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ABSTRACT

Alternative end joining (alt-EJ) mechanisms, such
as polymerase theta-mediated end joining, are in-
creasingly recognized as important contributors to
inaccurate double-strand break repair. We previously
proposed an alt-EJ model whereby short DNA re-
peats near a double-strand break anneal to form
secondary structures that prime limited DNA syn-
thesis. The nascent DNA then pairs with microho-
mologous sequences on the other break end. This
synthesis-dependent microhomology-mediated end
joining (SD-MMEJ) explains many of the alt-EJ repair
products recovered following I-SceI nuclease cut-
ting in Drosophila. However, sequence-specific fac-
tors that influence SD-MMEJ repair remain to be fully
characterized. Here, we expand the utility of the SD-
MMEJ model through computational analysis of re-
pair products at Cas9-induced double-strand breaks
for 1100 different sequence contexts. We find evi-
dence at single nucleotide resolution for sequence
characteristics that drive successful SD-MMEJ re-
pair. These include optimal primer repeat length, dis-
tance of repeats from the break, flexibility of DNA
sequence between primer repeats, and positioning
of microhomology templates relative to preferred
primer repeats. In addition, we show that DNA poly-
merase theta is necessary for most SD-MMEJ repair
at Cas9 breaks. The analysis described here includes
a computational pipeline that can be utilized to char-
acterize preferred mechanisms of alt-EJ repair in any
sequence context.

INTRODUCTION

DNA double strand breaks (DSB) are dangerous lesions
that must be repaired accurately to maintain genome stabil-
ity (1). DSB repair generally proceeds through one of two
main mechanisms. The first, homologous recombination
(HR), typically occurs during the S andG2phases of the cell
cycle and involves resection at the break, ssDNA invasion
into a homologous template, synthesis of new DNA, and
ligation to complete repair. The second, non-homologous
end-joining (NHEJ), takes place throughout the cell cycle
and involves direct ligation of the broken ends with mini-
mal processing (2).
While both homologous recombination and NHEJ are

largely error-free, NHEJ sometimes generates 1–4 base pair
(bp) deletions and insertions.
A more mutagenic form of DSB repair, known as alter-

native end-joining (alt-EJ), has been shown to occur both
in the absence and presence of NHEJ and HR (3). The A-
family DNA polymerase theta is responsible for much of
this type of repair, which typically involves annealing of
latent or newly synthesized 1–8 bp microhomologous se-
quences present near the ends of the break to facilitate re-
joining (4). Because of the central role of pol theta in this
process, this type of alt-EJ is often called theta-mediated
end joining (TMEJ) (5–8).
Studies inCaenorhabditis elegans, Drosophila, andmam-

malian cells have shown that many alt-EJ repair prod-
ucts are accompanied by insertions templated from nearby
flanking sequences (9–11). We have postulated a mecha-
nism by which these insertions can be generated, called
synthesis-dependent microhomology-mediated end-joining
(SD-MMEJ) (10,12). In this model, short, complementary
sequences of 3′ single-stranded DNA (ssDNA) at the DSB,
known as primer repeats, form secondary structures such
as hairpins and loops, whose 3′ ends can then be extended
(Figure 1 and Supplementary Figure S1). The newly synthe-
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Figure 1. The SD-MMEJmodel for alternative end joining repair. (A) Loop-out mechanism with DNA unwinding prior to loop formation. (B) Snap-back
mechanism with DNA resection (or unwinding, not shown) prior to hairpin formation. (C) In trans mechanism with DNA resection (or unwinding, not
shown). All mechanisms utilize annealing of break-proximal primer repeats (P2, purple) to break-distal primer repeats (P1, purple), which primes nascent
synthesis that can lead to insertions (black, dashed) and the creation of nascent microhomologous sequences (yellow, dashed). For loop-out and in trans
SD-MMEJ, P1 and P2 are direct repeats, while for snap-back they are inverted repeats. Repair concludes with unwinding of secondary structures, annealing
of nascent microhomology with MH2 sequences (yellow) on the other side of the break, fill-in synthesis, and ligation. For the repair events shown here,
the inserted sequence becomes part of longer direct or inverted repeats. Not shown are the trimming of non-homologous flap intermediates when P2 and
MH2 are not directly adjacent to the break site, or simple deletions that are formed when P1 and MH1 are directly adjacent to each other.

sized DNA anneals to microhomologous sequences on the
other side of the break, facilitating repair.
Murine pol theta was recently shown to engage in a scan-

ning mechanism to identify microhomologies near double-
strand break ends (9). It does this bidirectionally from the
3′ termini for up to 15 nucleotides (nt) and favors break-
proximal microhomologies ≥2 bp. Consistent with the SD-
MMEJ model, when microhomologies are not present, pol
theta can generate insertions of 5 bp or more, templated
from sequences within 50 bp of the DSB. These templated
insertions are a marker for TMEJ activity and are en-
riched in BRCA1/2-deficient cells (13). Intriguingly, 5–10%
of Cas9-induced DSBs engage in TMEJ in the presence of
other, higher fidelity DSB repair mechanisms (5,9).
We have shown that SD-MMEJ is a robust repair pro-

cess in the context of I-SceI generated DSBs in Drosophila
(10,12).We previously demonstrated that specific sequences
near an I-SceI generated DSB act as preferred primer re-
peats during SD-MMEJ. Additionally, we showed that mu-
tating a single base pair in one of these repeats decreases its
ability to drive SD-MMEJ repair in a predictable manner
(12). To further understand the underlying process of alt-
EJ/TMEJ, we developed computational tools that can as-
sess the likelihood that any repair event was created through
SD-MMEJ.

SD-MMEJ repair products are identified by sequence sig-
natures called repeat motifs (Figure 1 and Supplementary
Figure S1). Repeat motifs are found at the repair junction
and in the DNA adjacent to the break; they include one-
half of a primer repeat and one-half of a microhomology
repeat. Often, a repeat motif also contains an insertion be-
tween the primer and microhomology half-repeats. While it
is likely that some complex insertions are generated by mul-
tiple rounds of annealing, synthesis, and dissociation prior
to final pairing (10), for simplicity our computationalmodel
requires that all SD-MMEJ consistent repair events must
be generated from a single templated synthesis and micro-
homology annealing event (a single step event). In addition,
all SD-MMEJ consistent events require repeat motifs at the
break junction of four bp or greater that include one half
of the primer repeat, the nascent microhomology, and any
inserted nucleotides.
SD-MMEJ can produce three kinds of repair junctions:

insertions/indels, microhomology joins (MHJ), and appar-
ent blunt joins (ABJ). Insertions/indels generate a repeat
motif at the repair junction that includes an insertion be-
tween the primer and the microhomology. MHJ and ABJ
repeat motifs include only the primer and microhomology,
with no insertion. While repair events containing insertions
can be unambiguously characterized as occurring through
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SD-MMEJ (14), MHJ and ABJ events can also be created
through classical end-joining repair (10).
SD-MMEJ repair can take place in cis or in trans (Figure

1 and Supplementary Figure S1). In cis, two distinct mech-
anisms, loop-out and snap-back, generate intra-strand sec-
ondary structures that prime new synthesis. Loop-out SD-
MMEJ generates direct repeat motifs, while snap-back gen-
erates inverted repeat motifs. For in trans SD-MMEJ, an in-
terstrand primary synthesis event is mediated by annealing
of direct repeats across the break. Of note, loop-out and in
trans mechanisms can generate the same repair events with
swapping of the primer and microhomology repeats. For
these events, we are unable to assign mechanism based on
the final repair junction (12).
The CRISPR-Cas9 system has become a popular sys-

tem for generating DSBs in genome editing experiments.
Recently, several papers have described predictive algo-
rithms for Cas9-induced break repair products (15–19).
These algorithms can satisfactorily predict indels and dele-
tions caused by NHEJ and MMEJ but fall short in their
treatment of templated insertions, which also occur during
Cas9-genome editing (9). Therefore, we sought to investi-
gate SD-MMEJ repair at single nucleotide resolution in the
context of Cas9-induced DSBs in Drosophila, where inser-
tional repair is frequent.
We generated 1100 semi-randomized DNA plasmid con-

structs, injected them with a targeting sgRNA into Cas9-
expressing embryos, recovered the plasmids after a suit-
able incubation time, and characterized the repair events by
deep sequencing. By analyzing SD-MMEJ consistent repair
products across all the constructs, we found that SD-MMEJ
repair of Cas9 breaks is optimized by the presence of 1–3
nt primer repeats in close proximity to the break. The best
primer repeats are separated by 5–6 nt and form stem–loop
structures with flexible loops. In addition, the availability of
microhomology templates that can pair with ssDNA near
the 3′ terminus of the other break end strongly drives SD-
MMEJ repair. For researchers wanting to examine whether
gene editing sequence contexts are favorable for the recov-
ery of specific alt-EJ repair products, we have made our SD-
MMEJ analysis programs freely available.

MATERIALS AND METHODS

Creation of sequence-randomized end-joining substrates

Sequence-randomized constructs were created by design-
ing a 165 nt ssDNA fragment based on R0 with random-
ized nucleotides adjacent to the I-SceI/Cas9 break site.
The PAGE purified semi randomized ssDNA oligo (IDT)
was made double stranded via primer extension using Q5
polymerase (NEB). The product was treated with S1 nu-
clease (ThermoFisher Scientific) to remove remaining ss-
DNA fragments. 600�l of phenol:chloroform:isoamyl alco-
hol (25:24:1) was added to each sample, followed by 15 min
on a rocking platform. The samples were centrifuged for 15
min and the aqueous layer was collected. An equal volume
of phenol:chloroform:isoamyl alcohol was added, followed
by 15 min on a rocking platform and 15 min of centrifuga-
tion. The aqueous layer was collected and one-fifth volume
of 8 M potassium acetate was added followed by one vol-
ume of chloroform. The samples were rocked on a platform

for 15 min followed by a 15-min centrifugation. The aque-
ous layer was collected and 0.7 volumes of isopropyl alcohol
and 1 �l glycoblue was added. The samples were incubated
at −80˚C for 30 min, centrifuged for 15 min and the pel-
lets were washed with 200 �l of 70% ethanol. The samples
were centrifuged for 15 min and the pellets were dried and
resuspended in ddH2O.
The dsDNA variant inserts were cloned into pMiniT2.0

using the NEB PCR cloning kit and transformed into NEB
10-beta chemically competent cells. Transformants were
grown on LB + ampicillin plates and diluted to yield ap-
proximately 150 colonies per plate. Each plate was washed
into LB broth with ampicillin, grown overnight, and midi
prepped using theMacherey-Nagel NucleoBond XtraMidi
kit. Plasmid DNA libraries were amplified by PCR with Q5
polymerase (NEB) for 19 cycles using an Eppendorf Vapo
Protect thermocycler with a pooled set of primers contain-
ing one, two, or three random bases at the 5′ end. AMPure
bead purification was performed on the PCR products and
the purified DNA was subjected to a second PCR to attach
indices for amplicon sequencing. A final AMPure purifica-
tion step was performed to remove all products less than
100 bp.
Samples were pooled with 5% PhiXDNA and sequenced

using the Illumina Nano chip for reference library gener-
ation and selection of experimental samples. Experimental
libraries were chosen based on relative concentration of in-
dividual plasmids and combined to generate four distinct
injection libraries with a total of 1097 plasmids.

Creation of R0 flex, rigid and T-loop constructs

Site directed mutagenesis was used to create the R0 flex,
rigid and T-loop constructs. Primers complementary to R0
were designed to mutate the 5 bp between the GGCC di-
rect and inverted repeat on the right side of the break site
(Eton Biosciences). NEB’s Site-Directed Mutagenesis Kit
was used. PCR products containing the desired mutations
were created using Phusion high fidelity DNA polymerase
(NEB). The products were subjected to Kinase, Ligase, and
DpnI treatment using provided buffer and enzyme mix.
Treated products were transformed into NEB 5-alpha com-
petent cells and plated on selective media with 50 �g/ml
spectinomycin. Colonies were grown in LB broth with an-
tibiotic selection and plasmids were isolated by alkaline ly-
sis. Individual products were screened by NotI digestion
and Sanger sequencing to confirm successful mutagenesis.

Cloning of Cas9 targeting guide RNA expression vector

Cloning of the gRNA expression vector was done using the
pU6-BbsI-chiRNA vector (Addgene plasmid #45946) and
annealed complementary oligos (Eton Biosciences) for the
R0 region of interest. Electroporation of the ligation reac-
tion was performed and transformants were screened via se-
quencing. A single correct transformant was grown in LB
broth with ampicillin and plasmids were purified using the
Macherey-Nagel NucleoBond Xtra Midi kit.

Fly stocks

Stocks used in the plasmid injection studies all contained
Cas9 and were either wild-type (Bloomington Drosophila
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Stock Center stock 54590; y1, w*, M{w+mC, Act5C-
Cas9.P}ZH-2A), LIG4 deficient (BDSC stock 58492; y1,
w1118, DNAlig4169a, M{Act5c-Cas9.P.RFP–}ZH-2A), or
POLQ deficient (Piggybac insertion 3 nt downstream of the
translation start site; w1118, M{w+mC, Act5C-Cas9.P}ZH-
2A; polq3XFLAG,PBac{3XP3-DsRed}). All flies were maintained in
bottles containing a cornmeal-agar medium in a 25◦C incu-
bator on a 12 h light–dark cycle. Freshly eclosed flies were
placed in cages and fed yeast paste on a grape agar substrate
to promote embryo laying. Embryos <2 h old were recov-
ered and dechorionated for 2 min in a 50% bleach solution.
Embryos (n = 100 per experiment) were aligned uniformly
on double-stick tape attached to a glass cover slip for injec-
tion of plasmids.

Microinjection and DNA recovery

Microinjections were carried out as in (20). Embryos were
desiccated for 1 min and coated in halocarbon oil to pre-
vent rupturing of the membrane when injected. Injection
libraries were diluted to 500 ng/�l in injection buffer (1
mM sodium phosphate and 50 mM potassium chloride)
along with 500 ng/�l gRNA expression vector. The mi-
croinjections were done using a Zeiss compound micro-
scope fitted with injection apparatus and a Parker-Hanfin
Picospritzer II. Embryos were incubated at 25◦C for 24 h to
allow for Cas9 cutting and repair of the ensuing double-
strand breaks. Halocarbon oil was removed using a 1%
sodium dodecyl sulfate solution in 0.7% sodium chloride
buffer.
Plasmid DNA was extracted by grinding embryos (two

slides using the same injection mix were combined) with
a disposable pestle in 200 �l Buffer A (100 mM Tris–
HCl, pH 7.5, 100 mM EDTA, 100 mM NaCl, 0.5%
SDS). After incubating at 65◦C for 30 min, 800 �l of
LiCl/KAc solution (1 part 5 M KAc : 2.5 parts 6 M
LiCl) was added and tubes were incubated on ice for
10 min. The solution was centrifuged for 10 min and
plasmids were precipitated from the supernatant with
isopropanol.

Repair junction sequencing

Purified plasmid DNA containing repair junctions were en-
riched for error-prone repair events by in vitro I-SceI treat-
ment for 2 h to remove uncut plasmids or perfect repair
events. For high-throughput amplicon sequencing, approx-
imately 165 bp of sequence flanking the Cas9 cut site was
amplified from recovered plasmids by PCR with Q5 poly-
merase (NEB) for 19 cycles using an Eppendorf Vapo Pro-
tect thermocycler with a pooled set of primers containing
one, two or three random bases at the 5′ end. AMPure bead
purification was performed on the PCR products and the
purified DNA was subjected to a second PCR to attach in-
dices for amplicon sequencing. A final AMPure purifica-
tion step was performed to remove all products less than
100 bp. The samples were pooled with 10% PhiX DNA and
sequenced on an Illumina HiSeq platform using 2 × 300
paired-end reads.

Analysis of high-throughput amplicon sequencing

Paired-end reads corresponding to the same end joining
event were merged into single consensus reads as FASTQ
files using the BBMerge module in Geneious R10 (BioMat-
ters). The 5′ and 3′ ends of the resulting sequences were
trimmed to the amplicon primer sequences and an addi-
tional 80 nt of chosen DNA sequence was added to each
end facilitate proper alignment of the reads. Reads lacking
either of chosen 10 bp portions of the amplicon primer se-
quences were removed as PCR artifacts as they failed to
span both sides of the break. Reads were then separated
into independent files based upon the presence of unique 5′
and 3′ barcode sequences that correspond to those of the
originating DNA substrate that was injected into fly em-
bryos. Reads lacking appropriate barcodes were excluded
from further analysis. Reads for each file were subsequently
aligned to the corresponding original repair substrate ref-
erence sequence using the BWA mem alignment software
(21) with default settings. The resulting SAM files were
then subjected to Hi-FiBR analysis (22) to classify junc-
tion events. Base substitutions within a 15 bp window sur-
rounding the break site were interpreted as repair errors
instead of sequencing artifact. Reads were classified as ei-
ther exact matches to the original repair substrate, deletions
(having one or more contiguous bases deleted adjacent to
the break site in the reference), insertions (having one or
more contiguous inserted bases adjacent to the break site),
or complex (having base substitutions, insertions, and/or
deletions that are non-adjacent to the break site or con-
tain both deleted and inserted sequences). The number of
instances of each specific repair events was counted. Junc-
tions with <10 mapped reads were removed from con-
sideration. Following removal of these junctions, the nor-
malized percentage of reads that contain sequence alter-
ations compared to the reference sequence per junction was
calculated by dividing the number of reads per junction
by the total number of inaccurate reads that aligned to
any junction in the sample. Deletion junctions were char-
acterized as apparent blunt joins (ABJ) or microhomol-
ogy junctions (MHJ) and were analyzed to determine SD-
MMEJ consistency using a novel pure Python suffix tree
library, which searched for a break-spanning region that
contained both microhomology and primer junctions. In-
sertion junctions were analyzed using a custom designed R-
script to determine SD-MMEJ consistency, as defined in the
text.

RESULTS

SD-MMEJ is a prominent repair pathway for Cas9-induced
double-strand breaks

Our previous studies of SD-MMEJ used a repair con-
struct, designated R0, that contains an I-SceI nuclease
recognition site adjacent to multiple short primer repeats
(10,12). To compare SD-MMEJ repair of Cas9 breaks in
this sequence context, we designed a sgRNA that targets
Cas9 cutting 3 bp downstream from the 3′ end of the I-
SceI cut site in R0 (Figure 2A). We injected the R0 plas-
mid with the sgRNA expressing plasmid into wild-type,
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Figure 2. SD-MMEJ repair is heavily reliant on DNA polymerase theta. (A) DNA sequence of the R0 construct. Recognition sequences and cut sites for
I-SceI (green) and sgRNA-Cas9 (blue) are indicated. (B) SD-MMEJ consistency for wild-type (WT), lig4 and polq inaccurate Cas9-induced repair events
recovered from the R0 construct. (C) SD-MMEJ consistency according to repair junction type for all Cas9-induced inaccurate repair events recovered
from the R0 construct. InDel = insertion/deletion junction; MHJ = microhomology join; ABJ = apparent blunt join.

lig4 and polq mutant embryos. The absence of DNA lig-
ase 4 abolishes classical NHEJ repair (23,24), while loss
of DNA polymerase theta (encoded by PolQ) reduces SD-
MMEJ (10). Cut and repaired plasmids were isolated and
repair junctions were amplified by PCR, followed by next-
generation amplicon sequencing. Error-prone repair events
were assigned to each original repair construct and assessed
for SD-MMEJ consistency using custom scripts in R and
Python.
In both the wild-type and lig4mutant backgrounds, more

than 75% of the inaccurate repair events that we recov-
ered were consistent with the SD-MMEJ repair model (Fig-
ure 2B). Most of these were small insertions created using
common primer repeats, suggesting that even when classi-
cal end joining is available, SD-MMEJ is frequently used. In
contrast, <10% of repair events isolated from polq mutant
embryos were SD-MMEJ consistent. The number of SD-
MMEJ consistentmicrohomology joins and apparent blunt
joins was >75% for wild-type and lig4 mutants but was re-
duced to zero in the absence of POLQ. Together, these data
indicate that pol theta is vitally important for SD-MMEJ
repair of Cas9-induced breaks.
I-SceI produces breaks with four nucleotide 3′ overhangs

that are often involved in microhomology annealing dur-
ing SD-MMEJ (12). Most Cas9-induced breaks have blunt
ends (25,26). By comparing the spectrum of inaccurate re-
pair products obtained following cutting by the two nucle-
ases, we could determine the extent to which SD-MMEJ de-
pends on the overhangs generated by I-SceI. Overall, SD-
MMEJ consistent repair of a Cas9 break occurred with
slightly greater frequency than with an I-SceI break, indi-

cating that 3′ overhangs do not seem to be responsible for
driving SD-MMEJ (Supplementary Figure S2).
In the R0 construct, Cas9 cutting creates a blunt-ended

break 3 nt downstream of the I-SceI cut site (Figure 2). This
repositioning changes the distance from the break site to the
frequently used primer repeats, allowing us to query the in-
fluence of break proximity on the relative usage of primer
repeats. For the analysis presented below, we focused on
SD-MMEJ consistent repair products involving single-step
insertions.
Overall, we found that the spectrum of SD-MMEJ inser-

tional repair products was similar for both I-SceI and Cas9
breaks (Figure 3). On the right side of the break, a GGCC
primer repeat was highly utilized for repair of both types of
breaks, although it was more preferentially used for loop-
out repair following I-SceI cutting (purple boxes). On the
left side of the break, an AT inverted primer repeat and a
TTA direct primer repeat were two of the most common
primer repeats used for SD-MMEJ repair of both types of
breaks (red and blue boxes, respectively).
However, several differences also existed for SD-MMEJ

consistent insertional repair of I-SceI and Cas9 breaks. Fol-
lowing I-SceI cutting, the short primer repeats present in the
3′ TTAT/AATA overhangs frequently participate in trans
SD-MMEJ repair (12). With Cas9, these primer repeats
were not used for in trans repair, likely because they are not
present in pre-resected DNA. In contrast, CC and CCC di-
rect primer repeats at the left 3′ break end were highly uti-
lized for loop-out Cas9 repair (green box), but not for in
trans repair of I-SceI breaks, where they were further from
the break ends.
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Figure 3. Similar primer repeats are utilized during SD-MMEJ repair of Cas9 and I-SceI induced breaks. All primer pairs used in single step SD-MMEJ
insertions are shown for theR0 construct. Different repair junctionsmay use the same primer pair. Colors correspond to the frequency that each primer pair
is utilized with warmer colors indicating greater frequencies. Primer repeats involved in loop-out SD-MMEJ are shown with solid outlines and connecting
lines; primer repeats involved in snap-back SD-MMEJ are shown with dashed outlines and connecting lines. Only the top 5′-3′ strand is given. This
represents the structure-forming 3′ strand to the left of the break but on the right side the complementary bottom strand is engaging in secondary structure
formation. Vertical red lines indicate cutting location with a single cut for Cas9 and TTAT/AATA overhangs produced by I-SceI. I-SceI primer repeat
usage data is replicated from (12).

Interestingly, there is a dynamic relationship between the
proximity of primer repeats to the break and their length
in productive SD-MMEJ repair. For example, AT inverted
primer repeats were used relatively more often at I-SceI
breaks than at Cas9 breaks, where they are located 3 bp fur-
ther from the break site (red boxes). However, TTA direct
repeat primers, which are 2 bp closer to the end of I-SceI
cuts, were used only slightly less frequently for SD-MMEJ
repair of Cas9 breaks (blue boxes).
On the right side of the break, there was an overall in-

crease in GGCC primer repeat use at Cas9 breaks com-
pared to I-SceI breaks (20% vs. 12%), which correlates with
their closer proximity to the Cas9 break (purple boxes).
Strikingly, a TAG repeat present at the right 3′ end of the
Cas9 break frequently participated in both loop-out and
snap-back SD-MMEJ repair (grey box). However, a longer
primer repeat containing this TAG (CTAG) was rarely used
for repair of I-SceI breaks, likely because it is located farther
from the break end.
In summary, although the different end structures at I-

SceI andCas9 breaks precludes us from being able to defini-
tively assign differences in the recovered repair products to
one specific property of the sequence, the collective results
suggest that both proximity to the break and primer length
are important factors that dictate the usage of primer re-
peats for synthesis events. Short primer repeats are preferen-
tially used when they are closer to the break. When primers
are located further than 1–2 nucleotides from the break, in-
creased primer repeat length becomes more important for
successful SD-MMEJ repair.

High-throughput characterization of parameters that drive
SD-MMEJ repair of Cas9 breaks

To further investigate how sequence context around a Cas9
break influences repair outcomes in a high-throughput
manner, we generated a library of ∼1100 plasmids based
on the R0 construct, with partially randomized sequences
flanking the Cas9 cut site (Figure 4 and Supplementary
Table S1, see also materials and methods). By necessity,
the sequence recognized by the sgRNA remained static.
In addition, we chose to keep the GGCC repeat on the
right side of the break constant, as it was the most fre-
quently used primer repeat during SD-MMEJ repair of
both I-SceI and Cas9 breaks. By including it in our con-
structs, we could therefore investigate how changes in
the sequence flanking a dominant primer repeat affect its
usage.
Pools of these plasmids were injected into lig4 embryos

and inaccurate repair products were recovered and sub-
jected to Illumina amplicon sequencing (Supplementary
Figure S3). Each of the repair constructs generated be-
tween 100 and 26,000 inaccurate repair events with 4000
to 2,500,000 reads per construct. Inaccurate repair events
for each construct consistently comprised 5–10% of all
reads; the other reads corresponded to uncut or accu-
rately repaired plasmids. The full data set is available
for further analysis at https://www.ncbi.nlm.nih.gov/sra/
PRJNA706449. We then analyzed the inaccurate repair
events from the entire collection of constructs to gain in-
sight into the most important parameters that drive SD-
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Figure 4. The semi-randomized DNA repair construct used to probe SD-MMEJ sequence preferences. GGCC primer repeats, shown in orange, can form
a loop structure with an intervening randomized stem. Other randomized nucleotides are shown in lavender, while unique molecular identifiers (UMIs)
for demultiplexing are shown in magenta. The sgRNA recognition sequence and Cas9 cleavage site are shown in red. Static regions, shown in gold, aid in
identifying the UMIs.

MMEJ. The computational pipeline and R script for anal-
ysis of SD-MMEJ consistency and generation of plots is
available at https://gitlab.tufts.edu/mcveylab/sdmmej/.

Primer repeat length and loop length influence the frequency
of SD-MMEJ consistent insertions

First, we investigated the relative importance of primer
length and loop size during the formation of secondary
structures that drive SD-MMEJ synthesis. We previously
found that SD-MMEJ repair efficiency of I-SceI breaks de-
creases as the distance between primer repeats (loop length)
increases (12). Analysis of the SD-MMEJ consistent inser-
tion repair events showed that this was also true for Cas9
breaks. Across all constructs, the most utilized primer re-
peats were separated by fewer than 10 nt (Figure 5A).While
we do observe SD-MMEJ consistent repair events created
by loop formation of up to 29 nt, these events are rare. In-
terestingly, 6 nt was the optimal distance between primers,
with 40% of all single-step insertions involving the forma-
tion of a 6 nt loop. Identical primer repeats are utilized less
frequently as the distance between them increases. For ex-
ample, with the R0 construct, a TAG repeat with an 8 nt
loop was used in 9% of insertional junctions, but its use was
decreased two-fold when the distance between the repeats
increased to 16 nts (Figure 3, grey box).
Intriguingly, short primers were used much more fre-

quently than longer primers. Across all constructs, 90% of
all SD-MMEJ consistent insertion events utilized primers
that were 3 nt or less (Figure 5B). While shorter primer re-
peats are more highly represented in our randomized se-
quences, primer repeats of up to 8 nt can be identified.
Because longer primer repeats should form more stable
hairpin-loop structures, but they are rarely used during SD-
MMEJ repair, we conclude that primer repeats longer than
6 nt are inhibitory to SD-MMEJ.
Similarly, shortmicrohomologies were favored during the

final annealing step, with 2 nt microhomologies used in 60%
of all single-step insertions (Figure 5C). While these short
microhomologies are less thermodynamically stable than
longer microhomologies, they appear to be preferred when
the complementary sequence is located near the terminus of
the other break end (described below).
Examination of SD-MMEJ consistent indel repair events

for individual constructs revealed an interplay between
primer repeat length and loop length. One example of this
can be found in the primer repeat plot for the R983 con-

struct (Supplementary Figure S4A). While 7% of the inser-
tions used a 2 nucleotide TA repeat on the right side of the
break during loop-out SD-MMEJ repair when the loop size
was 8 nucleotides, the frequency of its use decreased to 2.5%
when the distance between these primer repeats increased to
16 nt (Supplementary Figure S4A, blue boxes). In contrast,
when the size of the primer repeat was increased by 1 nt to
TAG, but the loop length remained at 16 nt, its frequency of
usage increased to 7%. Further evidence for can be observed
farther from the break on the right side of the R983 con-
struct. A GGCC primer repeat separated by 5 nt was used
in 12.5%of all SD-MMEJ consistent indels (Supplementary
Figure S4A, red box), The usage of a similarly positioned
GGCCT primer repeat was reduced by only 1.5-fold, even
though the distance between the repeats was tripled to 15 nt.
Previous investigations have found that the rate of closing of
stem-loop structures decreases as the loop length increases
(27), but our results suggest that this trend can be reversed
when additional nucleotides are included in the stem.
Interestingly, there appears to be a mechanism that en-

sures that secondary structure formation to prime initial
SD-MMEJ synthesis occurs near the break. In R983, three
GGCC repeats are present, located 4, 13 and 23 nts from the
break. The middle and break-distal GGCC primer repeats
are never used in successful SD-MMEJ repair events, indi-
cating that, given a choice between identical primer repeats
at different distances from the break, the repeats closest to
the break are favored.
To further explore positively reinforcing trends between

primer repeat length and loop length, we examined in-
sertional repair products from the R958 construct, which
has abundant GC content in the randomized region to the
right of the break and contains many available overlapping
primer repeats which were used in SD-MMEJ repair (Sup-
plementary Figure S4B). We observed that a 6 nt primer
repeat was used less often to generate single-step insertions
compared to shorter 3 and 4 nt primer repeats contained
within the larger repeat (Supplementary Figure S4C). A 5 nt
AGGGG primer repeat separated by only 2 nt was used at
half the frequency of a 4 nt GGCC primer repeat separated
by 4 nt. In addition, repeats of 2 nt or less, or repeats sepa-
rated by more than 4 nt, were not utilized frequently during
the initial step of SD-MMEJ repair for this construct. Thus,
during the initial formation of secondary structures during
SD-MMEJ, it appears that there are optimal values for both
primer repeat length and loop length that provide the high-
est probability of successful repair. However, because these
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Figure 5. Preferred SD-MMEJ values for single-step insertion events. (A)
Distance between primer pairs (loop length). (B) Primer length. (C)Micro-
homology length (during annealing across the break). Analysis was per-
formed for all 1097 constructs in the library. Each construct was weighted
equally in the analysis to prevent overrepresentation of constructs that had
more sequencing reads.

can be construct-specific, we continued to probe other vari-
ables that might be important.

Flexible loops between primer repeats promote SD-MMEJ
while rigid loops inhibit synthesis

We wondered if the DNA sequence between the primer re-
peats might also impact the formation of stem-loop struc-
tures and therefore contribute to SD-MMEJ proficiency.
For example, repair could be affected by the flexibility of the
loop, or by base pairing within the loop that stabilizes the
stem-loop. To investigate these parameters, we examined re-
pair junctions from repair constructs with either homopoly-
meric A sequences or alternating AT dipolymeric sequences
in the single-stranded loop that would form between the
GGCC primer repeat. Homopolymeric A sequences are
rigid and prevent the formation of stem-loop structures,
while AT dipolymeric sequences are flexible and promote
stem-loop formation (27,28). We refer to the homopolymer
A loops as ‘rigid loops,’ and alternatingAT dipolymer loops
as ‘flexible loops.’
We identified six constructs with rigid loops between

the GGCC repeats (R152, R247, R684, R704, R810 and
R1038) and eight constructs with flexible loops (R16, R113,
R246, R290, R387, R494, R583 and R983). Interestingly,
we recovered many fewer inaccurate sequence reads that
mapped to the rigid loop constructs, compared to the flex-
ible loop constructs. Furthermore, the percentage of inac-
curate repair events that were consistent with SD-MMEJ
repair was overall lower for the rigid constructs, especially
for indels and apparent blunt joins (Supplementary Fig-
ure S5). The decreased SD-MMEJ consistency for appar-
ent blunt joins suggests that this type of repair often oc-
curs through alt-EJ and not just via classical end join-
ing. Examination of the primer repeat plots for constructs
with rigid loops showed that vast majority of the primer
repeats that form secondary structures are found on the
left side of the break, while flexible loop constructs have
a more symmetrical primer repeat distribution (Figure 6A
and Supplementary Figure S6A and B). We hypothesize
that these trends are due to the inflexibility of the loop
between the GGCC repeats, which prevents primer re-
peat annealing. These results are consistent with the ob-
servation that poly A sequences in the loops of stem–
loop structures require more energy to close than other
sequences (27).
One alternative explanation for these results could be that

the reduction in SD-MMEJ events seen in rigid loop con-
structs is due to other differences in the sequence flanking
the GGCC repeats. To explore this possibility, we created
constructs identical to R0, but with flexible (TATAT) or
rigid (AAAAA) sequences inserted between the GGCC re-
peat. We named these constructs R0 Flex and R0 Rigid.
Overall SD-MMEJ consistency was much higher for the R0
Flex sequence, across all three types of junctions (Figure 6B
andC). Primer repeat usage in SD-MMEJ consistent single-
step insertions for R0 Flex was similar to the original R0
construct, with many junctions using the GGCC primer re-
peat (Figures 3 and 6D). In stark contrast, there were no
SD-MMEJ consistent indel repair events in the R0 Rigid
construct. From these results, we conclude that the repair
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Figure 6. Loop flexibility plays an important role in facilitating SD-MMEJ repair. (A) Percentage of primer repeats used for SD-MMEJ consistent single-
step insertions on either the right or left sides of the Cas9-induced double-strand break. 5 rigid loop and 8 flexible loop constructs were analyzed, with
each construct contributing equal weight to the final values. All constructs in the randomized library that qualify as rigid (TTTTT on top strand between
GGCC repeats) and flexible (TATAT or ATATA on top strand between GGCC repeats) were included. (B) SD-MMEJ consistency measurements for all
inaccurate repair events recovered from R0 Flex and Rigid constructs. (C) SD-MMEJ consistency for R0 Flex and R0 Rigid repair products by type.
Indel = insertion/deletion junctions; MHJ = microhomology joins; ABJ = apparent blunt joins. (D) Primer repeats used for SD-MMEJ consistent indel
repair junctions in the R0 Flex construct. Loop-out repair = solid outline and connecting line using direct repeat; snap-back repair = dashed outline and
connecting line using inverted repeats. Only the top strand of the construct is shown. Blue shading denotes nucleotides held constant in the semi-randomized
design.

differences we observed in the rigid and flexible loop con-
structs were likely not due to other sequence differences.
A second alternative explanation for these results could

be that DNA resection through the homopolymeric se-
quence is impaired. To test this, we created the T-loop con-
struct, identical to the R0 Rigid construct but with a ho-
mopolymeric T sequence in the single-stranded loop (Sup-
plementary Figure S6C). Primer repeat analysis of single-
step insertion products recovered from Cas9 cleavage of
the T-loop construct clearly showed a similar profile to the
original R0 construct, with frequent usage of the GGCC
primer repeat. Based on these results, we conclude that the

most likely explanation for our findings is that a homopoly-
meric A sequence between a frequently used primer repeat
strongly inhibits both secondary structure formation and
SD-MMEJ repair.

SD-MMEJ efficiency is promoted by the presence of favor-
able microhomology templates

The final step of SD-MMEJ occurs when a newly synthe-
sized microhomology anneals with single-stranded DNA
on the other side of the break, followed by 3′ non-
homologous tail clipping (if necessary), fill-in DNA syn-

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/50/13/7465/6640225 by M

aine M
edical C

enter user on 27 O
ctober 2022



7474 Nucleic Acids Research, 2022, Vol. 50, No. 13

thesis, and ligation (Figure 1). If microhomology annealing
cannot occur, then any prior secondary structure formation
and nascent DNA synthesis will not be represented in the
recovered repair products. Conversely, if a frequently used
primer repeat is directly adjacent to a sequence that can
act as a ‘microhomology template,’ then this sequence con-
text may be even more favorable for SD-MMEJ. Here, the
term microhomology template refers to ssDNA adjacent to
a primer repeat that can template nascent DNA synthesis,
creating a new microhomology complementary to ssDNA
across the break (Supplementary Figure S7).
To determine whether successful SD-MMEJ repair uti-

lizes preferred microhomologies, we analyzed the microho-
mologous sequences used during the annealing step for SD-
MMEJ consistent deletions recovered from all constructs.
Strikingly, we observed that the most frequently used mi-
crohomologies correspond to those directly adjacent to the
break site (Figure 7). While 19 of the 20 nucleotides at the
break site are fully conserved in all 1100 constructs, 78.5%
of all microhomologies used during the final annealing step
correspond to CC, C, TA and T, which are immediately to
the left and right of the break. Larger microhomologies of
4–5 base pairs, including several G–C rich sequences, are
utilized at a much lower frequency (Figure 7). Thus, it ap-
pears that while the location of the microhomology tem-
plate can vary depending on the preferred secondary struc-
ture forming sequences, there is a strong preference for these
microhomology templates to anneal to complementary se-
quences located directly proximal to the other break end.

Predicting SD-MMEJ repair events through examination of
the relative positions of primer repeats and microhomology
templates

In simple MMEJ repair, pre-existing microhomologies fre-
quently used for annealing are usually 2 bp or greater and
are associated with high GC content (29). We would expect
that newly synthesized microhomologies likely share these
parameters. In addition, the amount of templated synthesis
in alt-EJ is limited and estimated to be typically between
3–6 bp (9). This constraint predicts that a favorable mi-
crohomology template located directly adjacent to a strong
primer repeat should promote a high frequency of SD-
MMEJ consistent deletions (Supplementary Figure S7). In
contrast, the lack of a favorable microhomology template
directly adjacent to a strong primer repeat should result in
more SD-MMEJ repair products with insertions, as DNA
synthesis will need to continue until a more appropriate mi-
crohomology is synthesized. In our repair constructs, the 3′
end on the left side of the break is always CCC. Thus, we
predict that primer repeats on the right side of the break
directly adjacent to microhomology templates that produce
G-rich ssDNA should be highly represented in the recov-
ered repair products.
To test this hypothesis, we investigated DNA repair con-

structs where the break distal GGCC primer repeat is di-
rectly adjacent to 0, 2 and 5 bp microhomology templates
that can promote the synthesis of ssDNAcomplementary to
the unprocessed 3′ DNA on the left side of the break. Strik-
ingly, we observed that the R0 repair construct with no ad-
jacent microhomology template was associated with a high

percentage of indels and few deletions, consistent with our
prediction (Figure 8A). Further inspection showed that the
R0 construct generated a high proportion of indels via syn-
thesis into the break-proximalGGCC, generatingG-rich ss-
DNA that anneals with the terminal CC on the other side of
the break. In contrast, the R790 and R452 constructs, with
2 bp and 5 bp microhomology templates, respectively, gen-
erated a greater proportion of deletions/microhomology
joins, also consistent with our expectation. SD-MMEJ in-
sertion lengths in these constructs trend shorter as the
length of microhomology templates increases (Figure 8B).
Interestingly, as the microhomology templates increase in
size, so does the proportion of simpleMMEJ repair (Figure
8A). This suggests that longer microhomologies, whether
present in the original sequence or created de novo, promote
alt-EJ repair.

DISCUSSION

Alternative end joining was originally viewed as a backup
double-strand break repair mechanism that operates in the
absence of more dominant repair pathways such as non-
homologous end joining and homologous recombination.
In recent years, this perception has changed, particularly
with the recognition that alt-EJ repair frequently occurs
even when other types of repair are possible (6,29–32). The
molecular mechanisms that promote alt-EJ began to come
into focus with the identification of DNApolymerase theta,
which is critical for TMEJ (5,8,29,33–35). Alt-EJ repair and
pol theta expression are concomitantly upregulated inmany
cancers (36,37) and both become important for cellular sur-
vival in the absence of homologous recombination or in
situations where cells are subjected to high levels of DNA
replication stress (35,38). To gain a more complete under-
standing of alt-EJ and TMEJ repair mechanisms, the con-
tributions of DNA sequence context must also be consid-
ered. This is particularly important in the context of genome
editing with double-strand break repair intermediates, as
alt-EJ repair can promote both unwanted and desirable
editing outcomes.
Using a plasmid-based repair assay in Drosophila em-

bryos, we have now shown that SD-MMEJ, a type of alt-
EJ, frequently occurs at Cas9-induced breaks and that pol
theta is vital for this type of repair. While SD-MMEJ is a
sequence-based model (10,12) and TMEJ is defined by its
genetic requirement for pol theta (4,5), our analysis of re-
pair events recovered from polq mutant embryos suggests
that these two are, in most cases, the same.
Simple MMEJ repair, in which DNA resection at a

double-strand break reveals pre-existing microhomologies
that pair across the break, is a common form of TMEJ (39).
However, we and others have noted that alt-EJ frequently
produces insertional repair events that cannot be explained
by a simple MMEJ model (10,14). In this study, we focused
on mechanisms that promote these types of repair events.
We chose to partially randomize the sequence within 30
bp of a single Cas9-induced break and developed a cloning
strategy that can quickly generate thousands of unique se-
quence contexts for the study of SD-MMEJ. We also de-
signed a high-throughput sequencing method and a novel,
two-stage demultiplexing strategy using unique molecular
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Figure 7. Microhomology usage in SD-MMEJ consistent deletions. Analysis of the microhomologies used during the final annealing step of SD-MMEJ
was performed for all 1100 constructs. Each construct was weighted equally to prevent overrepresentation of constructs with more sequencing reads.
Although 222 distinct microhomologies were used to create SD-MMEJ consistent deletions across all constructs in the library, only microhomologies used
in at least 0.25% of all repair products are listed. Microhomologies correspond to bases in the top strand (shown at the top of the plot) for simplicity. The
vertical line represents the Cas9 cut site.

identifiers to characterize large numbers of repair products.
To analyze the resulting large-scale amplicon sequencing
data, we developed a computational pipeline for stream-
lined analysis of SD-MMEJ consistency. These resources
are freely available for use by the scientific community.

What parameters impact SD-MMEJ repair?

To gain insight into the characteristics of sequence con-
texts that promote SD-MMEJ, we fully analyzed 1100 semi-
randomized constructs that were cut by Cas9 and repaired
in Drosophila embryos. Many of the findings from this
analysis are consistent with previous studies from our lab
and others. For example, secondary structure-forming re-
peats are more frequently used when they are closer to
the break site. Similarly, newly-synthesized microhomolo-
gies most frequently anneal to the 3′ terminus of single-
stranded DNA on the opposite side of the break. These
findings closely match the trends that have been observed
with in vitro and in vivo studies of TMEJ (4,5,11).
Our analysis of different sequences contexts flanking a

Cas9 break also provided insight into some novel aspects
of SD-MMEJ that have not been previously appreciated.
First, there seems to be an intricate balance between the
length of the primer repeats that form secondary structures
and the distance between them. Shorter (1–3 nt) primer
repeats are more likely to be used when the inter-repeat
distance is small. As the inter-repeat distance increases, a
compensatory increase in repeat length is needed to main-
tain SD-MMEJ repair efficiency. However, primer repeats
longer than 3 nt are not utilized for SD-MMEJ repair as
often as would be expected based on their thermodynamic
stability. Similarly, microhomologies longer than 3 bp are
rarely used during the final annealing step. We propose that
the geometry of the pol theta active site dictates the prefer-
ential formation of certain secondary structures, while the
ability of pol theta to unwind transiently formed secondary
structures (or their spontaneous dissociation rate) places an

upper limit on the length of repeats that are used in SD-
MMEJ. Furthermore, because the distributions of preferred
primer repeat and microhomology lengths are similar, we
speculate that annealing of primer repeats andmicrohomol-
ogy repeats that occurs within the pol theta active site may
be mechanistically similar.
Second, the flexibility/rigidity of the sequences between

primer repeats greatly impacts SD-MMEJ repair. These se-
quences comprise the loops that are formed during sec-
ondary structure formation in both loop-out and snap-
back SD-MMEJ. Homopolymeric A sequences, which are
known to impair hairpin formation (28,40), drastically re-
duce the use of flanking primer repeats during SD-MMEJ,
while flexible AT loops promote SD-MMEJ. We hypothe-
size that the thermodynamic forces that promote the for-
mation of SD-MMEJ favorable secondary structures (27)
are important factors in the repair process and influence the
ability of pol theta to synthesize new microhomologies dur-
ing SD-MMEJ.
Third, the presence of favorable microhomology tem-

plates adjacent to primer repeats strongly promotes SD-
MMEJ. During our analysis of insertional repair events,
we repeatedly observed that strong primer repeats predicted
to be favorable for secondary structure formation were un-
derrepresented in our primer repeat plots. These disfavored
primer repeats were not adjacent to microhomology tem-
plates that could promote synthesis of ssDNA complemen-
tary to the other side of the break. Similarly, predicted
weaker repeats of 1–2 bp separated bymore than 10 bpwere
overrepresented in our plots. These repeats tended to be
next to good microhomology templates. As a consequence,
SD-MMEJ consistent simple deletion junctions are preva-
lent whenmicrohomology templates are directly adjacent to
primer repeats, while insertion junctions are favored when
good microhomology templates are separated from primer
repeats by one or more bp (Supplementary Figure S7).
Together, our observations strongly suggest that the effi-

ciency of SD-MMEJ repair is largely driven by two factors:
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Figure 8. Presence of microhomology templates strongly influences repair outcomes. (A) Changes in the length of the microhomology template directly
adjacent to the GGCC primer repeat affect its relative use in SD-MMEJ repair. Constructs R0, R790 and R452 possess microhomology templates of 0,
2 and 5 bp that are complementary to ssDNA located at the terminus of the other break end and can be used during loop-out SD-MMEJ repair. Simple
MMEJ events not consistent with the SD-MMEJ model were calculated as a percent of all inaccurate reads. (B) Insertion size trends longer as the length
of microhomology templates decreases. The insertion length distributions are shown for SD-MMEJ consistent repair events from constructs R0, R790 and
R452 containing 0, 2 and 5 bp microhomology templates, respectively, for the 3′ terminal microhomology of the other side of the break. Red line = mean,
blue line = median.

(i) a balance between secondary structure formation and
dissociation following limited repair synthesis and (ii) the
presence of microhomology templates directly adjacent to
or near these secondary-structure forming repeats. We hy-
pothesize that while many repair options are theoretically
possible when a double-strand break is formed, these two
principles most strongly influence which repair intermedi-
ates ultimately result in a successful repair outcome. Be-
cause most SD-MMEJ repair depends on pol theta, these
principlesmay also provide information about the biochem-
ical mechanisms of this enzyme and other proteins involved
in alternative end joining.

Limitations and extensions of this study

When designing the semi-randomized constructs, we chose
to keep the GGCC primer repeat constant while systemati-
cally varying other sequences flanking the break. This lack

of total randomization allowed us to make more targeted
interpretations of the results but does not represent the full
diversity of sequences that could be encountered at any
DSB. In addition, because putative loop-out SD-MMEJ
events can also be explained via an in transmechanism and
some SD-MMEJ consistent repair events are also consis-
tent with simple MMEJ or classical end joining repair, we
cannot unambiguously assign mechanism to all the repair
junctions.
While our SD-MMEJmodelling software can explain alt-

EJ repair events that result in apparent blunt joins, sim-
ple deletions, and single-step insertion events, it is currently
unable to model multi-step insertion events. We and oth-
ers have previously recovered large alt-EJ insertion events
that are consistent with multiple rounds of annealing, syn-
thesis, and dissociation. Future iterations of the model and
computational pipeline should accommodate these types of
events.
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Our parameters for SD-MMEJ consistency require that
the secondary-structure forming primer repeats be located
within 30 bp of the break ends, as SD-MMEJ consistent
solutions could theoretically be found for all repair events
if no search window is imposed (10,11). However, there
may be certain contexts where secondary structures form
more than 30 bp from the break. For example, depletion
of replication protein A, a heterotrimeric ssDNA binding
protein that binds 30 nt of DNA in its high affinity mode,
might promote long distance SD-MMEJ. Indeed, simple
MMEJ occurs more frequently when RPA binding is im-
paired. (41,42). We are currently testing the effects of RPA
binding on SD-MMEJ.
In conclusion, our analysis of a large set of semi-

randomized repair constructs has provided new insight into
ways that sequences flanking a double-strand break can in-
fluence alt-EJ repair. The application of machine learning
to our entire data set will yield further insight the mecha-
nisms of alt-EJ, and specifically the sequence contexts that
favor insertional repair. Pol theta is likely responsible for the
majority of alt-EJ and cells become dependent upon it for
double-strand break repair during replication stress (35,38).
Therefore, computational modeling of TMEJ repair will be
important for genome editing efforts in cells with high pol
theta expression or cells subjected to replication stress dur-
ing chemotherapeutic treatment.
The gold standard for any DSB repair prediction pro-

gram will be the ability to predict all repair events and
their relative frequencies at any DSB, for genome editing
purposes. Several predictive programs with impressive ac-
curacy currently exist, but they mostly address repair that
occurs through classical end-joining mechanisms (16–19).
Including model parameters for SD-MMEJ/TMEJ repair
such as those elucidated here will increase the accuracy of
predictive programs, particularly in genetic backgrounds
where alt-EJ is more prevalent, such as those found in many
cancers.
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