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ABSTRACT

DNA double stranded breaks (DSBs) are one of the
most deleterious types of DNA lesions. The main
pathways responsible for repairing these breaks in
eukaryotic cells are homologous recombination (HR)
and non-homologous end-joining (NHEJ). However,
a third group of still poorly characterized DSB re-
pair pathways, collectively termed microhomology-
mediated end-joining (MMEJ), relies on short ho-
mologies for the end-joining process. Here, we con-
structed GFP reporter assays to characterize and dis-
tinguish MMEJ variant pathways, namely the simple
MMEJ and the DNA synthesis-dependent (SD)-MMEJ
mechanisms. Transfection of these assay vectors
in Chinese hamster ovary (CHO) cells and charac-
terization of the repaired DNA sequences indicated
that while simple MMEJ is able to mediate relatively
efficient DSB repair if longer microhomologies are
present, the majority of DSBs were repaired using the
highly error-prone SD-MMEJ pathway. To validate the
involvement of DNA synthesis in the repair process,
siRNA knock-down of different genes proposed to
play a role in MMEJ were performed, revealing that
the knock-down of DNA polymerase � inhibited DNA
end resection and repair through simple MMEJ, thus
favoring the other repair pathway. Overall, we con-
clude that this approach provides a convenient assay
to study MMEJ-related DNA repair pathways.

INTRODUCTION

During their lifetime cells constantly face DNA damage
that may result from the by-products of normal metabolic
processes, or from exogenous factors such as chemical
agents or ionizing radiation (IR). One of the most serious
types of DNA damage are double-stranded breaks (DSBs),
which can block replication and transcription, or lead to
the loss of chromosome fragments. Eukaryotic cells thus
possess various mechanisms that sense and repair DSBs.
The two major mechanisms responsible for DSB repair in

normal cells consist of the non-homologous end-joining
(NHEJ) and homologous recombination (HR) pathways
(1–3). These two mechanisms can compete for broken DNA
ends in the cell, and the choice between them is made de-
pending on the type of the DSB and the phase of the cell
cycle. NHEJ, the main pathway used in higher eukaryotes,
is active throughout the cell cycle. It is a fast process, which
very efficiently repairs easily ligatable DSBs (4). In contrast,
HR is a much more complex mechanism, active mainly in
the late S and G2 phase of the cell cycle. HR is considered
to be a relatively error-free pathway, as it can repair very
complicated DSBs with high fidelity. However, it requires
extensive DNA end processing and a homologous DNA
molecule as a template, hence its more prominent use fol-
lowing chromosome replication.

In recent years it became apparent that a third mecha-
nism of DSB repair also exists in eukaryotic cells (5,6). This
pathway, which may be masked by the main repair processes
in normal cells, was described under various names, includ-
ing alternative end-joining (alt-EJ), alternative or backup
NHEJ (alt-NHEJ, a-NHEJ, B-NHEJ), or microhomology-
mediated end-joining (MMEJ) (5–11). It is still unclear
whether these alternate repair mechanisms consist of one or
several distinct pathways. A common feature of these end-
joining mechanisms is the use of short 2–25 nt homologies
to join broken DNA ends.

Many fundamental findings on the functioning of the
DSB repair pathways have been made using in vivo plasmid
end-joining assays. These assays are most commonly based
on the reconstitution of a functional reporter gene by one of
the DSB repair mechanisms after the induction of a break
in a non-functional substrate. Many such assays were con-
structed to investigate NHEJ and HR in various types of
cells (4,12–19), and recently also MMEJ (20–22). However,
with a growing number of new studies proposing the occur-
rence of mechanistically distinct MMEJ pathways, the need
arises for more specific assays that may allow to better dis-
tinguish these mechanisms.

Here, we sought to design an assay to measure synthesis-
dependent (SD)-MMEJ, a recently proposed variant of
MMEJ (23). Both MMEJ and SD-MMEJ may start with
a 5′–3′ end resection (21,23), similarly to HR, but diverge in
later steps. Repair may be carried out by MMEJ if the re-
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sulting ssDNA overhangs contain short regions of homol-
ogy, which can pair together to mediate alignment of the
two sides of the DSB. However, if the resection fails to ex-
pose any microhomologies, the MMEJ machinery may be
unable to rejoin the two ends. Moreover, the presence of
long ssDNA overhangs precludes the use of the NHEJ path-
way, which cannot process these types of substrates (24,25).
The SD-MMEJ model offers a solution in such situations.
In this mechanism, a non-processive DNA polymerase may
copy a sequence from the DNA up- or downstream of the
break, which subsequently serves to align the two sides of
the break enabling the continuation of the MMEJ path-
way. The SD-MMEJ model offers a solution in such sit-
uations. In this mechanism, a non-processive DNA poly-
merase may copy a sequence from up- or downstream of
the break, which subsequently serves as a microhomology
used to align the two broken DNA ends enabling the con-
tinuation of the MMEJ pathway (23). This can be accom-
panied by the amplification of a sequence near the DSB and
in its insertion between the joined DNA extremities, which
is termed a templated insertion.

In this study, we attempted to construct a specific SD-
MMEJ assay and compared it with a previously published
reporter designed to measure simple MMEJ, where the re-
joining of a functional Green Fluorescent protein (GFP) se-
quence by either mechanism can be followed by flow cytom-
etry (22). The use of these assays in Chinese Hamster Ovary
(CHO) cells and the analysis of junction DNA sequences re-
vealed that DNA repair resulted from both types of mecha-
nisms, although SD-MMEJ was more frequently used. This
suggested that SD-MMEJ, while error-prone, is a very ro-
bust mechanism able to repair incompatible DSBs without
any need for pre-existing homology. The MMEJ assay was
validated by the siRNA knock-down of genes involved in
alternative end-joining pathways, which indicated that the
depletion of polymerase � decreased the efficiency of sim-
ple MMEJ in favor of NHEJ and SD-MMEJ, suggesting
that this enzyme is important for the former pathway. Over-
all, we conclude that this assay can be used to decipher the
molecular mechanisms of multiple MMEJ-related DSB re-
pair pathways.

MATERIALS AND METHODS

Cell culture

Adherent CHO DG44 cells (26) were cultivated in
DMEM/F12+GlutaMAXTM supplemented with 1x HT
and 10% fetal bovine serum (Gibco, Invitrogen), and
with the antibiotic-antimycotic solution (Sigma-Aldrich,
#A5955).

Construction of the recombination assays

The MMEJ and SD-MMEJ reporter cassettes were con-
structed by inserting restriction sites in the GFP coding
sequence of the pSV40-GFP plasmid described previously
(27). The MMEJ vector was based on a previously de-
scribed reporter (22). Briefly, a naturally occurring 9-bp se-
quence (CGCGCCGAG) was duplicated and an 18-bp I-
SceI recognition site was inserted in between the two copies
of the sequence (Figures 1A and 2A). Two in frame stop

codons present in the inserted sequence prevent the expres-
sion of a functional GFP from the intact vector. Digestion
with I-SceI linearizes the vector and creates a DSB with 3′
overhangs.

The two SD-MMEJ reporter cassettes were designed us-
ing microhomologies already present in the GFP sequence.
In the first assay (SD-MMEJ-1), the two 5-bp microho-
mologies (CGAGG) are 7 bp apart (Figures 1B and 2B).
In the second assay (SD-MMEJ-2) the two 7-bp microho-
mologies (CCACCCT) are 5 bp apart (Supplementary Fig-
ure S1). To enable the formation of DSBs with 5′ incom-
patible overhangs and prevent re-ligation upon digestion,
two restriction sites (separated by 3 bp) were introduced
into each vector inside one of the microhomologies. SpeI
and AflII recognition sites were used in SD-MMEJ-1, and
AflII and EcoRI in SD-MMEJ-2. In both cases, in-frame
stop codons are present inside the restriction sites to pre-
vent GFP expression from the intact vectors.

Transfection and FACS analysis

MMEJ and SD-MMEJ plasmids were digested with the ap-
propriate restriction enzymes (New England Biolabs) for
5 h and purified by ethanol precipitation. Aliquots were
analyzed by gel electrophoresis to confirm complete diges-
tion. A total of 2 × 105 CHO cells were seeded into each
well of a 12 well plate (TPP) in 1 ml of complete medium.
On the following day each well was co-transfected with 900
ng of linearized GFP reporter plasmid and with 100 ng of
undigested pGL3-CMV-dsRed construct to normalize for
transfection efficiency using Fugene 6, according to manu-
facturer’s instructions (Promega). The pSV40-GFP vector
(pGFP) was transfected in parallel as a positive control of
GFP expression. Expression of GFP and dsRed was mon-
itored by fluorescence microscopy (Carl Zeiss Microscope
Axio Observer.A1) and flow cytometry. For flow cytome-
try, cells were harvested 24 h following transfection and re-
suspended in 0.5 ml of PBS with 2% FBS (Gibco, Invitro-
gen). Data were acquired using the CyAn analyzer (Beck-
man Coulter) and analyzed using the FlowJo software (Tree
Star). GFP repair efficiency was calculated as the ratio of
GFP-positive cells over the number of dsRed-positive cells.

Junction sequence analysis

For the analysis of junction sequences, CHO cells were
transfected as before with the MMEJ or SD-MMEJ vec-
tors, but without the pGL3-CMV-dsRed plasmid. After 24
h, cells were harvested and GFP-positive cells were sorted
by FACS (MoFlo Astrios Cell Sorter, Beckman Coulter), to
enrich the cell population in transfected cells. Total DNA
was isolated from the sorted cells using the DNeasy Blood
& Tissue Kit (Qiagen). Next, one of the two following meth-
ods was used to obtain the sequences of the repaired vectors.
In the first method the repaired GFP sequences were am-
plified by PCR using primers GFP-NcoI-F1 (ATTCCGGT
ACTGTTGGTAAAGCCACCA) and GFPp2-Rev (TG
TATCTTATCATGTCTGCT). The PCR products were
cleaved with NcoI and XbaI and ligated into the NcoI and
XbaI-cleaved pSV40 vector prior to transformation into re-
combination deficient Escherichia coli cells (XL10-Gold Ul-
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Figure 1. GFP-reconstitution reporter cassettes aimed at detecting the regular microhomology-mediated end-joining (MMEJ) and the synthesis-dependent
MMEJ (SD-MMEJ) DNA repair pathways. (A) MMEJ reporter. (B) SD-MMEJ reporter. Description and abbreviations are listed in the text.

Figure 2. Anticipated mechanism of repair of the MMEJ and SD-MMEJ-1 reporters. Stop codons are underlined. Red arrows indicate the direction of
the 5′-3′ resection. Green arrows indicate the direction of DNA synthesis. (A) MMEJ reporter. Adapted from (22). (B) SD-MMEJ-1 reporter. P1/P2 stand
for primer repeats, and �1/�2 for microhomology repeats. The SD-MMEJ repair mechanism is adapted from (23).

tracompetent Cells, Stratagene) and plating on ampicillin-
containing Luria Broth plates. Colonies were picked and
analyzed by colony PCR amplification for the presence of
the insert using primers GFP-NcoI-F1 (ATTCCGGTAC
TGTTGGTAAAGCCACCA) and SV40 lateR (TCCAAA
CTCATCAATGTATC). Plasmids isolated from positive
clones were analyzed by Sanger sequencing. In the second

method, recombination deficient E. coli cells (XL10-Gold
Ultracompetent Cells, Stratagene) were transformed with
6–12 �l of total DNA and plated on ampicillin-containing
Luria Broth plates. Plasmid DNA was isolated from indi-
vidual colonies and analyzed by Sanger sequencing. Half
of all the sequenced junctions were obtained using the first
method and another half using the second method. The
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frequencies of particular junction patterns was not altered
when comparing the data obtained by either method.

siRNA and transfections

Small interfering RNA duplexes were specifically designed
to target the Chinese hamster homologs of DNA-PKcs,
Ku70, Ligase I, Ligase III, polymerase � and Pold3. The
siRNAs were designed and provided by Microsynth AG
(Balgach, Switzerland). Three RNA duplexes were designed
per mRNA to increase the probability of successful knock-
down. Three negative (non-targeting) siRNAs were also de-
signed as controls. For siRNA-mediated knock-down, 1.5
× 105 CHO-DG44 cells were seeded into each well of a 12
well plate (TPP) in 1 ml of complete medium, and trans-
fected with equimolar amounts of three targeting or non-
targeting siRNA duplexes at a final concentration of 50 nM
using Lipofectamine RNAiMAX (Invitrogen), with the re-
verse transfection protocol, according to the manufacturer’s
instructions. After two days, the siRNA-treated cells were
re-transfected with 1 �g of the digested MMEJ assay vector
using Fugene 6 (Promega). GFP-positive cells were sorted
and the junction sequences were amplified and sequenced
as described above.

RESULTS

CHO cells restore GFP expression more efficiently from the
MMEJ than the SD-MMEJ reporters

To measure the efficiency of extrachromosomal MMEJ and
SD-MMEJ in mammalian cells, we constructed GFP re-
porter assays aimed at specifically detecting these pathways.
The MMEJ repair substrate contains two 9-bp microho-
mologies flanking the I-SceI restriction site (Figures 1A and
2A). After I-SceI digestion and end-resection, annealing
at these microhomologies should enable the restoration of
a functional GFP coding sequence (Figure 2A). Two ver-
sions of the SD-MMEJ reporter were constructed, differing
by the size of the microhomologies and by their distance.
They contain a GFP sequence interrupted by two tandem
restriction sites, which serve to create a DSB with non-
complementary 5′ overhangs (Figures 1B and 2B, Supple-
mentary Figure S1). Since there are no extended microho-
mologies in the sequence surrounding the break, microho-
mologous sequences should be amplified from another frag-
ment of the vector by a DNA polymerase, as illustrated by
the examples of a SD-MMEJ mechanism shown in Figure
2B and Supplementary Figure S1. In this mechanism, the
microhomology (�1) sequence following P1 will by copied
to follow P2, acting as a primer, to provide on each side of
the DSB the two microhomologous �1 and �2 sequences
needed to align the two broken ends. The use of these di-
rect repeats should enable the restoration of a functional
GFP sequence. A simple re-ligation of the cleaved DNA
ends prevents the expression of a functional GFP, due to the
presence of in-frame stop codons, while the use of microho-
mologies other than the pre-set ones may lead to deletions
in the open reading frame and/or frame shifts.

The linearized vectors were transiently transfected into
CHO cells, and the appearance of GFP-positive cells was
analyzed by flow cytometry. Over 50% of cells transfected

Figure 3. Frequency of GFP coding sequence reconstituted from the tran-
sient transfection of linearized MMEJ and SD-MMEJ reporter constructs
in CHO cells. Cells were transfected with a control circular GFP expression
plasmid (GFP) to assess transfection efficiency, or with the non-digested
(circ) or linearized (lin) MMEJ or SD-MMEJ reporters. The percentages
of GFP-positive cells are shown with respect to cells transfected with the
control plasmid (set to 100%). Mean of three experiments, error bars rep-
resent standard error of the mean (SEM) values.

with the MMEJ reporter were able to reconstitute a func-
tional GFP coding sequence (Figure 3). In contrast, only
∼9% of the cells transfected with one of the SD-MMEJ
assays (SD-MMEJ-1) successfully repaired the GFP gene.
The second SD-MMEJ reporter (SD-MMEJ-2) yielded
only a few GFP-positive cells (∼0.5%). The difference in ef-
ficiency between the two SD-MMEJ constructs could result
from the choice of the restriction enzymes used to generate
the break, and/or from the spacing of elements and variable
flanking sequences (Figure 2B and Supplementary Figure
S1).

These results suggested that the MMEJ mechanism may
more efficiently reconstitute a functional GFP coding se-
quence than SD-MMEJ pathway in CHO cells, possibly
because of the presence of the pre-existing and relatively
long (9 bp) microhomologies, which may provide a greater
chance of successful GFP reconstitution. In contrast, the
lack of long homology in the SD-MMEJ assays may force
the repair machinery to copy the microhomology from a
more distant region of the plasmid, which may not neces-
sarily lead to the reconstitution of a functional GFP. To as-
sess how the reporter cassettes were repaired, and to unam-
biguously identify the mechanisms used, we sequenced the
re-joined plasmids isolated from the GFP-expressing CHO
cells (Supplementary Figure S2).

MMEJ and SD-MMEJ reporters are more frequently re-
paired by the SD-MMEJ pathway

The sequences of 12 junctions were amplified and cloned
from cells transfected with the MMEJ vector, whereas 13
junctions were analyzed from the cells transfected with the
SD-MMEJ-1 or SD-MMEJ-2 vector. The DNA sequences
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of the junctions were determined and analyzed for the
presence of potential microhomologies, deletions and/or
primer/microhomology pairs in the vicinity (i.e. within 300
bp) of the junction. The presence of limited sequence loss
(0–6 bp) and a lack of microhomology was interpreted as
the result of the NHEJ mechanism. Junctions showing evi-
dence of long resections (>6 bp), with at least 2 bp of pre-
existing microhomology, were classified as simple MMEJ
products. If these short homologous sequences were absent,
we searched for the occurrence of ≥2 bp of the SD-MMEJ
microhomology P sequences followed by ≥2 bp of � se-
quences, either as direct or inverted repeats up- or down-
stream of the junction, as well as for the presence of a tem-
plated inserts, which are all hallmarks of the SD-MMEJ
pathway (23).

Analysis of all the sequenced repair products revealed
that the majority (67–75%) of the junctions from cells trans-
fected with either type of reporters must have resulted from
the SD-MMEJ mechanism (Table 1, Supplementary Tables
S1–S3). The MMEJ mechanism seemed to account for only
25–33% of all the junctions analyzed, despite the presence of
the 9 bp microhomology region in the vicinity of the cleav-
age site for the MMEJ reporter. Interestingly, we did not
observe any repair products that could be unambiguously
attributed to the NHEJ pathway. These results indicated
not only that the SD-MMEJ pathway may be more efficient
than simple MMEJ, but also that the appearance of GFP
fluorescence in these types of assays should not be used as a
sole determinant of repair efficiency by a given mechanism.
Consequently, sequencing of the repaired junctions should
always be performed to reliably estimate the true efficiency
of the end-joining mechanisms in cells.

Out of the 7 MMEJ-like junctions obtained from all as-
says, 3 occurred at the 9 bp microhomologies (Table 1, Sup-
plementary Tables S1–S3). In the 3 remaining cases, fortu-
itous 2, 3 and 4 bp microhomologous sequences were used
for alignment. This indicated that the MMEJ mechanism
may show a preference for relatively longer microhomolo-
gies. Strikingly, out of all the sequences obtained from cells
transfected with the MMEJ reporter, only one contained
a GFP sequence successfully reconstituted using the pre-
set 9 bp microhomology (Supplementary Table S1, junction
number 4). This implies that precise, error-free repair events
relying on cleavage-proximal microhomologous sequences
correspond to rarely occurring events.

In contrast, none of the SD-MMEJ constructs was re-
paired using the designed microhomologies, even though in
8/18 of SD-MMEJ-like junctions, the SD-MMEJ mecha-
nism relied on 5 bp (2 bp + 3 bp) microhomology sequences,
as designed in the SD-MMEJ-1 reporter (Table 1, Sup-
plementary Tables S2 and S3). In most cases (11/18), the
‘primer’ sequence was 2 bp long and the amplified microho-
mology used for bridging the breaks was 2 bp (8/18) or 3 bp
(7/18) long. This suggested that even very short sequences
can serve as starters for the SD-MMEJ DNA polymerase,
making this process very robust in repairing breaks com-
pletely devoid of extended microhomologies. This, however,
likely entails poor repair fidelity, consistently with the low
frequency of successful GFP reconstitution events from the
SD-MMEJ reporters.

The repair of the MMEJ cassette was accompanied by
slightly larger deletions than those obtained from the SD-
MMEJ assays (Table 1, Supplementary Figure S3). This dif-
ference likely reflects the difference between the 5′ protrud-
ing ends in the SD-MMEJ vectors and the recessive 5′ ends
in the MMEJ vector (� = 16 bp), suggesting that the ex-
tent of the 5′–3′ end resection was similar for all three con-
structs. We concluded that these reporter constructs can all
be used to study both types of repair mechanisms, and that
the type of repair mechanism that is used is not predefined
by the type of microhomologies that is present at the DNA
extremities.

Taken together, these results indicated that, while the sim-
ple MMEJ pathway is potentially more precise if larger ho-
mologies are present, the SD-MMEJ pathway seems to be
much more frequently used in these cells, irrespective of the
presence or not of extended microhomologies. We thus hy-
pothesized that the SD-MMEJ mechanism plays the role
of a salvage repair pathway when other mechanisms have
failed.

Depletion of polymerase � inhibits DSB repair through
MMEJ in favor of other end-joining pathways

We next used this strategy to assess the relative efficiency of
MMEJ and SD-MMEJ pathways in cells depleted of fac-
tors thought to be implicated in such repair processes. Short
interfering RNA (siRNA) were used to knock-down the ex-
pression of Ligase I, Ligase III, DNA polymerase � and
DNA polymerase � subunit 3 (Pold3), all of which were pre-
viously proposed to play a role in alternative DSB repair
pathways (11,20,28–32). We also used siRNAs against two
NHEJ genes––Ku70 and DNA-PKcs, and non-targeting
control siRNAs. The decrease in the target mRNA levels
upon siRNA treatment was verified by real-time PCR (Sup-
plementary Figure S4). Since the reporter vectors did not
significantly differ in the relative frequency of the MMEJ
and SD-MMEJ mechanisms, we used only the MMEJ re-
porter, as it allows for higher recovery of re-joined vectors.
Repaired plasmids were obtained from the cells as before,
and 20–24 junction sequences were characterized for each
condition.

Surprisingly, in cells transfected with the control siRNA,
the frequency of MMEJ-attributed repair (∼50%) was
higher than that of SD-MMEJ (30%) (Figure 4A, Supple-
mentary Table S4), which contrasted with the results ob-
tained from untreated cells. This indicated that the siRNA
transfection alone can alter the frequency with which the
two pathways are used. We also observed few junction se-
quences that could only be attributed to the NHEJ mecha-
nism (∼20%). Similar repair patterns were observed in cells
depleted in DNA-PKcs and Ligase I, implying that these
factors may not be essential for the repair of extrachromo-
somal DSBs. However, it should be noted that the knock-
down of DNA-PKcs and Ku70 decreased the frequency of
NHEJ. It also increased the number of GFP-positive cells
about 2-fold (data not shown), in line with previous ob-
servations that alternative end-joining pathways are more
active when NHEJ is disabled (8,33–35). Interestingly, the
knock-down of polymerase � significantly decreased the fre-
quency of simple MMEJ to approximately 20%, in favor of
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Table 1. The analysis of the sequenced repair products.

Repair mechanism Number (% of
junctions)

Reporter MMEJ SD-MMEJ Deletion size1 [bp]

Pre-existing
microhomology [bp]
(number of
junctions)

Primer repeat [bp] +
microhomology [bp] (number
of junctions)

MMEJ 3 (25%) 9 (75%) 17, 21, 27, 53, 54, 54,
64, 73, 81, 91, 109, 117

9 (2), 3 (1) 2 + 2 (2), 3 + 2 (2), 2 + 3 (3),
3 + 3 (1), 2 + 4 (1)

SD-MMEJ-1 3 (33%) 6 (67%) 10, 11, 20, 23, 27, 30,
71, 103, 1163

9 (1), 4 (1), 2(1) 2 + 2 (2), 2 + 3 (2), 3 + 3 (1),
4 + 2 (1)

SD-MMEJ-2 1 (25%) 3 (75%) 24, 48, 52, 76 3 (1) 3 + 2 (1), 2 + 4 (1), 3 + 4 (1)

1Size of the sequence missing from the reporter construct after repair. Deletions are ordered from smallest to largest. A deletion of 27 bp would be expected
from the MMEJ mechanism using the preset 9 bp microhomology on its cognate assay plasmid.

Figure 4. Frequency of DSB repair mechanisms and deletion sizes in cells transfected with MMEJ and SD-MMEJ reporters. (A) The frequency of DSB
repair of the MMEJ reporter attributed to the NHEJ, MMEJ and SD-MMEJ mechanisms in cells depleted of NHEJ or MMEJ activities. Statistical
significance was calculated using the exact binomial test, and asterisks indicate significant differences between the siRNA treated sample and the control
treated with a non-targeting siRNA (siNeg), with a significance level of P < 0.05. (B) The sizes of junctional deletions from siRNA-transfected cells were
determined as for Figure 3. Deletions in the sequenced MMEJ reporter junctions were classified as short (0–6 bp), medium (7–27 bp) or large (>27 bp).
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both NHEJ (to ∼40%) and SD-MMEJ (to ∼40%), suggest-
ing that it plays an important role in the first pathway. An in-
crease in SD-MMEJ repair was also noted in cells depleted
of Pold3 and Ligase III, although in this case at the expense
of both MMEJ and NHEJ pathways.

The analysis of deletion sizes in the recovered junctions
demonstrated that loss of polymerase � led to a decrease
in medium-sized deletions in favor of very short ones (Fig-
ure 4B, Supplementary Figure S5), consistent with the in-
creased usage of the NHEJ pathway. This suggested that
the lack of this polymerase may limit repair mechanisms in-
volving medium-size DNA end resection. The proportion
of large deletions was decreased in favor of medium-sized
ones in the absence of Ligase I, suggesting that the lack of
this ligase may also lead to the repair processes that limit
resection, but to a lesser extent. Conversely, Pold3 knock-
down resulted in an increased number of long deletions,
potentially indicating that DNA polymerase � may inhibit
long-range resection. Overall, use of this DSB repair assay
indicated that DNA polymerase � may mediate DSB repair
by a MMEJ mechanism involving extensive DNA end re-
section, whereas the lack of Ligase I or polymerase � may
conversely oppose mechanisms mediating long resections.

DISCUSSION

DSBs are potentially genotoxic DNA lesions, which need to
be efficiently repaired by the cells to prevent chromosomal
aberrations or serious DNA damage, leading to carcinogen-
esis or even cell death. The two major pathways responsible
for DSB repair in eukaryotes are generally considered to be
HR and NHEJ. However, in recent years it became appar-
ent that these mechanisms are assisted by a family of as yet
still poorly characterized alternative DSB repair pathways
collectively termed MMEJ. These mechanisms are thought
to come into play when the main repair pathways are insuf-
ficient to repair all the DNA breaks that arise in cells. This
is often the case in cancer cells, which suffer from high levels
of oxidative stress (36,37). Consistently, many reports have
shown that such alternative MMEJ-like DSB repair path-
ways are more active in tumor cells (38,39).

Studies of these alternative repair mechanisms advanced
largely due to the development of plasmid recombination
assays, which allow to measure the efficiency of end-joining
in the cells. These assays are often based on transiently
transfected or genome-integrated reporter substrates, in
which DSBs are induced by restriction enzymes. Restora-
tion of reporter gene expression serves to assess the effi-
ciency of DSB repair, which was complemented by the se-
quencing of the repaired DNA products in some studies.
However, a systematic study of various types of MMEJ-
related mechanisms and junction sequences by dedicated re-
porter plasmids was not reported.

Here, we describe various GFP reporter substrates that
can be used to study a recently proposed sub-pathway of
MMEJ, termed SD-MMEJ (23). This study also describes
a MMEJ reporter transient transfection assay that yields
high numbers of GFP-positive cells, possibly because of the
availability of longer microhomologies. Use of this assay
and sequencing of the repaired junctions revealed that the
SD-MMEJ mechanism is frequently used by the assessed

tumor cell line, even if less accurate and less likely to yield a
functional GFP coding sequence. Thus, we hypothesize that
the availability and length of microhomology at the break
site does not strictly determine the pathway used for repair.
Nevertheless, it should be noted that the vectors used in this
study were linearized before transfection and hence prone to
the activity of cellular exonucleases. This may have resulted
in the removal of DNA sequences near the break site, pre-
venting their use by the intended repair process. This may
be less likely to happen in a chromosomal context. In addi-
tion, we propose that if the DSB contains blunt or compat-
ible cohesive ends, an apparently rare situation, they may
be easily ligated by the NHEJ machinery (Figure 5). How-
ever, if the breaks are not compatible, as assessed in this
study, extended 5′–3′ end resection may create long ssDNA
overhangs, which can in turn anneal at pre-existing micro-
homologies to enable repair by MMEJ. However, even in
the presence of microhomology at the break site, the SD-
MMEJ mechanism often amplifies alternate microhomol-
ogous sequences, as needed for pairing with a compatible
single stranded sequence on the other DNA molecule to be
rejoined. In most of the observed cases (i.e. 90%), these mi-
crohomologies were found less than 100 bp from the break
site. However, here we propose that they can also be copied
from more distanced regions of the repaired molecule, up
to 300 bp, which corresponds to the dynamic persistence
length of double stranded DNA, i.e. the minimal length of
DNA required to close a loop (40–42). Overall, we conclude
that the SD-MMEJ pathway may be a robust repair mech-
anism that can be preferentially used to repair incompati-
ble DSBs, even when other end-joining pathways might be
used, as allowed by the assay conditions used in this study.

Analysis of the frequency of different DNA end-joining
pathways was also performed in CHO cells depleted of
important NHEJ and MMEJ factors. Out of the siRNAs
tested, the knock-down of polymerase � very significantly
affected DNA end-joining in this transient assay. Interest-
ingly, depletion of this enzyme resulted in a decrease of
MMEJ repair in favor of NHEJ and, to a lesser extent,
SD-MMEJ, indicating that polymerase � may be required
for the former pathway. These results are in line with the
proposed role of this DNA polymerase in MMEJ (43–46).
While the increase in SD-MMEJ is inconsistent with previ-
ous reports assigning polymerase � to this pathway (23,28),
it may be explained by the participation of other DNA poly-
merases in this process, e.g. translesion synthesis (TLS) or
replication enzymes. Indeed, yeast homologs of TLS poly-
merases � and � (Rad30 and Rev3) as well as Pold3 (Pol32)
were also reported to play a role in alternative DSB repair
(30). Consistently, a recent large scale study of the integra-
tion of plasmids in the genome of CHO cells has also impli-
cated the existence of multiple SD-MMEJ pathways relying
on distinct DNA polymerases (Kostyrko et al., manuscript
in preparation).

In the present work, we describe reporters and assays that
may be used to detect repair events mediated by SD-MMEJ,
a sub-pathway of MMEJ. Although the construction of a
SD-MMEJ-specific reporter proved to be more challenging
than initially anticipated, we report that a combination of
GFP fluorescence analysis and sequencing can be used to
successfully measure the contribution of the different end-
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Figure 5. Proposed model for the end-joining repair of extrachromosomal DSBs in eukaryotic cells. The structure of the break and the microhomologies
used for the particular repair mechanism are shown as red or green lines.

joining pathways to the repair of extrachromosomal DSBs,
using rapid transient transfection assays. This may provide a
favorable approach to study the recombination of free DNA
in a cellular environment, such as the end-joining of plas-
mids or viral vectors delivered into the cells, or during vi-
ral infection. When compared with a genome-integrated re-
porter counterpart, it may also be used to assess if extra-
chromosomal DNA breaks may be treated differently than
genomic breaks, as suggested by previous studies (47,48).
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