

0 10 23 41 52 61 73 79 71 73
0 11 21 27 37 40 48 54 62 64

Fig. 2. Simultaneous detection of repair of SSBs and DSBs. Raji cells were
y-irradiated at a dose of 100 Gy and then incubated in complete medium at
37 °C to allow repair. Cells were collected at the indicated times and pro-
cessed for PFGE and Southern blot analysis. The repair efficiencies of the
SSBs and DSBs are indicated at the bottom.
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for DSB repair in humans (35), we examined repair in cells ex-
posed to NU7026, an inhibitor of DNA-dependent protein kinase
(DNA-PK). Before irradiation, the population had been enriched
for G2 cells using nocodazole to enhance the capability for re-
combinational repair. Because there was considerable reduction in
DSB repair, with only ~10% repair at 2 h compared with over 50%
in mock-treated control cells, most of the early DSB repair was due
to NHEJ (Fig. 3B). Repair of SSBs and DSBs appears to be in-
dependent of one another, because the NU7026 effect on DSB
repair did not extend to SSBs. The subsequent limited repair could
be due to homologous recombination. In a less quantitative anal-
ysis, ethidium bromide-stained gels also showed slow repair of the
fragmented human genome in NU7026-treated cells compared
with that of no inhibitor and the PARP inhibitor 4-amino-1,8-
naphthalimide (4-AN) (Fig. S1).

Inhibition of SSB Repair by PARP Inhibitors. PARP inhibition has
been used in cancer chemotherapy when combined with various
drugs or in particular genetic backgrounds (11) where the degree
of PARP inhibition appears related to clinical outcome (36, 37).
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Fig. 3. Effect of PARP and NHEJ inhibitors on the repair of radiation-in-
duced breaks. (A) Repair of IR-induced breaks (100 Gy) in nocodazole-
enriched G2 Raji cells treated with PARP inhibitors: 20 pM DPQ; 50 pM
NU1025; 10 pM PJ34; 10 pM 4-AN; 20 pM Olaparib. Cells were collected at the
indicated times and processed for PFGE and Southern blot analysis. The re-
pair efficiencies of SSBs and DSBs are indicated at the bottom of each panel.
(B) Inhibition of DSB repair by the DNA-PK inhibitor NU7026 (10 uM). (C)
Repair of IR-induced breaks in p53-competent cells (LCL35) in the absence or
presence of 4-AN. LCL35 cells (p53*) enriched in G2 were exposed to 100 Gy
followed by incubation with or without the PARP inhibitor 4-AN (10 uM) and
then processed for PFGE and Southern blot analysis.
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The EBV system provides the opportunity to determine directly
the effect of commonly used inhibitors on the ability of cells to
repair IR-induced SSBs and DSBs.

Previously, the potencies of PARP inhibitors were mainly de-
termined based on in vitro evaluation of NAD™ turnover or syn-
thesis of poly(ADP ribose) chains in vivo (38). Although the
impact of PARP inhibitors on DNA repair has been assessed using
MMS sensitivity, comet assays, or H2AX foci formation, a side-by-
side comparison of potential inhibitors on DNA repair of radia-
tion damage has been lacking. Using the EBV system, we tested
the following 10 inhibitors for effects on IR-induced SSB and DSB
repair: 4-AN, NU1025, DPQ, PJ34, Olaparib, Iniparib, 1QD,
BYK204165, 3-AB, and DR2313 (See SI Materials and Methods
for full chemical names). Cells were incubated with nocodazole
before treatment with chemicals and IR to enrich for G2 cells and
increase opportunities for HR repair. Most inhibitors (7/10; see
DPQ, NU1025, and PJ34 in Fig. 34) had little or no effect on SSB
repair, with over 70% of SSBs repaired within 2 h following a dose
of 100 Gy. However, there was inhibition of SSB repair by 4-AN
(Fig. 34), Olaparib (Fig. 34), and Iniparib (Fig. 4D). Only 7% of
SSBs were repaired in 4-AN-treated cells at 2 h, and Olaparib
treatment resulted in almost no repair (Fig. 34). The effect of
Iniparib is weaker compared with 4-AN and Olaparib, resulting in
55% repair by 2 h (Fig. 4D). The efficiency of the inhibitors on
PARP catalytic activity was examined with an in vitro poly(ADP
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= Control Y 0 051 23 486 Y 0051 2 34 6
1.0 PARP1*?
o
o
S 08
=
C
2 0.6 o
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DSBs repaired (%) 0 8 26 385249 43 0 62330394847
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Fig. 4. PARP1 depletion does not affect repair, but relieves the inhibition of
repair by the PARP inhibitor Iniparib. (A) The level of PARP1 expression in
control cells (scramble) or PARP1 knockdown LCL35 cells (PARP1¥P) was
determined by RT-PCR and Western blot analysis, as described in Materials
and Methods. (B) Repair of SSBs and DSBs in control and PARP1KP cells fol-
lowing a dose of 100 Gy. The effect of PARP inhibitors, (C) Olaparib (20 M)
or (D) Iniparib (100 pM), on repair of SSBs and DSBSs in control and PARP1¥P
cells following a dose of 100 Gy. Cells were enriched for G2 by nocodazole.
Following incubation, cells were collected and processed for PFGE and
Southern blot analysis. (E) Description of how the different effects between
Olaparib and Iniparib might arise. Olaparib inhibits the catalytic domain of
PARPs and could trap a dysfunctional enzyme at the breaks, whereas Ini-
parib might prevent PARP1 binding but not other PARPs.
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ribosyl)ation (PARylation) assay. As shown in Fig. S2, all inhib-
itors used at the concentrations in the repair study, except Ini-
parib, efficiently inhibited PARylation. PJ32 and NU1025, which
did not inhibit SSB repair as efficiently as 4-AN, caused over 95%
inhibition of PARylation, which was greater than 4-AN. Thus,
inhibition of SSB repair may not always reflect direct effects on
PAREP catalytic activity. The less effective inhibition of Iniparib
might be due to a lack of direct targeting to the catalytic domain of
PARP1. There was little or no effect on DSB repair by any of the
PARP inhibitors (see examples in Fig. 34), suggesting that under
these conditions, PARP plays at most a minor role, even though it
targets many genes involved in DSB repair.

PARP1 Is Not Required for Repair of IR-Induced SSBs or DSBs. To
address further the possible role of PARP1 in DNA repair of IR-
induced breaks, we created LCL35 cell lines expressing shRNA
complementary to PARP1 (PARP1¥P). The PARPI mRNA
levels were decreased by more than 80% compared with control
cells expressing scrambled shRNA, and there was no detectable
protein (Fig. 44). As shown in Fig. 4B, PARPI is not required to
repair IR-induced SSBs or DSBs. Repair of both types of breaks
following a dose of 100 Gy was comparable between the PARP1
knockdown and the PARP1-competent control cells.

The dramatic difference between PARP inhibition by some
PARP inhibitors and PARP1 knockdown suggests that PARP1
protein per se is not required for SSB repair. Possibly it forms
blocked repair intermediates or affects other repair-associated
targets. To address the mechanism of PARP inhibition of SSB
repair inhibition, we examined the effects of 4-AN, Olaparib,
and Iniparib on repair in PARP1 knockdown cells. Control
(scramble) and PARP1¥P cells, enriched in G2 by nocodazole,
were treated with 100 Gy and repair was determined. The
knockdown of PARP1 did not prevent Olaparib inhibition, in-
dicating that Olaparib may target other proteins involved in SSB
repair, such as PARP2. Previous results with base-damaging
agents suggested that inhibitors might trap PARP1 at DNA
breaks, thereby uncoupling base excision repair (39). This hy-
pothesis was tested using Iniparib. Unlike 4-AN and Olaparib,
which mimic nicotinamide and compete for the catalytic domain
of PARP1 and PARP2 (and possibly others), Iniparib is pro-
posed to disrupt the interaction between PARP1 and DNA (40,
41) based on in vitro results. Iniparib inhibited SSB repair and
the inhibition could be reversed by knockdown of PARP1 (Fig.
4D), suggesting that inhibition requires interaction with PARP1.
Possibly Iniparib alters an interaction between PARP1 and re-
pair components or even traps PARP1 at damage sites within
cells, contrary to in vitro findings (Fig. 4F).

Repair of IR-Induced Breaks Is Not Affected by p53 or the Cell Cycle.
This study used two cell lines that contain EBV but differ in
functional status of the tumor suppressor p53: Raji cells are
mutated for p53 (Arg-213 and Thr-234), whereas LCL35 cells
retain wild-type p53 function. Besides modulation of cell-cycle
arrest in response to DNA damage, it has been suggested that
p53 may play a direct role in at least some repair processes, in-
cluding nucleotide excision repair (42, 43), base excision repair
(44), and recombination repair (45). Here we tested whether p53
status would affect repair of SSBs and DSBs induced by IR. The
Raji and LCL35 cells were treated with 100 Gy and subsequently
with PARP inhibitors. As shown in Fig. 3C, repair of SSBs and
DSBs was similar in both cell lines, suggesting that p5S3 was not
required for the efficient repair of IR-induced breaks. Further-
more, the strong inhibition of SSB repair by the PARP inhibitor
4-AN was not related to p53 status at early times (Fig. 3C);
however, there appeared to be reduced 4-AN inhibition in p53*
cells at later times.

We also compared repair of IR-induced DSBs and SSBs in G1
serum-deprived cells with the nocodazole-enriched G2 cells. There
was no apparent difference in break repair in Raji cells (Fig. S3).
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Discussion

The ability to detect three forms of EBV—Iinear, supercoiled,
and relaxed—has led to the development of a sensitive system
for direct and quantitative assessment of induction and repair of
DSBs and SSBs that are randomly induced by IR. Because EBV
has many chromosomal properties including chromatin organi-
zation, S phase-dependent replication, and much larger DNA
size compared with plasmid-based assays, we propose that the
EBV break assay is representative of damage and repair events
in chromosomes. The precise measurements of breaks and repair
are consistent with chromosomal results based on more indirect
methods with chromosomal material including comet and gross
PFGE measurements of fast-moving chromosomal materials
(FAR analysis) (46).

The ability to simultaneously monitor SSBs and DSBs makes
the EBV break assay a unique system for addressing in vivo repair.
Supercoiled DNA of SV40 virus (which is much smaller, ~5 kb)
had previously been used to address SSBs and DSBs induced
in vivo by y radiation (47, 48). Cells containing recently transfected
virus were irradiated with high doses (1,000 and 2,000 Gy); how-
ever, there was no repair. The levels of DSBs were similar to those
we obtained with EBV minichromosomes as described here, and
the ratio of 20 for SSBs:DSBs was within the range we describe for
EBV. Some reports had indicated a higher ratio, but that might be
due to methods that used high-temperature or alkaline conditions,
which could lead to SSBs at sites of base damage.

We suggest that the SSB:DSB ratio can be used as an indicator
of the incidence of clustered damage, where single events might
give rise to localized, closely opposed SSBs. Based on our pre-
vious findings with MMS showing an SSB:DSB ratio in the range
of ~1,000 (17), the SSB:DSB ratio for IR-induced breaks cannot
be attributed to random SSBs. Clustered DNA lesions are con-
sidered to be more destabilizing to the genome and require more
complex repair systems than isolated single lesions (49-51).

The EBV break assay provides a direct measure of the ability of
drugs/chemicals/environmental exposures along with genetic fac-
tors to affect the generation and repair of SSBs and DSBs. This
could be extended to the impact of chromatin, compaction, and
radiation quality on SSB and DSB induction as well as repair.
Because the replication of individual EBV molecules is short
relative to the genome in S phase, it should also be possible to
address EBV changes during this phase. Based on results with
circular chromosomes in yeast (52, 53), genetic factors that in-
fluence conversion of SSBs to DSBs can also be assessed. We
found efficient repair of both IR-induced SSBs and DSBs at a dose
of 100 Gy. The rate of DSB repair is roughly half that of SSB
repair, although during the first 30 min they appear comparable.

Using the EBV break system, we were able to assess directly
how p53 participates in repair of IR-induced breaks. Although
there have been numerous studies suggesting pS3 involvement in
DNA repair, including interactions with RADS51 as well as the
Bloom’s (BLM) helicase at stalled replication forks (45, 54, 55),
the studies typically rely on indirect analyses such as fluorescence-
based detection of foci formation. Our direct measurements of
DNA break formation and repair in p53 wild-type and p53 mu-
tated cells demonstrate that p53 is not directly involved in repair of
either SSBs or DSBs in the time frame investigated, although we
do not exclude an effect on repair of residual breaks. This is not
surprising, because initiation of DNA strand break repair, espe-
cially SSBs, is fairly quick, whereas up-regulation of genes targeted
by p53 peaks at around 10 h following DNA damage and the
stabilization of p53 itself is not seen until 30-60 min after treat-
ment. However, we do not exclude the possibility that the mutated
form of p53 in Raji cells might interact with repair proteins.

The EBV break system has also provided the opportunity to
address the role of PARP and PARP inhibitors in repair of IR-
induced breaks, which is relevant to chemotherapy because radi-
ation is often included in treatment regimens. We did not detect
an essential role for PARP1 in the repair of SSBs or DSBs, which is
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consistent with other studies of SSBs produced by other agents
(39, 56). In addition, PARP1 is not required for recruitment of the
major base excision repair proteins to sites of DNA damage (57).
Depletion of PARP1 in cell extracts can even result in more rapid
binding of repair proteins to DNA substrates (58). Therefore, if
PARPs play a role in break repair, possibly other PARPs can
substitute for PARP1, or the role of PARP1 might be greater
during replication, which is not addressed here.

There was clearly an SSB-specific impact of the PARP inhib-
itors 4-AN, Olaparib, and Iniparib. These results are consistent
with clinical trials for cancer treatment showing the effectiveness
of Olaparib and Iniparib (21, 22, 59). Surprisingly, many inhib-
itors that can efficiently inhibit the catalytic activity of PARP
(such as NU1025 and PJ32) failed to show an evident inhibition
of SSB repair, raising the question of what property of the PARP
inhibitors is relevant to in vivo inhibition of repair. Although
PARP inhibition is considered to lead to DSB accumulation,
which accounts for the lethal effect of PARP inhibitors in HR-
deficient cells (2, 3, 60), none of the inhibitors resulted in ele-
vated DSB levels or showed any apparent delay in the repair
kinetics of IR-induced DSBs in G2 cells, suggesting SSBs are not
converted into DSBs. However, SSBs might be converted to
DSBs during replication (61-63), which would explain a re-
quirement for BRCA1/2 and recombinational repair to prevent
lethality that arises from PARP inhibitors.

The dramatic difference in SSB repair between PARP inhibition
by some inhibitors and PARP1 knockdown suggests generation of
blocked intermediates or inhibition of repair components. Be-
cause PARP1 molecules are quickly recruited to SSBs before other
repair proteins (64), chemical inhibitors bound at the catalytic
domain might trap the nonfunctional PARP1, preventing other
repair proteins from being recruited. However, trapping probably
does not account for PARP1-dependent inhibition of SSB repair
by Iniparib, because it prevents PARP1 from binding to DNA (40,
41). Possibly the inhibitor leads to adverse interactions of PARP1
with other repair components that do not depend upon binding of
PARP1 at SSBs.

In conclusion, the EBV break system provides a physical
method to simultaneously monitor directly the in vivo formation
and repair of both SSBs and DSBs in human cells. Using this
system, we confirmed the dramatic difference between PARP
inhibition by some PARP inhibitors and PARP1 knockdown as
well as the inhibitory capacity of various widely used PARP
inhibitors on DNA repair of radiation-induced breaks, providing
insights into the mechanism of PARP inhibition on DNA repair.
Beyond addressing many questions about break repair in human
cells, the system is well-suited for use in studies that address
broader issues of repair of a variety of DNA-damaging agents as
well as applications in drug development and analysis.

Materials and Methods

Cell Lines, Plasmids, and Chemicals. The EBV-containing Raji cell line derived
from Burkitt's lymphoma was obtained from the American Type Culture
Collection (CCL-86); EBV-immortalized lymphoblastoid cell line LCL35 was
from Micah Luftig (Duke University, Durham, NC). Depletion of PARP1 ex-
pression (PARP1¥P) in LCL35 cells was effected using stably integrated PARP1
shRNA with MISSION shRNA lentiviral plasmids from Sigma-Aldrich. More
information about cell culture, shRNA transfection, and chemicals is given in
SI Materials and Methods.

Gene Expression by RT-PCR and Western Blot Analysis. To determine PARP1
mRNA and protein levels in PARP1%? or control scramble-shRNA transfected
LCL35 cells, real-time PCR and Western blot analysis were conducted as de-
scribed in S/ Materials and Methods.

lonizing Radiation, Drug Treatment, and PFGE Analysis. Cells kept on ice were
irradiated in a '*’Cs irradiator (J. L. Shepherd model 431, at a dose rate of 2.3
krad/min), and then treated with or without PARP/DNA-PK inhibitors for
incubation repair. The collection of cells and preparation of agarose-DNA
plugs for PFGE analysis are described in S/ Materials and Methods.
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