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Abstract

Cells exposed to densely ionizing radiation (high-LET) experience more severe biological damage
than do cells exposed to sparsely ionizing radiation (low-LET). The prevailing hypothesis is that
high-LET radiations induce DNA double strand-breaks (DSB) that are more complex and
clustered, and are thereby more challenging to repair. Here, we present experimental data obtained
by atomic force microscopy imaging, DNA-dependent protein kinase (DNA-PK) activity
determination, DNA ligation assays, and genomic studies to suggest that short DNA fragments are
important products of radiation-induced DNA lesions, and that the lengths of DNA fragments may
be significant in the cellular responses to ionizing radiation. We propose the presence of a subset
of short DNA fragments that may affect cell survival and genetic stability following exposure to
ionizing radiation, and that the enhanced biological effects of high-LET radiation may be
explained, in part, by the production of increased quantities of short DNA fragments.

Introduction

lonizing radiation induces a large variety of damage in cellular DNA; the majority of the
damage can be effectively repaired by cellular repair mechanisms. The type of damage that
is most difficult to repair and frequently leads to cell death has been identified as the DNA
double strand break (DSB) (1).

Established biological observations implicate DNA DSBs resulting from high-LET
radiations in cell death and carcinogenesis to a greater extent than that observed following
low-LET radiations (2,3). The mechanism for such observation has been proposed to be the
complex distribution of the ionizing events resulting in DNA damage that is more difficult to
repair (4,5,6). High-LET radiations produce DSBs that are more densely distributed and
clustered, while low-LET radiations produce more sparsely distributed DSBs. Clustered
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DSBs are believed to be an important component of the mechanism for enhanced cell killing
by high-LET radiations (7,8,9).

Ward proposed the Multiply Damaged Sites model (MDS) to suggest that multiple damages
that occur within a small spatial region (a few nm) may be more challenging to cellular
repair mechanisms (9,10). Based on results of Monte Carlo simulations, Goodhead and
colleagues later proposed a clustered DNA damage mechanism as a possible cause for the
enhanced radiation biological effect (RBE) of high-LET radiations (11). These hypotheses,
while significantly improving our understanding of mechanisms of radiation damage, are
largely qualitative. Furthermore, experimental data in support of these hypotheses are sparse.
As has been proposed in a review by Goodhead: “It is now a major challenge to devise
experimental methods to recognize and quantify by measurement radiation-induced
‘complex’ clustered DNA damages of varying complexities, and to assess their biological
implications” (12).

Cellular responses to DNA DSB resulting from ionizing radiation and other damaging
agents follow two principal repair mechanisms: non-homologous end joining (NHEJ) and
homologous recombination (HR) (13,14,15,16). In mammalian cells NHEJ is believed to be
the dominant DSB repair pathway. Core proteins known to be involved in NHEJ include Ku,
DNA-PKs, XRCC4 and DNA ligase IV (17,18,19). The appearance of free DNA ends in a
cell after exposure to radiation initiates a sequence of repair processes; the earliest steps
involve DNA end-binding proteins. These proteins protect DNA ends from degradation and
recruit other, downstream proteins to perform their repair functions.

In this report, we investigate the molecular significance of short DNA fragments resulting
from clustered DSB in cellular responses to ionizing radiation, in a model system using
synthesized short DNA fragments for comparison. Binding interactions between Ku/DNA-
PKs and short DNA fragments, kinase activity of DNA-PK, and the biologically significant
endpoint of ligation by the NHEJ pathway are examined with respect to DNA fragment
length and end structure. Furthermore, we investigate the effects of short DNA fragments on
cellular genomic stability by studying the DNA copy number changes in cells transfected
with short DNA fragments.

Our results indicate that short DNA fragments formed by radiation-induced DSB clustering
may play an important role in cellular responses to ionizing radiation. Cells may be unable
to rejoin short DNA fragments due to impaired interactions with repair proteins, and short
fragments may interfere with interactions of longer DNA fragments and with DSB repair
proteins.

Materials and Methods

Plasmid and Genomic DNA Irradiation

Low-LET photon irradiation of pUC19 plasmid and genomic DNA was performed on an
industrial Co-60 -y-irradiator at Neutron Products, Inc in Germantown, Maryland. Briefly,
this is a high dose rate radiator capable of 20 kGy/hr. Genomic DNA samples were held in
micro-centrifuge tubes and irradiated to 5 kGy.
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High-LET neutron irradiation was performed at the TRIGA MARK-F neutron reactor at the
Armed Forces Radiobiology Research Institute (AFRRI) in Bethesda, MD. This is a fission
neutron reactor that can generate a neutron beam in either pulsed or steady-state mode. High
neutron fields can be obtained by adjustment of the control rods of the reactor core. A
bismuth enclosure selectively shields samples from the y-rays produced by the core or from
the walls of the exposure room, resulting in a neutron yield of 97% in the radiation fields.
The fluence-weighted mean energy of the neutron beam is 0.71 MeV and the mean LET is
55 keV/um. Details of the radiation characteristics and sample irradiations can be found in a
previous publication (20).

The heavy-ion Argon irradiation was conducted at the NIRS-HIMAC charged-particle
accelerator facility in Chiba, Japan. Samples of pUC19 plasmid and genomic DNA in buffer
solution containing 10 mM HEPES and 1 mM MgCl, were held in custom-designed,
vacuum-tight cylindrical chambers with a diameter of 6 mm and height of 1 mm with a
capacity of 28 ul solution were irradiated in a vacuum chamber at room temperature to doses
of 5 and 10 kGy, respectively. The energy of the Argon ion was 390 MeV/nucleon and the
LET was 99.5 keV/um. The doses delivered to DNA samples were calculated as the product
of the argon particle fluence and the LET of the particles multiplied by the time the beam
was on. Details of the beam characteristics and dosimetry of the HIMAC facility can be
found elsewhere (21,22).

Kinase Assay Oligonucleotide Preparation

The synthetic oligonucleotides used in the DNA-PK assays were synthesized by Operon
Biotechnologies, Inc. (Huntsville, AL), and designed as random sequence blunt-ended
duplexes. We further purified all of the oligonucleotides using 12% or 15% denaturing
polyacrylamide gel electrophoresis (PAGE), and then determined the concentrations
spectrophotometrically. Duplex DNA substrates were formed by mixing oligonucleotides
with an equal amount of complementary oligonucleotide in a buffer containing 10 mM Tris-
hydrochloride, pH 8.0, 1 mM EDTA, pH 8.0, and 100 mM NaCl. The mixture was heated at
100°C for 5 min, allowed to cool to room temperature for 3h, and then incubated at 4°C
overnight.

DNA-PK kinase activity assays

DNA-PKs and Ku proteins were purified by HPLC and stored in 50 mM Tris-HCI (PH 7.9),
1 mM EDTA, 0.02% Tween, 20% glycerol, 0.1 M KCI plus 1 pug/ml of a mixture (aprotinin,
leupeptin, soybean trypsin inhibitor) and 10 pg/ml of PMSF. 50 ng/ul of DNA-PK and 20
ng/ul of Ku were used per 25 ul kinase assay.

Synthesized DNAs ranged from 14-36 bp, while PCR was used to produce 300-bp DNA
fragments from pUC19. Radiation-generated DNA fragments were produced from genomic
DNA that was irradiated to a dose of 5 kGy with neutrons or Co-60 -y-rays. The irradiated
DNA fragments were separated by 20% nondenatured polyacrylamide gel electrophoresis
and based on DNA molecular markers, short DNA fragments < 20 bp, 20-40 bp, and 40-100
bp were eluted from the gel and used in the DNA-PK kinase assay. A GST-p53 fusion
protein (Santa Cruz, CA) was used as the kinase assay substrate in the presence of y-32P-
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ATP. Typically, DNA-PKs, Ku protein, and 20-50 pM double-stranded DNA fragments of
various sizes were introduced in kinase buffer for reaction at 37°C for 30 mins. For
competition assays, DNA-PK and Ku proteins were incubated with 14-mer or 20-mer at
37°C for 30 min first, 300 bp DNA fragments, p53, and y-32P -ATP were then sequentially
added in the reaction. Phosphorylated p53 proteins were separated by 7.5% SDS-PAGE and
visualized by autoradiography. The intensities of the radiolabeled p53 bands were
determined using an Alpha Imager 2000 analysis system and normalized to the intensity of
the radiolabeled p53 band exhibited by the intrinsic Ku + DNA-PK kinase activity alone
(i.e., when reactions were run with no short DNA fragments added).

Cellular transfection of short DNA fragments

MCF10A non-malignant human mammary epithelial cells were used as recipients of
transfected DNA fragments. The cells were grown in P4-8F (Biological Search Faculty and
Facility, Inc, Jamesville, MD) supplemental with 2% (v/v) heat-inactivated fetal bovine
serum (Gibco-RBL), 5 mg/ml hydrocortisone, 100 U/ml penicillin G, and 100 U/ml
streptomycin. Cells were maintained at 37% air and 5% CO,. Cell cultures were routinely
screened for mycoplasma by a nucleic acid hybridization assay (Gen-Probe, San Diego,
CA). Genomic short DNA (20-400 bp) fragments generated by -y-ray or neutrons were
introduced to MCF-10A cells by using lipofectin according to the manufacture's instructions
(Invitrogen). Linear plasmid DNA was used as a control. To monitor transfection efficacy,
pGFP was co-transfected with the DNA fragments. After 4 days transfection, the GFP
expression was determined using fluorescent microscopy. Greater than 50 % of the cells
showed GFP expression. After transfection, the cells were passaged for 25-30 doublings,
and a number of colonies were subcloned by performing a soft agar assay. Representative
clonal cells were subjected to examination for genetic changes using comparative genomic
hybridization (CGH) analysis.

Anchorage-independent Growth

Control and transfected MCF10A cells in cultures were trypsinized and resuspended at
densities of 5 x 10% cells/ml in 2 ml of 0.35% Noble agar and overlaid in 60-mm dishes
containing 0.6% agarose base. The media were replenished every 7 days, and viable
anchorage-independent macroscopic colonies containing >50 cells (>0.2 mm) were observed
at 21 days (23). Colonies selected for anchorage-independent growth assays were expanded
for CGH assays.

Detection of genomic instability

Genomic instability in the transfected cells was assessed using CGH. CGH is a molecular
cytogenetic screening technique that allows the identification of chromosomal imbalances
(DNA gains and losses) in the test genome. Differentially labeled DNA from transfected
cells and reference control DNA from the lymphocytes of a karyotypically normal donor
were prepared using standard protocols. Comparative genomic hybridization (chromosomal
CGH) analysis was performed using protocols that we have previously published (24).
Quantitative evaluation of the hybridization was completed using a commercially available
software package (Applied Imaging, Pittsburgh, PA, USA). Average ratio profiles were
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computed as the mean value of 8 ratio images, and were used to identify changes in
chromosome copy number.

HeLa Cell Culture and Extraction

Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum, non-essential amino
acids (10 mM), glutamine (100 mM), penicillin/streptomycin (10,000 U/ml), T4 DNA
ligase, and Novex™ gels were obtained from Invitrogen (Carlsbad, CA).

HeLa cells were grown as monolayers at 37°C in DMEM containing 10% (v/v) fetal bovine
serum, 1% (v/v) non-essential amino acids and 1% (v/v) penicillin/streptomycin. Cells were
harvested by trypsinization and a representative flask was counted. Cells were washed two
times by re-suspension in complete media followed by centrifugation at 800 x g for 5 min.
The resulting cell pellet was washed two times with ice cold PBS in a similar manner. The
cells were re-suspended in extraction buffer (L0 mM HEPES, pH 7.9, 60 mM KCI, 1 mM
DTT, 1 mM EDTA, 10 mM pefablock, 10 ug/ml aprotinin, 1.5 pg/ml leupeptin, 100 pg/ml
bestatin) at a density of 8x107 cells/ml and lysed by the freeze/squeeze method using three
cycles of freezing in a dry ice ethanol bath followed by immediate thawing at 37°C. After
the third thaw cycle, cell debris was removed by centrifugation at 16000 x g for 30 minutes
at 4°C. The supernatant constituted the HeLa whole cell extract (WCE) and was stored at
-80°C in aliquots.

Oligonucleotide Based End-joining Competition Assay

The oligonucleotides used to prepare the duplex NHEJ substrate, and competitor duplexes
that range in size from 10 bp to 56 bp, were purchased from Integrated DNA Technologies
(IDT, San Diego, CA) and band purified from 12% denaturing PAGE gels in our laboratory.
[y-32P]-ATP (222 TBg/mmol) was purchased from Perkin-Elmer Biosciences (Boston,
MA\). The T4 polynucleotide Kinase (T4 PNK) used in [5"-32P] end labeling, and T4 DNA
ligase, were obtained from Fermentas (Hanover, MD).

The 12 oligonucleotides presented in Table 1 constitute 6, paired, complementary oligos that
upon annealing, form 6 duplex oligonucleotides ranging in size from 10 bp to 75 bp. All of
the duplex oligos possess an unligatable blunt end (5”- and 3"-OH), and a ligatable (5'-PO4
and 3”-OH) self-complementary 4-base 5° overhang. In all cases, duplex oligonucleotides
were formed by annealing equimolar (5 pmol each) amounts of complementary upper and
lower strand oligonucleotides in 500 mM Tris—HCI (pH 8.0) at a final vol. of 20 pl, and
incubating at 90°C for 5 min, followed by gradual cooling to room temperature (RT).
Duplex formation was confirmed in each case by 6% non-denaturing PAGE.

Our standard /n7 vitro NHEJ assay (25) employs a 75 base pair duplex oligonucleotide (a 75
mer upper strand and a 5"-32P end labeled 79 mer lower strand) as the primary end-joining
substrate (Table 1a), and HeLa whole cell extract (WCE) as the source of the NHEJ proteins.
Typical reactions were run at 17°C for 90 min. and contained 50 mM Tris-HCI pH 7.6, 5
mM MgCl,, 1 mM ATP, 1 mM DTT, 5% polyethyleneglycol (PEG) 8000, 1 pg/ml aprotinin,
1 pg/ml leupeptin, 10 pg/ml bestatin, 1 mM pefablock, 400 fmole 75-mer oligo-duplex
substrate and 5 ug HeLa WCE protein. The reactions were stopped at 65°C for 15 min.
Reactions were resolved in a 20% denaturing polyacrylamide gel run in 1x TBE (pH 8.4).
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Detection of end-joined products was achieved by phosphorimaging. Gels were visualized
using a Fuji phosphorimager-2500 and analyzed by Image Gauge v3.45 software. Negative
controls consisted of duplex 75-mer oligo alone without added protein, while positive
controls for oligo dimer formation were produced by ligation using T4 DNA ligase (1U per
reaction).

Size dependent competitive effects on end joining were assessed in the standard assay by the
incorporation of unlabeled duplex oligonucleotides ranging in size from 10 bp to 56 bp
(Table 1b-f). The competitor oligonucleotides were added in amounts of 0, 100, 200, 400,
800, and 1600 fmoles to the reaction mix containing the labeled 75-mer-substrate duplex on
ice before initiation of the end joining reaction by addition of HeLa WCE. The relative
amount of the end-joined 150-bp dimer product formed in the standard assay is a measure of
the end-joining efficiency of the WCE mediated NHEJ reaction. In the presence of
competitor duplex oligonucleotides, a reduction in the amount of 150-bp dimer product
formed implicates competition between the primary 75-mer duplex substrate and the
competitor oligonucleotides for proteins that constitute the putative NHEJ complex.

High-LET argon irradiation generates a significantly larger fraction of short DNA fragments
than low-LET y photon irradiation

We have previously reported that neutron irradiation of pUC19 plasmid DNA (2864 bp)
generates a significantly larger fraction of short DNA fragments in the 0-50 nm range (<147
bp) compared to photon irradiated plasmids (20,26). In subsequent experiments, we
observed even greater quantities of short DNA fragments following plasmid irradiation by
Argon ions at the HIMAC charged particle facility in Chiba, Japan. Figure 1 shows sample
AFM images of pUC19 plasmids irradiated with 10 kGy Co-60 y photons and 390 MeV/
nucleon Argon ions, along with the corresponding DNA fragment size distributions. As
shown, with Argon irradiation, nearly 70% of the DNA fragments generated are distributed
in the 0-50 nm bin, whereas for Co-60 -y photon, the fraction of fragments generated is just
over ~35%.

The scavenging capacity of the buffer solution in which the DNA were irradiated was low in
comparison to that in a cellular environment. Consequently, the majority of the DSBs
formed, result from free radical induced damage. Compared to low-LET radiation, high-LET
radiations induce densely and clustered free radical formation, which translates to clustered
DSBs.

DNA-PK kinase activation is DNA fragment length dependent but not DNA end structure

dependent

Based on our observation that high-LET radiation generates substantially larger amounts of
short DNA fragments than low-LET radiation, we sought to investigate the biological
relevance of these short DNA fragments by first looking at their binding interactions with

Ku protein, the protein involved in the early response to DSBs in NHEJ. Using synthesized
duplex oligonucleotides of various lengths as DNA substrates, we confirmed that Ku binding
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to DNA requires a minimum length of 14 bp to be effective (data not shown), a result
consistent with previous publications (27,28).

Since the cellular function of DNA-PK is largely through its kinase activity, we next tested
purified DNA-PK complex for its ability to phosphorylate p53 in the presence of DNA
fragments ranging from <20 bp to 300 bp. DNA-PK has been shown to phosphorylate a
large number of targets, including Rpa32 (S4/8), Chk1 (S345), Chk2 (T68), Nbsl (S343),
ATM (T1981) and p53 (S15). Herein, we used recombinant p53 protein as a substrate for
DNA-PK activity in the presence of y-32P-ATP and various lengths of DNA: synthesized
double-stranded oligos (14 mer, 20 mer, 24 mer, 28 mer, 32 mer, 36 mer, and 300 mer in
length). Phosphorylated p53 was subsequently determined by imaging with an Alpha 2000
imager for intensity quantification. The relative DNA-PK kinase activity was determined by
measuring intensities and normalizing to the reference intensity with DNA-PK¢ + Ku alone
with no oligos. As shown in Figure 2, the required DNA “foot-print” for DNA-PK kinase
activation was = 32 bp, and the kinase activity was significantly enhanced in the presence of
the longer, 300-bp, fragments. Interestingly, preincubation of DNA-PK with 14-bp and 20-
bp DNA fragments markedly inhibited the capacity of longer 300-bp fragments, added
subsequently, to stimulate kinase activity. We interpret these data to show that short DNA
fragments < 20 bp may bind to DNA-PK complexes in a non-productive manner, interfering
with subsequent interactions between the enzyme and longer DNA fragments. These results
are consistent with a report demonstrating that a minimum of 32 bp is required for DNA-
PK¢s binding and kinase activity activation (29).

Radiation damaged DNA contains a variety of complex lesions that are also characterized by
free radical damage to DNA bases and sugars, resulting in additional levels of complexity
near broken ends (30,31,32,33). Therefore, we asked if broken ends caused by ionizing
radiation affected DNA-PK activation. Genomic DNA samples were exposed to 5 kGy of
Co-60 -y and 0.75 MeV fission-neutron irradiation and size fractionated on polyacrylamide
gel electrophoresis to yield 10-100 bp DNA fragments. Extracted short DNA fragments
permitted analysis of DNA-PK kinase assays with DNA fragments containing damaged end
groups. As shown in Figure 3, results with radiation-generated DNA fragments are
qualitatively similar to the observations obtained with synthetic DNA fragments, supporting
the importance of DNA size dependency, but apparently not end-group chemistry, on
inhibition of DNA-PK.

The pattern of DNA-PK activation is consistent with observations using synthetic double-
stranded DNA and Co-60 irradiated DNA. We interpret these in vitro observations to show
that DNA-PK activity is inhibited by short DNA fragments (10-30 bp) and stimulated by
larger DNAs. Furthermore, there are no appreciable differences among responses to
synthetic dSDNAs, or irradiated DNAs using low-LET or high-LET radiations. These data
suggest that the potential differences presented by the characteristics of DNA ends may be
less significant for DNA-PK activation /n vitro than the length of the DNA used for enzyme
activation.
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Inhibition of NHEJ is DNA fragment length and concentration dependent

To confirm the hypotheses that short duplex DNA fragments may act as direct inhibitors of
NHEJ, we examined the effect of 5 synthetic duplex oligonucleotides ranging in size from
10 bp to 56 bp on the /in vitro NHEJ activity of human HelLa cell extracts (Fig. 4). This assay
employs a duplex 75-mer oligo as the primary end joining substrate. This 75-mer possesses
one non-ligatable unphosphorylated blunt end and a ligateable 5°-32P-labeled 4 nucleotide
complementary overhang at the opposite end (Table 1a). Previously, we demonstrated that
HeLa cell extract mediated production of the single detectable 150 bp ligated-dimer product
from this substrate, is a function of the NHEJ pathway (25).

To investigate the effect of DNA fragments of varying size on the biologically significant
end point of ligation by the NHEJ pathway, /n vitro NHEJ was performed in the presence of
increasing concentrations of each of the duplex competitor oligos (Table 1b-f). Oligos b-f
range in size from 10 bp to 56 bp and have similar end configurations to those of the
standard 75-mer end joining substrate, but possess self-complementary 4 nucleotide
overhangs that are not complementary to that of the 75-mer. The molar ratios of the short
competitor oligos to the 75-mer substrate oligo in each reaction were 0.25:1, 0.5:1, 1:1, 2:1
and 4:1.

A size dependency is seen for inhibition by the competitor fragments at high concentration,
with the 21-mer, 32-mer, and 42-mer causing 75%, 86%, and 78% inhibition of end joining
respectively. Each of these results is significantly greater than that produced by the 10mer or
the 56mer. In fact, even at a molar ratio of 4:1, inhibition of the reaction by the 10-mer is
only marginally significant with respect to its matched control, suggesting that fragments as
short as 10 bp lack the capacity to interfere with NHEJ. In contrast, the NHEJ reaction is
most sensitive to inhibition by the 42-mer fragment, which exhibits slight but significant
inhibition (~10%) with respect to its controls at molar ratios of 0.25:1 and 0.5:1, and nearly
40% inhibition with at a competitor:substrate molar ratio of 1:1. This result is of interest,
since of the oligos used, 42 bp is the minimum size that is likely to permit binding of a
complete NHEJ complex (34,35,36).

These results indicate that short duplex DNA fragments can act as direct competitive
inhibitors of HeLa extract mediated NHEJ. We also observed a size and concentration
dependency for this effect, with fragments greater than 10 bp and less than 56 bp being most
effective in our assay, with as little as a 4:1 competitor to target substrate molar ratio being
sufficient to cause severe inhibition of end joining.

Genomic instability initiated by transfected short DNA fragments

We next examined the potential consequences of persistent short DNA fragments on the
integrity of the cellular genome. Reports of ionizing radiation causing genomic instability
provide a possible link to radiation-induced carcinogenesis (37,38). We selected MCF10A
cells as recipients for transfection with short DNA fragments (pooled 20-400bp fragments
generated from 5 kGy of cobalt 60 -y-rays or 0.75 MeV fission neutrons). Cells were
passaged for 25 doublings until morphologically transformed clones of MCF10A were
observed. Soft agar assays confirmed loss of anchorage dependence in these transformed
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cells but not in the controls (Table 2). CGH analysis is an ideal method to detect overall
genomic instability. CGH analysis of MCF10A cells showed no abnormalities. On the other
hand, clones transfected with DNA fragments selected for analysis (MCF10A/X-CI1,
MCF10A/X-CI2, MCF10A/X-Cl4) showed evidence of genomic instability including
amplification at 8g23-qter (in all 3 clones), gain of 1g and 11q, and loss of 13g21-gter (in
two of the clones). Additional changes were present in all the three clones. Figure 5 shows a
summary of the changes detected in the three transfected clones.

Discussion

Recent studies have focused on the need to investigate small DNA fragments resulting from
DSBs formed in close proximity to one another, which are a hallmark of high-LET radiation
as predicted by theoretical modeling based on Monte Carlo simulation and microdosimetry
studies (39,40,41). Experimentally determined excesses of short DNA fragments of 0.1-2
kbp have been reported using pulsed field gel electrophoresis following irradiation of
fibroblasts with iron ions (42). These data have been interpreted to be in good agreement
with theoretical calculations based on treating the 30-nm chromatin fiber as the target for
ionizing particles (43). We suggested that even smaller DNA fragments may have been
overlooked in the reported experiments due to the inherent technical limitations of the
experimental techniques. Our AFM investigations clearly show the presence of increased
short DNA fragments following irradiation by high-LET particles (20,26). Consistent with
our experimental observations, a recent study with Monte Carlo simulation has demonstrated
production of short DNA fragments by high-LET radiation in a simulated cellular-like
environment, and the fraction of short fragments increases with the LET of the radiation
(44).

To investigate the potential molecular significance of short DNA fragments resulting from
clustered DSBs in cellular responses to ionizing radiation, we studied interactions between
several DNA repair proteins and short DNA fragments generated by ionizing radiation as
well as with short synthetic dSDNA molecules /in vitro and in cell extracts. We observed that
the binding interactions of radiation-induced short DNA fragments (<14 bp) with these
proteins are inefficient, a result consistent with previous reports (27, 28).

In both NHEJ and HR repair pathways, protein binding to damaged DNA-ends is the first
step in the sequence of responses to DNA damaging agents. Following exposure to ionizing
radiation, broken DNA ends are rapidly bound by proteins such as Ku and DNA-PK,
which subsequently recruit other repair proteins such as DNA Ligase IV/XRCC4 to
complete the end-joining reaction.

The broad relevance of Ku and DNA-PK has been shown in work from other laboratories
investigating protein-DNA binding interactions, which support our hypothesis implicating
small DNA fragments in faulty interactions with repair proteins (45,48,49,50). West et al.
have examined the stimulation of DNA-PK kinase activity as a function of DNA
concentration in the presence or absence of Ku, inhibition of DNA-PK Kkinase activity by Ku,
and the minimum DNA length required for DNA-PK activation by Ku. They reported that
DNA-PK alone can bind to DNA fragments as short as 18 bp and activate its kinase
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activity. However, in the presence of Ku, the DNA-PK kinase activity is not stimulated
unless the fragment is at least 26 bp long (49). Similarly, Hammarsten and Chu have also
reported DNA binding and activation of DNA-PK in the absence of Ku (29). They
observed that in the absence of Ku, DNA-PKs was able to bind to a 32-bp DNA fragment,
but when Ku was added, it formed a complex with DNA at the expense of DNA-PK .
Kinase activity occurred when bound to the 32-bp DNA, but the addition of Ku completely
inhibited this activity. The use of longer DNA fragments resulted in a 5-fold stimulation of
kinase activity. These results were interpreted to show that Ku was able to stimulate DNA-
PK kinase activity only when the DNA fragments were large enough for Ku and DNA-PK
to each contact DNA directly and form an active Ku-DNA-PKs complex. Our observations,
along with those of others using AFM, are consistent with these data (27,51)

The apparent discrepancy in the minimum DNA length required for DNA-PK kinase
activation as reported by the above two laboratories remains to be resolved. However,
consistent with Hammarsten and Chu's findings, other laboratories have implicated 32 bp as
the minimum fragment length for DNA-PK activation (52). Using synthesized DNA
fragments of 14 bp to 300 bp in size, we systematically studied p53 phosphorylation by
DNA-PK kinase. As shown in Figure 2, kinase activity was not stimulated by fragments
smaller than 32 bp. Activity was seen for fragments of 32 bp or longer, and increased by
nearly four fold for 300-bp fragments. Furthermore, pre-incubation of DNA-PK with short
DNA fragments of 14 bp and 20 bp inhibited kinase activity induced by the longer 300-bp
fragments. We interpret these observations to suggest that short DNA fragments may result
in non-productive binding with DNA-PK and consequently inhibit its interaction with longer
DNA fragments. We performed similar experiments using size fractionated genomic DNA
resulting from Co-60 y-photon and neutron irradiations, as shown in Figure 3, no kinase
activity was observed for fragments less than 20 bp for either photon or neutron irradiation
generated DNA fragments. Kinase activity was observed for fragments in the 20-40 bp and
40-100 bp groups and longer fragments result in increased kinase activity. Since irradiation
of DNA by low and high-LET radiations result in DSBs of different end structure
complexity (30,31,32), our results demonstrate that DNA-PK kinase activity is mostly
initiated by DNA fragments of certain lengths and is not influenced by the chemical
structure of the DNA ends.

Our /n vitro experiments investigating binding and biochemical activities induced by short
DNA fragments are consistent with reports of other investigators (27,29). We confirmed the
length dependence of Ku binding and DNA-PK Kkinase activation. Furthermore, we observed
the inhibition of DNA-PK kinase activity by short DNA fragments in interactions with
longer DNA molecules. Further support for the significance of short DNA fragments on
cellular responses to radiation has been reported by Duterix and colleagues for which they
show inhibition of DNA repair (52). They observed that short DNA fragments transfected
into cells induce phosphorylation of histone H2AX, inhibit repair foci formation, and inhibit
damage repair, consistent with our hypothesis that short DNA fragments may play an
important role in modulating DNA damage repair. Another recent report has shown that
high-LET radiation inhibits the Ku-dependent DNA repair pathway, presumably due to
ineffective binding of two Ku proteins to both ends of a DNA fragment smaller than 40 bp
(53). Using radiation induced and synthesized short DNA fragments, our experiments
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similarly demonstrated the length requirements of DNA fragments for effective interaction
with Ku and DNA-PK . As shown in Figures 2 and 3, DNA-PK activity was only triggered
by fragments longer than 32 bp and the activities were significantly greater for longer
fragments (>300 bp). It is significant that the Kinase activities associated with longer
fragments were inhibited in the presence of short fragments (14 and 20 bp).

We advanced our investigation of DNA-DNA repair protein interactions to include short
DNA fragments generated by ionizing radiations. We observed that the binding interactions
of radiation-induced short DNA fragments (<14 bp) with these proteins are inefficient, a
result consistent with that observed with synthesized short DNA fragments. Furthermore, as
demonstrated in Figure 3, DNA-PK kinase activities were qualitatively similar to those
stimulated by short synthetic DNA fragments, supporting the importance of DNA size
dependency but not end group chemistry dependency for kinase activation. However, the
question of biological significance remained to be addressed.

The first important biological end-point lies in the demonstration that such fragments can act
as direct inhibitors of DNA ligation mediated by the NHEJ pathway. As shown in our
experiments, fragments 21-42 bp in length are effective inhibitors of NHEJ, with the 42-mer
being the most effective (Fig. 4). Significant inhibition of the end-joining reaction was
obtained at relative molar concentrations of this fragment to the end-joining substrate of as
little as 1:1 and on up through 4:1. This interesting observation may be partially explained
by a report that 40 bp is the smallest fragment size to which Ku proteins can bind to both
ends of the fragment (53), resulting in more effective competition for this repair protein. In a
cellular environment and at biologically relevant doses, although the absolute amount of
small DNA fragments may be small compared to the total number of repair proteins, the
relative local concentration of small fragments (especially in the context of chromatin) may
be sufficiently high to result in competitive, non-productive binding of repair proteins and
thus interfere with repair. High-LET radiation produces higher yields of small fragments in a
small spatial region due to the clustered ionization effect, resulting in increased spatially
localized concentrations of small fragments.

We also investigated the consequences of persistent short DNA fragments on the integrity of
the cellular genome using CGH analysis and found that transfection of short fragments to
MCF10A cells induced genomic aberrations in the cells. This provides additional evidence
that short DNA fragments may cause genomic instability and could explain some aspects of
their mechanism of action. Our results support the general discussion in a review by Hall
and Hei on high-LET radiation-induced genomic instability (54).

Taken together, these data offer experimental evidence in support of short DNA fragments as
an important ionizing radiation-induced lesion. The lesion may be produced by ionizations
that result in DNA DSBs in close proximity along a DNA molecule. As demonstrated
previously, more short DNA fragments are observed following high-LET radiation as
compared to low-LET radiation. Potential biological relevance is suggested by the inability
of NHEJ proteins to efficiently process these short DNA molecules and supported by the
enhanced cellular genomic instability induced by such short DNA fragments. Further
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investigation would be required to fully assess the significance of short DNA fragments in
cells exposed to typical therapeutic radiation doses.

In summary, our studies indicate that, in the process of DNA damage by ionizing radiation,
short DNA fragments are generated and repair can be inhibited. Fragment sizes of interest
may range from at least 14 bp to 32 bp. However, we believe that fragments of importance
may also be longer than 32 bp. We hypothesize that these DNA fragments may interfere
with, and hinder, biochemical processes that directly impact cellular survival and genetic
stability after exposure to ionizing radiation, especially high-LET radiation.
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Fig.1.
Sample AFM images of pUC19 DNA irradiated to 10 kGy Co-60 y-photon (Panel A) and

390 MeV/nucleon Argon ion (Panel B) and the corresponding fragment size distributions
(Panel C). The fragment size distributions were obtained by measuring the length of each
fragment and group them into bins of 50-nm interval. The number of fragments in each bin
was divided by the total number of fragments to yield the fractional number of fragments.
850 nm is the length of an intact pUC19 plasmid DNA molecule. In Panel C the black bars
represent DNA fragment length distribution resulting from argon ion irradiation whereas
white bars for Co-60 -y photon irradiation. Evident in this graph is the pronounced fraction
of short DNA fragments generated by the high-LET Argon ions in the 50-nm bin.
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Fig.2.
DNA-PK kinase activity inhibition by synthesized short DNA fragments. Recombinant p53

protein was incubated with DNA-PK in the presence of y-32P-ATP and various lengths of
DNA: synthesized double-stranded oligos (14 mer, 20 mer, 24 mer, 28 mer, 32 mer, 36 mer,
and 300 mer in length). For competition assays, the shorter 14 and 20 bp fragments were
incubated first and the longer fragments were added subsequently (14bp — 300bp or 20bp
—> 300bp). Phosphorylated p53 was determined by Western blotting and imaged with an
Alpha 2000 imager for intensity quantification. The bar graph represents the relative DNA-
PK kinase activity after normalization with the reference intensity (DNA-PK + Ku activity).
Ku alone serves as a negative control. Error bars represent the standard error of the mean for
three independent experiments.
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Fig. 3.

Comparison of kinase activations stimulated by fragments generated by Co-60 y-rays and
0.75 MeV fission-neutron irradiation generated short DNA fragments. Recombinant p53
protein was incubated with DNA-PK in the presence of -y-32P-ATP and various lengths of
DNA generated by either X-ray or Neutron. Phosphorylated p53 was determined by Western
blotting and imaged with an Alpha 2000 imager for intensity quantification. The bar graph
represents the relative DNA-PK kinase activity after normalization with the reference
intensity (DNA-PKs + Ku activity). Ku alone serves as a negative control. Error bars
represent the standard error of the mean for three independent experiments. In the table D
+K: DNA-PK + Ku; D+K+X (N) 20-40: DNA-PK s+ Ku + photon (neutron) generated
DNA fragments 20-40 bp in lengths.
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Fig. 4.
Inhibitory effects of small duplex DNA fragments on HeLa cell extract mediated NHEJ. The

standard end-joining assay was run with 5 ug HeLa WCE and 400 fmoles 75 mer end-
joining substrate per reaction. Inhibition was assessed in parallel reactions containing the
short competitor duplex oligos at the concentrations indicated. The error bars represent the
standard error of the mean for three independent experiments.
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Fig. 5.

Cgmparative summary karyogram showing chromosomal gains and losses in MCF10A/X-
Cl1 (1), MCF10A/X-CI2 (2), and MCF10A/X-Cl4 (3). Bars to the left side of the
chromosome ideogram indicate losses, bars to the right side indicate gains. Bold bars on the
right side indicate amplifications.
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Table 1
Duplex Oligonucleotides Used in in vitro NHEJ Assays

a) 75 mer (Standard NHEJ-assay substrate)
5’- TAG AGA CGG GAT GAG TGG AAT TAG GAC TGA GAC TAT GGT TGC TGA CTA ATC GAG ACC CAT CAT TAG CAT AGT TGC

3’- ATC TCT GCC CTA CTC ACC TTA ATC CTG ACT CTG ATA CCA ACG ACT GAT TAG CTC TGG GTA GTA ATC GTA TCA ACG
CAT G*

*Indicates 5'-32PQ,

Short Competitor Oligos

b) 56 mer duplex

5’- AT TAG GAC TGA GAC TAT GGT TGC TGA CTA ATC GAG ACC CAT CAT TAG CAT AGT TGC
3’- TA ATC CTG ACT CTG ATA CCA ACG ACT GAT TAG CTCTGG GTA GTA ATC GTA TCA ACG GTAC
c) 42 mer duplex

5’- TAT GGT TGC TGA CTA ATC GAG ACC CAT CAT TAG CAT AGT TGC

3’- ATA CCA ACG ACT GAT TAG CTC TGG GTA GTA ATC GTA TCA ACG GTAC

d) 32 mer duplex

5’- GA CTA ATC GAG ACC CAT CAT TAG CAT AGT TGC

3’- CT GAT TAG CTC TGG GTA GTA ATC GTA TCA ACG GTAC

e) 21 mer duplex

5’- ACC CAT CAT TAG CAT AGT TGC

3’- TGG GTA GTA ATC GTATCAACG GTAC

) 10 mer duplex

5’- G CAT AGT TGC

3’-CGTATCAACGGTAC
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Anchorage-independent colony formation of cells (MCF-10A) transfected with genomic DNA from AT5BIVA
after irradiation (5 kGy of y-ray and Neutron). In the Table, MCF-10A/gDNA-N (-y) designates MCF-10A
cells transfected with neutron (y-photon) irradiated genomic DNA fragments; CGH, Comparative Genomic

Hybridization

Cell line Avg Foci#in 10 cells | Note
MCF-10A 0

MCF-10A/lipofectin | 0

MCF-10A/gDNA-N | 21.5 CL1 for CGH
MCF-10A/gDNA-y 314 CL4 for CGH
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