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Abstract

DNA double-strand breaks repaired through nonhomologous end joining require no extended
sequence homology as a template for the repair. A subset of end-joining events, termed
microhomology-mediated end joining, occur between a few base pairs of homology, and such
pathways have been implicated in different human cancers and genetic diseases. Here we
investigated the effect of exposure of yeast and mammalian cells to ionizing radiation on the
frequency and mechanism of rejoining of transfected unirradiated linear plasmid DNA. Cells were
exposed to y radiation prior to plasmid transfection; subsequently the rejoined plasmids were
recovered and the junction sequences were analyzed. In irradiated yeast cells, 68% of recovered
plasmids contained microhomologies, compared to only 30% from unirradiated cells. Among
them 57% of events used >4 bp of microhomology compared to only 11% from unirradiated cells.
In irradiated mammalian cells, 54% of plasmids used >4 bp of microhomology compared to none
from unirradiated cells. We conclude that exposure of yeast and mammalian cells to radiation
prior to plasmid transfection enhances the frequency of microhomology-mediated end-joining
events in trans. If such events occur within genomic locations, they may be involved in the
generation of large deletions and other chromosomal aberrations that occur in cancer cells.

INTRODUCTION

DNA double-strand breaks (DSBs) induced by ionizing radiation are the most severe form
of DNA damage, and if not repaired they result in cell death (1). In yeast and mammalian

cells, two major pathways direct the repair of DSBs, homologous recombination (HR) (2)

and nonhomologous end joining (NHEJ) (3).

HR is a conventional DSB repair pathway that uses extensive sequence homology as the

template for repair. In Saccharomyces cerevisiae, HR is the dominant mechanism for DNA
DSB repair (4-6), whereas HR occurs infrequently in mammalian cells (7). NHEJ joins two
broken DNA ends together in the absence of extended sequence homology (8). NHEJ is the
predominant mechanism of repair in mammalian cells, but it is a minor mechanism of DSB
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repair in yeast and is evident only in the rad52 background (9) or in the absence of any
sequence homology (10).

The NHEJ pathway has been shown to maintain genomic stability and to suppress
tumorigenesis (11). In yeast, the main genetic factors of the NHEJ pathway include the
endbinding Hdf1/Hdf2 (yKu70/yKu80) heterodimer, the Mrel1/Rad50/Xrs2 complex, and
Dnl4/Lif1 ligase complex (12). In mammalian cells, a central component of NHEJ repair is
the presence of the DNA-PK complex, comprised of the Ku70 and Ku86 heterodimer (13)
and DNA-PKGcs repair complex (14). The Ku protein recruits DNA-PKcs and becomes
phosphorylated, leading to the recruitment of other enzymes involved in repair (14). Broken
DNA strands re-ligate through XRCC4-ligase 1V complex action (15).

Microhomology-mediated end joining (MMEJ) repairs DSBs based on a few base pairs of
homology between broken DNA ends and is distinct from the typical NHEJ pathway. In
yeast, MMEJ is independent of Ku or Rad52 but is dependent on Rad1, Mrell and Rad50
and partly dependent on Dnl4 (16-18). In mammalian cells, MMEJ is independent of Ku86,
ligase 1V and XRCC4 (19-21) and dependent on Nbsl and Fen-1 (22). In addition, mismatch
repair proteins such as MIh1 and Msh2 modulate the occurrence of MMEJ (23,24).

MMEJ is usually associated with the formation of deletions that may lead to chromosomal
aberrations (25,26). Genomic rearrangements generated by MMEJ are found in some human
cancers and genetic diseases. In bladder tumor cells and head and neck cancer cells, DSBs
rejoined by MMEJ contribute to high levels of genomic instability and promote tumor
formation (27,28). About 50% of large deletions associated with genetic diseases are
products of MMEJ (29-31). Microhomology is often present at the junctions of radiation-
induced genomic rearrangements (25,26), suggesting a possible link between radiation-
induced MMEJ and radiation-induced carcinogenesis.

In yeast, repair of HO-endonuclease-induced chromosomal DSBs showed microhomologies
at the breakpoints (9,32). Previous studies have shown that ionizing radiation enhances the
frequency of nonhomologous integration in yeast and mammalian cells (33,34). In addition,
other damaging agents, including camptothecin, VP16, UV radiation and hydrogen
peroxide, increase nonhomologous integration of transfected plasmids in mammalian cells
(35-37). However, extensive sequence analysis of DNA damage-induced illegitimate
recombination events has yet to be carried out.

We reported recently that radiation and restriction enzymes induce plasmid integration into
the yeast genome using microhomology (38). However, in this paper, we investigate the
effect of radiation on extrachromosomal MMEJ using a plasmid-based end-joining assay in
yeast (39) and in mammalian cells (19). These experiments were designed to physically
separate radiation damage from recombination substrate transfection to determine whether
radiation-induced damages induce MMEJ events in trans.

MATERIALS AND METHODS

Yeast

Strains—Experiments were performed in the haploid Saccharomyces cerevisiae strain
RSY12 (MATa leu2-3, 112 his3-11, 15 ura3A::HIS3), in which the entire URA3 open
reading frame and promoter sequence was replaced by the HIS3 gene (40). E. coli strain
DHb50 was used for the maintenance and amplification of plasmid DNA.
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Plasmids—YEplac195 contains the URA3 marker for selection, the 2-um origin of
replication, multi-cloning site (MCS), and the Amp" resistance gene was used to control for
transformation efficiency (39).

Transformation—For yeast transformation the Lithium Acetate/Single Stranded DNA/
PEG method was used (41).

Plasmid end-joining assay in yeast—To prepare the recombinational substrate for end
joining, plasmid YEplac195, carrying a URA3 marker, a 2-um origin of replication, and an
AmpR resistance gene (39), was double-digested with HindlIl and Kpnl restriction
endonucleases (within the MCS) at 37°C overnight. To test for complete digestion, an
aliquot of the digest was re-ligated and transformed into E. coli, and transformants
originated from partially digested DNA were counted. Complete double-digested DNA was
purified by phenol:chloroform extraction and collected after ethanol precipitation. About
100-200 ng of HindllI/Kpnl-linearized plasmid DNA was transformed into the wild-type
RSY12 yeast strain lacking URA3 (40) using the transformation protocol described
previously (41). In parallel, about 100 ng of uncut YEplac195 plasmid was transformed into
the same strain to control for the transformation efficiency. After 4 days of growth, Ura*
transformants were selected. The efficiency of end joining was measured by normalizing the
number of Ura* transformants that had arisen after transformation with the linearized
plasmid in comparison to that with the uncut plasmid.

Recovery of the recombined end-joining plasmids and sequencing of the
junctions—Ura* colonies were selected from the transformation with linearized plasmids
and grown in synthetic complete medium lacking uracil. Yeast plasmid DNAs from each of
the Ura™ transformants were purified using glass beads (42), transformed into E. coli DH5aq,
and plated onto LB+Amp plates to select colonies harboring the rescued YEplac195
plasmid. Plasmid DNA from single colonies was purified using a miniprep purification kit
(Qiagen, Santa Clarita, CA). Isolated plasmids were first digested with BamHI, located
between the Hindlll and Kpnl sites that should already be cut, to exclude any plasmid DNA
that resulted from recircularization of a single-digested plasmid caused by partial HindllI or
Kpnl digestion. Selected plasmids were digested with HindlIl, which generates two
fragments, one containing the 1.1-kb URA3 fragment and a second fragment whose size was
used to estimate for the size of the rejoined plasmid. The junction site of each rejoined
plasmid was sequenced using primers located upstream and downstream of the MCS;
forward primers 195-7 5-ATACGCAAACCGCCTCTCC-3' and 195-5153 5'-
TTGGCATAATGGCGGAAA CTC-3' and reverse primers 195-1103 5'-
GCATTATAGAGCGCACAAAGG-3' and 195-2106 5'-
CAGCTTATCATCGGATCGATCC-3'.

Cell cycle arrest—Yeast cells were grown overnight, diluted in YPD, and exposed to
methylbenzimadazole-2-yl-carbamate (MBC) (Fisher Scientific, Houston, TX). MBC was
prepared as a 10-mg/ml solution in DMSO and added to cells at a final concentration of 100
ug/ml. MBC-treated cells were incubated at 30°C for 4 h and monitored for G,-arrested cells
by microscopic observation (43).

y irradiation in yeast—Yeast were irradiated with y rays from a Mark | 137Cs irradiator
(J. L. Shepherd & Associates, Glendale, CA) at a dose rate of 5.3 Gy/min. Spun-down yeast
cells were exposed to 50 Gy, which resulted in about 60% survival (34), 3 h before the heat-
shock step of the transformation procedure (41).
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Mammalian Cells

Cells—cCells of the Chinese hamster ovary (CHO) cell line CHO-K1 were purchased from
ATCC (Manassas, VA) (44). Cells were grown in F12 medium (Invitrogen, Palo Alto, CA)
containing 10% v/v fetal bovine serum (Invitrogen), 1% v/v penicillin/streptomycin, and 1%
v/v glutamine (Invitrogen).

Plasmid end-joining assay in mammalian cells—Plasmid pCMS-end (Fig. 1), an
end-joining recombination substrate used in mammalian cells, has been described recently
(19). A DSB was introduced in pPCMS-end DNA at the MCS by double digestions using
Xhol-BamHI, EcoRI-Xmal, and Xhol-Xmal restriction enzymes (Fig. 1), and digestions were
incubated overnight at 37°C (19,22). The next day, digestions were heat-inactivated for 20
min at 65°C, purified through Micropure-EZ (Millipore, Bedford, MA) columns, and tested
for complete digestions (19). For transfection experiments, CHO-K1 cells were seeded 24 h
before the transfection at 2 x 10° cells per T-25 flask (25-cm? tissue culture flasks) (BD
Falcon). About 2 pg of digested and purified DNA per flask was transfected into the cells
using Lipofectamine 2000 reagent (Invitrogen) following the manufacturer’s protocol. Then,
24 h later, transfected CHO-K1 cells were trypsinized, spun down, resuspended in 0.5 ml of
medium, and analyzed for recombination efficiency by FACS analysis.

Recovering of the recombined end-joining plasmids and sequencing of the
junctions—Low-molecular-weight DNA was purified from the excess of transfected cells
left over after FACS analysis. Cells were spun down at 3,000 rpm for 10 min, the
supernatant was aspirated, and DNA was harvested from the cell pellet using a mini-prep
purification kit (Qiagen). Low-molecular-weight DNA was purified in a total volume of 35
ul of elution buffer. Next, 1 to 2 pl of this plasmid DNA was transformed into E. coli 10B
electro-competent cells (Invitrogen) to obtain single clones. Plasmid DNA was purified from
individual colonies and digested with Sall restriction enzyme, which cuts in the between two
enzymes used originally to eliminate undigested plasmids that passed through.
Combinations of Xmnl, Xmnl/Bglll, Xmnl/Pvul, Xmnl/HindlIl enzymes were used to
analyze the sizes of recovered clones and to determine which DNA primers were closest to
the junction sites and to use for sequencing through the repair junctions (19). The UCLA
Core Sequencing Lab Facility performed sequencing reactions. The length of
microhomology was quantified for each successfully sequenced clone.

Radiation sensitivity of CHO-K1 cells and clonogenic survival assay—CHO-K1
cells in exponential growth were harvested with 0.05% trypsin-EDTA (Invitrogen), counted
and plated as 5 x 102 cells in 25-cm? tissue culture flasks (BD Falcon). After 18 h, cells
were irradiated in the Mark | irradiator as described above. To test cells for clonogenic
survival, different doses of radiation were applied; after 7 days of postirradiation growth,
cells were washed with PBS and stained with 2% methy! blue, and colonies of >40 cells
were scored. Separate experiments at each dose were performed at least four times in
duplicate. A dose of 3 Gy was found to kill 28% of cells, and this dose was used in later
experiments in which mammalian cells were irradiated with 3 Gy 12 min prior to plasmid
transfection.

Yeast and Mammalian Cells

Molecular techniques—Standard methods were followed. All enzymes were purchased
from New England Biolabs (Ipswich, MA).

Statistical analysis—The frequencies of end joining before and after irradiation were

compared by Student’s t test. The frequency of microhomology use in MMEJ events in
relation to the random occurrence of these events among the analyzed clones was calculated
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by the formula described by Roth et al. (45). Significance for these events was calculated by
the 42 test with Yates’s correction and Fisher’s exact test if needed.

1. y rays enhance the frequency of end-joining events in yeast—We investigated
the effect of y radiation on end joining using a plasmid end-joining assay in yeast, similar to
other plasmid recircularization assays (46). Plasmid YEplac195 contains a 2-um origin of
replication, a URA3 gene marker, and an AmpR resistance gene. First YEplac195 was
linearized with Hindlll and Kpnl to generate incompatible DNA ends. When 98.5% to 99%
of DNA was completely digested, linearized plasmid DNA was purified and transformed
into the wild-type RSY12 strain lacking the URA3 gene with and without prior y irradiation.
We exposed yeast cells to 50 Gy of y rays 3 h before the heat-shock step of transformation.
In parallel, uncut YEplac195 plasmid was transformed into yeast cells to control for
transformation efficiency. In both cases, after 4 days of growth, we selected Ura*
transformants and calculated the frequency of end joining. The frequency of end joining in
unirradiated yeast cells was about 1.22 + 0.08% and increased to 3.42 £+ 0.20% in irradiated
yeast cells, indicating that radiation caused a 2.8-fold increase in the end-joining frequency
(P < 0.005, by Student’s t test).

2. yrays induce MMEJ in trans in yeast—To investigate the mechanism of radiation-
induced end-joining events, we isolated yeast plasmid DNA from individual Ura*
transformants and transformed them into E. coli. We randomly selected and analyzed 37
clones of unirradiated and 28 clones of irradiated yeast cells. Junctions were sequenced
using primers upstream and downstream of the MCS. In plasmids from unirradiated yeast
cells, 11 out of 37 (30%) rejoined plasmids contained 2 to 5 bp of microhomology at the
junctions (Table 1); however, in plasmids from irradiated yeast cells, 19 out of 28 (68%)
rejoined plasmids displayed 2 to 6 bp of microhomology at the junctions (P < 0.005) (Table
1, Fig. 2. In particular, 16 out of 28 (57%) rejoined plasmids from irradiated yeast cells used
>4 bp of microhomology, whereas only 4 out of 37 (11%) of the rejoined plasmids from
unirradiated cells used =4 bp (P < 0.0001). In three independent experiments, one junction
237-673 occurred 12 times in irradiated cells; because each of these colonies was selected
from a different plate, such events represent independent endjoining events and could be at a
hotspot of MMEJ with 4 bp. These results indicate that radiation induces the MMEJ
pathway of end joining in yeast. The expected random occurrences of 2, 3, 4, 5 and 6 bp of
microhomology in an unbiased sequence are 10.5, 3.5, 1.1, 0.3 and 0.1% (45). We found
that the distribution of MMEJ events using 2, 3, 4 and 5 bp of microhomology in
unirradiated cells is 19, 0, 8.1 and 2.7% (29.8% =2 bp), which is not significantly different
from random occurrence. In contrast, the observed distribution of MMEJ using
microhomologies of 2, 3, 4, 5 and 6 bp in irradiated cells is 3.6, 7.1, 50, 0 and 7.1%,
respectively (67.8% >2 bp), which is significantly different from random occurrence (P <
0.0001). These results indicate that radiation induces a MMEJ pathway in trans to the
radiation-induced damage in yeast cell DNA.

3. Radiation-induced MMEJ contains mismatches within the microhomologies
—None of the rejoined plasmids from unirradiated yeast cells exhibited mismatched
nucleotides within the region of microhomology, whereas 14 out of 28 end-rejoined
plasmids from irradiated yeast cells contained one mismatched nucleotide within the
microhomology sequences (Table 1 and Fig. 4) (P < 0.00001). Among MMEJ events that
contain mismatches, R24 and R50 had the recipient strand sequences 5'-CCGAGCT-3'and
R16, R17, R28, R30, R39 and R41 contained a different recipient strand 5-AATCT-3' in the
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rejoined plasmids while R5, R11, R23, R25, R33 and R34 contained the sequence of the
invading strand 5’-AAGCT-3". Thus there is no preference for the invading or recipient
strand in error-prone MMEJ.

4. Radiation-induced end-joining events exhibit larger deletions at the 3’
protruding single-stranded (PSS) ends—Nine out of 37 rejoined plasmids from
unirradiated yeast cells had large deletions between 400 and 1356 nucleotides (nt) at the 3’
PSS ends (Kpnl-linearized), whereas 18 out of 28 plasmids from irradiated yeast cells had
large deletions between 102 and 750 nt at the 3" PSS ends (P < 0.005) (Table 1). In contrast,
seven out of 37 plasmids from unirradiated yeast cells had large deletions of greater than 90
nt at the 5’ PSS end (Hindlll-linearized) compared to seven out of 28 plasmids from
irradiated yeast cells, which is not significantly different.

All nine plasmids from unirradiated yeast cells with large deletions at the 3’ PSS ends
contained microhomologies at the junctions, whereas only one out of seven events with
large deletions at the 5’ PSS end was mediated by MMEJ (P < 0.005). In irradiated yeast
cells, 16 out of 18 rejoined plasmids with large deletions at the 3' PSS ends contained
microhomologies, whereas three out of seven plasmids with large deletions at the 5’ PSS
ends used microhomologies (P < 0.05). These results indicate a correlation between
microhomology use and large deletions at the 3’ PSS ends and suggest that the 5’ PSS ends
remain intact and may be used for microhomology search during spontaneous and radiation-
induced MMEJ.

5. Induction of MMEJ events does not depend on the G, phase of the cell
cycle in yeast—Since ionizing radiation has been shown to arrest yeast cells at the G,
phase of the cell cycle (47), it was possible that the induced MMEJ events observed in
irradiated cells are dependent on G, phase rather than being a consequence of ionizing
radiation. To test this possibility, yeast cells were exposed to 50 Gy of y rays, resuspended in
YPD or lithium acetate (the transformation buffer), and incubated at 30°C. The cell cycle
distribution of yeast cells were analyzed 3 h after irradiation by microscopic observation, the
time when cells were heat-shocked during the transformation process. We found that yeast
cells that were incubated in YPD or buffer were not arrested in G5, at this time (data not
shown).

We further tested the effect of Go-arrested cells on end joining. Yeast cells were first treated
with the anti-microtubule drug MBC for 4 h to arrest cells at G,. Then the Hindlll, Kpnl-
linearized YEplac195 plasmid was transformed into MBC-treated and untreated cells and
Ura™ transformants were selected. The efficiency of end joining in MBC-treated cells was
25.6 + 2.1%, whereas the efficiency of end joining in cells without treatment was 27.2 +
3.5%, which is not significantly different by Student’s t test. These results exclude the
possibility that the induced end-joining events observed in irradiated cells are dependent on
Go-phase arrest triggered by radiation and support the interpretation that the end-joining
pathway, in particular MMEJ, is induced as a consequence of ionizing radiation.

Mammalian Cells

1. Effect of y rays on end-joining events in CHO-K1 cells—For experiments with
radiation, both nonirradiated and irradiated CHO-K1 cells (previously exposed to 3 Gy)
were simultaneously transfected with Xhol-BamHI, EcoRI-Xmal, and Xhol-Xmal-linearized
pCMS-end plasmids (19). Cells were analyzed 24 h later by FACS for the intensity of
fluorescence representing frequencies of end joining. Unlike yeast, irradiated CHO-K1 cells
did not show a significant difference from nonirradiated cells in the frequency of end-joining
events (data not shown).
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2.y rays induce MMEJ in trans in CHO-K1 cells—The junction sequences of the
end-joining events recovered from mammalian cells were analyzed when plasmid DNA was
recovered from the same nonirradiated and irradiated cells after FACS analysis. Excess cells
were spun down and low-molecular-weight DNA was purified from the cells. DNA from
each digest was transformed into E. coli 10B electro-competent cells, and individual clones
were collected. From randomly selected clones, plasmid DNA was analyzed to reveal
sequences at the junctions. A total of 23 clones from nonirradiated cells were successfully
sequenced (Table 2, nonirradiated cells). Among these clones, 10 (43%) were rejoined
without any use of microhomologies, eight clones (35%) with one nucleotide, three clones
(13%) with two nucleotides, and two clones (9%) with three nucleotides (Fig. 3, gray bars).
There were no clones found with more then three nucleotides of overlap (Fig. 3). From
irradiated CHO-K1 cells, 13 clones were analyzed and sequenced (Table 2, irradiated cells).
Among them, 31% were repaired without any microhomology, 15% with three, 15% with
four, 8% with five, 8% with six, 15% with eight, and 8% of clones with ten nucleotides of
overlap (Fig. 3, black bars). Fifty-four percent of irradiated CHO-K1 cells used >4 bp of
overlap, while no such clones were recovered from nonirradiated CHO-K1 cells (Fig. 3),
which is highly significantly different (P < 0.00001).

The expected probabilities of random occurrence of 2, 3 and 4 bp of microhomology in an
unbiased sequence are 10.5, 3.5, 1.1, 0.3 and 0.1% (45). In our experiment, the frequency of
distribution of MMEJ events using 2 and 3 nt of microhomology in unirradiated cells is 13,
and 9 (32% = 2 bp), which is not significantly different from random occurrence. In
contrast, in our experiment, the frequency of distribution of MMEJ using microhomologies
of2,3,4,5,6,7,8,9and 10 bp in irradiated cells is 0, 8, 15, 15, 15 and 8, 8, 0, 15, 0 and
8%, respectively (69% >2 bp), which is significantly different from random occurrence (P <
0.0001). These results indicate that radiation induces an MMEJ pathway in trans to the
radiation-induced damage in mammalian cells.

Two out of 13 clones collected from irradiated CHO-K1 cells contained one mismatched
nucleotide each. This difference is not significant but is in agreement with the data in yeast,
where the difference was highly significant. Our results indicate that radiation induces
MMEJ events in yeast as well as mammalian cells to repair DSBs in trans to radiation
damage. Deletion size among clones in mammalian cells has a large range (from one to
4200 nt) regardless of whether plasmids were recovered from nonirradiated or irradiated
cells (Table 2), indicating that unlike yeast, there is no correlation between irradiation and
the size of the deletions in mammalian cells.

To address the possibility that a change in cell cycle distribution causes the increase in
microhomology use, we measured the cell cycle distribution of CHO-K1 cells at different
times in nonirradiated and 3 Gy-irradiated CHO-K1 cells. We found (Table 3) that there was
a slight increase in the fraction of cells in Go/M phase 4-8 h after irradiation cells then return
to distributions similar to those observed in nonirradiated cells. We suggest that this small
increase in the percentage of cells in Go/M phase after irradiation could not cause the
observed increase (more than fourfold) in the fraction of clones with more than 2 bp of
microhomology. Since only an additional 10% of the cells are arrested by the radiation, this
arrest should account for only a 10% increase in clones using microhomology assuming that
all events in arrested cells are due to MMEJ. This could not explain a 40% increase in such
events. Rather, a new mechanism triggered by radiation should be responsible for such
events.

Radiat Res. Author manuscript; available in PMC 2009 July 14.
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DISCUSSION

We analyzed the effect of radiation on end joining of linearized plasmid substrates in yeast
and mammalian cells. Based on sequence analysis of the rejoined junctions, we found that
radiation increased the frequency of MMEJ in both organisms. Since cells were irradiated
before introduction of the linearized plasmids, the radiation-induced MMEJ events are in
trans to the radiation-induced primary damage.

DSBs Induce MMEJ

DSB repair in yeast was studied by overexpression of HO-endonuclease (9,16,32) or other
plasmid end-joining assays (16). Many of these studies reported microhomologies at the
junctions of the recombined products, suggesting that DSBs are repaired by an MMEJ
pathway. In previous studies, human cells carrying a pHAZE shuttle vector were exposed to
a particles, and 60% of the rejoined junctions revealed microhomologies (48). However,
these studies were unable to distinguish between MMEJ events at the targeted DSB sites and
MMEJ events in trans at nontargeted sites. Other studies have analyzed X-ray- and a-
particle-induced deletions at the hprt locus in human lymphoblasts (49,50). Based on
mapping of deletions by Southern analysis and PCR amplification, these investigators found
that radiation-induced events exhibited a larger extent of deletions compared to spontaneous
events. Since these studies examined only the induced mutations at the site-specific locus,
radiation-induced deletions at nontargeted sites have not been investigated. It has been
shown previously that radiation and restriction enzymes induce plasmid integrations into the
genome using microhomology in yeast (38). These data, however, did not prove that the
induced recombination events were in trans to the genomic DNA damage. Therefore,
current experiments were carried out so that the radiation exposure was physically separated
from the nonirradiated recombination substrate, proving that radiation induces MMEJ in
trans.

Potential Mechanisms of MMEJ in Yeast and Mammalian Cells

Our yeast data showed a larger extent of deletions at the 3’ PSS ends of the rejoined
plasmids in radiation-induced end-joining events compared to spontaneous events. In
contrast, the extent of deletions at the 5 PSS ends was not induced by radiation. Among the
events mediated by MMEJ, 10 out of 11 unirradiated clones and 16 out of 19 irradiated
clones had the 5’ PSS end remained intact or contained just 1 to 5 nt of deletions. However,
the majority of these MMEJ events had large deletions at the 3' PSS ends, showing a
significant correlation between microhomology use and the size of deletions at the 3’ PSS
ends. Based on these results, it is likely that the 5’ PSS end is used for microhomology
search and strand invasion of the microhomology regions distant from the 3’ PSS end results
in homologous pairing; presumably an endonuclease is involved in the removal of the
displaced single-stranded DNA, causing a large deletion at the 3' PSS end. Alternatively,
strand resection of the 3’ PSS end of the break facilitates exposure of microhomologies for
annealing (17). Because 3’ PSS ends are used for strand invasion in homologous
recombination in yeast, it is likely that resection of breaks occurs in the other direction to
generate 5' PSS ends for strand invasion in MMEJ. Further studies on end joining using
different linearized ends are essential to investigate the mechanism of MMEJ in yeast.

In contrast to the data for yeast, the deletion size among clones recovered from mammalian
cells has a large range regardless of radiation exposure of cells. These results could be
explained by the presence of high levels of nuclease activities in some mammalian cell lines
(53). Presumably, both the 5" and 3' DNA ends are degraded by exonucleases, and the two
ends are joined based on microhomology. A similar model of MMEJ in mammalian cellshas
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been proposed (51). In this regard, Mrel1 has been shown to degrade DNA ends, and its
exonuclease activity is inhibited when a microhomology is encountered (52).

The Radiation-Induced MMEJ Pathway May Be Associated with an Inducible Process

Radiation-induced recombination occurs during the repair process of DSBs while all the
radiation-induced damage is reported to be fixed within 2 h postirradiation (53). However,
radiation-induced integration is active days after irradiation (54). In our experiments,
transfection of mammalian cells (addition of linearized DNA in the presence of
Lipofectamine 2000) was done very soon (12 min) after radiation, but the process of
linearized DNA entering into the mammalian cells could take up to 2 h after transfection.
Moreover, the yeast transformation procedure takes much longer, yeast cells were heat-
shocked about 3 h after irradiation (41). Thus, in the mammalian and yeast cell systems, it is
likely that most or all DSBs had already been repaired when the plasmids entered the cells.
Our data show that the rejoined plasmids, which were transfected into cells after exposure to
radiation, contain radiation-induced recombination events that are in trans to radiation-
induced primary lesions. Radiation-induced effects that are not due to the initial damage,
including delayed reproductive genetic instability and nontargeted effects have been
observed previously in vitro (55) and in vivo (56).

The MMEJ Pathway may Contribute to Radiation-Induced Genomic Instability

Our results showed that radiation-induced end-joining events in yeast exhibit a larger extent
of deletions at the 3’ PSS ends than spontaneous events. Of the 18 radiation-induced events
containing large deletions at the 3' PSS end, 16 events were mediated by MMEJ. These data
strongly suggest that MMEJ could be the mechanism responsible for generating radiation-
induced large deletions (25,26,49). The human and hamster hprt gene and the hamster aprt
gene analyzed for deletions showed that radiation-induced deletions are generated randomly
throughout the genome (57). Together with our previous results showing that radiation and
restriction enzymes induce plasmid integrations into the genome using microhomology (38),
our current findings of an in trans effect of radiation on MMEJ could mean that radiation
induces genomic rearrangements at random sites, which supports the notion that one
chromosomal DSB can invade other genomic locations through MMEJ and lead to large
deletions and translocations.

MMEJ is Associated with Human Disorders and Cancer

MMEJ causes large deletions and misrejoining of DSBs, leading to human disorders such as
muscular dystrophy and Fabry’s disease (29-31). In addition, a preference using MMEJ to
repair DSBs in bladder tumor cells and head and neck cancer cells is linked to its high level
of genomic instability and tumor progression (27,28). MMEJ has been observed in
mammalian cells that are defective in ATM, Ku70, Ku86, ligase IV and XRCC4 (19-21,51),
and some of these mutants were characterized by high levels chromosomal aberrations,
including translocations, aneuploidy and early onset of cancer (11,58). These observations
suggest that MMEJ is a potential mechanism that leads to genomic instability and
carcinogenesis.
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FIG. 1.

Schematic diagram of pCMS-end plasmid construct and NHEJ assay in mammalian cells.
The plasmid pCMS-end was designed to monitor nonhomologous end joining (NHEJ) by
FACS analysis. The multicloning site (MCS) is positioned between CMV enhancer/
promoter region and coding sequence for EYFP; the EGFP sequence is under control of
SV40 promoter (left). When the plasmid is digested with restriction enzyme(s) that only cut
in MCS, linear DNA expresses EGFP but not EYFP (middle). Both colors can be detected
by FACS analysis if repair of the DSB has taken place (right).
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FIG. 2.
The distribution of microhomology used during end joining in yeast in the absence and
presence of 50 Gy of y radiation.
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The distribution of microhomology use during end joining in CHO-K1 mammalian cells in
the absence and presence of 3 Gy of y radiation; cells were irradiated prior to transfection of
the end-joining substrates.
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R5: 5'-ATGATTACGCCAAGCTTGCACGTCGC-3"

*
+220 5 '—ATGATTACGCCZ%%G(FT—T +237

[
(B

+662 S'-ATTGCATAGGTAATCTTGCACGTCGCATCC-3" +691

R24: 5 ' ATGATTACGCCGAGCTCGAATTC-3
*
+220 5'—ATGATTACGCCAA(|3CT—3' +237
|1 | |1
RIERR
+273 5'-GTACCGAGCTCGAATTC-3! +289

FIG. 4.

MMEJ events in yeast containing mismatches. The top line is the junction sequence
recovered from the rejoined plasmids; the location of the sequence is indicated. The second
line shows the sequence up-stream of the 5" Hindll1-linearized end. The third line shows the
sequence at the site of MMEJ either close to the Kpnl-linearized end or distant from the end.
Overlapping sequences between lines 2 and 3 are shown as dashed lines, and the
microhomologies used are shown as boldface letters. The mismatched nucleotides within the
microhomologies are identified with a star on top of the nucleotides.
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Cell Cycle Distribution of CHO-K1 Cells at Different Times after Irradiaton with 3 Gy

TABLE 3

Time after irradiation

Fraction of cells in G,/M phase

Control (unirradiated cells)
2h
4h
8h

16 h
24 h

0.248 +0.040
0.245 +0.059
0.355 £ 0.062
0.352 +0.009
0.295 +0.029
0.204 + 0.0014
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