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Abstract 
DNA double-strand breaks (DSBs) are repaired by homology-directed repair or non-homologous 

end joining.  End-joining repair can be classified as classical non-homologous end joining, which 

requires DNA ligase 4, or “alternative” end joining (alt-EJ), which does not.  The mechanism of 

alt-EJ is largely uncharacterized. 

 We show that Drosophila melanogaster DNA polymerase theta (pol theta), encoded by 

the mus308 gene, plays a role in alt-EJ.  In pol theta mutants, end joining is impaired, creating 

large deletions.  Sequencing suggests that pol theta promotes the use of long microhomologies 

during alt-EJ.  These results suggest a mechanistic link between alt-EJ and interstrand crosslink 

repair. 

 Alt-EJ repair frequently correlates with junctional microhomology but also produces 

junctions without microhomology, and the role of microhomology in alt-EJ remains unclear.  To 

investigate this, we examined inaccurate repair of an I-SceI DSB with few nearby 

microhomologies in Drosophila.  Lig4 deficiency did not affect junctional microhomology, but 

significantly increased insertions.  Many insertions appeared templated.  Based on sequence 

analysis, we propose a model of synthesis-dependent microhomology-mediated end joining (SD-

MMEJ), in which de novo synthesis by an accurate non-processive DNA polymerase creates 

microhomology.  Repair junctions with apparent blunt joins, junctional microhomologies, and 

short indels (deletion with insertion) are often considered to reflect different repair mechanisms.  

However, a majority of each type had structures consistent with the predictions of our SD-MMEJ 

model, suggesting that a single underlying mechanism could be responsible for all three.  SD-

MMEJ is Ku70, Lig4, and Rad51-independent, but impaired in mus308 (POLQ) mutants. 

 Although the SD-MMEJ model is a powerful conceptual tool, the question remained 

whether or not patterns associated with SD-MMEJ would be found at other DSBs.  A meta-
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analysis of end-joining repair junctions produced in the course of previous studies in Drosophila 

showed that substantial numbers of the junction sequences had SD-MMEJ consistent repeats.  

Patterns of repeats varied in a sequence specific manner consistent with the predictions of the 

SD-MMEJ model.  Correlating the patterns of SD-MMEJ consistent repeats at breaks from C-

NHEJ proficient and deficient backgrounds with sequence content and break end structure 

confirms a complex relationship among sequence content, genetic background, and end-joining 

repair outcome. 
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List Of Abbreviations 
 

alt-EJ: Alternative end joining 

ATM: Ataxia telangiectasia mutated 

ATR:  Ataxia telangiectasia and Rad3-related protein 

C-NHEJ: Canonical non-homologous end joining 

CSR: Class switch recombination 

DSB: (DNA) double strand break 

FLT3: FMS-like tyrosine kinase-3 receptor 

HR: Homologous recombination 

ICL: Interstrand (DNA) crosslink 

MMEJ: Microhomology-mediated end joining 

PARP: Poly(ADP)-Ribose Polymerase 

SD-MMEJ: Synthesis-dependent microhomology-mediated end joining 

T-DNA: Transfer DNA (derived from the Ti plasmid present in plant tumor-inducing bacteria) 

T-nucleotides: Apparently templated nucleotides inserted at a DSB repair junction 

ZFN: Zinc finger nuclease



Chapter 1 

Introduction 
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DNA Double Strand Breaks: Definition And Biological Significance 
 DNA double strand breaks (DSBs) are molecular lesions in which covalent bonds are 

broken in both phosphodiester backbones in sufficient proximity that the ends come apart.  DSBs 

are a diverse set of lesions, ranging from "clean" breaks that can be directly re-ligated with no 

further processing, to "dirty" breaks that involving extensive chemical damage to the DNA.  

Even if the ends are chemically competent for direct re-ligation, however, all DSBs pose a 

serious threat to genome stability because both strands of the double helix are affected, incurring 

the potential for loss of genetic information, chromosomal rearrangements, or both.  Even so, 

deliberate induction of DSBs is an essential component of essential biological processes such as 

meiosis and V(D)J recombination.  The wide variety of possible DSB end structures, as well as 

differential requirements for speed and accuracy in repair in different situations, necessitates that 

DSB repair processes be highly flexible and tightly regulated. 

DSBs are repaired by homologous recombination or by end joining 

 DSB repair mechanisms are broadly classified as homologous recombination (HR) or end 

joining (EJ) (reviewed in (1)).  HR and EJ are distinguished both genetically and 

mechanistically.  The relative importance of HR and EJ varies among organisms; budding yeast 

rely largely on HR, whereas end joining is more prominent in vertebrates. 

 Genetically, homologous recombination repair is distinguished from end joining by its 

dependence on members of the Rad52 epistasis group.  HR requires an external template, usually 

a sister chromosome or homologous chromatid.  Repair synthesis from this external template 

results in repair with a high probability of maintaining genomic integrity, even if the DSB 

involves damage to both DNA strands.  Although it preserves genetic information, HR is limited 

in that it is relatively slow, and usually restricted to G2 or late S phase. 
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 In contrast to homologous recombination repair, end-joining repair ligates the broken 

ends without provision for ensuring accurate restoration of the original sequence.   Conceptually, 

end-joining repair involves three key tasks: synapsis and alignment of the DNA ends, rendering 

the ends chemically competent for re-ligation, and resealing the phosphodiester backbone.  

 The possibility of accurate repair via end joining depends on the structure of the break.  End 

joining of blunt or complementary ended breaks can perfectly restore original sequence although, 

interestingly, inaccurate end-joining repair of complementary ends does occur. 

Eukaryotic cells possess multiple genetically distinct end joining mechanisms 
 Eukaryotic cells possess multiple genetically distinct end-joining mechanisms.  The best-

characterized is commonly referred to as "canonical non-homologous end joining" (C-NHEJ) 

(2).  C-NHEJ requires two conserved "core" complexes: the DNA Ligase 4 (Lig4)/XRCC4 and 

the Ku70/80 (Ku) heterodimers.  In vertebrates, Ku70/80 complexes with the DNA-dependent 

protein kinase (DNA-PKcs), binds the break ends and recruits other repair factors, such as 

nucleases, kinases, or DNA polymerases, as dictated by the requirements of the specific DSB (3, 

4).  Lig4 carries out the final ligation. (5, 6) and likely plays a role in end bridging and alignment 

(5, 7).  Although not strictly necessary, if complementary single stranded regions are present at 

break ends, base pairing can stimulate C-NHEJ (6). 
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Table 1-1.  Differences in genetic requirements for the three major events comprising end joining 
via C-NHEJ versus alt-EJ in metazoans. 
 

 end synapsis end processing 
(polymerase) 

end processing 
(nuclease) 

re-ligation 

C-NHEJ Ku70/80 
Lig4 

Pol lambda 
Pol mu Artemis Lig4/XRCC4 

Cernunnos/XLF 

alt-EJ 
base pairing 
MRN/X 
PARP 

Pol mu MRN/X 
CtIP 

Lig3 
Lig1 

 Major contributors are indicated in bold. 
 
 Observation of end-joining activity in C-NHEJ deficient cells led to the discovery that 

eukaryotes also possess "alternative" end joining mechanisms (alt-EJ), which are broadly defined 

as any end-joining activity remaining in a C-NHEJ deficient genetic background (8, 9, 10, 11).  

Ku has been shown to recruit Lig4 to break ends (12, 13), suggesting that mutations in Ku and 

Lig4 should be largely equivalent.  However, there is some evidence for different phenotypes in 

Ku versus Lig4-deficient cells (14, 15, 16).  Our study described in Chapter 3 supports the notion 

that Ku and Lig4 deficient alt-EJ may be subtly different.  Little is known about these 

differences, however; therefore, we will adhere to the conventional definition of alt-EJ as any 

end-joining pathway that does not require Ku or Lig4, making further distinctions where 

appropriate.  

  Alt-EJ has proven difficult to study in vertebrates, as C-NHEJ deficiency in vertebrates is 

either lethal or associated with profound immunodeficiency and cancer.  Lig4 deficiency is 

embryonic lethal in mice (17).  Lethality is rescued in a p53 mutant background, but lig4 p53 

double mutant mice exhibit a high rate of translocations and other chromosomal aberrations, and 

invariably develop cancers such as medulloblastoma (18).  These severe phenotypes, along with 

kinetic data suggesting that C-NHEJ independent end joining is relatively slow (19, 20), led to 

the general assessment that alt-EJ is less efficient and less accurate than C-NHEJ.  Evidence that 
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the C-NHEJ components actively inhibit alt-EJ suggested that it might not operate in wild-type 

cells (21). 

  However, a number of studies over the past several years have challenged the notion that 

alt-EJ is inefficient and irrelevant in C-NHEJ competent vertebrate cells.  Unexpectedly efficient 

alt-EJ has been demonstrated in mice (22, 23, 24, 25), and evidence has surfaced indicating that 

alt-EJ may take place in C-NHEJ competent cells; in fact, some DSBs may be preferentially 

repaired by alt-EJ (26, 27).  Interestingly, C-NHEJ deficient Drosophila are viable and fertile, 

rendering the fly one of the few multicellular model organisms in which alt-EJ can be readily 

observed. 

The mechanism and genetics of alt-EJ are poorly understood 
 Substantial uncertainty still exists regarding the genetic requirements and mechanism of 

alt-EJ, up to and including the question of whether there are one or several mechanisms 

mediating alt-EJ.   Genetic studies have identified a number of enzymes involved in alt-EJ (Table 

1-1), including DNA ligases 1 and 3, poly-ADP-ribose polymerase 1 (PARP-1) (28), and the 

MRN/X complex (28).  Lethality in Ku86-/- XPF-/- double mutant mice also implicates the XPF 

endonuclease in alt-EJ (29).  Further work is required to connect these observations into a 

coherent whole. 

  Candidates exist for the end processing and ligation steps of alt-EJ, but the question of 

how break ends are synapsed in C-NHEJ deficient cells has less of a clear answer.  One 

possibility is that protein factors could help tether the ends.  There is evidence for PARP-

dependent end synapsis (30), and the MRN complex has a structure suggesting that it could help 

tether break ends together (31).   It has also been observed that joining of DSBs with long GC-

rich overhangs is less dependent on C-NHEJ (32, 33), leading to the hypothesis that in alt-EJ, 
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break end synapsis could be mediated via base pairing between complementary sequences on 

opposite sides of the DSB, a mechanism termed microhomology-mediated end joining, or MMEJ 

(reviewed in (34)).  There is indeed abundant evidence suggesting that cross-break pairing may 

be more important in C-NHEJ deficient backgrounds, but, as we will argue, the significance of 

these observations, and the precise relationship between the genetically defined alt-EJ and the 

mechanistically defined MMEJ, is unclear. 
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Microhomology-Mediated End Joining: Basic Mechanism And Sequence 

Analysis 
 

 

Figure 1-1.  Sequence requirements and outcome of microhomology-mediated end joining 
(MMEJ) 
 
a.  MMEJ requires a direct repeat spanning the DSB.  In this example, MMEJ takes place at the CCCT 
repeat. 
 
b.  Complementary single stranded regions are exposed.  In this example, the DNA is unwound, but 
nuclease activity could also produce the necessary single stranded regions. 
 
c.  Removal of unpaired single stranded DNA and nick ligation results in net deletion of one copy of the 
repeated motif and all intervening sequence (here, GTTAT).  The resulting junction has ambiguous 
nucleotides ("junctional microhomology") that cannot be definitively assigned to either side of the break 
when the original sequence and repair product are aligned. 
 
 
 In MMEJ, end joining proceeds via annealing complementary single stranded regions on 

either side of the DSB (Figure 1-1).  Removal of the unpaired regions and ligation generates a 

repair product in which one motif of the repeat, along with the sequence intervening between the 

repeated motifs, has been deleted.  Thus, when the MMEJ repair product is aligned with the 

original sequence, the junction contains bases that cannot be unambiguously assigned to either 

side of the deletion ("junctional microhomology"). 

5' TACATTA GTTAT     AGCGGCCGCATA!
3' ATGTAAT C     AATA TCGCCGGCGTAT!

5' TACATTA                AGCGGCCGCATA!
3' ATGTAAT               TCGCCGGCGTAT!

original: 5' TACATTA GTTAT AGCGGCCGCATA!
repaired: 5' TACATTA"""""CCCT""""AGCGGCCGCATA!

a. 

b. 

c. 
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 There is no clear consensus regarding how many ambiguous bases need to be present at 

the junction before a repair event is deemed to be MMEJ.  There is a nontrivial probability that at 

least one base of microhomology will exist purely by random chance at any given end-joining 

junction.  MMEJ can be defined conceptually as end-joining that strictly requires base pairing 

across the break, but this is difficult to verify experimentally, especially if MMEJ coexists with 

other end-joining repair pathways that are enhanced by, but do not require, microhomology 

pairing.  This difficulty is usually circumvented by scoring relative changes in the frequency 

and/or length of microhomology junctions in different genetic backgrounds.  However, this does 

not address questions such as whether an increment of a base pair or two in the median 

junctional microhomology length is biologically meaningful, even if highly statistically 

significant.  To address this question, we will evaluate the data with particular attention to 

inferring the function of microhomology pairing in the end-joining mechanism. 

Evidence for MMEJ is widely observed 

 Evidence for MMEJ is documented in a wide range of organisms from yeasts through 

vertebrates.  It is thus a general phenomenon, although details may vary between species.  

Microhomology annealing appears to play a role in a wide variety of mutagenic events, including 

telomere fusions (35), sequence capture at DSBs (36), retrovirus and retrotransposon integration 

(37, 38),  T-DNA integration in plants (39),  chromosomal translocations (40, 41), nonrecurrent 

microduplications and microdeletions (42),  and interspecies horizontal gene transfer (43). 

 Since identification of microhomology junctions requires knowledge of the original 

sequence, the earliest studies of MMEJ were necessarily carried out with molecularly defined 

DSB substrates, and such substrates are still essential for carrying out controlled studies to 

isolate the contribution of sequence context and genetic background to MMEJ.  Early reports of 
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MMEJ came from studies observing recircularization of restriction enzyme-digested plasmid 

substrates with a variety of end structures in SV40 cells (44) and Xenopus embryo extract 

systems (45). 

 Concern that plasmid recircularization might not accurately reflect all aspects of MMEJ 

at a chromosomal DSB led to development of chromosomally integrated MMEJ reporter 

substrates.  Non-complementary ended DSBs induced by multiple HO endonuclease cuts have 

facilitated detailed studies of the genetics of MMEJ in S. cerevisiae (26, 46). In Drosophila, the 

long non-complementary 3' overhangs produced by P element transposon excision have been 

found to be good substrates for MMEJ (27, 47). 

 Molecularly defined DSBs induced by the yeast homing endonuclease I-SceI are widely 

used to study MMEJ.   I-SceI recognizes a long (18 bp) target site not normally present in many 

metazoan genomes.  I-SceI produces complementary ended DSBs with 4 bp 3' overhangs; many 

systems employ multiple I-SceI sites to produce incompatible break ends (48). 

 Genome sequencing has enabled study of MMEJ at end-joining repair junctions produced 

by repair of endogenous DSBs, including class switch recombination (CSR) junctions and 

chromosomal translocations (See Tables 1-2 through 1-7). 

Detailed consideration of possible MMEJ mechanisms helps interpret genetic data 

 Since increased MMEJ is often observed in C-NHEJ deficient backgrounds, the genetics 

of MMEJ have been extensively studied in efforts to understand alt-EJ.  To facilitate 

interpretation of the data regarding the genetics of MMEJ, it is helpful to first consider the 

mechanistic details of MMEJ in greater detail.  It is possible to envision a number of variations 

on the basic MMEJ model presented above, with different genetic requirements, and in which 

microhomology pairing could serve different functions (Figure 1-2).  
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Figure 1-2.  Possible MMEJ mechanisms can be distinguished based on different enzymatic 
requirements. 

 
a.  MMEJ at break ends where end "breathing" has uncovered complementary sequence.  Requires flap 
endo- or 5'-3' exonuclease activity and a DNA ligase. 
 
b.  MMEJ at repeats uncovered by helicase activity.  Also requires flap endo- or 5'-3' exonuclease activity 
and a DNA ligase.  May require 3'-5' exonuclease activity if the microhomologies were not immediately at 
the break ends. 
 
c.  MMEJ via helicase or 5'-3' exonuclease activity.  Requires gap filling by a DNA polymerase in addition 
to the requirements in (b). 
 
d.  MMEJ at a very short microhomology.  May require additional end stabilization. 
 
 
 An examination of the genetic data suggests that there is abundant evidence supporting 

the existence of several variants of MMEJ mechanism, some of which may be genetically 

distinct.  Genes implicated in MMEJ are summarized in Tables 1-2 through 1-7, grouped by 

biochemical function. 

NNNNNNNCACT!
NNN!

       NNNNN!
AGTGNNNNNNNN!

NNNNNNNNGT!
NNN!

      NNNN!
CANNNNNNNN!

  NNNNN!
TANNNNN!

NNNNNAT!
NNNNN!

a. 

NNNNGGACG!
NNNN!

     NNNN!
CCTGCNNNN!

b. 

d. 

c. 
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Table 1-2.  Nucleases involved in MMEJ 
 

 
 
  A variety of exo- and endonucleases and associated signaling factors appear to be 

important for promoting or repressing MMEJ in both yeast and metazoan systems (Tables 1-2 

and 1-3).   MMEJ-associated nuclease activity appears to be promoted by the orthologous 

signaling kinases Tel1p and ATM in budding yeast and vertebrates, respectively, especially in 

p53 deficient backgrounds.   MMEJ nucleases include Sae2p, Mre11p, Exo1, Rad1/10p, and 

Rad27 in budding yeast, and Artemis, CtIP, and Ercc1-XPF in vertebrates.   

 Interestingly, despite the involvement of flap endonucleases, there is little evidence 

supporting a requirement for helicase activity in MMEJ, suggesting that the MMEJ mechanism 

shown in Figure 1-2 b may not be especially common.  In budding yeast, the Srs2 helicase 

promotes MMEJ, but its role is believed to be primarily antirecombinogenic. 

Gene Product Effect on MMEJ 

Sae2p MMEJ defect in sae2!  S. cerevisiae at a noncomplementary ended HO DSB 
(46) 

Mre11p MMEJ defect in mre11!  S. cerevisiae (46) 

Exo1p Overexpression: partial rescue of mre11! defect; survival defect exacerbated in mre11! 
exo1! .  (46) 

Exo1 Necessary for MMEJ in S. pombe (49) 
Rad1p/Rad10p MMEJ impaired in rad1!  and rad10! single and double mutant S. cerevisiae (26) 

Rad1p/Rad10p Increase in MMEJ in trans consequent to irradiation reduced in mutant S. cerevisiae; 
microhomology length decreased  (50) 

CtIP Increase in microhomology joins observed at class switch recombination junctions in 
ku70 background dependent on CtIP  (51) 

CtIP Required for MMEJ in G1 in the DT40 cell line (52) 
Artemis Increased microhomology at coding joints in Artemis-deficient B cells (53) 
Fen-1 Depletion impaired MMEJ in vertebrate cell extract (54) 
Fen-1 Necessary for end processing in MMEJ in S. cerevisiae (55) 
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Table 1-3.  Signaling molecules implicated in MMEJ 
 

Gene 
Product Effect on MMEJ 

Tel1p reduced in tel1!   
p53 expressing p53 in p53-deficient cells decreased MMEJ (56) 

ATR MMEJ at long microhomologies during class switch recombination may depend on ATR (57) 
ATM Regulates end resection (58) 
ATM Promotes by increasing end resection during class switch recombination (59) 

DNA-PK May participate in microhomology search via activation by compatible termini (60) 
DNA-PKcs Wortmannin disrupted MMEJ at an I-SceI DSB (61) 

Parp-1 May be involved in MMEJ-independent alt-EJ of I-SceI DSBs (30) 
Parp-1 Promotes MMEJ during class switch recombination (62) 
Parp-1 Promotes a repair pathway that is most efficient at overhangs with G-C rich termini (63) 
BRCA1 50-100 fold MMEJ defect at I-SceI DSB in Brca1(-/-)p53(-/-) MEFs (64) 
BRCA1 Suppresses MMEJ by restricting deletion at DSBs (65) 
CHK2 Dominant negative kinase dead CHK2 promoted MMEJ (65). 

Ku MMEJ inhibited in ku mutants (66) 
Ku Inhibits MMEJ (54) 
Ku MMEJ at non-exposed 8bp microhomlogy not dependent on Ku in  bladder carcinomas (67) 

FLT3 Increased MMEJ, increased Lig3, decreased Ku in FLT3-duplication knock-in mice (68) 
 
Note that contrasting different studies indicates that the genetic requirements for MMEJ do not support a 
simple equation of MMEJ with alt-EJ: impaired MMEJ has been observed in C-NHEJ deficient genetic 
backgrounds (Ku, DNA-PKcs).  Additionally, although some studies indicate that PARP-1 promotes a 
microhomology-mediated alt-EJ pathway, it has also been observed that PARP-1 mediated break end 
synapsis does not depend on DNA sequence.  FLT3: FMS-like tyrosine kinase-3 receptor. 
 
 

Table 1-4.  Helicases implicated in MMEJ. 
 

Gene 
Product Effect on MMEJ 

Srs2p impaired in  srs2!;  defect rescued in srs2! rad51! S. cerevisiae; (46)   
Blm "modest shift" towards microhomology junctions in Blm-deficient B cells (69) 

 
Few helicases have been implicated in MMEJ, suggesting that the MMEJ mechanism pictured in Figure 
1-2b may not accurately reflect the mechanism of most MMEJ. 
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Table 1-5.  Mismatch repair factors implicated in MMEJ 
 

Gene 
Product Effect on MMEJ 

Mlh1 Promotes MMEJ, extent of deletions smaller at mlh1 mutant cells (70) 
Msh2 Affected "pattern" of microhomologies in S. pombe (49) 
Pms1 Affected "pattern" of microhomologies in S. pombe (49) 

 
Differences in the patterns of observed microhomologies in S. pombe hint at the possibility of multiple 
genetically distinct end-joining mechanisms in that organism. 
 
 For effective MMEJ, some way of confirming that a microhomology has been located 

must be necessary.  Some evidence has been collected suggesting that that this could be effected 

via components of the mismatch repair system (Table 1-5).   

 Participation of DNA polymerases in MMEJ has also been firmly established in both 

budding yeast and vertebrates (Table 1-6).  Several distinct roles can be envisioned for DNA 

polymerases in MMEJ.  If single-stranded gaps remain after microhomology pairing, a DNA 

polymerase will be required to fill these gaps.  Pol mu, which has some terminal transferase 

activity, may also be able to create some terminal microhomology via untemplated addition of 

nucleotides to noncomplementary ends.  DNA polymerase binding to a complementary 3' end 

and 5' single stranded region on opposite sides of a DSB can contribute to end synapsis (71).  

Finally, extension from base-paired microhomologies by a DNA polymerase could serve as a 

signal that cross-break pairing had been successfully completed.  Interestingly, these last two 

possibilities suggest that the function of microhomology in alt-EJ may not be limited to simply 

holding the ends together purely via base pairing interactions. 

 In yeast, Pol4p, Pol32p, Rad30p, and Rev3p all appear to participate in MMEJ (46).  

DNA polymerases mu and lambda participate in gap filling in vertebrates, and the terminal 

transferase activity of pol mu may facilitate creation of overhangs in vertebrate MMEJ.   In 
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mycobacterial end joining, the LigD polymerase domain has been shown to facilitate 

microhomology pairing (72). 

 Orthologs of the end-joining associated polymerases mu and lambda are not known to be 

present in the Drosophila genome (73).  Nevertheless, inserted nucleotides have frequently been 

observed at end-joining repair junctions in Drosophila.  The study detailed in Chapter 2 describes 

the identification of the gene mus308, which encodes a Drosophila ortholog of DNA polymerase 

theta, as a key player in an end-joining mechanism responsible for these insertions.  Chapter 3 

proposes a mechanism, which we call synthesis-dependent microhomology-mediated end joining 

(SD-MMEJ), to explain the role of this gene product in alternative end joining. 

Table 1-6.  DNA polymerases implicated in MMEJ 
 

Gene Product Effect on MMEJ 

Pol4p 
Combined NHEJ/MMEJ defect in pol4! S. cerevisiae; junction seqs 
and sep-fn mutants suggest MMEJ impairment specifically due to gap 
filling defect (46) 

Pol4p necessary for MMEJ at "discontinuous" microhomologies in S. pombe 
(49) 

Pol32p MMEJ defect in pol32! S. cerevisiae (46) 
Rad30p MMEJ defect in rad30! S. cerevisiae (46) 
Rev3p MMEJ defect in rev3! S. cerevisiae (46) 
Polµ  Promotes microhomology pairing in vitro (74) 
Pol µ  Can add terminal nucleotides in a non template dependent manner (6) 

Pol "  Necessary for MMEJ at partially complementary I-SceI overhangs  
(75) 

LigD polymerase domain Promotes synapsis of mismatched ends via microhomology base 
pairing, base flipping, and hairpin formation in M. tuberculosis (72) 

Pol !  Promotes MMEJ at long microhomologies at P element DSBs  and 
synthesis-dependent MMEJ at I-SceI DSBs (76, 77) 

 
The studies presented in Chapters 2 and 3 describe our finding that DNA polymerase theta participates in 
MMEJ-mediated alt-EJ in Drosophila. 
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Table 1-7.  DNA ligases implicated in MMEJ 
 

Gene Product effect on MMEJ 

LigI siRNA against or hypomorphic mutation reduced MMEJ in a plasmid-based end-
joining assay using a vertebrate-derived system  (78) 

Lig3 siRNA against or hypomorphic mutation reduced MMEJ (78) 
Lig3/XRCC1 Required for MMEJ via PARP-1 pathway (63) 

Dnl4p MMEJ in S. cerevisiae partially dependent on Dnl4p (26) 
 
The differential requirement for Lig4 between yeasts and vertebrates suggests that there may be multiple 
genetically distinct types of MMEJ. 
 

MMEJ at microhomologies of different lengths may be genetically distinct 

 Some genetic studies suggest that there may be more than one type of MMEJ, or that 

genetic requirements for MMEJ may be context dependent.  For example, BRCA1 has been 

found to both promote and suppress MMEJ (64, 65).  MMEJ at long versus short 

microhomologies may have distinct genetic requirements.   The observed lengths of junctional 

microhomologies are generally greater in yeasts than in metazoans, and the genetic requirements 

for MMEJ appear to differ between yeasts and metazoans.  S. cerevisiae MMEJ differs from 

metazoan MMEJ by partial dependence on Dnl4p, the budding yeast ortholog of vertebrate Lig4 

(26), and S. pombe MMEJ appears to be genetically related to the homologous recombination 

related single-strand annealing pathway, which proceeds by a mechanism thought to be similar to 

MMEJ, but involves considerably longer repeats (49).  There is also evidence that within 

vertebrate systems, MMEJ involving microhomologies of different lengths may have different 

genetic requirements.  In one study, MMEJ at a 10-bp microhomology was found to involve both 

DNA Ligase 1 and DNA Ligase 3, whereas MMEJ at 2-3 bp microhomologies required only 

DNA Ligase 3 (78).  MMEJ specifically at longer microhomologies during class switch 

recombination may depend on ATR (57). 
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 MMEJ at long versus short microhomologies may also be genetically distinct in 

Drosophila.   For example, a hypomorphic mutation in nbs shifted MMEJ towards preferential 

use of longer microhomologies (79).  The genetic distinction between "short-patch" and "long-

patch" MMEJ is further supported by the results of our study in Chapter 2, in which we found 

that MMEJ at microhomologies greater than 4 bp in length is impaired in flies with mutations in 

mus308, which encodes an ortholog of DNA polymerase theta. 

The Relationship Between alt-EJ And MMEJ Is Not Straightforward 
 A crucial unresolved question, which directly motivated the study described in Chapter 3, 

is whether or not all alt-EJ requires microhomology pairing across the DSB.  The idea that 

microhomology pairing is required to hold break ends together in the absence of the C-NHEJ 

machinery is appealing, and many studies have documented an increase in the length and/or 

frequency of junctional microhomologies observed at end-joining repair junctions from C-NHEJ 

deficient cells.  In fact, this correlation is sufficiently reliable that the terms "alt-EJ" and 

"MMEJ" are sometimes used interchangeably, and observations of increased junctional 

microhomology may be interpreted as evidence of alt-EJ repair (80, 81). 

 However, closer examination of the literature indicates that the relationship between alt-

EJ and MMEJ is far from straightforward, for several reasons.   First, the genetic requirements 

for MMEJ overlap those for both C-NHEJ and alt-EJ, and the length and frequency of junctional 

microhomologies is influenced by factors other than genetic background.  Second, not all end-

joining repair junctions recovered from C-NHEJ deficient cells exhibit junctional 

microhomology, indicating that base-pairing at pre-existing microhomologies is not an absolute 

requirement for all types of alt-EJ.  Finally, the idea that the primary function of microhomology 

pairing in alt-EJ is to serve as "glue" to keep the break ends stuck together does not account for 
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observations of statistically significant increases in junctional microhomologies too short to 

effectively mediate stable end synapsis. 

Genetic requirements for MMEJ overlap those for both C-NHEJ and alt-EJ 
 The genetic requirements for MMEJ appear to overlap those of both alt-EJ and C-NHEJ, 

suggesting that a simple equation of alt-EJ with MMEJ is premature.  Supporting the link 

between alt-EJ and MMEJ is the observation that in vertebrate-derived systems, MMEJ is 

impaired by siRNA against DNA ligase 3, which is thought to be the primary end-joining ligase 

in Lig4-deficient genetic backgrounds (Table 1-7) (78), and enhanced by increased Lig3 

expression (68).  End joining in African trypanosomes, which lack clear orthologs of key C-

NHEJ components, appears to proceed entirely by MMEJ (82).  Increased MMEJ is often 

observed in Ku-deficient vertebrate cells (51).  In tumors, decreased Ku-binding activity and 

increased MMEJ is associated with more aggressive, invasive phenotype (83).  However, Ku 

deficiency (66) and disruption of DNA-PKcs by the drug wortmannin (61) have also been 

observed to impair MMEJ.   In fact, evidence that DNA-PK is activated by compatible ends 

implicates DNA-PK in MMEJ (60).  Another study documents decreased mutation rates in Ku-

deficient mice, which is inconsistent with increased levels of MMEJ (84).  Although Lig4 

deficiency is often associated with increased junctional microhomology in vertebrates (85), this 

association is not always observed (41, 86).  Further complicating the picture, although MMEJ 

tends to increase in Lig4-deficient vertebrate systems, budding yeast MMEJ appears to be 

partially dependent on Dnl4p. 
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Non-genetic factors affect frequency and length of junctional microhomology 

 Further complicating the question of whether alt-EJ and MMEJ can be considered 

equivalent is that factors other than genetic background can affect the occurrence of 

microhomology junctions.  DNA sequence context and and break structure appear to influence 

MMEJ.  Some studies suggest that the requirement for microhomology in Ku-deficient cells 

varies according to characteristics of the specific ends being joined (87).  The presence of long 

microhomologies near a break has been observed to exert a "dominant" effect on repair, 

regardless of genetic background (88, 89).  For both HO DSBs in budding yeast (26) and I-SceI 

breaks in vertebrate cell culture (61), repair of incompatible ends appears to rely more heavily on 

MMEJ.  Experiments both in vivo and in vitro suggest that increasing the concentration of DSBs 

present can shift the predominant mode of EJR substantially towards MMEJ (54, 90, 91).  Use of 

MMEJ may be developmentally regulated in a tissue specific manner (92) and decreased 

capacity for MMEJ has been observed in senescent cells (93).  Environmental factors also may 

play a role in the formation of microhomology-mediated oncogenic translocations (94). 

Evidence for non-MMEJ alt-EJ  

 There is also evidence supporting the existence of non-MMEJ alt-EJ pathways.  Not all 

end-joining repair junctions in C-NHEJ deficient cells have junctional microhomology (22), 

indicating that base pairing at pre-existing microhomologies is not an absolute requirement for 

all alt-EJ.  In vertebrate cells, apparent blunt joins (end-joining junctions with no ambiguous 

nucleotides) could be consistent either with non-MMEJ alt-EJ, or with MMEJ at short 

microhomologous ends produced by pol mu terminal transferase activity.  However, as will be 

shown in Chapter 3, non-microhomology junctions are observed in both ku70 mutant and lig4 

mutant Drosophila, which are not known to possess any DNA polymerase with terminal 
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transferase activity (73).  This suggests that there may indeed exist non-MMEJ alt-EJ 

mechanisms, at least in Drosophila.  Finally, there is evidence for protein-mediated end tethering 

in alt-EJ.    End synapsis in a form of PARP-1 mediated alt-EJ has been observed to not depend 

on microhomologies (30), and the MRN complex has end-bridging activity (31). 

Patterns in observed microhomologies are not consistent with the "alt-EJ end glue" model 
 If the exclusive purpose of microhomology pairing in alt-EJ is to physically hold break 

ends together via base pairing, and if alt-EJ requires base pairing to mediate end synapsis, we 

would expect that alt-EJ at longer repeats would always be more efficient than alt-EJ at shorter 

repeats, and there should be a threshold lower bound for microhomology length consistent with a 

requirement for a certain amount of hydrogen bonding between break ends.  This, however, is 

not observed.  Especially in vertebrate studies, highly significant increases in frequency of 

microhomologies apparently too short to mediate stable end synapsis are often the observed 

phenotype in C-NHEJ deficient backgrounds.  Furthermore, our study in Chapter 3, as well as 

the meta-analysis in Chapter 4, is congruent with previous studies that have observed the 

existence of microhomology "hot spots" that appear far more frequently at repair junctions than 

other nearby microhomologies of comparable length (26).  We found, in fact, that 

microhomology length is a poor predictor of the frequency at which it will appear at repair 

junctions. 
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A Modeling Approach To Sequence Analysis Uncovers Hidden Assumptions 

About The MMEJ Model And Provides Alternative Interpretations 
 Together, these results indicate that although microhomology pairing seems to play a key 

role in end-joining repair, especially in C-NHEJ deficient backgrounds, the simple concept of 

MMEJ as glue for holding break ends are held together during alt-EJ does not furnish an 

adequate explanation for the observed patterns of microhomologies.  This suggests that the 

generally accepted ideas about what mechanistic inferences can be drawn from junction 

sequence data ought to be re-examined.  The results of the following thought experiments 

suggest that integrating the available genetic data with a computational modeling approach could 

bring to light unconsious assumptions about the mechanism of MMEJ, resulting in substantial 

progress towards resolving some of the current "MMEJ mysteries." 

Statistical arguments assume specific mechanisms 

 Because it is not possible to conclude by examination of any given microhomology 

junction whether or not repair actually proceeded by MMEJ, interpretation of microhomology 

data generally involves a statistical argument.  Interestingly, examination of some of these 

arguments reveals that assumptions about the mechanism of MMEJ are encoded in the method 

chosen to calculate the probability of fortuitous junctional microhomologies.   A frequently used 

formula for calculating the expected probability P by random chance of observing a 

microhomology of length X is given in Table 1-8 (44): 
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Table 1-8. A formula commonly used for calculating the probability of observing junctional 
microhomology by random chance. 
 

(X+1): the number of ways that random identities could yield the specified 
microhomology 
(1/4)X: the probability that X nucleotides match 

P=(X+1)(1/4)X(3/4)2 

 
(3/4)2 : the probability that the flanking nucleotides do not match 

note: can be adjusted for biased nucleotide compositions 
 
Formula is taken from (44).  Examination of the logic behind derivation of this formula reveals that its 
accuracy depends on non-MMEJ events involving solely blunt ended deletions and complete pairing at all 
repeated nucleotides in MMEJ events. 
 
This equation was derived based on a model in which all deletions result in blunt ends.  This 

assumption is reflected in the (X+1) term, which represents the number of ways that the X 

remaining nucleotides on one side could match the last X deleted on the other.  This term 

assumes that there is only one way that that could happen on either side of the DSB, and if only 

blunt ends are present, this is indeed the case.  However, MMEJ is usually conceptualized as a 

process involving production of long single stranded tails, not blunt ends.  As will be shown in 

detail in the next section, a modeling approach reveals that if repair is not proceeding via a blunt-

ended intermediate, the assumption that there is only one way that a certain number of fortuitous 

microhomology bases could appear on either side of the break is not valid in some sequence 

contexts.  Thus, reliance on this equation to determine whether microhomology junctions are 

being observed more frequently than would be predicted by random chance without 

consideration of the mechanistic assumptions it encodes could easily lead to apparently 

contradictory results in different sequence contexts. 
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A modeling approach reveals alternative interpretations of shifts in average 

microhomology lengths 
 The conceptual difficulties inherent in attempting to calculate a closed-form solution for 

the probability of observing random junctional microhomologies are sometimes addressed by 

considering only changes in typical length or abundance of microhomology junctions in different 

genetic backgrounds.  The latter metric, however, can be used as an example to show that 

without definite knowledge of the specific end-processing events comprising MMEJ repair, even 

relative shifts in microhomology phenotypes should be interpreted with caution: in some 

sequence contexts, factors other than annealing at longer microhomologies can account for an 

increase in the number of ambigous bases observed at a repair junction. 

Consider the following blunt-ended DSB: 

5'-NNC-3A-2A-1A-0       +0A+1A+2A+3GNN-3' 

   NNG-3T-2T-1T-0       +0T+1T+2T+3CNN 

 
5'-3' resection to the end of the 3 bp AAA repeat would produce the following ss3' ends: 
 

5'-NNC-3A-2A-1A-0                    GNN-3' 
NNG                    +0T+1T+2T+3CNN 

 

If no 3'-5' exo or flap endonuclease activity participates in repair, then the number of ambiguous 

nucleotides observed at the repair junction will accurately reflect the number of nucleotides that 

annealed during the MMEJ event (Table 1-9): 
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 Table 1-9: MMEJ at repeated motifs consisting of a mononucleotide run.  
 
bp del 
from 

L/R ss3' 
ends 

bp 
annealed repair event repair product aligned with 

original sequence 
bp 
mh 

0/0 3 5'-NNC-3A-2A-1A-0GNN-3' 
NNG+0T+1T+2T+3CNN 

NNCAAAAAAGNN 
NNCAAA---GNN 3 

0/0 2 5'-NNC-3A-2A-1A-0A-0GNN-3' 
NNC-3T+0T+1T+2T+3GNN 

NNCAAAAAAGNN 
NNCAAA--AGNN 2 

0/0 1 5'-NNC-3A-2A-1A-0A- A-0GNN-3' 
NNC-3T-3T+0T+1T+2T+3GNN 

NNCAAAAAAGNN 
NNCAAA-AAGNN 1 

 
In the absence of 3'-5' exo or flap nuclease activity, the number of ambiguous bases observed at the 
repair junction (bold italic underlined) corresponds to the actual number of base pairs annealed during 
MMEJ. 
  
 
However, if a different number of nucleotides are removed from the left and right hand single 

stranded tails, then the number of ambiguous bases observed in the repair product can be greater 

than the number of bases that actually annealed during the MMEJ event (Table 1-10): 

 

Table 1-10: MMEJ with asymmetric nuclease activity at repeated motifs consisting of a 
mononucleotide run 
 
bp del 
from 

L/R ss3' 
ends 

bp 
annealed repair event repair product aligned 

with original sequence 
bp 
mh 

1/0 1 5'-NNC-3A-2A-1A- A--GNN-3' 
NNG-3T+0T+1T+2T+3CNN 

NNCAAA AAAGNN 
NNCAAA---AGNN 2 

2/0 1 5'-NNC-3A--A--A-0GNN-3' 
NNC+0T+1T+2T+3GNN 

NNCAAAAAAGNN 
NNCAAA---GNN 3 

 
In this case, asymmetrical removal of base pairs on the two sides of the DSB results in junctional 
microhomologies (bold italic underlined) that do not accurately reflect the mechanism of the repair event. 
 
 

 This modeling experiment reveals a possible alternative explanation for increase in the 

length of junctional microhomologies in this sequence context:  increased 5'-3' nuclease activity 
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at the DSB.  Thus, observations of an increase in junctional microhomology length do not 

necessarily reflect a need for especially stable end synapsis via base pairing. 

 In sum, arguments that appeal to patterns in sequence structure are essentially statistical 

arguments, but these arguments are weakened considerably without explicit consideration of the 

mechanism that is hypothesized to have produced these patterns.  The overall message conveyed 

by these examples is that there is much to be gained by a more sophisticated mechanism-

centered approach to sequence analysis of end-joining repair junctions.  Instead of simply 

tabulating static patterns such as microhomologies, modeling the likely repair intermediates and 

determining what model parameters yield patterns that match the data is an effective way to 

develop novel hypotheses about the origins of junctional microhomologies.  The SD-MMEJ 

model presented in Chapter 3 is the product of such as exercise. 

 



 25 

Outline Of Subsequent Chapters 
 Our overall goal in carrying out the studies in the following chapters was to progress 

towards understanding the mechanism of alt-EJ.  We had previously demonstrated that in 

Drosophila, end-joining repair within the 3' single stranded ends resulting from P element 

excision proceeds by MMEJ in both wild-type and lig4 mutant genetic backgrounds (27).  

Interestingly, the resulting end-joining repair junctions often contain inserted nucleotides, even 

though Drosophila are not known to possess orthologs of the DNA polymerases implicated in 

end-joining repair in other organisms.  The study in Chapter 2 describes how our efforts to 

identify the DNA polymerase responsible for these insertions led to identification of the mus308 

gene product, the Drosophila ortholog of DNA polymerase theta, as a novel mediator of alt-EJ.  

Chapter 3 focuses on experiments designed to investigate the requirement for microhomology 

pairing in Drosophila alt-EJ.  The surprising result that the length and frequency of junctional 

microhomologies did not increase in lig4 mutant flies, but insertions at repair junctions became 

more frequent, together with the results from the study in Chapter 2, inspired development of 

new strategies for sequence analysis that ultimately produced a model for synthesis-dependent 

microhomology-mediated end joining.  The SD-MMEJ model demonstrates that one basic 

mechanism can account for the formation of apparent blunt joins, microhomology junctions, and 

insertion junctions, which have previously been thought to represent fundamentally different 

repair mechanisms.  Finally, in Chapter 4, we demonstrate the generality of the SD-MMEJ 

model by showing that it explains patterns in end-joining repair observed at other DSBs.
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Chapter 2 

Dual Roles For DNA Polymerase Theta In Alternative End-Joining 
Repair Of Double-Strand Breaks In Drosophila 
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Introduction 
DNA double-strand breaks (DSBs) and interstrand crosslinks pose serious threats to cell 

survival and genome stability.  Because these lesions compromise both strands of the double 

helix, they impede DNA replication and transcription and therefore must be removed in a timely 

and coordinated manner.  Interstrand crosslink repair has been shown to involve a DSB 

intermediate in some cases (reviewed in [1]).  Therefore, there may be substantial mechanistic 

overlap in the processes used during repair of these two lesions. 

Error-free repair of DSBs can be accomplished through homologous recombination (HR) 

with an undamaged homologous template (reviewed in [2]).  However, in contexts where 

suitable templates for HR do not exist, error-prone repair mechanisms are also used.  For 

example, non-homologous end joining (NHEJ) frequently creates small insertions and deletions 

during DSB repair, particularly in cases where the broken ends cannot be readily ligated 

(reviewed in [3]).  Analogously, the use of translesion DNA polymerases during interstrand 

crosslink repair can result in mutations, due to the reduced fidelity of these polymerases [4,5]. 

Accumulating evidence suggests that NHEJ is composed of at least two genetically 

distinct mechanisms.  Classical NHEJ (C-NHEJ) involves the sequential recruitment of two 

highly conserved core complexes (reviewed in [6]).  First, the Ku70/80 heterodimer recognizes 

and binds to DNA ends in a sequence-independent manner, thereby protecting them from 

degradation.  In many eukaryotes, Ku70/80 also recruits DNA-PKcs, forming a synaptic complex 

that can recruit additional processing enzymes such as the Artemis nuclease and the X family 

DNA polymerases mu and lambda.  These proteins expand the spectrum of broken ends that can 

be rejoined.  The second core complex, composed of DNA ligase 4, XRCC4, and 

XLF/Cernunnos, catalyzes ligation of the processed ends.  Depending on the substrate, C-NHEJ 
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can result in perfect repair of broken DNA, or it can result in small deletions of 1-10 nucleotides 

and/or insertions of 1-3 nucleotides [7].  Although C-NHEJ can repair blunt-ended substrates, a 

subset of C-NHEJ products appear to involve annealing at 1-4 nucleotide microhomologous 

sequences on either side of the break. 

Alternative end-joining (alt-EJ) is defined as end-joining repair that is observed in cells 

or organisms lacking one or more C-NHEJ components (reviewed in [8]).  Alt-EJ in yeast is 

associated with deletions larger than those typically created by C-NHEJ, together with an 

increased tendency to repair by annealing at microhomologous sequences.  Ku and ligase 4-

independent end joining observed in mammalian cells also displays an increased tendency 

towards use of short microhomologies compared to C-NHEJ [9,10].  Therefore, alt-EJ is 

sometimes called microhomology-mediated end joining (MMEJ) [11].  However, the 

relationship between MMEJ and alt-EJ is still unclear, and alt-EJ may comprise one or more C-

NHEJ-independent repair mechanisms [8]. 

 The importance of alt-EJ repair is highlighted by multiple studies that suggest it may 

promote chromosome instability and carcinogenesis.  Alt-EJ produces chromosome 

translocations in mouse embryonic stem cells lacking Ku70 [12] and the use of alt-EJ during 

V(D)J recombination in C-NHEJ-deficient murine lymphocytes causes complex chromosome 

translocations and progenitor B cell lymphomas [13].  Furthermore, alt-EJ has been implicated in 

various translocations associated with chronic myeloid leukemia and human bladder cancer 

[14,15].  Importantly, alt-EJ also operates during V(D)J rejoining in C-NHEJ-proficient B 

lymphocytes [16], suggesting that its role in DSB repair is not limited to situations where C-

NHEJ is defective.  However, alt-EJ is frequently masked by more dominant repair processes 
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that are essential for vertebrate development, making it difficult to study.  Therefore, its 

molecular mechanisms and the proteins involved remain largely unknown. 

Several lines of evidence demonstrate that Drosophila is an excellent model system in 

which to study alt-EJ in a metazoan.  The Drosophila genome lacks several mammalian C-NHEJ 

components, including DNA-PKcs and Artemis.  This may predispose flies towards non-C-NHEJ 

repair.  Consistent with this, we have previously shown that a DSB caused by excision of a P 

element transposon in flies is readily repaired by a DNA ligase 4-independent end-joining 

process [17].  Interestingly, although Drosophila orthologs for the Pol X family DNA 

polymerases mu and lambda have not been identified [18], we and others have found evidence 

for polymerase activity in Drosophila end-joining repair [17,19,20].  Specifically, end joining in 

flies is often associated with the insertion of nucleotides at repair junctions, frequently involving 

imperfect repeats of 5-8 nucleotides.  Full or partial templates for the insertions, occasionally 

possessing mismatches, can often be identified in adjacent sequences, suggesting the action of an 

error-prone polymerase.  Similar templated nucleotides (T-nucleotides) have previously been 

identified at translocation breakpoints in human lymphomas [21-23].  Therefore, T-nucleotides 

could represent a signature of alt-EJ and may be informative regarding its molecular 

mechanisms. 

 Additional insight into alt-EJ is provided by recent reports suggesting a mechanistic link 

between alt-EJ and interstrand crosslink repair.  For example, a study of two Chinese hamster 

ovary cell lines sensitive to the crosslinking agent mitomycin C found that they were also 

deficient in alt-EJ [24].  Furthermore, certain interstrand crosslink-sensitive cell lines from 

Fanconi Anemia patients are also impaired in DNA-PKcs-independent rejoining of linearized 

plasmids [25].  Based on these reports, we hypothesized that additional mechanistic insight into 
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both interstrand crosslink repair and alt-EJ could be gained by searching for mutants defective in 

both processes.  To test this, we have screened Drosophila mutants that are sensitive to DNA 

crosslinking agents for additional defects in alt-EJ repair.  In this work, we describe our studies 

with one such mutant, mus308. 

The mus308 (mutagen sensitive 308) mutant was originally identified by its extreme 

sensitivity to interstrand crosslinking agents but normal resistance to alkylating agents [26].  

Subsequently, mus308 was found to code for DNA polymerase theta, which is most similar to A 

family DNA polymerases such as Escherichia coli Pol I [27].  Orthologs of polymerase theta 

(hereafter referred to as pol !) are found in many metazoans, including Caenorhabditis elegans, 

Arabidopsis thaliana, and Homo sapiens, but not in unicellular eukaryotes, including the yeasts 

[28-30].  Several lines of evidence suggest that pol ! may play an important role in maintaining 

genome stability.  Similar to flies, C. elegans with mutations in POLQ-1 are defective in repair 

of interstrand crosslinks [28].  Mice lacking pol ! (chaos1 mutants) have a high frequency of 

spontaneous and mitomycin C-induced micronuclei in erythrocytes, consistent with genomic 

instability [31].  In addition, vertebrate pol ! orthologs have been implicated in a wide range of 

repair processes, including base excision repair, bypass of abasic sites, and somatic 

hypermutation of immunoglobulin genes [32-36].  Finally, upregulation of pol ! is observed in a 

variety of human tumors and is associated with a poor clinical outcome, suggesting that its 

overexpression may contribute to cancer progression [37].  

Pol ! is unusual in possessing an N-terminal helicase-like domain and a C-terminal 

polymerase domain.  Although pol ! purified from human cell lines and Drosophila has error-

prone polymerase activity and single-stranded DNA-dependent ATPase activity, helicase activity 
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has not been demonstrated in vitro [30,38,39].  Therefore, it remains unclear exactly how the 

structure of pol ! relates to its multiple functions in DNA repair in different organisms. 

We report here that in addition to its role in DNA interstrand crosslink repair, Drosophila 

pol ! is involved in end-joining repair of DSBs.  This alt-EJ mechanism operates independently 

of both Rad51-mediated HR and ligase 4-dependent C-NHEJ.  Genetic analysis using separation-

of-function alleles provides support for distinct roles of both the N- and C-terminal domains of 

pol ! in alt-EJ.  Collectively, our data support a model in which helicase and polymerase 

activities of Drosophila pol ! cooperate to generate single-stranded microhomologous sequences 

that are utilized during end alignment in alt-EJ. 
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Results 

Drosophila pol !  is important for both interstrand crosslink repair and end-joining repair 

of DNA double strand breaks 
Drosophila mus308 mutants were initially identified based on their sensitivity to low 

doses of chemicals that induce DNA interstrand crosslinks [26].  To confirm this phenotype, we 

assembled a collection of previously identified mus308 mutant alleles [40,41] and measured the 

ability of hemizygous mutant larvae to survive exposure to the crosslinking agent 

mechlorethamine (nitrogen mustard).  Of the mutants that we tested, four were unable to survive 

exposure to 0.005% mechlorethamine: D2, D5, 2003, and 3294 (data not shown), consistent with 

their inability to repair interstrand crosslinks.  

Figure 2-1.   Schematic of the mus308 gene. 
 

 

Exons are represented by boxes. The helicase-like domain (light gray shading) and polymerase domain 
(dark gray shading) are shown. Locations of the D5, 3294, and 2003 point mutations are indicated with 
arrows (numbers correspond to amino acid positions in the protein). Not shown is the D2 mutation, which 
results in severely reduced levels of pol θ. 
 
 
 To determine the molecular lesions responsible for mechlorethamine sensitivity, we 

sequenced the entire mus308 coding region of flies hemizygous for each mutant allele.  Pol ! 

possesses both a conserved N-terminal helicase-like domain and a C-terminal pol I-like 

polymerase domain (Figure 2-1, Figure S1) [30].  Three of the four alleles contain unique 

sequence changes that are predicted to affect pol ! primary structure (Figure 2-1, Figures S2 and 
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S3).  The 2003 allele is a nonsense mutation upstream of the polymerase domain, while the D5 

allele is a missense mutation that alters a highly conserved proline in the conserved N-terminus.  

The 3294 allele changes an invariant glycine in the helicase domain to serine.  Interestingly, this 

residue is conserved in the related mus301 helicase, but not in other DNA helicases (data not 

shown).  No mutations were found in the coding sequence of the D2 allele.  Because 

homozygous D2 flies have undetectable levels of pol ! protein [38], the D2 mutation may affect 

a regulatory region of mus308. 
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Figure 2-2.   Drosophila pol θ is required for repair of IR–induced damage in the absence of 
Rad51. 
 

 

(A) mus308 mutants are not sensitive to ionizing radiation.  
Female flies heterozygous for the indicated mus308 alleles were mated to Df(3R)Sz29/TM3 males and 
third instar larval progeny were irradiated with increasing doses of IR. The percent survival of mus308 
hemizygous mutants was calculated relative to an unirradiated control. Each dose was repeated twice; 
the average of the two experiments is shown. 
 
(B) spn-A mus308 double mutants are extremely sensitive to ionizing radiation. 
Heterozygous spn-A057mus308D5 females were mated to heterozygous spn-A093mus308D5 males and third 
instar larval progeny were irradiated with increasing doses of IR. The percent survival of spn-A mus308 
compound heterozygotes was calculated relative to an unirradiated control. Each dose was repeated at 
least twice. Error bars represent standard deviations. 
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 One explanation for the extreme sensitivity of mus308 mutants to mechlorethamine could 

be a defect in the repair of certain types of DSB intermediates that are created during crosslink 

repair.  To test this, we exposed flies hemizygous for each mutant allele to increasing doses of 

ionizing radiation (IR).  Although IR creates many different types of lesions, unrepaired DSBs 

are thought to be the main cause of cell death following irradiation.  All four mus308 mutants 

survived IR exposures as high as 4000 rads (Figure 2-2A), although bristle and wing defects 

characteristic of apoptotic cell death were frequently observed at high doses.  Drosophila lig4 

mutants, which are completely defective in C-NHEJ, also survive IR doses in excess of 4000 

rads [17].  However, spn-A mutants, which lack the Rad51 recombinase required for strand 

invasion during homologous recombination initiation [42], are highly sensitive to IR [17].  Thus, 

in Drosophila, HR is the dominant mechanism used to repair IR-induced DSBs. 

 To test whether pol ! acts to repair IR damage in the absence of HR, we created mus308 

spn-A double mutants and exposed them to doses of 125-1000 rads.  Strikingly, doses as low as 

125 rads resulted in almost complete killing of mus308 spn-A mutants (Figure 2-2B).  In 

contrast, lig4 spn-A double mutants are only slightly more sensitive than spn-A single mutants to 

IR [17].  Thus, in the absence of HR, pol ! participates in a process crucial for repair of damage 

caused by ionizing radiation. 
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Figure 2-3.  Pol θ is involved in end-joining repair. 

 
 
(A) A P element excision assay monitors DSB repair outcomes. 
The P{wa} transposon is inserted in a 5.2 kb intron of the essential scalloped (sd) gene. A copia 
retrotransposon flanked by long terminal repeats (LTR) is inserted into an exon of the white gene, causing 
reduced expression of white. Excision of P{wa} results in a 14-kilobase gap relative to an intact sister 
chromatid. Following excision, repair events from the male pre-meiotic germline are recovered in female 
progeny and the method of repair is inferred from their eye color. SDSA = synthesis-dependent strand 
annealing, SDSA+EJ = SDSA+end joining, EJ = end joining. Accompanying deletion into sd exons (EJ 
with deletion) results in a scalloped-wing phenotype and/or male lethality. 
 

 
(B) Pol θ mutants are defective specifically in end-joining repair of DSBs. 
Each bar represents the mean percentage of repair events recovered from independent males 
possessing the indicated mus308 allele in trans to Df(3R)Sz29. (SDSA)+EJ = repair involving HR initiation 
followed by end joining or repair involving only end joining. Number of independent males assayed: wild 
type = 101, D2 = 155, D5 = 161, 2003 = 155, 3294 = 100. Error bars represent SEM. (*** indicates 
p<0.001, Kruskal-Wallis non-parametric ANOVA). p >0.5 for all comparisons between different mus308 
alleles. 
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Figure 2-3 (continued) 
 

 
(C) Synthesis during HR is not impaired in pol θ mutants. 
Each bar represents the percentage of repair events recovered from yellow-eyed females that showed 
evidence for repair synthesis of at least the indicated length. Number of independent repair events: wild 
type = 32, D2 = 28, D5 = 53. 
 
(D) Pol θ mutants have an increased frequency of DSB repair events with flanking deletions. 
For all genotypes, small deletions <3.6 kilobases upstream or <1.6 kilobases downstream of P{wa} were 
detected by PCR. Large deletions resulted in scalloped-winged female progeny and/or male lethality. 
 
 
 Because interstrand crosslink repair and alternative end joining have been shown to have 

partially overlapping genetic requirements in mammals [24,25], we hypothesized that the 

extreme sensitivity of mus308 spn-A mutants to IR might relate to a role of pol ! in an alternative 

end-joining mechanism.  To explore this hypothesis, we tested each mus308 mutant allele using a 

site-specific double-strand break repair assay that can distinguish between synthesis-dependent 

strand annealing (SDSA, a specific type of HR) and end joining (EJ) (Figure 2-3A) [43].  We 

have previously shown that the majority of end joining observed in this assay occurs 

independently of DNA ligase 4, and is therefore a form of alt-EJ [17].  In this system, excision of 

a P element (P{wa}) located on the X chromosome is catalyzed by P transposase, resulting in a 

14-kilobase gap relative to an undamaged sister chromatid.  The DNA ends remaining after 

excision each have 17-nucleotide non-complementary 3’ single-stranded overhangs [44].  These 

ends are highly recombinogenic and repair by SDSA is initially favored.  However, because 
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repair synthesis in this system is not highly processive, most repair products that are recovered 

from wild-type flies result from incomplete repair synthesis from one or both sides of the break, 

followed by end joining of the nascent DNA (SDSA+EJ events) [45].  To quantitate the 

percentage of repair events that derive from each mechanism, repair events are recovered from 

male pre-meiotic germline cells by mating individual males to females homozygous for the 

P{wa} element.  Each of the resulting female progeny represents a single repair event that can be 

classified by eye color.  Red eyed-females inherit a repair event involving homology-dependent 

synthesis that generated complementary single-stranded regions that subsequently anneal (repair 

by SDSA).  Yellow-eyed females inherit a chromosome that was repaired by EJ or SDSA+EJ 

mechanisms (these repair events are hereafter referred to as (SDSA)+EJ; for further details, see 

Materials and Methods). 

Overall, the results from the P{wa} assay indicated that mus308 mutants are defective in 

end-joining repair of DSBs.  We observed no decrease in the percentage of red-eyed progeny 

recovered from mus308 mutant males (Figure 2-3B), suggesting that SDSA repair is not 

impaired when pol ! is missing or defective.  In contrast, all four mus308 mutant alleles resulted 

in a significantly decreased percentage of yellow-eyed progeny relative to wild type (p<0.001, 

Kruskal-Wallis test).  Because yellow-eyed progeny can only result from a repair mechanism 

involving end joining, these data suggest that pol ! is involved in an end-joining process.   

To further demonstrate that pol ! is not involved in DNA synthesis during SDSA, we 

recovered independent (SDSA)+EJ events in males, isolated genomic DNA, and used PCR to 

estimate the approximate amount of DNA repair synthesis that occurred prior to end joining.  

The amount of repair synthesis in (SDSA)+EJ repair products did not differ significantly 

between wild-type and mus308 mutant flies (Figure 2-3C).  We conclude that pol ! is not 
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required for DNA synthesis during SDSA, but plays an important role in end-joining repair 

following aborted SDSA. 
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DSB repair in mus308 mutants frequently results in rad51-independent genomic deletions 
Mutations that abolish end joining in flies cause an increased frequency of genomic 

deletions during repair of site-specific DSBs [46,47].  To determine whether mutation of mus308 

also results in repair-associated deletions, we took advantage of the fact that deletions can be 

easily scored in the P element excision assay.  Because P{wa} is inserted in the essential 

scalloped (sd) gene, repair events that delete into sd exons cause a scalloped-wing phenotype 

when recovered in heterozygous females and lethality in hemizygous males [48,49].  We 

observed a substantial increase in the percentage of deletion-associated repair events isolated 

from mus308 mutant males relative to wild type (Figure 2-3D).  Overall, the total percentage of 

end-joining repair events involving deletions recovered from mus308 mutants was elevated from 

3- to 26-fold over wild type, depending on the mus308 allele tested. 

Previously, we observed a similar deletion-prone phenotype in flies lacking the DmBlm protein, 

which is involved in repair of DSBs by SDSA [48].  Because our data did not support a role for 

pol ! in homologous recombination, we expected the deletion-prone phenotype of mus308 

mutants to persist even in SDSA-deficient flies.  To confirm this, we assayed repair following 

P{wa} excision in mus308 mutants lacking the Rad51 protein, which renders them unable to carry 

out HR repair [42,45]. 

 
 
 
 
 
 
 



 41 

Figure 2-4.   Pol θ–dependent end joining acts independently of HR and C-NHEJ. 
 

 

(A) Decreased end joining in mus308 mutants does not depend on homologous recombination. 
Each bar represents the mean percentage of end-joining events recovered from independent males of 
each genotype. Number of independent males assayed: spn-A = 63; spn-A057mus308D2/spn-
A057mus3082003 = 216; spn-A057mus308D2/spn-A057mus308D2 = 33; spn-A093mus308D5/spn-A057mus3082003 
= 80; spn-A093mus308D5/spn-A093mus3083294 = 128. Error bars represent SEM. ** indicates p<0.01, *** 
indicates P<0.001 (Kruskal-Wallis non-parametric ANOVA). 
 
(B) Genomic deletions during DSB repair in mus308 mutants do not depend on initiation of HR. 
Each bar represents the percentage of yellow-eyed female progeny with scalloped wings (representing 
large flanking deletions) recovered from males of indicated genotype. 
 
(C) Mutation of mus308 in a lig4169a background further reduces end-joining repair relative to 
mus308 single mutants. 
Each bar represents the mean percentage of repair events recovered from wild type, 
mus3082003/Df(3R)kar3l, or lig4169a; mus3082003/Df(3R)kar3l males. Number of independent males 
assayed: wild type = 101, mus308 = 182, lig4 mus308 = 57. Error bars represent SEM. ** indicates 
p<0.01, *** indicates P<0.001 (Kruskal-Wallis non-parametric ANOVA). 
 
(D) Genomic deletions always occur during DSB repair in lig4 mus308 mutants. 
All yellow-eyed repair events recovered from lig4169a; mus3082003/Df(3R)kar3l males had large deletions 
that resulted in male lethality and/or female progeny with scalloped wings. Number of independent repair 
events assayed: wild type = 101, mus308 = 167, lig4 mus308 = 22. 
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 As expected, PCR analysis of repair products showed that SDSA was abolished in both 

spn-A and spn-A mus308 mutants (data not shown).  Approximately 17% of P{wa} chromosomes 

recovered from spn-A mutant males showed evidence for end joining at the 17-nucleotide 

overhangs that are created by P transposase (Figure 2-4A and Table 2-1); the other 83% of P{wa} 

chromosomes recovered were presumably uncut.  We observed a 30-50% decrease in end-

joining repair products in spn-A mus308 double mutants compared to spn-A mutants (p<0.001, 

Kruskal-Wallis test), confirming a unique role for pol! in end joining when HR is absent.  

Importantly, mutation of mus308 still caused an increased percentage of deletions in the absence 

of Rad51 (Figure 2-4B).  From these data, we conclude that the deletions formed during break 

repair in mus308 mutants are not the result of aborted SDSA.  Rather, they are a consequence of 

a deletion-prone repair mechanism that operates in the absence of both SDSA and pol !-

dependent end joining. 
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Figure 2-5.  Flies lacking Rad51 and Pol θ have synergistic phenotypic defects 
 

 
(A) spn-A mus308 mutants are sub-viable. 
Females and males with the P{wa} transposon and heterozygous for the spn-A057 or spn-A093 and 
mus308D2 or mus308D5 alleles were interbred and the percentage of viable compound heterozygous 
progeny was determined. The crosses were repeated in the presence of P transposase. Each bar 
represents three independent experiments with at least 300 progeny per experiment. Error bars represent 
SEM. * indicates p<0.05, ** indicates P<0.01 (unpaired T test).  
 

 
 
(B) Increased male sterility in spn-A mus308 double mutant males. 
Each bar represents the percentage of spn-A or spn-A mus308 males that produced no progeny. Number 
of independent males assayed: spn-A = 57; spn-A057mus308D2/spn-A057mus3082003 = 305; spn-
A057mus308D2/spn-A057mus308D2 = 50; spn-A093mus308D5/spn-A057mus3082003 = 102; 
spn-A093mus308D5/spn-A093mus3083294 = 100.  
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Figure 2-5 (continued) 

 
 
(C) Mutation of both spn-A and mus308 results in external morphological defects. 
Phenotypes include abdominal cuticle mispatterning (note the severe disruption of normal segmental 
banding patterns). Pictured are representative wild type and spn-A057mus308D2/spn-A057mus3082003 males 
in which P element excision is occurring. 
 
 
 During the course of these experiments, we made a number of observations suggesting 

that Rad51 and pol ! act in parallel and distinct DSB repair mechanisms.  First, we recovered 

fewer spn-A mus308 double mutant males than would be predicted from Mendelian ratios.  For 

example, in crosses between mus308D2 and mus308D5 heterozygotes, 38% of the progeny were 

mus308D2/mus308D5 compound heterozygotes.  In contrast, only 16% of progeny recovered from 

parallel matings between spn-A057mus308D2 and spn-A093mus308D5 mutants were spn-A mus308 

compound heterozygotes (P<0.05, Fisher’s exact test; Figure 2-5A).  This difference in viability 

between mus308 and spn-A mus308 mutants was even more extreme in flies in which excision of 

P{wa} was occurring (P<0.01; Figure 2-5A).  In addition, we observed heightened male sterility 

in various combinations of spn-A mus308 mutants undergoing P{wa} transposition, with 51% of 

the double mutant males unable to produce viable progeny in the most severe allele combination 

(Figure 2-5B).  Finally, we observed morphological abnormalities, specifically abdominal 

closure defects and aberrant cuticle banding patterns, in 100% of spn-A093mus308D5/spn-
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A057mus308D2 double mutants (Figure 2-5C).  These defects were more severe in the double 

mutants experiencing P{wa} transposition, but were not apparent in either mus308 or spn-A 

single mutants.  From these data, we conclude that Rad51 and pol ! participate in independent 

pathways required for repair of DSBs that arise during both endogenous developmental 

processes and during P element transposition. 

Pol !-mediated end joining is distinct from C-NHEJ 

P element ends are good substrates for DNA ligase 4-independent end joining [17].  

Based on the results presented above, it seemed likely that pol ! is involved in an end-joining 

process different from C-NHEJ.  To formally test this, we repeated the P{wa} assay in lig4 

mus308 double mutants that lack DNA ligase 4 and are unable to repair DSBs by C-NHEJ.  

Unlike spn-A mus308 mutants, we observed no viability, fertility, or morphological defects in 

lig4 mus308 mutants.  We also observed no defect in HR repair in the double mutants (Figure 2-

4C), consistent with results obtained using mus308 single mutants.  In contrast, we observed a 

further decrease in the percentage of end joining repair products recovered from lig4 mus308 

double mutants relative to mus308 mutants, from 3.0% to 1.3% (P<0.01, Kruskal-Wallis test) 

(Figure 2-4C).  Previously, we have shown that end-joining repair of DSBs induced by P{wa} 

excision is unaffected in lig4 mutants [17].  Therefore, the removal of pol !-mediated end joining 

reveals a previously hidden role for DNA ligase 4 in the repair of DSBs created by P 

transposase.  Strikingly, although only 50% of end-joining products isolated from mus308 

mutants involved large, male-lethal deletions, 100% of end-joining products recovered from lig4 

mus308 mutant males were associated with large deletions (Figure 2-4D). 

From these results, we conclude that at least three distinct mechanisms for end-joining 

repair exist in Drosophila.  One, which corresponds to C-NHEJ, requires DNA ligase 4 and other 
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canonical NHEJ proteins, including XRCC4, Ku70, and Ku80 [46,47,50].  Another mechanism, 

which is at least partially independent of DNA ligase 4, is defined by a requirement for pol ! and 

corresponds to alt-EJ.  Interestingly, alt-EJ appears to be used more frequently than C-NHEJ, at 

least for the repair of P element-induced breaks.  In the absence of these two repair processes, a 

Rad51-independent backup mechanism characterized by extensive genomic deletions operates at 

low efficiency. 

Pol !  has two distinct functions in alternative end joining 

Alt-EJ repair in Drosophila is frequently associated with annealing at microhomologous 

sequences of more than four nucleotides and with long DNA insertions at repair junctions [8].  

To determine whether pol !-dependent end joining involves either of these types of repair, we 

sequenced repair junctions obtained from spn-A and spn-A mus308 double mutants following 

P{wa} excision.  Because we sequenced only one junction per male germline, each junction 

analyzed represents an independent repair event.  Five distinct junction types were identified.  

Three of these types are characteristic of junctions arising from C-NHEJ in mammalian systems 

[7]: junctions involving small, 1-3 base pair insertions, junctions involving annealing at 1-3 

nucleotide microhomologies, and junctions for which no microhomologies can be identified 

(apparent blunt end junctions).  The other two types of junctions, characteristic of alt-EJ [8], 

involve annealing at 5-10 nucleotide microhomologous sequences or insertions of more than 

three base pairs. 
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Figure 2-6.  Pol θ is required for two distinct classes of alt–EJ repair products. 
 

 
 

(A) Annealing at long microhomologies is greatly decreased in pol θ mutants. 
Repair junctions isolated following P{wa} excision were amplified from spn-A and spn-A mus308 females 
of the indicated genotypes and sequences were aligned to the original P{wa} chromosome. White, blunt 
joins; hatched, 5–10 bp microhomologies; light gray, 1–4 bp microhomologies; dark gray, 1–3 bp 
insertions; black, ≥4 bp insertions. Number of junctions sequenced: spn-A = 68, spn-A093mus308D5/spn-
A057mus3082003 = 23, spn-A057mus308D2/spn-A057mus3082003 = 25. The percentage of 5–10 bp 
microhomologies was significantly decreased in both spn-A mus308 mutants (P<0.01, Fisher's exact 
test). 
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Figure 2-6 (continued) 

 

 
(B) Reduced frequency of ≥4 bp insertions during inaccurate end-joining repair of a chromosomal 
I-SceI DSB in mus308 mutants. 
Complementary ended DSBs were induced by expression of I-SceI endonuclease in the pre-meiotic 
germline of wild type (n = 70), lig4169a (n = 83), and mus3082003/Df(3R)kar-Sz29 (n = 57) males, and 
independent inaccurate end-joining repair junctions were sequenced. White, blunt joins; light gray, 1–4 bp 
microhomologies; dark gray, 1–3 bp insertions; black, ≥4 bp insertions. No >4 bp microhomologies are 
available near the DSB in this system. * indicates P = 0.03, ** indicates P<0.01, relative to wild type 
(Fisher's exact test). 
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Table 2-1.  P{wa} repair junctions recovered from spn-A093/057 mutants. 
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Table 2-2.  P{wa} repair junctions recovered from spn-A093/057 mus308D5/2003 mutants. 
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Table 2-3.  P{wa} sequences recovered from spn-A093/057 mus308D2/2003 mutants. 
 

 
 
 Approximately 58% of junctions from spn-A mutants showed structures considered 

typical of C-NHEJ repair, while 29% involved annealing at 5-10 nucleotide microhomologies 

and 13% had insertions of greater than three base pairs (Figure 2-6A and Table 2-1).  Potential 

templates for the larger insertions could almost always be identified in flanking sequences.  

These insertions may be analogous to the apparently templated insertions sometimes referred to 

as T-nucleotides that have been observed at translocation breakpoint junctions isolated from 

certain human cancers [21-23].  

 When we sequenced repair junctions from spn-A mus308 mutants, we observed two 

distinct patterns, depending on the mus308 alleles used.  For both the D2/2003 and D5/2003 

allele combinations, the percentage of junctions involving annealing at long microhomologies 
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was significantly decreased (P<0.01, Fisher’s exact test; Figure 2-6A, Tables 2-2 and 2-3).  Only 

12% of D2/2003 junctions possessed an insertion greater than three base pairs, compared to 44% 

of junctions recovered from males with the D5 and 2003 alleles.  In addition, most insertions 

isolated from D5/2003 males were highly complex and had multiple copies of imperfect repeats 

of T-nucleotides (underlined sequences in tables 2-2 and 2-3).  Similar results were obtained 

with the D5/3294 allele combination (data not shown).  An overall comparison of insert length 

showed that flies with wild-type mus308 alleles had an average insert length of 5.5 nucleotides, 

compared to 3.8 nucleotides for D2/2003 mutants and 13.3 nucleotides for D5/2003 mutants. 

 In summary, both mus308 mutant combinations significantly abrogated annealing at long 

microhomologies during alt-EJ repair.  However, we observed a distinct difference in repair 

junctions recovered from males harboring the D2 allele, which greatly reduces overall pol ! 

protein levels [38], compared to flies with the D5 allele, which alters a conserved residue near 

the helicase-like domain.  These results suggest that pol ! has two distinct functions in alt-EJ: 

one that promotes the annealing of long microhomologous sequences during end alignment, and 

another that is responsible for complex T-nucleotide insertions.  Flies with the D2 allele are 

impaired in their ability to carry out both the annealing and insertion functions, whereas flies 

possessing the D5 separation-of-function allele cannot perform the microhomology annealing 

function but can still produce complex insertions. 

Pol !  operates in alternative end-joining of complementary-ended double-strand breaks 

 P element-induced breaks are unique in that they possess 17-nucleotide non-

complementary ends that are poor substrates for C-NHEJ.  To test whether the results obtained 

with P elements can be generalized to other types of breaks, we used the I-SceI endonuclease and 

the previously characterized [Iw]7 reporter construct [50] to create site-specific DSBs in wild-
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type flies and flies lacking either DNA ligase 4 or pol !.  I-SceI produces a DSB with 4-

nucleotide complementary overhangs that can be directly ligated through a C-NHEJ mechanism 

[50,51].  Accurate repair regenerates the original I-SceI recognition sequence, which can then be 

cut again, while inaccurate end-joining repair abolishes further cutting.  We utilized an hsp70 or 

ubiquitin-driven I-SceI construct integrated on chromosome 2 to drive high levels of I-SceI 

expression [50,52].  Nearly 100% of repair events that we recovered involved gene conversion 

(HR repair from the homologous chromosome) or inaccurate end joining (data not shown).  In 

the [Iw]7 system, both gene conversion events and large deletions that remove the white marker 

gene are phenotypically indistinguishable.  PCR analysis confirmed that many repair events 

recovered from mus308 mutants involved large deletions (>700 base pairs, data not shown).  Our 

subsequent analysis focused on the characterization of repair events involving smaller deletions. 

Twenty-three percent of I-SceI repair junctions isolated from wild-type flies possessed insertions 

of more than 3 base pairs (Figure 2-6B).  This percentage was significantly increased to 46% in 

lig4 mutants (P<0.01, Fisher’s exact test), consistent with increased use of alt-EJ in the absence 

of C-NHEJ.  If pol ! plays a general role in insertional mutagenesis during alt-EJ repair, one 

would predict that the frequency and length of insertions following I-SceI cutting should 

decrease in mus308 mutants.  Indeed, the percentage of large insertions decreased to 9% in 

mus308 mutants (P=0.03, Fisher’s exact test).  Wild-type flies had an average insertion length of 

7.6 base pairs, compared to 4.2 base pairs for mus308 mutants.  Strikingly, no mus308 insertion 

was longer than twelve base pairs, while insertions of more than twenty base pairs occurred in 

both wild type and lig4 mutants.  Because microhomologies of greater than four base pairs are 

not present near the I-SceI cut site in this construct, repair involving annealing at long 

microhomologies was not observed. 
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 Surprisingly, the total percentage of repair junctions with short, 1-3 base pair insertions 

was not decreased in lig4 mutants relative to wild type (17% vs. 13%, respectively).  

Furthermore, the percentage of junctions involving annealing at 1-3 nucleotide microhomologies 

was also similar between the two genotypes (25% for lig4 mutants vs. 34% for wild type).  These 

two types of junctions have historically been associated with ligase 4-dependent C-NHEJ repair.  

Our results suggest that this may not be the case.  Indeed, a fine-level sequence analysis of I-SceI 

repair junctions that we have recently conducted suggests that alt-EJ may produce C-NHEJ-like 

junctions in certain sequence contexts [53].  Nevertheless, our data obtained using two 

independent site-specific DSB repair assays strongly suggest that C-NHEJ and alt-EJ represent at 

least partially independent mechanisms for the repair of DSBs and that pol ! plays an important 

role in the generation of T-nucleotide insertions during alt-EJ repair of both P element and I-

SceI-induced breaks. 
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Figure 2-7.  Model for pol θ function in alt–EJ 
 

 

Pol θ is drawn as a bipartite protein, with a helicase domain and a polymerase domain separated by a 
flexible linker region. 
 
(A) Initially, the helicase activity of pol θ unwinds short stretches of double-stranded DNA to expose pre-
existing microhomologous sequences. 
 
(B) These microhomologies (MH) are used to align the broken ends to provide a template for pol θ 
polymerase activity. The unwinding activity could also serve to make the polymerase more processive.  
 
(C) Processing of the ends and ligation results in repair accompanied by a deletion. 
 
(D) In cases where the ends do not remain stably aligned, annealing at other microhomologies closer to 
the break site could result in the insertion of T-nucleotides. Multiple rounds of unwinding, synthesis, and 
alignment could result in the complex insertions that are often observed in alt-EJ in flies. 
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Discussion 

Several studies have identified proteins important for end-joining repair of DSBs in the 

absence of C-NHEJ factors in yeasts [11, 54, 55].  More recently, the Mre11 protein has been 

identified as an important alt-EJ component in vertebrate systems [10, 56-59].  However, much 

remains uncertain about the genetics or mechanisms of alt-EJ in metazoans.  Our previous work 

demonstrated that end-joining repair of P element-induced breaks can occur independently of 

DNA ligase 4, suggesting the presence of a highly active alternative end-joining mechanism in 

Drosophila [17].  We have now identified the mus308 gene, encoding DNA polymerase theta, as 

a critical component of alt-EJ.  Pol !-dependent alt-EJ operates in parallel to C-NHEJ to promote 

repair of both P element and I-SceI-induced breaks.  Because we observed similar alt-EJ defects 

with four different mus308 mutant alleles, several of which were studied in trans to at least two 

independently-derived deficiencies, we consider it highly unlikely that the phenotypes we 

observed are due to second-site mutations or other differences in genetic background. 

Importantly, pol ! does not appear to participate in homology-directed repair.  HR repair 

of DSBs following P{wa} excision is thought to proceed largely through synthesis-dependent 

strand annealing (SDSA) [60].  We observed that SDSA frequencies in the P{wa} assay were 

similar in wild type and mus308 mutants.  Although we did not formally test for a role of pol ! in 

single-strand annealing (SSA), a non-conservative HR pathway that involves annealing at direct 

repeats larger than 25 nucleotides, a separate study demonstrated that pol ! has no effect on SSA 

repair [47].  In addition, comparison of the DNA sequences located 3 kilobases to either side of 

P{wa} by BLAST does not reveal any significant similarities of more than 20 nucleotides.  

Therefore, it seems unlikely that the repair observed in mus308 mutants arose through an SSA 

mechanism. 
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Three findings suggest that mus308-dependent alt-EJ is an important repair option for 

both cell and organism survival in flies, particularly in the absence of homologous 

recombination.  First, spn-A mus308 double mutants are sub-viable and have severe defects in 

adult abdominal cuticle closure, consistent with a high level of apoptosis in rapidly proliferating 

histoblasts during pupariation.  Second, spn-A mus308 double mutant males undergoing P{wa} 

excision have up to 30-fold increased sterility relative to spn-A mutants.  Third, mus308 mutant 

males undergoing I-SceI cutting show premature sterility and produce few progeny.  The few 

germline repair events that are recovered from each male are frequently clonal, suggesting 

extensive germline apoptosis (A. Yu, unpublished data). 

Evidence for two functions of pol !  in alternative end joining 

Pol ! orthologs characterized from a variety of metazoans possess both helicase-like and 

DNA polymerase domains [27-31, 35].  Pol ! purified from both Drosophila and human cells has 

a Pol I-like polymerase activity and single-stranded DNA-dependent ATPase activity [30, 38].  

However, DNA helicase activity of the purified protein remains to be demonstrated.  Although 

our experiments did not formally test for helicase activity of pol !, our results are consistent with 

pol ! having a DNA unwinding or strand displacement function.  Flies with the D5 and 3294 

mutations (located in or near the conserved helicase domain) produce repair products with 

complex T-nucleotide insertions but not products involving annealing at long microhomologies.  

The D5 and 3294 alleles may therefore encode proteins that retain polymerase activity but lack 

unwinding activity, resulting in an inability to expose internal microhomologous sequences.  

Because the microhomologies used in repair following P element excision are often located in 

the 17-nucleotide 3’ single-stranded tails, pol ! may also be important for the unwinding of 

secondary structures that form in single-stranded DNA.  Alternatively, the DNA-dependent 
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ATPase activity demonstrated by pol ! might represent an annealing function of the protein that 

is required during alt-EJ.  Such an annealing activity was recently described for the human 

HARP protein, which is able to displace stably bound replication protein A and rewind single-

stranded DNA bubbles [61].   

One notable aspect of alt-EJ in Drosophila is the large percentage of repair junctions with 

templated insertions.  These insertions may be “synthesis footprints” that are formed during the 

cell’s attempt to create microhomologous sequences that can be used during the annealing stage 

of alt-EJ when suitable endogenous microhomologies are not present or are not long enough to 

allow for stable end alignment.  Indeed, analysis of the insertions from I-SceI repair junctions 

suggests a model involving local unwinding of double-stranded DNA and iterative synthesis of 

3-8 nucleotide runs [53].  The P{wa} repair junctions isolated from mus308D2/mus3082003 mutants 

are consistent with an important (but not exclusive) role for the polymerase domain of pol ! in 

the synthesis of T-nucleotides. 

We speculate that pol ! may be involved in both DNA unwinding and repair synthesis 

during alt-EJ (Figure 7).  Linking these two activities in one protein would provide a convenient 

mechanism for creating longer microhomologies that could increase the thermodynamic stability 

of aligned ends prior to the action of a DNA ligase.  Studies based on the crystal structure of a 

dual function NHEJ polymerase-ligase protein found in Mycobacterium tuberculosis suggest that 

a synaptic function for an NHEJ polymerase is plausible [62].  Because ligase 4 is not involved 

in alt-EJ in Drosophila, another ligase must be involved in the ligation step.  Studies from 

mammalian systems have identified DNA ligase 3 as a likely candidate [63, 64]. 
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Potential roles of pol !  in DNA interstrand crosslink repair 

Pol !  was originally identified in Drosophila based on the inability of mus308 mutants to 

survive exposure to chemicals that induce DNA interstrand crosslinks.  A crucial question posed 

by our findings is whether pol ! performs a common function during the repair of both DSBs and 

interstrand crosslinks.  The C. elegans pol ! ortholog, POLQ-1, is also required for resistance to 

interstrand crosslinks and acts in a pathway that is distinct from HR but depends on CeBRCA1 

[28].  In S. cerevisiae, several repair mechanisms are utilized during interstrand crosslink repair, 

including nucleotide excision repair (NER), HR, and translesion synthesis [65, 66].  Given our 

results and the findings from C. elegans, it seems unlikely that the role of pol ! in interstrand 

crosslink repair involves a function in HR. 

In human cells, exposure to agents that induce interstrand crosslinks causes a shift in 

repair mechanisms that leads to increased use of non-conservative pathways associated with 

complex insertions and deletions [67].  Furthermore, interstrand crosslinks can cause frequent 

recombination between direct repeats [68, 69], suggesting that single-strand annealing may 

provide a viable mechanism for interstrand crosslink repair.  The single-strand annealing model 

of interstrand crosslink repair posits that NER-independent recognition and processing of the 

crosslinked DNA is followed by generation of single-stranded regions flanking the crosslink and 

annealing at repeated sequences.  Because alt-EJ frequently proceeds through annealing at short 

direct repeats, it is tempting to speculate that the role of pol ! in interstrand crosslink repair 

might be to expose and/or promote the annealing of microhomologous single-stranded regions 

that flank the crosslinked DNA.  Consistent with this model, the initial incision step made after 

recognition of the interstrand crosslink remains normal in mus308 mutants [26].  Alternatively, 

pol ! might utilize its polymerase activity and nearby flanking sequences as a template to 
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synthesize short stretches of DNA that could be used to span a single-stranded gap opposite of a 

partially excised crosslink.  Such a model has been proposed to explain the formation of 

microindels in human cancers [70].  We are currently testing these two models using helicase- 

and polymerase-specific mus308 mutant alleles. 

Pol !  and alternative end joining: promoting genome (in)stability 

Although it seems counterintuitive, alt-EJ likely functions in some situations to promote 

genome stability.  As evidence of this, we found that DSB repair following P element excision in 

mus308 mutant flies frequently results in genomic deletions of multiple kilobases.  A similar 

deletion-prone phenotype was previously observed in mus309 mutants, which lack the 

Drosophila BLM ortholog [43,71].  Epistasis analysis demonstrated that the mus309 deletion 

phenotype depends on Rad51, implying that DmBlm acts after strand invasion during HR and 

that the deletions observed in mus309 mutants are likely a result of failed SDSA [48].  In 

contrast, the deletions observed in mus308 mutants do not depend on Rad51, demonstrating that 

the function of pol ! in DSB repair is independent of HR.  The deletion phenotype is exacerbated 

in lig4 mus308 double mutants, suggesting that C-NHEJ and alt-EJ represent two parallel 

mechanisms to prevent deletions.  In the absence of these two end-joining options, resection at 

the broken ends may continue unchecked, resulting in extensive genomic deletions that are 

generated by an unknown Rad51-independent repair mechanism.  Therefore, both C-NHEJ and 

alt-EJ function to prevent overprocessing of broken DNA ends and extreme degradation of the 

genome.  Microhomology-mediated end joining, which shares many features with alt-EJ, has 

been proposed to perform a similar function in urothelial cells [72]. 

 Nonetheless, alternative end-joining repair can also be genome destabilizing, as 

demonstrated by an increasing number of reports linking it to cancer.  We have shown that 
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complex insertions observed in alternative end-joining products are more frequent in flies 

possessing pol !.  These insertions, which are often combinations of nucleotides derived from 

several templates inserted in both direct and reverse-complement orientations, are remarkably 

similar to T-nucleotide insertions found in translocation breakpoints reconstructed from follicular 

and mantle cell lymphomas (reviewed in [73]).  Therefore, if pol ! also functions in alternative 

end joining and T-nucleotide generation in mammals, it might be an important factor involved in 

translocation formation. 

A recent study suggests that pol ! levels are tightly regulated in humans and that loss of 

this regulation may promote cancer progression [37].  The protein is primarily found in lymphoid 

tissues but is upregulated in lung, stomach, and colon cancers.  Furthermore, high levels of pol ! 

expression correlate with poorer clinical outcomes.  Intriguingly, pol ! is regulated by 

endogenous siRNAs in Drosophila [74, 75], although the significance of this regulation is 

currently unclear.  We suggest that pol!-mediated alt-EJ serves as a medium-fidelity repair 

option used by cells when precise repair cannot be carried out for any number of reasons.  As 

such, it prevents extreme loss of genetic information.  However, its error-prone nature requires 

tight regulation, which, when lost, may lead to excessive inaccurate repair and ultimately, 

carcinogenesis. 
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Conclusions 
 The results described here establish that Drosophila pol ! plays two distinct roles in an 

alternative end-joining mechanism operating in parallel to canonical DNA ligase 4-mediated C-

NHEJ.  This novel finding lays the groundwork for future studies focusing on the specific roles 

of the pol ! helicase-like and polymerase domains in alt-EJ and DNA interstrand crosslink 

repair.  Whether pol ! plays a similar role in alt-EJ in other organisms, including mammals, 

remains to be determined.  Regardless, these studies reveal an unexpected role for DNA 

polymerase ! that is required for genomic integrity in Drosophila and possibly other metazoans.  
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Materials And Methods 
Drosophila stocks and mus308 alleles:  All flies were maintained on standard cornmeal-based 

agar food and reared at 25° C.  The mus308 D2 and D5 stocks were obtained from the 

Bloomington Stock Center and the 2003 and 3294 stocks were from the Zuker collection [76].  

To identify mutations in these stocks, genomic DNA was isolated from flies harboring each 

allele in trans to Df(3R)Exel6166 and PCR was performed with primers specific to overlapping 

regions of the entire coding sequence.  PCR products were sequenced and the sequence was 

compared to the Drosophila reference sequence release 5.10.  Sequence changes unique to each 

allele were verified by sequencing in both orientations.  The lig4169a [17], spn-A093 and spn-A057 

[42] stocks harbor null alleles of DNA ligase 4 and Rad51, respectively. 

 

Mutagen sensitivity studies:  For mechlorethamine sensitivity assays, balanced, heterozygous 

parents were crossed to Df(3R)Exel6166 and allowed to lay eggs in vials containing 10mL of 

food for three days, after which they were moved to new vials for two additional days.  The first 

vials were treated with 250µL of 0.005% mechlorethamine dissolved in ddH2O, while the second 

vials were treated only with ddH2O.  Survival was calculated as the number of homozygous 

mutant adults divided by the total number of adults that eclosed within 10 days of treatment.  

Ratios were normalized to untreated controls for each set of vials (five to eight sets of vials were 

counted for each experiment).  For ionizing radiation sensitivity assays, heterozygous parents 

laid eggs on grape-juice agar plates for 12 hr.  Embryos developed at 25°C until larvae reached 

third-instar stage, at which point they were irradiated in a Gammator 1000 irradiator at a dose 

rate of 800 rads/min and larvae were transferred to food-containing bottles.  Relative survival 

rates were calculated as above. 
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P{wa} assay:  Repair of DNA double-strand breaks was monitored after excision of the P{wa} 

transposon as described previously [43,77].  P{wa} was excised in males using a second 

chromosome transposase source (CyO, H{w+,D2-3}) and individual repair events were recovered 

in female progeny over an intact copy of P{wa}.  Females with two copies of P{wa} have apricot 

eyes [78].  Progeny with red eyes possess a repair event involving HR with annealing of the 

copia LTRs.  A fraction of apricot-eyed females also possess HR repair events, but these cannot 

be distinguished from chromosomes in which no excision event occurred (using the CyO, 

H{w+,D2-3} transposase source , ~80% of apricot-eyed female progeny inherit a non-excised 

P{wa} element).  Yellow-eyed females harbor a repair event in which repair is completed by end 

joining. 

 For each genotype, at least 50 individual male crosses were scored for eye color of 

female progeny lacking transposase.  The percentage of progeny from each repair class was 

calculated on a per vial basis, with each vial representing a separate experiment.  Statistical 

comparisons were done with a Kruskal-Wallis non-parametric ANOVA followed by Dunn’s 

multiple comparisons test using InStat3 (GraphPad).   

 For analysis of HR synthesis tract lengths, genomic DNA was purified and PCR reactions 

were performed as in [43], using primer pairs with the internal primer located 250, 2420, and 

4674 base pairs from the cut site at the 5’ end of P{wa}. 

 For deletion analysis, the percentage of females with scalloped wings was calculated 

relative to all yellow-eyed females counted.  The percentage of male lethal and small (0.1-3.6 kb) 

deletions was calculated based on a subset of yellow-eyed females (one from each original male 

parent) that were individually crossed to males bearing the FM7w balancer.  Vials for which no 

white-eyed male progeny were recovered were scored as male lethal.  Some of the male lethal 



 65 

events also caused a scalloped-wing phenotype in heterozygous females.  For those that did not, 

testing to ensure that the male lethality was due to deletion of scalloped coding sequence was 

performed by recovering the repaired chromosomes in trans to the hypomorphic sd1 mutation 

[79] and scoring for a scalloped-wing phenotype.  Repair events which could be recovered in 

males were subjected to PCR analysis, using primers internal to P{wa} [43], to detect small 

deletions into one or both introns of sd.   

 

I-SceI break repair assay:  Repair of I-SceI mediated DNA double strand breaks was studied in 

the context of the chromosomally integrated [Iw]7 construct [52], which contains a single target 

site for the I-SceI endonuclease.  DSBs were induced in the male pre-meiotic germline by 

crossing females harboring [Iw]7  to males expressing the I-SceI endonuclease from a second 

chromosomal location under the control of either the hsp70 promoter (70[I-SceI]1A) [52] or the 

ubiquitin promoter (UIE[I-SceI]2R) [50].  Independent inaccurate end-joining repair events from 

the male pre-meiotic germline were recovered in male progeny and DNA was isolated for 

analysis [80].  PCR was performed using primers PE5’ (GATAGCCGAAGCTTACCGAAGT) 

and jn3’b (GGACATTGACGCTATCGACCTA) to amplify a 1.3 kb fragment of the [Iw]7 

construct including the I-SceI target site.  Products were gel purified (GenScript) and sequencing 

of PCR products was performed using the PE5’ primer.  Sequences were aligned using ClustalW 

or by manual inspection against sequence obtained from an uncut [Iw]7 construct.  Statistical 

comparisons were done using Excel and SPSS. 
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Introduction 
 The fruit fly, Drosophila melanogaster, is one of the few model organisms in which alt-

EJ can be readily observed in wild-type individuals.  We have previously shown that end-joining 

repair of P-element-induced DSBs in Drosophila typically proceeds by MMEJ and is unaffected 

in lig4 mutant flies (1).  Conversely, studies using the I-SceI endonuclease to induce DSBs 

support a role for Lig4 in Drosophila end joining (2, 3). This raises the question of whether alt-

EJ repair of an I-SceI DSB in flies uses an MMEJ mechanism similar to that observed at P-

element DSBs, or a different type of alt-EJ.  

 To address this question, we examined inaccurate repair junctions of a chromosomal I-

SceI DSB in C-NHEJ proficient and deficient flies.  Annealing at pre-existing microhomologies 

did not appear to be important for end-joining repair in any genetic background.  Sequence 

analysis of repair junctions suggested a model we term synthesis-dependent MMEJ (SD-MMEJ).  

We show that end-joining junctions with and without microhomology, as well as junctions with 

insertions, have structures consistent with predictions made by our SD-MMEJ model.  Thus, in 

this system, a single mechanism accounts for multiple classes of end-joining repair products 

usually thought to be produced by different mechanisms. 
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Results 

Drosophila alt-EJ does not require long microhomologies 

 End-joining repair of P-element-induced DSBs in Drosophila often produces repair 

products with microhomologies similar to those seen in Ku-independent MMEJ in budding 

yeast.  To investigate microhomology use in alt-EJ of a non P-element DSB in flies, we used 

transgenic flies with one copy of the [Iw] DSB substrate to examine Ku-independent repair of a 

complementary ended I-SceI DSB (4). 

Figure 3-1.  The [Iw] construct.   
 

 

The [Iw] construct (4) is a chromosomally integrated P-element containing the 18 bp I-SceI site and a 
mini-white gene 733 bp downstream of the I-SceI site.  I-SceI expression induces a single complementary 
ended DSB with 4 bp 3' overhangs.  Iterative cycles of cutting and repair continue until inaccurate end-
joining repair or gene conversion destroys the I-SceI site.  white expression facilitates identification of 
end-joining repair events.  A 4 bp microhomology (CCCT, underlined) is present at the break site.  No 
other ≥ 4 bp microhomologies are available near the DSB.  Primers used to amplify repair products are 
indicated by arrows. 
 
The [Iw]/ I-SceI system (Figure 3-1) induces a single complementary ended chromosomal DSB.  

High levels of I-SceI expression ensure repeated cycles of cutting and repair until inaccurate end 

joining or gene conversion destroys the I-SceI site.  

 Unlike P-element DSBs, the [Iw] DSB lacks !5 bp microhomologies near the break.  In 

the [Iw] system, MMEJ at !5 bp of pre-existing microhomology results in deletion of over 70 

bp.  This enables a PCR-based assay to rule out use of !5 bp microhomologies. 

 In wild-type flies (n=90), 87.8% of independently recovered repair events yielded a PCR 

product inconsistent with use of !5 bp microhomologies (data not shown).  Such products 
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constituted 82.9% of repair events in ku70 mutants (n=82), which is not significantly different 

from wild-type (p=0.39, Fisher's Exact Test).  Similar results were obtained for lig4 mutants.  Of 

469 junctions sequenced in this study (Supplemental Tables S3-S8; available at NAR Online), 

only one involved annealing at a 5 bp microhomology, and junctional microhomologies greater 

than 5 bp were not observed. 
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C-NHEJ deficiency does not alter patterns of short junctional microhomology 
 

 

Figure 3-2.  C-NHEJ deficiency increases frequency of net insertions. 
Relative proportions of end-joining junction types (insertion, microhomology, apparent blunt join) by 
genotype.  The relative proportion of junctions with insertions is significantly decreased relative to wild-
type in polQ mutants (white asterisk; p=0.03, Fisherʼs Exact Test) and significantly increased relative to 
wild type (WT) in rad51 (p=0.02), rad51 lig4 (p<0.01), and lig4 (p<0.01) mutants.  The relative proportion 
of apparent blunt joins is significantly decreased relative to WT in rad51 (black asterisk; p=0.05) and lig4 
(p<0.01) flies (Fisher's Exact Test).  The relative proportion of repair products with junctional 
microhomology is not significantly different from wild-type in any genotype assayed.  WT n=70; polQ 
n=57; ku70 n=62; rad51 ku70 n=48; rad51 n=55; rad51 lig4 n=63; lig4 n=83. 
 
 In vertebrates, alt-EJ is often characterized by larger deletions and more frequent short 

junctional microhomologies. Comparison of [Iw]7 repair junctions from C-NHEJ proficient and 

deficient flies showed no differences in mean or median deletion size (Figure S1a), frequency of 

junctional microhomologies (Figure 3-2), or length of junctional microhomologies (Table S1). 

Together, these results indicate that alt-EJ of this DSB is not characterized by the increased 

junctional microhomology typically observed in budding yeast and higher eukaryotes.  

Interestingly, this result is congruent with a recent study in which microhomology at end-joining 

junctions subsequent to a zinc finger nuclease induced DSB was not increased in lig4 mutant 
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flies (5), suggesting that the failure to observe microhomology at inaccurate end-joining repair 

junctions is not unique to the [Iw] DSB (See also Chapter 4). 

 

Alternative end joining produces insertions at repair junctions 

 A large number of [Iw] repair junctions had insertions (Figure S1b; (6)).  The frequency 

of insertions was significantly increased relative to wild-type in lig4 mutants, and decreased in 

mus308 mutants, which lack DNA polymerase theta (PolQ) (Figure 3-2; (6)).  PolQ is an A-

family DNA polymerase known to be important for DNA crosslink repair (7, 8).  PolQ has a 

unique structure: in addition to a polymerase domain, it also possesses an SF2 helicase-like 

domain attached to the polymerase domain by a highly conserved flexible linker region. 

 Many inserted sequences appeared to have been templated from sequence near the DSB.  

In Drosophila, P-element DSBs can be repaired by a hybrid HR/EJ pathway in which some 

Rad51-dependent templated repair synthesis takes place before repair is completed by end 

joining (9).  To ask if these insertions were produced by a similar process, we sequenced repair 

junctions from rad51, rad51 ku70, and rad51 lig4 flies.  In all HR-deficient and C-NHEJ/HR 

double mutant genetic backgrounds, insertion frequency was comparable to or higher than wild-

type (Figure 3-2).  Therefore, the insertions result from an alternative end-joining mechanism 

that requires neither Ku nor Lig4, but is impaired in polQ mutants. 
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Genotype specific effects of sequence context on repair outcome 

 
 

Figure 3-3.  Combined effects of sequence context and genotype on deletion boundary frequency 
 
Frequency as percentage of total repair products of deletion boundaries associated with net insertions 
(black), junctional microhomologies (gray) and apparent blunt joins (white) in wild-type, lig4, and polQ 
genetic backgrounds.  "Deletion boundary" is defined as the position (including any junctional 
microhomologies) where an uninterrupted match between the original sequence and the repair product 
resumes.  X axis indicates top strand sequence.  Deletions extending beyond the sequence shown are 
represented by a plus sign (+). 
 
a-c: Boundaries of deletions to the right of the bottom strand nick.  The underlined sequence (GGCC) is 
the left half of a GGCC repeat.  Red arrows show clustering of deletion boundaries at this repeat in wild-
type and lig4, but not polQ sequences. 
 
d-f: Deletion boundaries to the left of the top strand nick.  The underlined sequence (TTA) is a 3 bp direct 
repeat.  Note different overall shape of the histograms of deletion boundaries to the right and left of the 
DSB in all genotypes (compare a-c, d-f).  Red arrows show virtual absence of 2 bp deletions in wild-type 
and lig4, but not polQ sequences.  WT: n=70; lig4: n=83; polQ: n=57.  
 
 To gain insight into the mechanisms responsible for the insertions, we carried out fine-

level sequence analysis of the repair junctions.   This revealed patterns suggesting that genetic 

background and sequence composition interact to influence repair outcome.  Deletion boundary 

frequency histograms (Figure 3-3; Figure S2) showed that to the right of the DSB, deletion 

boundaries cluster at a 4 bp GGCC repeat in wild-type and lig4, but not polQ flies (Figure 3-3 

panels a-c, red arrows).  The sequence to the left of the DSB lacks a comparable repeat, and 
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similar clustering was not observed (Figure 3-3 panels d-f).  However, deletions of 3 bp to the 

left of the top strand nick (red arrow) were virtually absent in wild-type and lig4 flies.  This bias 

was also attenuated in polQ flies.  Together, these observations suggest that flanking sequence 

influences repair outcome, and that PolQ contributes to this sequence specific effect. 
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Templated insertions and deletion boundaries correlate with specific patterns of short 

repeats in the original sequence 
 

 

Figure 3-4.  Repair products contain repeated motifs with a consistent pattern.  

 
a. Sequences of representative repair products with insertion/deletion (indel) events.  In each case, the 
repair event contains a direct (red) or inverted (blue) repeat.  The repeated motif (underlined) comprises 
the insertion (boxed, lowercase) and flanking sequence on each side.  Repeats are found both in repair 
products with insertions of sufficient length to be identified as templated and in repair products with 
apparently random short insertions.  Sequences are (top to bottom) Table S8 sequence 83; Table S5 
sequences 1-10; Table S8 sequence 125; Table S5 sequence 15.  Additional similar examples are given 
in Figure S3. 
 
b. Repair events from panel a above, aligned with the original [Iw] sequence. Only top strands are shown.  
Whitespace indicates the top strand nick.  Dashes indicate bases deleted in the repair product.  Net 
insertions are boxed and in lowercase.  The apparent insertion template is in lowercase, not boxed.  
Red/blue, underlined:  Short direct (red) or inverted (blue) repeat near but not spanning the DSB.  Black, 
underlined:  short direct or inverted repeat spanning the DSB.  
 
 Many inserted sequences formed direct or inverted repeats with nearby sequence 

unaffected by the repair event, suggesting that the insertions may have been templated.  

Sequence analysis to identify potential insertion templates revealed that repeated motifs included 

 

 

i.    TCGGTACATTACCCTGTacattacCCGCATAGGCCACTAGT 

ii.   TCGGTACATTACCCTG TaccctGGCCGCATAGGCCACTAGT 

iii.  AATTCGGTACATTACCCataGGCCGCATAGGCCACTAGTGG 

iv.   GGTACATTACCCTGTTAcCCGCATAGGCCACTAGTGGATCT 

v.    TCGGTACATTACCCTGTaatgtATAGGCCACTAGTGGATCT 

vi.   GTACATTACCCTGTTA TaacagGGCCGCATAGGCCACTAGT 

vii.  GTACATTACCCTGTTATagtGGCCGCATAGGCCACTAGTGG 

viii. TCGGTACATTACCCTGTaCCGCATAGGCCACTAGTGGATCT 

 

 

 

 

i.    TCGGTACATTACCCTGTacattacCCGCATAGGCCACTAGT 

ii.   TCGGTACATTACCCTG TaccctGGCCGCATAGGCCACTAGT 

iii.  AATTCGGTACATTACCCataGGCCGCATAGGCCACTAGTGG 

iv.   GGTACATTACCCTGTTAcCCGCATAGGCCACTAGTGGATCT 

v.    TCGGTACATTACCCTGTaatgtATAGGCCACTAGTGGATCT 

vi.   GTACATTACCCTGTTA TaacagGGCCGCATAGGCCACTAGT 

vii.  GTACATTACCCTGTTATagtGGCCGCATAGGCCACTAGTGG 

viii. TCGGTACATTACCCTGTaCCGCATAGGCCACTAGTGGATCT 

 

 

 

 

i.    TCGGTACATTACCCTGTacattacCCGCATAGGCCACTAGT 

ii.   TCGGTACATTACCCTG TaccctGGCCGCATAGGCCACTAGT 

iii.  AATTCGGTACATTACCCataGGCCGCATAGGCCACTAGTGG 

iv.   GGTACATTACCCTGTTAcCCGCATAGGCCACTAGTGGATCT 

v.    TCGGTACATTACCCTGTaatgtATAGGCCACTAGTGGATCT 

vi.   GTACATTACCCTGTTA TaacagGGCCGCATAGGCCACTAGT 

vii.  GTACATTACCCTGTTATagtGGCCGCATAGGCCACTAGTGG 

viii. TCGGTACATTACCCTGTaCCGCATAGGCCACTAGTGGATCT 

 

 

 

 

i.    TCGGTACATTACCCTGTacattacCCGCATAGGCCACTAGT 

ii.   TCGGTACATTACCCTG TaccctGGCCGCATAGGCCACTAGT 

iii.  AATTCGGTACATTACCCataGGCCGCATAGGCCACTAGTGG 

iv.   GGTACATTACCCTGTTAcCCGCATAGGCCACTAGTGGATCT 

v.    TCGGTACATTACCCTGTaatgtATAGGCCACTAGTGGATCT 

vi.   GTACATTACCCTGTTA TaacagGGCCGCATAGGCCACTAGT 

vii.  GTACATTACCCTGTTATagtGGCCGCATAGGCCACTAGTGG 

viii. TCGGTACATTACCCTGTaCCGCATAGGCCACTAGTGGATCT 

 

 

a. 

b. 

Figure 4 

     

 original CGGTacattacCCTGTTAT   CCCTAGCGGCCGCATA  

repaired  CGGTacattacCCTGT---   -acattac-CCGCATA 

 
 

 original  CGGTACATTaccctGTTAT   CCCTAGCGGCCGCATA  

repaired CGGTACATTaccctGT---   -accct-GGCCGCATA 

 
 

 original  ATTACCCTGTTAT   CCCTAGCGGCCGCataGGCCAC 

repaired  ATTACCC--ata-   -------GGCCGCataGGCCAC 

 
 

 original  CGGTACATTAcCCTGTTAT   CCCTAGCGGCCGCATA 

repaired  CGGTACATTAcCCTGTTA-   ---c-----CCGCATA 

 

 

 original  CGGTacattACCCTGTTAT   CCCTAGCGGCCGCATA 

repaired  CGGTacattACCCTGT---   ----aatgt----ATA 

 

 

 original  CGGTACATTACCctgttAT   CCCTAGCGGCCGCATA 

repaired  CGGTACATTACCctgttAT   -aacag-GGCCGCATA 

 
 

 original  CCCTGTTAT   CCCTAGCGGCCGCATAGGCCactAGT 

repaired  CCCTGTTAT   --agt--GGCCGCATAGGCCactAGT 

 
 

 original  TTCGGtACATTACCCTGTTAT   CCCTAGCGGCCGCA 

repaired  TTCGGtACATTACCCTGT---   ---a-----CCGCA 
 
 
 
 
 
 
 
 
 

     

 original CGGTacattacCCTGTTAT   CCCTAGCGGCCGCATA  

repaired  CGGTacattacCCTGT---   -acattac-CCGCATA 

 
 

 original  CGGTACATTaccctGTTAT   CCCTAGCGGCCGCATA  

repaired CGGTACATTaccctGT---   -accct-GGCCGCATA 

 
 

 original  ATTACCCTGTTAT   CCCTAGCGGCCGCataGGCCAC 

repaired  ATTACCC--ata-   -------GGCCGCataGGCCAC 

 
 

 original  CGGTACATTAcCCTGTTAT   CCCTAGCGGCCGCATA 

repaired  CGGTACATTAcCCTGTTA-   ---c-----CCGCATA 

 

 

 original  CGGTacattACCCTGTTAT   CCCTAGCGGCCGCATA 

repaired  CGGTacattACCCTGT---   ----aatgt----ATA 

 

 

 original  CGGTACATTACCctgttAT   CCCTAGCGGCCGCATA 

repaired  CGGTACATTACCctgttAT   -aacag-GGCCGCATA 

 
 

 original  CCCTGTTAT   CCCTAGCGGCCGCATAGGCCactAGT 

repaired  CCCTGTTAT   --agt--GGCCGCATAGGCCactAGT 

 
 

 original  TTCGGtACATTACCCTGTTAT   CCCTAGCGGCCGCA 

repaired  TTCGGtACATTACCCTGT---   ---a-----CCGCA 
 
 
 
 
 
 
 
 
 

     

 original CGGTacattacCCTGTTAT   CCCTAGCGGCCGCATA  

repaired  CGGTacattacCCTGT---   -acattac-CCGCATA 

 
 

 original  CGGTACATTaccctGTTAT   CCCTAGCGGCCGCATA  

repaired CGGTACATTaccctGT---   -accct-GGCCGCATA 

 
 

 original  ATTACCCTGTTAT   CCCTAGCGGCCGCataGGCCAC 

repaired  ATTACCC--ata-   -------GGCCGCataGGCCAC 

 
 

 original  CGGTACATTAcCCTGTTAT   CCCTAGCGGCCGCATA 

repaired  CGGTACATTAcCCTGTTA-   ---c-----CCGCATA 

 

 

 original  CGGTacattACCCTGTTAT   CCCTAGCGGCCGCATA 

repaired  CGGTacattACCCTGT---   ----aatgt----ATA 

 

 

 original  CGGTACATTACCctgttAT   CCCTAGCGGCCGCATA 

repaired  CGGTACATTACCctgttAT   -aacag-GGCCGCATA 

 
 

 original  CCCTGTTAT   CCCTAGCGGCCGCATAGGCCactAGT 

repaired  CCCTGTTAT   --agt--GGCCGCATAGGCCactAGT 

 
 

 original  TTCGGtACATTACCCTGTTAT   CCCTAGCGGCCGCA 

repaired  TTCGGtACATTACCCTGT---   ---a-----CCGCA 
 
 
 
 
 
 
 
 
 

     

 original CGGTacattacCCTGTTAT   CCCTAGCGGCCGCATA  

repaired  CGGTacattacCCTGT---   -acattac-CCGCATA 

 
 

 original  CGGTACATTaccctGTTAT   CCCTAGCGGCCGCATA  

repaired CGGTACATTaccctGT---   -accct-GGCCGCATA 

 
 

 original  ATTACCCTGTTAT   CCCTAGCGGCCGCataGGCCAC 

repaired  ATTACCC--ata-   -------GGCCGCataGGCCAC 

 
 

 original  CGGTACATTAcCCTGTTAT   CCCTAGCGGCCGCATA 

repaired  CGGTACATTAcCCTGTTA-   ---c-----CCGCATA 

 

 

 original  CGGTacattACCCTGTTAT   CCCTAGCGGCCGCATA 

repaired  CGGTacattACCCTGT---   ----aatgt----ATA 

 

 

 original  CGGTACATTACCctgttAT   CCCTAGCGGCCGCATA 

repaired  CGGTACATTACCctgttAT   -aacag-GGCCGCATA 

 
 

 original  CCCTGTTAT   CCCTAGCGGCCGCATAGGCCactAGT 

repaired  CCCTGTTAT   --agt--GGCCGCATAGGCCactAGT 

 
 

 original  TTCGGtACATTACCCTGTTAT   CCCTAGCGGCCGCA 

repaired  TTCGGtACATTACCCTGT---   ---a-----CCGCA 
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not only the insertion itself, but also flanking sequence on both sides of the insertion (Figure 3-

4a; Figure S3).  Notably, this repeat pattern was present not only in insertions of sufficient length 

to show obvious similarity to surrounding sequence, but also in short 1-3 bp insertions. 

 Alignment of these repair products with the original [Iw] sequence (Figure 3-4b; Figure 

S3) showed a consistent relationship between two short repeats present in the original sequence, 

the insertion template, and the repair product.  The insertion template and the deletion were each 

bounded by two short repeats. One of the short repeats was situated entirely to one side of the 

DSB; the other short repeat spanned the DSB.  The location of these short repeats relative to each 

other and to the putative insertion template suggested that mispairing at these short repeats could 

prime synthesis at the insertion template. 
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Figure 3-5.  Loop-out SD-MMEJ produces repair products with direct repeats. 

 
Example is taken from Figure 4.  Both strands are shown.  Deleted bases are not shown. 

a.  Loop-out SD-MMEJ requires two short direct repeats.  The "primer repeat" (P1, P2; red) is located 
completely to one side of the DSB.  The "microhomology repeat" (mh1, mh2; black) spans the DSB.  
Notational convention is that P2 and mh2 are closest to the DSB.  
 
b.  The DNA double helix is unwound through P1.  
 
c.  P2 on the top strand base-pairs with P1 on the bottom strand.  mh1 and P1 on the top strand are 
looped out. 
 
d.  A template-dependent DNA polymerase extends through the end of mh1.  Newly synthesized bases 
are in white type outlined in black.  The base that will form the net insertion is boxed and in lowercase.   
e.  The loop-out structure dissociates or is unwound. 
 
f.  P1 and P2 re-anneal as originally.  This DSB end now has a single stranded 3' overhang that is 
complementary to mh2. 
 
g.  The resulting repair product showing the net insertion and the direct repeat spanning the junction 
created by loop-out SD-MMEJ repair.  (Compare with Figure 4b.)  The part of the repeat that was present 
in the original sequence (white text on red) comprises P1, mh1 and the sequence between them.  The 
part of the repeat containing the insertion (underlined, red) comprises P2, mh2, and a copy of the 
sequence between P1 and mh1.  This convention is used throughout the remaining figures/tables.  
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Figure 3-6.  Snap-back SD-MMEJ produces repair products with inverted repeats. 

 
Example is taken from Figure 4.  Both strands are shown.  Deleted bases are not shown.  
  
a.  Snap-back SD-MMEJ requires two short direct repeats.  The "primer repeat" (P1, P2; blue) is located 
completely to one side of the DSB.  The "microhomology repeat" (mh1, mh2; black) spans the DSB.  
Notational convention is that P2 and mh2 are closest to the DSB.  
 
b.  The DNA double helix is resected or unwound unwound through mh1. In contrast to loop-out SD-
MMEJ (compare Figure 5, panels b and c), ssDNA may be generated by either nuclease or helicase 
activity.  
 
c.  P2 base-pairs with P1, forming a hairpin with a 3' end. 
 
d.  A template-dependent DNA polymerase extends through the end of mh1.  Newly synthesized bases 
are in white type outlined in black.  The base that will form the net insertion is boxed and in lowercase.   
e. The hairpin dissociates or is unwound. 
 
f.  P1 and P2 re-anneal as originally.  This DSB end now has a single stranded 3' overhang 
complementary to mh2. 
 
g.  The resulting repair product showing the net insertion and the inverted repeat spanning the junction 
created by snap-back SD-MMEJ repair.  (Compare Figure 4b).  The part of the repeat that was present in 
the original sequence (white text on blue) comprises mh1, P1 and the sequence between them.  The part 
of the repeat containing the insertion (underlined, blue) comprises the reverse complements of P2, mh2, 
and the reverse complement of the sequence intervening between mh1 and P1.  This convention is used 
throughout the remaining figures/tables.  
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The SD-MMEJ model shows that potential templates can be determined for short as well as 
long insertions 
 Evidence that PolQ may be involved in an alt-EJ mechanism that generates templated 

insertions, together with the patterns that emerged from our sequence analysis, suggested the 

following model, which we term synthesis-dependent MMEJ (SD-MMEJ). 

 In SD-MMEJ, a short direct or inverted repeat (Figures 3-5a and 3-6a) primes synthesis 

of de novo microhomologies at DSB ends.  Resection or unwinding exposes short direct or 

inverted repeats near the DSB (Figures 3-5b and 3-6b). These short "primer repeats" mediate 

formation of transient secondary structures (Figures 3-5c and 3-6c), which prime synthesis by a 

template dependent non-processive DNA polymerase (Figures 3-5d and 3-6d).  If the newly 

synthesized 3' end is complementary to sequence on the other side of the DSB, dissociation or 

unwinding of the structure (Figure 3-5e and 3-6e) allows annealing across the break.  The result 

of this process is creation of a repeated motif that contains the insertion and flanking sequence on 

both sides (Figures 3-5g and 3-6g).
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SD-MMEJ repair can produce apparent blunt joins and microhomology junctions 

 

Figure 3-7. SD-MMEJ repair can produce repair junctions without insertions, which may or may 
not have junctional microhomology. 
 
If P1 and mh1 are directly adjacent, SD-MMEJ will not produce an insertion.   To efficiently summarize the 
proposed SD-MMEJ mechanism, this "insertion" of length zero is indicated by a box containing no 
sequence.  In the case of ambiguous deletion breakpoints (junctional microhomologies), the ambiguous 
bases are flanked by boxes containing dots.  Each panel shows alignment of the original sequence and 
repair product, the primer and microhomology repeats, and the longer repeat created in the repair 
product.  Notational conventions are as in Figures 5 and 6. 
 
a, b: Apparent blunt joins consistent with SD-MMEJ repair.  Box with dash indicates the point of ligation 
(zero bp insertion).  a: sequence H, Table S7.  b: sequence B, table S7. 
 
c, d: SD-MMEJ consistent repair products with junctional microhomologies. In both of these cases, SD-
MMEJ results in annealing at longer microhomologies than would MMEJ at the microhomologies present 
in the repair product. c: sequence O, Table S8.  d: sequence F, Table S8. 
 
 
 A thorough evaluation of the properties of the SD-MMEJ mechanism suggests that 

although SD-MMEJ is a microhomology-mediated process, it can produce junctions with no 

insertion and no junctional microhomology. 

 Consider that SD-MMEJ as illustrated in Figures 3-5 and 3-6 necessarily produces a 

repair product with a direct or inverted repeat.  The repeated motif comprises the net insertion 
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and flanking sequence on both sides of the insertion.  The size of the net insertion is equal to the 

distance between P1 (the primer) and mh1 (the template for the newly synthesized 

microhomology) (Figure 3-5a and 3-6a).  It directly follows that if P1 (the primer) and mh1 (the 

template for the newly synthesized microhomology) are directly adjacent (ie, the distance 

between them is zero), SD-MMEJ repair will produce a junction with no net insertion (Figure 3-

7).  This "zero-insertion" SD-MMEJ repair event will not necessarily have any ambigious 

nucleotides at the repair junction (Figure 3-7 panels a and b).  The net result is a microhomology-

mediated event that produces a repair junction that superficially resembles a blunt join.  

Nevertheless, "zero-insertion" SD-MMEJ products with no junctional microhomology can be 

distinguished from true blunt joins because they will exhibit the same repeat structure as SD-

MMEJ products with insertions.  This criterion can be used to classify repair junctions without 

net insertions as consistent or not consistent with repair by SD-MMEJ. 

 Microhomology junctions can likewise be SD-MMEJ consistent. Under the convention of 

assigning ambiguous nucleotides to the left side of the break, a zero-insertion SD-MMEJ repair 

event will show junctional microhomology when aligned with the original sequence if, as in 

Figure 3-7c and 3-7d, one or more of the deleted nucleotides immediately adjacent to P2 is 

repeated in mh2.  Consequently, there is at least one base that it is not possible to unambiguously 

assign to primer repeat P2 or to microhomology repeat mh2. 

SD-MMEJ consistency criteria for specific junction structures 

 The essential criterion of SD-MMEJ consistency is that the repair junction has a repeat 

structure that is consistent with templated synthesis of overhangs complementary to sequence 

across the DSB.  The specific guidelines for classifying repair junctions that follow from this 

criterion vary slightly in the context of different repair junction structures. 
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 An apparent blunt join is SD-MMEJ consistent if it has a repeated motif near the repair 

junction such that the apparent point of ligation is inside (not on the border of) one of the two 

repeated motifs.  Interestingly, the motifs in a valid SD-MMEJ consistent repeat can partially 

overlap. 

 Microhomology junctions differ from apparent blunt joins in not having a single unique 

point of apparent ligation.  It can be shown that an SD-MMEJ mechanism can be reconstructed 

for any microhomology junction with an SD-MMEJ consistent repeat intersecting any one of the 

possible ligation points at a microhomology junction. 

 Evaluation of insertion junctions for SD-MMEJ consistency is complicated by the 

possibility that multiple rounds of synthesis can take place before the final ligation event. 

In addition to the simple templated insertions described in Figure 3-4, we also recovered a 

substantial number of complex insertions comprising multiple overlapping copies of nearby 

sequence, including some with evidence for snap-back self-templating on newly synthesized 3' 

ends.   A subset of this type of complex insertion is consistent with SD-MMEJ involving 

multiple rounds of synthesis and dissociation from one or both sides of the DSB (Figure S4).  

 Complex insertions are SD-MMEJ consistent if there is a series of overlapping repeats 

such that, starting from the endpoints of the flanking sequence remaining after any deletion 

event, the final repair product can be constructed by iterative rounds of synthesis from the free 3' 

ends, culminating in base-pairing across the break.  From this description, it initially appears that 

complex insertions will be SD-MMEJ consistent simply if they can be contiguously tiled by a 

series of overlapping repeats; however, this criterion turns out to be insufficient, due to the 

possibility that newly synthesized sequence can itself serve as a template.  Because not all 

synthesis templates are necessarily located in sequence that existed at the beginning of the repair 
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event,  to confirm that a complex insertion is indeed SD-MMEJ consistent, it must be verified at 

each step of the mechanism that the postulated template actually exists.  An illustration of this is 

provided in Figure 3-8 below. 

Figure 3-8. An apparently templated complex insertion that is not SD-MMEJ consistent 
 

 

This repair junction fits the criteria of being fully tiled by overlapping repeats, and all the inserted 
sequence appears to be templated from surrounding sequence.  Nevertheless, this repair product is not 
SD-MMEJ consistent because the sequence that would be necessary for the initial priming events does 
not yet exist at the initiation of repair. After the deletion, the sequence that exists before any repair 
synthesis has taken place is in bold/black; the inserted sequence which has not yet been synthesized is 
grayed out. 
 

CTCTAGAACTAGTGGATCCCCCtcaagggggatcTCAAGCTTAC 

It is not possible to begin synthesis of the blue inverted repeat on the left side, because the t-a pair that 
would prime that event does not yet exist.  Likewise, the red direct repeat cannot be synthesized because 
right-hand motif of the primer repeat does not yet exist.  It is of course possible to speculate about the 
process beginning on each side with 2-3 bp repeated motifs, but such speculation is not readily 
distinguishable from pandering to the whim of the investigator.  Therefore, although this repair junction 
appears to contain a templated insertion, it is not SD-MMEJ consistent.  This example serves to illustrate 
that any procedure for evaluating the SD-MMEJ consistency status of a repair junction with an insertion 
must verify that there is a full primer repeat and template available for every proposed round of synthesis.   
Repair junction taken from (10). 
 
 
 A consequence of the requirement that the synthesis template be verified at each step is 

that evaluation of SD-MMEJ consistency for junctions with insertions requires algorithmically 

intricate direct modeling rather than simple pattern matching.  Extensive characterization of 

complex longer insertions was therefore not pursued further in this study. 

Literature Mining (I): 
SD-MMEJ Consistent Joins Produced By P-element Induced Gap Repair And By 

Plasmid Recircularization in Drosophila 

Adapted from Adams et al. Science (2003) and Ducau et al. Mutat. Res. (2000) 

original: CTCTAGAACTAGTGGATC----CCCC----ATCAAGCTTATC 
repaired: CTCTAGAACTAGTGGATCtagaactagtggATCAAGCTTATC 
 
original: CTCTAGAACTAGTGGATCCCCC--------A---TCAAGCTTATC 
repaired: CTCTAGAACTAGTGGATCCCCCtcaagggggatcTCAAGCTTATC 
repaired: CTCTAGAACTAGTGGATCCCCCtcaagggggatcTCAAGCTTATC 
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Significant majorities of apparent blunt joins, microhomology junctions, and short 

insertions are SD-MMEJ consistent 
 

 

Figure 3-9.  A majority of 1-3 bp insertions, apparent blunt joins, and microhomologies are SD-
MMEJ consistent. 
 
a.  80.0% of all repair products with 1-3 bp insertions (inst), 58.4% of all apparent blunt joins, and 70.1% 
of all junctions with microhomologies are SD-MMEJ consistent (a ≥4 bp direct or inverted repeat that 
contains the breakpoint(s) is present within ±20 bp of the junction).  For all three junction types, the 
observed frequency of SD-MMEJ consistent repair products is significantly higher than the estimated 
frequency expected by random chance for this sequence: 1-3 bp insertions (n=71), p<0.01; apparent 
blunt joins (n=101), p<0.05; microhomologies (n=134) p=0.05; Fisher's Exact Test. 
 
 b.  The proportions by genotype of SD-MMEJ consistent blunt joins follow a pattern similar to the 
proportions of net insertions by genotype (compare Figure 3-2). 
The proportion of polQ blunt joins consistent with the SD-MMEJ model is significantly decreased relative 
to wild-type (p<0.01, Fisher's Exact Test).  This is consistent with a role for PolQ in SD-MMEJ. WT n=21; 
polQ n=25; ku70 n=16; rad51 ku70 n=10; rad51 n=8; rad51 lig4 n=11; lig4 n=10. 
 
 
 We analyzed all repair product sequences with 1-3 bp insertions, apparent blunt joins, 

and junctional microhomologies to determine if they had repeat motifs consistent with SD-

MMEJ within ±20 bp of the junction.  A repair product was classified as consistent with repair 

by SD-MMEJ if the junction, plus at least one base on either side, was contained within half of a 

direct or inverted repeat of at least 4 bp.  By these criteria, the expected frequencies of SD-
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MMEJ consistent 1-3 bp insertions, apparent blunt joins, and microhomologies by random 

chance alone were estimated to be, respectively, 18, 43, and 54 percent (see Materials and 

Methods). 

 The observed frequencies of SD-MMEJ consistent repair junctions with 1-3 bp insertions, 

apparent blunt joins, and junctions with microhomology were, respectively, 80.0, 58.4, and 70.1 

percent (Figure 3-9a).  All of these are significantly greater than predicted by random chance 

(p<0.01; p<0.05; p=0.05; Fisher's Exact Test).  Further supporting the hypothesis that repair 

products with and without net insertions could have been formed by the same mechanism, the 

proportion by genotype of SD-MMEJ consistent apparent blunt joins followed the same 

genotype specific patterns as net insertion frequency (Figure 3-9b; compare Figure 3-2).  

Importantly, relative to wild-type, significantly fewer apparent blunt joins and junctional 

microhomologies recovered from polQ flies were SD-MMEJ consistent (Figure 3-9b and data 

not shown).  
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Categorization of repair products according to SD-MMEJ parameters supports a single 

underlying mechanism 
 A significant majority of repair junctions from each of three apparently distinct structural 

classes (short insertions, apparent blunt joins, and junctional microhomologies) had structures 

consistent with repair by SD-MMEJ (Figure 3-9).  If SD-MMEJ is in fact producing all three 

types of repair junctions, grouping of SD-MMEJ consistent repair products by primer repeat 

should result in groups of structurally similar repair products comprising more than one of the 

above junction types.  Side by side comparison of SD-MMEJ consistent 1-3 bp insertions, 

apparent blunt joins, and microhomologies with the same SD-MMEJ primer repeat in fact 

demonstrates such similarities (Table 3-1, panels a-d). 
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Table 3-1. Categorizing SD-MMEJ consistent repair junctions by primer repeat reveals structural 
similarities among multiple repair junction types.  
 
Representative examples of SD-MMEJ-consistent sequences with the specified primer repeats (top row) 
are shown.  Superscripts cross-reference supplemental tables S3-S8. 
 

original 
sequence 

                P2       P1 
5'GTTAT CCCTAGCGGCCGCATAGGCC 
5'GTTAT CCCTAGCGGCCGCATAGGCC  

short 
insert 

GTTAgtGGCCGCATAGGCCACTAGTS6-B 

ATTAgtGGCCGCATAGGCCACTAGTS6-F 

TGTagtGGCCGCATAGGCCACTAGTS7-D 

TATagtGGCCGCATAGGCCACTAGTS7-E
 

CCCataGGCCGCATAGGCCACTAGTS7-C
 

GTTATaGGCCGCATAGGCCACTAGTS5-B 

apparent 
blunt join 

GTTAT-GGCCGCATAGGCCACTAGS3-A 

CCTGT-GGCCGCATAGGCCACTAGS3-B 

TCGGT-GGCCGCATAGGCCACTAGS3-G 

TGTTA-GGCCGCATAGGCCACTAGS3-D 

junctional 
mh 

CCCT.G.GCCGCATAGGCCACTAS3-A
 

 
Table 3-1a.  Primer repeat group I. 
Corresponds to SD-MMEJ at a 4 bp direct and inverted repeat.  Insertion junctions, apparent blunt joins, 
and junctional microhomologies are all represented.  The deletion resulting from SD-MMEJ at this primer 
repeat corresponds to the cluster of deletion boundaries to the right of the DSB (Figure 3 a-c).  This 
primer group contains the most frequently recovered junctional microhomology (Table S2, top row).
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original 

sequence 
            P1      P2 
GTACATTACCCTGTTAT CCCTAG 

short 
insert 

ACATTACCCTGTTAcCCGCAS5-A 

ACATTACCCTGTTAccCGGCS6-C 

ACATTACCCTGTTAcCGGCCS5-F 

apparent 
blunt join 

ACATTACCCTGTTA-CCCTAGCS3-C 

ACATTACCCTGTTA-CCGCATAS3-H
  

ACATTACCCTGTTA-CCACTAGS3-N
  

ACATTACCCTGTTA-CGGCCGCS3-J 

Table 3-1b.  Primer repeat group II. 
Corresponds to loop-out SD-MMEJ at a 3 bp TTA direct repeat to the left of the DSB.  Both short inserts 
and apparent blunt joins are represented.  Use of this repeat for SD-MMEJ at this repeat is consistent 
with the absence of deletion boundaries 2 bp to the left of the top strand nick (Figure 2d-f).  
 

original 
sequence 

                               P2  P1 
5'GTTAT CCCTAGCGGCCGCATAGGCC 

short 
insert 

TACCCTatGCGGCCGCATAGGCCAS6-J 

CCCTGTatGCGGCCGCATAGGCCAS6-G 

TGTTATatGCGGCCGCATAGGCCAS6-H 

TTACCtatGCGGCCGCATAGGCCAS7-A 

apparent 
blunt 
join 

GTTAT-GCGGCCGCATAGGCS3-F 

CCTGT-GCGGCCGCATAGGCS3-W 

CTGTT-GCGGCCGCATAGGCS3-X 

ACATT-GCGGCCGCATAGGCS3-Y 

junctional 
mh ACCCT.G.CGGCCGCATAGGS4-E 

Table 3-1c.  Primer repeat group III. 
Corresponds to SD-MMEJ at a 4 bp inverted repeat to the right of the DSB.  Short inserts, apparent blunt 
joins, and junctional microhomologies are all represented. 
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original 
sequence 

                               P2  P1 
5'GTTAT CCCTAGCGGCCGCATAGGCC 

short 
insert 

TACCCTatGCGGCCGCATAGGCCAS6-J 

CCCTGTatGCGGCCGCATAGGCCAS6-G 

TGTTATatGCGGCCGCATAGGCCAS6-H 

TTACCtatGCGGCCGCATAGGCCAS7-A 

apparent 
blunt 
join 

GTTAT-GCGGCCGCATAGGCS3-F 

CCTGT-GCGGCCGCATAGGCS3-W 

CTGTT-GCGGCCGCATAGGCS3-X 

ACATT-GCGGCCGCATAGGCS3-Y 

junctional 
mh ACCCT.G.CGGCCGCATAGGS4-E 

Table 3-1d.  
Primer repeat group IV corresponds to a 3 bp inverted repeat to the left of the DSB.  Junctional 
microhomologies and an apparent blunt join are represented. 
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Figure 3-10.  Most SD-MMEJ consistent repair junctions accounted for by four primer repeats. 
  

 

Quantification of the proportion of SD-MMEJ consistent 1-3 bp insertions, apparent blunt joins, and 
junctional microhomologies with primer repeats I-IV as described in Table 1, or a different primer repeat 
(other).   Chi-square contingency tables used to compare the observed ratios of the five categories with 
the ratios derived from randomly generated blunt joins and microhomologies showed that, for both SD-
MMEJ consistent blunt joins and microhomologies, the observed proportions of primer repeats in repair 
products was significantly different from random chance (p<0.01 and p=0.01, respectively).  Ratios of 
primer repeats expected from random chance was estimated from 200 randomly generated SD-MMEJ 
consistent blunt joins and directly calculated by enumeration for microhomology junctions.  Similar 
methods did not generate a sufficient number of random SD-MMEJ consistent 1-3 bp insertions to 
populate a contingency table. 
 
 
 Many of the most frequently used primer repeats are the same for multiple junction types.  

A small set of frequently used primer repeats accounts for a substantial portion of SD-MMEJ 

consistent repair products (Figure 3-10).  Chi-square contingency table analysis comparing 

experimentally observed ratios of repair junctions in the five classes in Figure 3-10 with ratios 

obtained from randomly generated blunt joins and microhomologies indicates that the observed 

frequencies of specific SD-MMEJ primer repeats are unlikely due to random chance (p<0.01 and 

p=0.01, respectively).  Together, these results suggest that SD-MMEJ may be responsible for a 

wide variety of superficially different end-joining repair junction structures. 
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Figure 3-11.  Multiple mechanisms for alternative end joining 
 
Our results suggest that alternative end joining can proceed by a variety of mechanisms:  direct ligation of 
non-complementary blunt ends (left), annealing at pre-existing microhomologies (center), or synthesis of 
de novo microhomologies via SD-MMEJ (right).  Deletions during direct ligation of blunt ends are not 
influenced by repeated sequences.  MMEJ at pre-existing microhomologies (yellow) involves deletion of 
one of the two repeated motifs as well as all sequence intervening between the repeated motifs.  SD-
MMEJ synthesizes de novo microhomologies via priming at a repeat situated entirely to one side of the 
DSB (red).  Any sequence intervening between the primer and the template for the new microhomology 
(blue) is copied and inserted at the break site. Identically colored boxes represent direct repeats. 

MMEJ blunt EJ SD-MMEJ 

Figure 10 
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Figure 3-12.  SD-MMEJ Explains Patterns In Frequency Of Junctional Microhomologies. 
 

 
 
Histogram shows the relative frequency at which specific junctional microhomologies were observed, 
ordered by the number of ambigous nucleotides at the junction.  Contrary to what would be expected if 
repeat length were the primary factor in determining which junctional microhomologies ought to be most 
frequently observed, no clear relationship is observed between length of a particular microhomology (x 
axis labels) and the frequency at which it was observed; a 1 bp junctional microhomology was recovered 
most frequently (see inset for alignment with original sequence).  However, of the 13 junctional 
microhomologies recovered 3 or more times, 12 were SD-MMEJ consistent. 
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Additional Genetic Studies 

mus205 (DNA polymerase zeta) 

  SD-MMEJ consistent junctions and insertion junctions were significantly reduced, but 

not eliminated in mus308 mutants.  This could be due to presence of maternal effect PolQ in the 

early embryo, or due to action of an additional DNA polymerase in SD-MMEJ.  The few 

insertions observed in polQ mutants were distinct from those seen in PolQ competent flies in that 

they never exceeded 12 bp in length and appeared to have a less complex structure.  Other 

preliminary results in the lab had hinted at a potential role for DNA polymerase zeta (PolZ) in 

end-joining repair of large chromosomal gaps (Daniel Kane, unpublished data).  We therefore 

asked if SD-MMEJ might be impaired in flies with a null mutation in mus205, which encodes the 

rev3 catalytic subunit of DNA polymerase zeta (polz mutants).   

  The relative proportion of apparent blunt joins, microhomology junctions, and insertion 

junctions did not differ between junctions recovered from WT and polz mutant flies.  17 apparent 

blunt joins were recovered; of these, 5 (29%) were SD-MMEJ consistent.  This is a statistically 

significant decrease relative to WT blunt joins (P<0.05, Fisher's Exact Test).  Nine short polz 

insertion junctions were recovered; of these, 6 (67%) were SD-MMEJ consistent, representing a 

modest nonsignificant decrease (P=0.21, Fisher's Exact Test) relative to wild-type.  14 of the 20 

total polz microhomology junctions (70%) observed were SD-MMEJ consistent, which is not 

different from wild-type.  Together, these results are suggestive that DNA polymerase zeta may 

play a minor role in SD-MMEJ, especially in cases where nuclease activity has not uncovered a 

junctional microhomology.  It will be interesting to carry out further studies in a mus308 polz 

double mutant background. 
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nbs1 

 A number of recent studies suggest that the MRN complex may play a role in 

microhomology-mediated alternative end joining (11, 12, 13).   In a recent study (14), end-

joining repair junctions from nbs mutant Drosophila were characterized by longer 

microhomologies than typically found in wild-type.  Given evidence that the MRN complex may 

have end-bridging activity (15), we wondered if hypomorphic mutations in MRN complex 

components could result in increased SD-MMEJ. 

 25 apparent blunt joins were recovered from nbs flies; of these, 9 (36%) were SD-MMEJ 

consistent, a decrease relative to wild-type which approaches, but does not reach statistical 

significance (P=0.075, Fisher's Exact Test).  8 of 9 short insertions and 18 of 22 junctional 

microhomologies were SD-MMEJ consistent, which is not different from wild-type.  We 

conclude that if the MRN protein plays a role in Drosophila SD-MMEJ, this role does not 

depend on presence of fully functional nbs1. 
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Discussion 
 In this study, we provide experimental evidence that end-joining junction structures 

typically considered diagnostic of fundamentally different repair mechanisms can be most 

parsimoniously explained by a single mechanism, which we term synthesis-dependent MMEJ 

(SD-MMEJ).  Genetic evidence suggests that SD-MMEJ in Drosophila is a form of Ku and Lig4 

independent alternative end joining that involves mus308, the Drosophila ortholog of vertebrate 

DNA polymerase theta (PolQ). 

 Historically, one of the most difficult to explain aspects of end-joining repair has been the 

diverse spectrum of repair events produced, and the variability of this spectrum both within and 

between studies.  The SD-MMEJ model accounts for many apparently idiosyncratic patterns 

observed in repair junction sequences.  For example, the frequency of particular junctional 

microhomologies in this study did not correlate with microhomology length or distance from the 

DSB, but correlated strongly with whether or not the resulting repair product was SD-MMEJ 

consistent  (Figure 3-12). 

 The SD-MMEJ model suggested by our results provides a fresh perspective on the 

interplay of sequence context and genetic background during end-joining repair.  Previous 

evidence suggests that sequence context can modulate the effect of C-NHEJ deficiency in 

potentially complex ways.  For example, studies comparing different class switch recombination 

junctions from individual C-NHEJ deficient patients have found increased microhomology at 

some junctions, but not others (Reviewed in (16)). 

 End joining and homologous recombination (HR) repair have usually been considered to 

be entirely distinct pathways, rendering the observed increase in insertions in rad51 mutants 

quite surprising.  When present in a single copy, as in this study, the [Iw] DSB can be repaired 
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by gene conversion, although at a low frequency (<10% observed progeny).  One possible 

explanation is that in the absence of HR, DSBs that would be repaired by gene conversion are 

redirected to an alt-EJ pathway.  This would be consistent with reports that nucleases associated 

with HR participate in creation of single stranded 3' DNA tails during alt-EJ (17). 

Previous reports of apparently templated insertions 
 Apparently templated insertions, or "T-nucleotides" are reported in a wide variety of 

systems, from plants to vertebrates.  The frequency at which they are reported varies from 

species to species, possibly indicating species-specific differences in DNA repair or differences 

in the type of DSB substrates investigated in different species.  Correlation of the observation 

that T-nucleotides are more frequently reported in Drosophila (1, 5, 10, 18) than in vertebrate-

derived systems with genome data indicating that no orthologs of the NHEJ-associated X family 

polymerases are present in Drosophila (19) supports the existence of species-specific differences 

in the type and purpose of DNA synthesis during end-joining repair. 

 Very short insertions and/or sequence capture are observed at molecularly defined DSBs 

in vertebrate-derived systems.  There have been comparatively few reports of T-nucleotides in 

vertebrate systems, although exceptions do exist, for example (20) and (21), which found 

complex templated insertions strikingly similar to those observed in our study at inaccurate I-

SceI repair junctions in the U937 lymphoblastoid cell line.  Similar apparently templated 

insertions were also found in a bioinformatic survey of cancer genomes (22), although in this 

case the nature of the lesion precipitating the templated insertion event could not be determined.  

Increased insertions are occasionally reported as a phenotype in C-NHEJ deficient cells (23, 24).   

Since the length of a typical insertion in vertebrate-derived systems is often too short to be 

amenable to the type of statistical analysis usually employed to determine the probability that the 
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insertions are nonrandom, and template-independent DNA polymerase activity is known to be 

involved in vertebrate C-NHEJ, short insertions have generally been assumed to be 

nontemplated.  It will be interesting to revisit these data to ask if short insertions found in 

vertebrate-derived systems are SD-MMEJ consistent.  Initial sequence analysis of examples from 

the literature presented in Chapter 4 show that this possibility merits further consideration. 

 In vertebrate-derived systems, templated nucleotides are most frequently reported in 

situations associated with abnormal DNA repair - specifically, at translocation junctions and in 

cancer genomes.  Interestingly, PolQ expression is increased in several cancers (25), suggesting 

the possibility that templated SD-MMEJ could contribute to genome instability in cancer.  

Templated insertions are frequently observed in vertebrate-derived systems is at translocation 

junctions in lymphomas (26, 27, 28), and casual inspection of these sequence data suggests that 

some of these templated insertions may be consistent with an SD-MMEJ mechanism.   

 If a process similar to the templated SD-MMEJ that we observe to be impaired in mus308 

mutants contributes to DSB repair in humans or other vertebrates, it may not necessarily be 

mediated primarily or exclusively by POLQ.  Structural differences between the POLQ and 

mus308 polymerase domains suggest that the functions of these two proteins in their respective 

organisms may not be completely analogous (29).  Although POLQ is usually considered to be 

the human mus308 ortholog, human DNA polymerase nu (POLN) and the HEL308 helicase also 

have substantial homology to the polymerase and helicase-like domains, respectively, of mus308 

(30, 31), suggesting the possibility that they may serve similar or redundant functions to the 

cognate POLQ domains.  POLN may, in fact, be more closely related than the POLQ polymerase 

domain to the mus308 polymerase doman at the sequence level in that the polymerase domain of 
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human POLQ possesses three "insertions," two of which are required for bypass of thymine 

glycols and abasic sites, which are not found in mus308 (29). 

 Overall, the roles described to date for HEL308 and POLN in DSB repair support a role 

for these proteins primarily in homologous recombination rather than end-joining repair.   As 

well as being similar to the mus308 helicase-like domain, HEL308 also possesses significant 

homology to the Drosophila mus301 (spn-C) gene product, which, unlike mus308, has a 

demonstrated role in homologous recombination repair (32).  It has recently been shown that 

human POLN participates in homologous recombination and, together with HEL308, mediates 

repair of interstrand crosslinks (33).  Consistent with a role in homologous recombination, 

HEL308 demonstrates easily detectable helicase activity in vitro (31), whereas although the 

helicase-like domain of POLQ shows modest DNA-dependent ATPase activity (34), actual 

unwinding by the POLQ helicase domain has not been observed, suggesting that if it has helicase 

activity at all, it is relatively weak or non-processive.  This would, however, be consistent with a 

role in destabilizing already transient secondary structures during SD-MMEJ.  Therefore, we 

speculate that although HEL308 and POLN may be structurally homologous to mus308, and are 

on that basis certainly possible candidates for SD-MMEJ mediators in vertebrate cells, they are 

unlikely to be functional orthologs in terms of SD-MMEJ repair.  This possibility, however, 

remains to be tested. 

 Notably, the SD-MMEJ model provides an alternative explanation for insertions 

appearing to be a single imperfect copy of flanking sequence, with implications for hypotheses 

about what DNA polymerases are likely to play a role in end-joining repair.  Such insertions 

could instead be built up by iterative rounds of synthesis by an accurate non-processive DNA 

polymerase.  The SD-MMEJ model suggests that if "imperfect copies" can be broken down into 
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overlapping repeats consistent with an SD-MMEJ mechanism, activity of accurate template 

dependent as well as error prone polymerases should be considered a possibility. 

Antecedents and alternatives to the SD-MMEJ model  
 A number of models have been proposed to account for apparently templated mutations, 

and the SD-MMEJ model shares both shares features and contrasts with many of these models.  

One recurring general theme, which is shared by the SD-MMEJ model, is the hypothesis that 

transient secondary structures formed at very short repeated sequences can prime DNA 

synthesis.  Models sharing this basic premise generally differ from the SD-MMEJ model in one 

or both of two ways.  First, many similar models describe events originating at repeats of 

sufficient length to form secondary structures stabilized primarily by base pairing (35, 36, 37).  

In contrast with these models, some intermediate structures repeatedly suggested by our 

sequence analysis, such as snap-back priming between two adjacent nucleotides, are unlikely to 

form and persist spontaneously.  We favor the idea that in SD-MMEJ, otherwise 

thermodynamically unfavorable secondary structures are stabilized by the binding of a DNA 

polymerase.  The notion that such structures could be stabilized by protein binding is supported 

by crystallographic data showing that M. tuberculosis LigD with its ancillary polymerase domain 

can mediate a hairpin between two adjacent nucleotides (38). 

 Other models are similar to the SD-MMEJ model in positing an event mediated by 

extremely short repeats.  Of particular note is an analysis of mutations at the maize waxy locus  

(39), which describes repeat structures essentially identical to SD-MMEJ "footprints."  Also in 

this category are the "Tarzan" model proposed in (22) to explain templated insertions in cancer 

genomes, and the FoSTeS model based on the structure of nonrecurrent microindels (40).  In   

fact, the structures of more complex SD-MMEJ events bear remarkable resemblance to miniature 
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FoSTeS events. These models, while being similar to the SD-MMEJ model in that they involve 

very short repeats, differ from SD-MMEJ in that they generally postulate that the that the 

initiating event is not a DSB, but a fault in DNA replication, arising either spontaneously or due 

to a fork-blocking lesion.  Loop-out SD-MMEJ also superficially resembles slippage during 

DNA replication, but differs in that SD-MMEJ is not specific to highly repetitive DNA 

sequences (41).  

 The "Paired Priming" model suggested in (42) comes very close to the SD-MMEJ model 

in describing the relationship between DSB repair and mutation via templated synthesis at short 

repeats, but again postulates a round of DNA synthesis to fix the mutation.  Some events 

reported in that series of papers are SD-MMEJ consistent (20). 

 Although the SD-MMEJ model is highly successful in accounting for a compelling 

proportion of the insertions observed in this study, there are nevertheless insertions that are not 

consistent with the SD-MMEJ model under the parameters used in this analysis.  Depending on 

the structure of the specific junction in question, several alternative explanations are possible.  

Some junctions not consistent under the conditions specified in this analysis do show short 

repeats spanning the breakpoints.  In such cases, it is possible that repair did proceed by an SD-

MMEJ mechanism, but some iterations involved net synthesis of too few nucleotides to result in 

creation of a 4-bp repeat.  Future computational work will include simulations to determine 

whether or not there are conditions under which shorter repeats representing potential synthesis 

tracts can be distinguished from fortuitously SD-MMEJ consistent short repeats.  

 Other insertion junctions appear to have no identifiable junction-spanning repeats on one 

or both sides.  In these cases, a viable alternative to SD-MMEJ as an explanation for apparently 

templated insertions is a sequence-capture model such as those presented in (26, 43).  Capture of 
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foreign DNA at DSBs is well documented in both Drosophila and vertebrate-derived systems (5).  

Two types of sequence-capture models can be envisioned.  Short single or double stranded 

oligonucleotides produced by endonuclease activity during end processing could be inserted into 

the break.  These insertions would appear to be "discontinuous deletions," and would be 

characterized by lack of template in the surrounding sequence and being present in only a single 

copy.  Another possibility is that short direct or snap-back templated oligonucleotides produced 

by "run-off synthesis" (26) near the break could be inserted in the DSB.  Insertions produced by 

run-off synthesis would start as single stranded DNA, which could potentially oligomerize, 

accounting for overlapping copies of surrounding sequence.  These oligomers could be inserted 

into the DSB via short microhomologies or blunt end ligation.    

 The SD-MMEJ model is distinguished in part by its emphasis on a crucial role for 

coupled DNA polymerase and helicase activity.  We speculate that in SD-MMEJ, transient base 

pairing interactions are stabilized by DNA polymerase binding.  This addresses the apparently 

paradoxical observation that some microhomologies that appear to have been created by SD-

MMEJ are not longer than pre-existing microhomologies available near the DSB.  It seems likely 

that annealing at a short microhomology together with polymerase binding could provide better 

end stabilization than base pairing alone.  This is supported by recent evidence from budding 

yeast that a DNA polymerase can have end-bridging activity and can mediate stabilizing 

interactions via base stacking (44).  A role for polymerase-mediated end synapsis in vertebrate 

MMEJ would explain why some C-NHEJ deficient systems exhibit increased frequency of 

microhomologies apparently too short to mediate effective end synapsis via base pairing alone.  

It is also consistent with observation of longer microhomologies in S. cerevisiae MMEJ, because 

budding yeast does not have an ortholog of POLQ. 
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 Our results support the hypothesis that alt-EJ may comprise multiple pathways or 

mechanisms with varying requirements for microhomology (Figure 3-11; Figure S5; Figure S6).  

Previous studies have documented differences between Ku and Lig4 independent alt-EJ (45, 46, 

47).  Our SD-MMEJ model reveals striking differences between Ku and Lig4 independent alt-EJ.  

In ku70 mutants, approximately half of the repair junctions without insertions or microhomology 

did not fit the SD-MMEJ model and are likely true blunt joins.  This suggests that in ku70 

mutants, other proteins, such as the MRN complex, may tether break ends.  However, nearly all 

of the rare apparent blunt joins recovered from lig4 mutants were SD-MMEJ consistent (Figure 

3-9b).  We speculate that this may reflect a need for especially stable break end synapsis to 

maintain the ends in proximity during recruitment of an alternative DNA ligase. 

 In sum, our results contribute to the emerging idea that end-joining repair is best 

conceptualized not as a set of distinct pathways, but as a flexible network of interacting repair 

strategies (48, 49).  Such flexibility could encompass the ability to take advantage of local 

sequence features to facilitate repair.  Thus, characterization of sequence specific effects will 

likely provide important new insights into the fundamental nature of end-joining repair. 
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Materials And Methods 
Fly stocks and crosses 

 Flies were maintained according to standard methods on cornmeal-agar medium in a 25 

degree incubator on a 12 hour light-dark cycle. 

 The [Iw]7 construct (4) was used in all experiments.  The [Iw]7 construct is a P-element 

integrated on chromosome 2 at 53F8 containing the 18 bp I-SceI site (not normally present in the 

Drosophila genome) and a mini-white gene 733 bp downstream (Figure 3-1). Location of the 

integrated [Iw]7 construct was confirmed by inverse PCR. Alignments are based on our 

sequencing data using the PE5' and 3jnB primers (see below).  

 The I-SceI sources used were either the UIE[I-SceI]2R (50) expression construct on the 

right arm of chromosome 2, which is under the control of a ubiquitin promoter, or the hsp70[I-

SceI]1A construct (4) integrated on chromosome 3, which is under the control of a constitutive 

hsp70 promoter fragment. 

 Mutant alleles used in this study were lig4169a (1), spnA057  (51), spnA093  (51), ku707B2.2 (2), 

ku70ex8  (2), mus3082003 (52), mus308Sz-2 9 (53) nbs1, nbs2, nbsSM9 (14), and mus205DK3B (Daniel 

Kane, personal communication).  Transheterozygotes were used whenever possible to avoid 

second site effects. 

 Male flies undergoing germline DSB induction were generated by mating females of 

appropriate genotype harboring the [Iw] construct to males of appropriate genotype harboring an 

I-SceI expression construct.  Germline repair events were recovered in the next generation by 

appropriate individual matings.  Virtually all chromosomes that had been cut had undergone a 

repair event altering or eliminating the I-SceI cut site.  Thus, although an indeterminate number 

of accurate repair events may have occurred prior to inaccurate repair, accurate repair is not 
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quantified in this assay.   Progeny that inherited a chromosome repaired by end joining were 

identified by having pigmented eyes.  Since the [Iw] construct was present on only one 

chromosome, DSB repair by gene conversion or end joining with a deletion to the right >700 bp 

results in the loss of white expression.  On average, >90% of progeny flies inheriting [Iw] 

chromosomes from each mating had pigmented eyes or were the results of gene conversion 

(determined by PCR), indicating that end joining events with large deletions is not a major repair 

pathway in this system.  Only independent events were sequenced. 

 

Repair junction analysis 

 DNA was extracted from individual flies according to (54). PCR was carried out using 

the primers PE5' (GATAGCCGAAGCTTACCGAAGT) and jn3'B  

(GGACATTGACGCTATCGACCTA), which amplify a 1.3 kb region and are approximately 

equidistant from the I-SceI site.  A ~400 bp secondary PCR product was used as an internal PCR 

control.  Amplified products were gel purified (GenScript) and sequenced using the PE5' primer. 
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Sequence analysis and modeling 

 Alignments were done with ClustalW software and/or manual inspection.  Repeated 

sequences were identified via the EMBOSS PALINDROME software (55) or by a suffix-tree 

based repeat finding program.  Computer programs written in our lab were used to estimate the 

frequency of SD-MMEJ consistent junctions by random chance alone.  All simulations and 

calculations used the sequence interval shown in Figure 3-3.  The probability of SD-MMEJ 

consistent blunt joins occurring by random chance at this DSB was estimated by a Monte Carlo 

simulation run three separate times on 10,000 randomly generated apparent blunt joins.  The 

probability of SD-MMEJ consistent junctional microhomologies by random chance alone was 

calculated by enumeration of microhomology junctions.  The probability of SD-MMEJ 

consistent indels with 1-3 bp insertions was estimated by analysis of 110 randomly generated 

junctions with 1-3 bp insertions.  Randomly generated SD-MMEJ consistent repair junctions 

were used to estimate the expected frequency of SD-MMEJ consistent repair junctions in primer 

groups I-IV.  Statistical analyses were carried out in Excel, SPSS, or GraphPad Prism. 
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Chapter 4 

Investigating The Generality Of The SD-MMEJ Model: 

A Meta-Analysis
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Introduction 
 
 The success of the SD-MMEJ model in explaining patterns observed in the spectrum of 

end-joining repair junctions at the [Iw]7 double strand break (DSB) raises questions concerning 

the model's generality and predictive power.  The critical question is whether evidence can be 

found for SD-MMEJ repair at other molecularly defined DSBs.  Initial surveys of end-joining 

repair junction sequences published in the literature suggested that the SD-MMEJ model might 

indeed be applicable outside the context of the [Iw]7 construct and, potentially, in other 

organisms. 

 Given that the SD-MMEJ model could have broader relevance, we wanted to better 

understand what specific sequence contexts and genetic backgrounds facilitate or inhibit SD-

MMEJ.  This information is also necessary to establish a biologically relevant basis for choosing 

the values that define an SD-MMEJ consistent repeat.  These questions are best addressed by 

examining end-joining DSB repair junctions from a variety of different contexts in light of the 

SD-MMEJ model.  Therefore, the logical first step was to carry out a meta-analysis of end-

joining repair junction sequences produced in the course of previously published studies. 

 Ultimately, our primary goal is to refine the SD-MMEJ model so that a suite of SD-

MMEJ reporter constructs can be designed and constructed to facilitate efficient screening in any 

desired number of different genetic backgrounds.   We have developed and validated a novel 

Drosophila embryo plasmid injection assay that yields repair junctions very similar to those 

observed in the chromosomal I-SceI DSB assay, and is far more efficient (for details, see 

Appendix A). 

 A concurrent, complementary goal is development of computational tools for studying 

SD-MMEJ.  It became apparent in the course of the meta-analysis that although the SD-MMEJ 
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model is potentially a powerful tool for predicting the types of mutations likely to be generated 

by inaccurate end-joining repair, it is not feasible to carry out the sequence analysis necessary to 

generate these predictions by hand.  A survey of currently available repeat finding and DNA 

modeling software tools indicated that software optimized for the type of fine structural analysis 

necessary to analyze SD-MMEJ events is not readily available.  We therefore undertook 

development of the necessary computer programs. 

 This chapter details the first phase of the meta-analysis.  The first section briefly 

discusses the issues inherent in choosing parameters for SD-MMEJ consistency and presents the 

results of simulations directed towards better understanding the factors that influence the 

expected frequency of fortuitous SD-MMEJ consistent repeats.  The second section presents the 

results of analyzing sequences representing repair of a wide variety of specific DSBs for SD-

MMEJ consistency. 

Results (I): Modeling And Analysis Of Original Sequences 

Computational analysis of SD-MMEJ consistency criteria 
 Previous analyses of apparently templated insertions have been constrained by 

probabilistic considerations (1, 2).   Short runs of apparently templated synthesis are widely 

observed at end-joining repair junctions.  However, it is in most sequence contexts difficult to 

determine statistically whether a short run of apparently templated synthesis is likely to be 

nonrandom.  To minimize this difficulty, we would like to generate DSB substrates with 

sequences that are expected to generate few SD-MMEJ consistent junctions by random chance. 

 Since DNA sequences contain only four different bases, it seems reasonable to suspect 

that the rate of fortuitously SD-MMEJ consistent junctions observed by random chance could be 

quite high.  We would therefore like to know how frequently we would expect to observe SD-
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MMEJ consistent junctions if SD-MMEJ repair never occurred.  Since the genetic requirements 

for SD-MMEJ repair are not known, it is not possible to determine this frequency 

experimentally.  Thus, the expected frequency of fortuitously SD-MMEJ consistent junctions 

must be estimated from examination of the original sequence flanking the DSB. 

 The expected frequency of SD-MMEJ consistent repeats by random chance depends both 

on parameters determined by the investigator and by the properties of the DNA sequence itself.  

The parameters for which appropriate values must be chosen to estimate the expected frequency 

of fortuitously SD-MMEJ consistent junctions in the context of a specific DNA sequence 

include: 

• The specific set of deletions to be applied to the original sequence 

• The minimum acceptable length for an SD-MMEJ consistent repeat 

• How much sequence flanking the junction to search for consistent repeats  

 Since it is not possible to determine what the deletion spectrum would be in the absence 

of SD-MMEJ repair, a straightforward approach to the first parameter is to simply choose the set 

of deletions to be used in the estimation to be similar to the deletion spectrum observed in the 

actual sequence data.  This method is problematic, however, given that the SD-MMEJ model 

predicts that deletion boundaries will cluster at strong primer repeats.  If SD-MMEJ is indeed a 

major contributor to repair, restricting the deletion spectrum considered in estimation of the 

frequency of consistent junctions by random chance to the range of deletions observed in the 

data may overestimate the probability of consistent junctions by random chance.  

 If the frequency of fortuitously SD-MMEJ consistent junctions depends strongly on the 

properties of the sequence near the DSB, the choice of which deletions to apply to the original 

sequence will dictate the values chosen for the other two parameters.   It is therefore necessary to 
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determine the degree to which specific sequence context may cause the expected frequency of 

fortuitously SD-MMEJ consistent junctions to deviate from the expected overall frequency for 

completely random DNA sequences.   

 In the Chapter 3 study, simulations were carried out in the context of the [Iw]7 DSB to 

estimate the frequency of fortuitously SD-MMEJ consistent repair junctions and choose 

appropriate minimum lengths for SD-MMEJ consistent repeats.  To design efficient SD-MMEJ 

reporters, it is necessary to develop a more general understanding of the relationship between 

minimum consistent repeat length, sequence content, and the expected frequency of SD-MMEJ 

consistent repair junctions by random chance.  We therefore developed simulations to investigate 

the expected frequency of SD-MMEJ consistent repair junctions in randomly generated 

sequences. 

 Figure 4-1 shows the results of a simulation in which large numbers of different 

randomly generated apparent blunt joins were tested for SD-MMEJ consistency for a range of 

minimum consistent repeat lengths and extents of sequence examined to either side of the repair 

junction.  Surprisingly, under the conditions used to determine SD-MMEJ consistency in the 

study in chapter 3 (at least one 4 bp repeat within 20 bp on either side of the apparent point of 

ligation), 50% of randomly generated apparent blunt joins contained at least one SD-MMEJ 

consistent repeat.   The estimated frequency of fortuitously SD-MMEJ consistent apparent blunt 

joins at the [Iw]7 DSB (~43%) is thus somewhat lower than would be predicted for completely 

random DNA of unbiased base pair composition. 

  



 111 

 

 

Figure 4-1.  Effect of minimum SD-MMEJ consistent repeat length and total base pairs searched 
on the frequency of SD-MMEJ consistent randomly generated apparent blunt joins

 
Each data point represents the percentage of 1000 different randomly generated apparent blunt joins with 
unbiased base pair composition that were SD-MMEJ consistent with the indicated minimum consistent 
repeat lengths (rep).  "bp searched" is the sum of base pairs searched to the left and right of the apparent 
point of ligation (ie, a value of 40 corresponds to examining sequence 20 bp to both sides of the junction).  
The parameters used to determine SD-MMEJ consistency in the NAR 2010 study correspond to rep=4, 
bp searched=40.  Trend lines are drawn for each individual repeat length as labeled in the figure.  For 
minimum consistent repeat lengths of 6 and 8, the simulation was run for only one value for base pairs 
searched due to the considerable period of time required for the simulation to run to completion for long 
minimum consistent repeats.  
 
  The discrepancy between the expected proportion of fortuitously SD-MMEJ consistent 

sequences in randomly generated apparent blunt joins and near the [Iw]7 DSB led us to 

hypothesize that biased base pair composition can affect the expected frequency of SD-MMEJ 

consistent repeats.  To test this, we tested sets of randomly generated apparent blunt joins with 

biased base pair composition for SD-MMEJ consistency.   The results are presented in Table 4-1. 

 

 

rep = 2 

rep = 3 

rep = 4 

rep = 5 

rep = 6 
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  base composition  
trial # runs left of DSB right of DSB % consistent 

  A T G C A T G C  
A 10,000 25 25 25 25 25 25 25 25 50.03 
B 1,000 70 5 5 20 70 5 5 20 51.5 
C 1,000 10 5 5 80 85 5 5 5 59.0 
D 100 20 30 20 30 30 20 30 20 47 
E 100 70 10 10 10 10 10 10 70 49 
F 100 30 10 40 20 50 30 10 10 57 
G 100 95 0 5 0 0 0 5 95 2 
H 100 90 5 5 0 5 5 0 90 32 
I 100 85 5 5 5 5 5 5 85 52 

Table 4-1.  Effect of base composition on probability of fortuitous SD-MMEJ consistency 
Results of a simulation investigating the effect of DNA base composition on the frequency of SD-MMEJ 
consistency in randomly generated apparent blunt joins under the criteria used in Yu and McVey, NAR 
2010 (minimum repeated motif length 4, maximum motif separation 15).  Base compositions of the DNA 
to the left and right of the DSB were determined independently.  No a priori knowledge of the original 
sequence was assumed. 
Trial A shows that given unbiased base composition, 50% of randomly generated apparent blunt joins can 
be expected to be SD-MMEJ consistent under the NAR 2010 criteria.  Subsequent runs show that 
substantially biased base composition may or may not have a large effect on the proportion of SD-MMEJ 
consistent blunt joins (compare trials C and I, D and F).   
 
  It is apparent that relationship between biased base composition and the expected 

frequency of fortuitously SD-MMEJ consistent apparent blunt joins is not straightforward.  The 

overall impression yielded by the random simulation data is that biased base composition 

generally does not have a substantial effect on the probability that randomly generated apparent 

blunt joins will be SD-MMEJ until the bias becomes quite extreme (compare trials G, H, and I).  

Therefore, the difference between the expected frequency of SD-MMEJ consistent apparent 

blunt joins in the context of a completely random sequence versus the [Iw]7 construct likely is 

largely due to the specific ordering of the bases relative to each other, not the relatively slight 

bias in base pair composition. 

 The results of this simulation demonstrate that it is indeed possible to manipulate base 

composition to create sequences with low to intermediate probability of fortuitous SD-MMEJ 
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consistency, but that the base composition of sequences generated using a strategy of base pair 

content manipulation alone to ensure a low frequency of fortuitously SD-MMEJ consistent 

junctions is unlikely to be representative of most naturally occurring DNA sequences.  Future 

investigations into developing a strategy for generating SD-MMEJ reporter substrates will 

therefore focus on identifying the relationship between the ordering of specific bases relative to 

each other and the expected frequency of fortuitously SD-MMEJ consistent junctions. 

 These results also have important implications for choice of method to estimate the 

expected frequency of fortuitously SD-MMEJ consistent junctions in the context of a particular 

sequence.  If, as these results indicate, base pair composition alone plays a minor role in 

determining the expected frequency of fortuitously SD-MMEJ consistent junctions, it is not 

appropriate to estimate the expected frequency of SD-MMEJ consistent repeats in specific 

sequence contexts by scrambling the original sequence and applying the observed spectrum of 

deletion lengths. 

 In light of these results, we decided to estimate the expected frequency of fortuitously 

SD-MMEJ consistent apparent blunt joins and microhomology junctions by examining the 

frequency of SD-MMEJ consistent blunt joins and microhomology junctions in the interval 

containing most of the deletion boundaries, since although this would likely lead to an 

overestimate of the expected frequency of SD-MMEJ consistent junctions, the results would 

nevertheless probably be closer to the true value than results obtained from applying the 

observed deletion spectrum to randomly scrambled flanking sequence. 

 We also carried out simulations to better understand how the length of pre-existing 

microhomologies near the break site might affect the frequency of fortuitously SD-MMEJ 

consistent repair junctions.  The analysis of the SD-MMEJ mechanism presented in Chapter 3 
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indicates that fortuitously SD-MMEJ consistent microhomology junctions are likely to be more 

common than fortuitously SD-MMEJ consistent apparent blunt joins, and that this frequency 

ought to increase with increasing length of junctional microhomology.  The simulation results 

presented in Table 4-2 bear out these predictions, but also reveal the interesting trend that the 

rate of increase in the frequency of randomly SD-MMEJ consistent microhomology junctions is 

not constant with microhomology length increases.   

 

Trial # runs mh length % consistent 
A 1000 1 60.0 
B 1000 2 70.5 
C 500 3 76.0 

Table 4-2.  Effect of microhomology length on the probability of SD-MMEJ consistency 
Results of a simulation investigating the effect of junctional microhomology length on the frequency of SD-
MMEJ consistency in randomly generated sequences with microhomology of a given length under the 
criteria used in the study in Chapter 3 (minimum repeated motif length 4, maximum motif separation 15).  
All trials used unbiased base compositions.  No a priori knowledge of the original sequence was 
assumed.  Details of the computer programs used to generate these data are given in the Materials and 
Methods for this chapter. 
 

 The results of simulations with randomly generated sequences confirmed that it is 

important to determine expected frequencies of fortuitously SD-MMEJ consistent end-joining 

junctions in the sequence context of the specific DSB under consideration.  The results of 

simulations to determine the expected frequencies of randomly SD-MMEJ consistent apparent 

blunt and microhomology junctions at the DSBs we examined in this study appear in Table 4-3. 
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 % consistent 
System blunt mh 
[Iw]7 (I-SceI) 43 54 
Rr3 (I-SceI) 52 40 
FokI ZFN (yellow locus) 42 57 
FokI ZFN (rosy locus) 51 63 

Table 4-3.  Estimates of expected frequency of fortuitously SD-MMEJ consistent apparent blunt 
joins and microhomology junctions for the DSB substrates used in this meta-analysis. 
 
Frequencies for [Iw]7 calculated as described in NAR 2010.  Frequencies for other systems estimated 
from analysis of 100 randomly generated junctions in the interval encompassing >90% of observed 
deletions.  Details of the structures of these DSBs are given in the following section.  ZFN: zinc finger 
nuclease. 

Properties Of The Double Strand Break Substrates 

 In this phase of the meta-analysis, we wished to focus specifically on the relationship 

between DSB end sequence and structure and repair outcome, and to avoid confounding factors 

due to interspecies differences in DNA repair.  Therefore, we carried out direct comparisons only 

between data sets generated in Drosophila.  We selected for study two different chromosomally 

integrated I-SceI DSB reporter constructs (the [Iw]7 construct and the Rr3 construct) (3) and two 

zinc finger nuclease DSBs at distinct chromosomal loci (yellow and rosy) (4, 5, 6), as well as 

repair junctions produced by end-joining repair of a large chromosomal gap subsequent to P 

element excision (7).  All DSB induction and repair events in all systems take place in the male 

pre-meiotic germline. 
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I-SceI DSBs: the [Iw]7 and Rr3 constructs 

 

[Iw]7 AGCAGCAGCCGAATTCGGTACATTACCCTGTTAT CCCTAGCGGCCGCATAGGCCACTAGTGGAT 
TCGTCGTCGGCTTAAGCCATGTAATGGGAC AATAGGGATCGCCGGCGTATCCGGTGATCACCTA 

Rr3 ACGGTGTTGTGGCGGCCGTATATTACCCTGTTAT CCCTAGCCGGGGAAGGACAGCTTCTTGTAG 
TGCCACAACACCGCCGGCATATAATGGGAC AATAGGGATCGGCCCCTTCCTGTCGAAGAACATC 

Table 4-4.  Structures of molecularly defined I-SceI DSBs 
Overhanging single stranded ends are shown in bold italic. 
 
 The Rr3 reporter, like the [Iw]7 reporter, is a chromosomally integrated P element 

containing a single I-SceI target site (Table 4-4).   Thus, although the sequence immediately 

adjacent to the DSB is identical between the two reporters, the sequences flanking the I-SceI site 

differ substantially in their potential to form particular transient secondary structures (Table 4-5). 

 

Iw7 TAGAGCAGCAGCCGAATTCGGTACATTACCCTGTTAT CCCTAGCGGCCGCATAGGCCACTAGTGGATCTGG  
Rr3 TTCACGGTGTTGTGGCGGCCGTATATTACCCTGTTAT CCCTAGCCGGGGAAGGACAGCTTCTTGTAGTCGG 

Table 4-5.   Alignment of the sequences of the [Iw]7 and Rr3 DSB substrates. 
 
Matching bases are shaded gray.  The GGCC repeat associated with a large fraction of the SD-MMEJ 
consistent repair events at the [Iw]7 DSB is underlined.  Note that this repeat is absent in the Rr3 
sequence.  The most substantial repeat to the right of the Rr3 DSB, a CCC/GGG inverted repeat, is 
underlined.  Also notable is that due to the first sequence difference to the left of the DSB (C-T mismatch, 
red), junctions with the CCCT microhomology are SD-MMEJ consistent in the  [Iw]7 system, but not 
consistent in the Rr3 system. 
 

The SD-MMEJ model predicts that although these two DSBs have identical end structures and 

sequences, they should yield distinct repair junction sequence spectra.  Furthermore, the specific 

junction sequences recovered should be consistent with synthesis primed by the specific repeats 

available near the DSB.  Of particular note is that the GGCC repeat to the right of the DSB that 

appears to mediate a substantial proportion of SD-MMEJ consistent repair events at the [Iw]7 

DSB is absent in the Rr3 construct (Table 4-5).  We predict that a substantial number of SD-
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MMEJ consistent events in the Rr3 construct will likely be associated with the CCC/GGG 

inverted repeat to the right of the DSB. 

 All Rr3 sequences examined were obtained from a wild-type genetic background.  [Iw]7 

sequences were obtained from a variety of genetic backgrounds, including wild-type, C-NHEJ 

deficient, and homologous recombination deficient.  To facilitate comparisons with the other 

data sets available, [Iw]7 sequences from  Lig4 competent and deficient backgrounds were 

divided into two groups and analyzed separately. 
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Zinc finger nuclease DSBs 

ZFN 
(yellow) 

GCGCCAACAGTATTACCACTGCCTACCGCA TTAAAGTGGATGAGTGTGGTCGGCTGTGGG 
CGCGGTTGTCATAATGGTGACGGATGGCGTAATT TCACCTACTCACACCAGCCGACACCC 

ZFN 
(rosy) 

ATCCCAATGCCCGCACCTATAGCTACTACA CGAATGGCGTGGGAGTCACTGTGGTAGAGA 
TAGGGTTACGGGCGTGGATATCGATGATGTGCTT ACCGCACCCTCAGTGACACCATCTCT 

Table 4-6.  Sequences of the zinc finger nuclease (ZFN) DSB substrates. 
 
Single stranded overhangs are in bold italic.  Terminal base pairs of the recessed 3' ends are underlined.  
Note opportunities for slipped mispairing between the terminal 3' base and the single stranded overhang 
present at the yellow DSB are absent at the rosy DSB. 
 

 To ask whether efficient SD-MMEJ requires the presence of single stranded 3' overhangs 

at the DSB, as well as gain more information about the effects of local sequence context on the 

qualitative outcomes of repair, we analyzed two distinct site-specific chromosomal DSBs with 4 

bp 5' overhangs produced by engineered zinc finger nucleases (ZFNs) (8).   Zinc finger motifs 

recognize specific triplet DNA sequences with high specificity and can be assembled with 

catalytic domains to target the enzyme activity of choice to a specific DNA sequence.  The ZFNs 

that produced the DSBs comprise triplets of zinc fingers fused to the FokI nuclease domain, 

targeted to sites within the Drosophila yellow and rosy loci, which are nonessential genes with 

easily recognizable mutant phenotypes. 

 DSBs with 5' overhangs are different from DSBs with 3' overhangs in that the recessed 3' 

end allows the single-stranded overhang to be filled in by a template-dependent DNA 

polymerase.  This could result in both ZFN DSBs being better substrates for blunt-ended ligation 

than the I-SceI DSBs, and poorer substrates for SD-MMEJ. 

 The sequences around the yellow and rosy DSBs differ in a number of ways that could 

affect the way DNA synthesis proceeds during repair.  For example, one of the terminal 3' base 

pairs at the yellow DSB, but not the rosy DSB, is complementary to the adjacent base in the 

overhang, potentially increasing the likelihood of addition of a few bases to the 3' end by slipped 
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mispairing with the single stranded end.  It is therefore possible that mispairing between the 

terminal 3' base pair and the single stranded 5' ends could result in very short templated additions 

to the 3' end.  Such additions would probably not be long enough to form SD-MMEJ consistent 

repeats.  Because the ends are AT-rich, it is easy to speculate that if the slipped mispairing of the 

3' end occurs once, it could "stutter" multiple times.  The end structure leads to speculation that 

there may be a substantial number of short AT-rich inserts that will not be SD-MMEJ consistent. 

The yellow DSB is also notable for a lack of substantial perfect microhomologies immediately 

distal to the DSB. 

 All repair junctions at the yellow DSB were obtained from a wild-type genetic 

background.  Repair junctions at the rosy DSB were obtained both from wild-type and from 

genetic backgrounds deficient in critical components for C-NHEJ (lig4), homologous 

recombination repair (spn-A or okra, which encode Drosophila orthologs of Rad51 and Rad54, 

respectively), or both.  This analysis, as well as the original study that generated these sequences, 

considers the sequences derived from Lig4 competent and deficient backgrounds separately.  

Data from the Chapter 3 study have been accordingly reclassified to allow comparison of the 

effects of Lig4 deficiency in different sequence contexts. 
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Patterns of deletion boundaries at the Rr3, yellow and rosy DSBs are consistent with SD-

MMEJ repair 
 
 A striking result obtained from the [Iw]7 study was the asymmetry of deletions to the left 

and to the right of the DSB (Figure 3-3).  Although this was interpreted as evidence of resection 

to SD-MMEJ consistent repeats, an alternative explanation is differential protection of the two 

ends of an I-SceI DSB from nuclease attack (9).   If this is the case, the deletion profiles from the 

two systems should be similar.  However, if SD-MMEJ repair is influencing the resection events, 

the larger deletions at the [Iw]7 and Rr3 events should be on opposite sides of the break: the 

more substantial deletions should be to the left of the DSB in the Rr3 system.  Examination of 

the data (Figure 4-2) showed that the deletions to the left were comparatively shorter at the Rr3 

junctions in a manner consistent with SD-MMEJ repair at the CCC/GGG repeat rather than 

nuclease protection. 
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Figure 4-2.  Deletion boundary frequency histograms for deletions to the left and right of the Rr3 
DSB 
 
Bars indicate the remaining nucleotide nearest the DSB.  The 4 bp 3' overhang is shown on both sides of 
the break (underlined).  The intervals shown encompass >90% of total deletions. 
 
a.  Deletion boundaries to the left of the DSB.  Comparison with Figure 3-3 shows differences consistent 
with the predictions of the SD-MMEJ model: the rapid falling-off in deletion boundary frequency observed 
to the left of the DSB in [Iw]7 (Figure 3-3) is attenuated in Rr3. 
 
b.  Deletion boundaries to the right of the DSB.   A majority of deletions are much shorter than at the [Iw]7 
DSB (compare Figure 3-3).  The clustering of deletion boundaries at the CCC is consistent with repair by 
snap-back SD-MMEJ at the CCC/GGG repeat shown in Table 4-5. 
 
 
 

 

Figure 4-3.  Deletion boundary frequency histogram for the yellow DSB 
 
Bars indicate the remaining nucleotide nearest the DSB.  The 4 bp 5' overhang is shown on both sides of 
the break (underlined).  The intervals shown encompass >90% of total deletions. 
 
a. Deletion boundaries to the left of the DSB. 
 
b.  Deletion boundaries to the right of the DSB are consistent with partial or complete fill-in of the 5' 
overhangs or SD-MMEJ at the GTGG repeat to the right of the DSB. 
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Figure 4-4.  Deletion boundary frequency histograms by genotype for the rosy DSB 
 
Bars indicate the remaining nucleotide nearest the DSB.  The 4 bp 5' overhang is shown on both sides of 
the break (underlined).  The intervals shown encompass >90% of total deletions. 
 
a,b: Deletion boundaries to the left (a) and right (b) of the rosy DSB in a Lig4 competent genetic 
background (light gray; n=108) 
 
c,d: Deletion boundaries to the left (c) and right (c) of the rosy DSB in a Lig4 deficient genetic background  
(dark hatched gray; n=58). 
 
C-NHEJ deficiency shifts the deletion boundaries in a manner consistent with SD-MMEJ repair using the 
TAC direct repeat to the left of the DSB (compare a and c) and the GTGG repeat to the right of the DSB 
(compare b and d).  
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 Comparison of the yellow and rosy zinc finger DSB repair junctions (Figures 4-3 and 4-4) 

showed that the distributions of deletion boundaries varied with sequence and genotype in a way 

consistent with SD-MMEJ repair.  At the yellow, DSB, the distribution of deletion boundaries is 

consistent with repair synthesis occurring at the AT-rich ends and via the GTGG repeat to the 

right of the DSB.  At the rosy DSB, deletions from a Lig4-competent genetic background show 

evidence of repair via filling in the left and right 5' overhangs, with evidence of minor 

contribution from SD-MMEJ at the TGG direct repeat to the right of the DSB.  In the Lig4-

deficient background, a dramatic shift in deletion boundaries is observed consistent with SD-

MMEJ at the TAC direct repeat to the left of the DSB and increased reliance on SD-MMEJ at the 

GT-rich repeats to the right of the DSB. 
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Gap repair subsequent to transposon (P element) excision 

  To ask if SD-MMEJ might operate during end-joining repair of a large gap as well as at 

a complementary ended DSB, we examined end-joining repair junctions consequent to P element 

transposon excision in Drosophila (7).   End-joining at this DSB in homologous recombination 

proficient flies is typically carried out by a hybrid HR/EJ pathway in which some amount of 

repair synthesis is carried out before HR is aborted and repair is finished by end joining (10).  

Unlike the repair events examined at the other DSBs in this study, it involves processive 

nuclease, helicase, and DNA polymerase activity.  It is therefore possible that the typical 

complement of repair factors recruited to this DSB could be distinct from that recruited to a 

restriction endonuclease DSB.  The structure of the DNA ends are also almost certainly long 3' 

single stranded tails, rather than the blunt ended deletions or short overhangs presupposed by 

many models of end-joining without prior attempts at homologous recombination.  Therefore, it 

is interesting to ask if evidence for SD-MMEJ appears at this DSB as well. 

 The repair junctions produced by repair of this DSB differ from the others in that large 

and variable amounts of resection take place in the course of repair.  Therefore, a specific 

sequence interval for calculating the probability of fortuitous SD-MMEJ consistent repair 

junctions cannot be meaningfully identified.  Therefore, in calculating the probability of SD-

MMEJ consistent junctions by random chance, we used values produced by the random 

simulation in Table 4-1.  The lack of a consistent sequence context for potential SD-MMEJ 

events also limits potential for commentary on the relationship between sequence context and 

SD-MMEJ repair; hence, in the following sections, notes on the specific patterns of SD-MMEJ 

consistency of the transposon excision DSBs will be relatively brief. 



 125 

 The P{wa} repair junctions in this study were obtained in either wild-type or blm (Bloom 

helicase) deficient backgrounds. 
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Results (II): Sequence Analysis Of Repair Junctions  
 Before considering the detailed results of the sequence analysis, we present summary 

data showing that, consistent with the predictions of the SD-MMEJ model, the relative 

proportions of different junction types differ dramatically in a sequence and genotype specific 

manner, independently of the end structure of the DSB.  We then present three sections reporting 

the overall proportion of SD-MMEJ consistent insertions, microhomology junctions, and blunt 

joins for each DSB considered, and discussing the fine structure of the junctions in light of the 

predictions of the SD-MMEJ model.  Overall, the SD-MMEJ model performs well in predicting 

both the overall proportion of consistent junctions, as well as the sequence details of the 

particular consistent junctions observed.  We also discuss patterns apparent in non SD-MMEJ 

consistent junctions, and suggest alternative explanations for their origins. 
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Substantial variation in relative proportions of apparent blunt joins, microhomology 

junctions, and insertion junctions at different double strand breaks 

 
Figure 4-5.  Relative proportions of different junction types by DSB substrate 
 
Total proportions of apparent blunt joins (ABJs; dark gray), microhomology junctions (mh; light gray), 1-3 
bp insertions (white), and 4+ bp insertions (white) observed at different DSBs.  Descriptions of the 
different DSBs are given in the text.  Total n and genotypes of data sets are as follows: [Iw]7 
(Lig4+/+):n=293. [Iw]7 (Lig4-/-): n=144.  Rr3 (WT): n=90.  ZFN@yellow (WT): n=162.  ZFN@rosy 
(Lig4+/+):n=108 .  ZFN@rosy(Lig4-/-): n=58. P{wa}(WT and Blm-/-) n=38.  Sequences are as follows: 
 

[Iw]7 
(I-SceI) 

AGCAGCAGCCGAATTCGGTACATTACCCTGTTAT CCCTAGCGGCCGCATAGGCCACTAGT 
TCGTCGTCGGCTTAAGCCATGTAATGGGAC AATAGGGATCGCCGGCGTATCCGGTGATCA 

Rr3 
(I-SceI) 

ACGGTGTTGTGGCGGCCGTATATTACCCTGTTAT CCCTAGCCGGGGAAGGACAGCTTCTT 
TGCCACAACACCGCCGGCATATAATGGGAC AATAGGGATCGGCCCCTTCCTGTCGAAGAA 

yellow 
(ZFN) 

GCGCCAACAGTATTACCACTGCCTACCGCA TTAAAGTGGATGAGTGTGGTCGGCTGTGGG 
CGCGGTTGTCATAATGGTGACGGATGGCGTAATT TCACCTACTCACACCAGCCGACACCC 

rosy 
(ZFN) 

ATCCCAATGCCCGCACCTATAGCTACTACA CGAATGGCGTGGGAGTCACTGTGGTAGAGA 
TAGGGTTACGGGCGTGGATATCGATGATGTGCTT ACCGCACCCTCAGTGACACCATCTCT 

 
 
 Even without considering the issue of SD-MMEJ, there is substantial variability in the 

relative proportions of different junction structures produced by end-joining repair at different 

DSBs.  Comparison of the proportions of apparent blunt joins, microhomology junctions, and 

insertion junctions (Figure 4-5) between different systems suggests that not only are DSBs with 
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identical ends repaired differently, but that the effect of genetic background on repair outcome 

may depend heavily on idiosyncratic characteristics of the particular break being repaired. 

 As predicted by the SD-MMEJ model, although the structure and sequence at the ends of 

the [Iw]7 and Rr3 DSBs are identical, different repair product spectra are observed, with 

substantially fewer insertion junctions in the Rr3 system, even when genetic background is taken 

into account. 

 Even more interesting, however, is the comparison between the effect of Lig4 status on 

repair junction spectra in the contexts of the [Iw]7 and rosy DSBs.  Although insertions at the 

[Iw]7 DSB are substantially increased in lig4 mutants, no substantial change in insertion 

frequency is observed at the rosy DSB in lig4 mutants.  This is consistent with the hypothesis 

suggested by the study in Chapter 3 that a complex interaction exists between genetic 

background and sequence context during end-joining repair. 

 Although the absolute percentage of apparent blunt joins and microhomology junctions 

varies from system to system, the overall general trend appears to be that there are 

proportionately more microhomology junctions than apparent blunt joins recovered.  To ask if 

this might be due to random chance, we ran a simulation in which randomly generated deletions 

at the given DSB resulted in an apparent blunt join or a microhomology junction.  The results are 

given in Table 4-7.  Contrary to the observed trend, the simulation predicts that in all systems 

assayed if microhomology is not influencing repair, proportionately more apparent blunt joins 

should be observed than microhomology junctions.  It also suggests that if microhomology 

length is not a factor (as was observed in the study in Chapter 3), opportunities for MMEJ repair 

are approximately equivalent in the systems tested. 
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System %blunt %mh 
Rr3 (I-SceI) 65 35 
FokI ZFN (yellow locus) 70 30 
FokI ZFN (rosy locus) 61 39 

Table 4-7.  Estimated proportions of junction types by random chance for DSB substrates 
 
Relative percentage of blunt joins and microhomology junctions generated by generation of 10,000 
random deletions at the specified DSB. To avoid confounding results due to mechanistic considerations 
(see chapter 1), the simulation was run as a blunt-ended deletion but tallied only the presence or absence 
of microhomology at a junction, not the length of the microhomology.  Microhomologies of all lengths were 
considered. 
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The SD-MMEJ model suggests that most short insertions in most systems are templated 

from surrounding sequence 

 
Figure 4-6.  Proportion of SD-MMEJ consistent 1-3 bp insertions by DSB and Lig4 status 
 
[Iw]7 (Lig4+/+): n=44; [Iw]7 (Lig4-/-): n=26; Rr3 (WT): n=10; yellow (WT), n=44; rosy (Lig4+/+): n=27, rosy 
(Lig4-/-) n=10; P{wa} (WT and Blm-/-): n=4.  Data for Lig4 competent backgrounds is light gray; Lig4 
deficient backgrounds are indicated by dark shaded gray. 
Sequences are as follows: 
 

[Iw]7 
(I-SceI) 

AGCAGCAGCCGAATTCGGTACATTACCCTGTTAT CCCTAGCGGCCGCATAGGCCACTAGT 
TCGTCGTCGGCTTAAGCCATGTAATGGGAC AATAGGGATCGCCGGCGTATCCGGTGATCA 

Rr3 
(I-SceI) 

ACGGTGTTGTGGCGGCCGTATATTACCCTGTTAT CCCTAGCCGGGGAAGGACAGCTTCTT 
TGCCACAACACCGCCGGCATATAATGGGAC AATAGGGATCGGCCCCTTCCTGTCGAAGAA 

yellow 
(ZFN) 

GCGCCAACAGTATTACCACTGCCTACCGCA TTAAAGTGGATGAGTGTGGTCGGCTGTGGG 
CGCGGTTGTCATAATGGTGACGGATGGCGTAATT TCACCTACTCACACCAGCCGACACCC 

rosy 
(ZFN) 

ATCCCAATGCCCGCACCTATAGCTACTACA CGAATGGCGTGGGAGTCACTGTGGTAGAGA 
TAGGGTTACGGGCGTGGATATCGATGATGTGCTT ACCGCACCCTCAGTGACACCATCTCT 

 
 
 It has generally not been considered possible to determine whether short insertions of 1-3 

bp at end-joining repair junctions are templated from surrounding sequence.  However, at most 

DSBs observed, the SD-MMEJ model accounts for the origins of most insertions (Figure 4-6).  It 

also extends the concept of a complex interaction between sequence context and genotype.  In 
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the context of the [Iw]7 DSB, the overall proportion of insertions increased in lig4 backgrounds, 

but here we see that the proportion of consistent junctions is unchanged.  Conversely, at the rosy 

DSB, a trend towards increased SD-MMEJ consistency of short insertions is observed, although 

it does not reach statistical significance (P=0.27, Fisher's Exact Test), likely due to the small 

number of short insertions at the rosy DSB (ten) recovered in the lig4 background. 
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a. [Iw]7 b. Rr3 

GTTA gt GGCCGCATAGGCCACTAGT 

TGT agt GGCCGCATAGGCCACTAGT 

TACCCT at GCGGCCGCATAGGCCA 

CCC ata GGCCGCATAGGCCACTAGT 

ACATTACCCTGTTA c CCGCA 

ACATTACCCTGTTA cc CGGC 

CCCTGTT c CCCTAGCCGGGGAAGGACAGC 

GGCGGCC t TCCCTAGCCGGGGAAGGACAG 

TATTACC ttc CCCTAGCCGGGGAAGGACA 

CTGTTAT tc CCCTAGCCGGGGAAGGACAG 

TATTACCCT a CCCTAGCC 

CGTATATTACCCT ata TTAT 

c. ZFN (yellow) d. ZFN (rosy) 

TTAA tg AGTGGATGAGTGTGG 

ACCG t GTGGATGAGTGTGGTCG 

TATTACCACTGCCTACC ac TGGAT 

ATTACCACTGCCTACCGCA gtg GTGGA 

CCTACCGC g GTGGA 

GCATT t AAAGTG 

GCATT taa AAAG 

ACCTATAGCTA ta GCGTG 

CTAC g TGGCGTGGGAG 

TACT g GGCGTGGGAGT 

CC ag TGGCGTGGGAGTCACTGT 

GACCTATAGCTACTAC ct ATG 

CCTATAGCTACTAC t ATGGC 

AGCTACTACA gt ATGG 

P{wa} vertebrate-derived 

TTATT c GGCAAAATCCGAAGAA 

GATGAAATAACATA ttt CCGT 

 

GGATAA t GGGTAATGCAT(11) 

GGAT ta CCTAACAGGGTAATGC(11) 

GGATAA caggg TATCCCTAACAGGGTAATG(11) 

TAGGGATAA c ATAACAG(12) 

TTATGCatcttCCCTCATCTTCGACC(13) 

CTGCAAACAATGGCCTGcaaacAAATG(14) 

 

Table 4-8.  Examples of representative patterns of SD-MMEJ consistent repeats at repair 
junctions with 1-3 bp insertions. 
 
Superscripts associated with vertebrate-derived sequences reference the study in which the sequence 
was observed. 
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Short Insertions At [Iw]7 and Rr3: 

 Comparing spectra of representative SD-MMEJ consistent insertions observed at the 

[Iw]7 and Rr3 DSBs (compare Table 4-8 a and b) supports the prediction that the sequences of 

the short insertions observed at each DSB should be consistent with synthesis primed from 

repeats near the DSB, again confirming that sequence near, but not adjacent to, the junction can 

exert a strong effect on repair outcome.  Examination of non SD-MMEJ consistent junctions at 

the Rr3 DSB (Table 4-9) suggests that some amount of templated synthesis took place before 

end joining either by blunt ligation or by a synthesis event creating a <4bp repeat. 

TGGCGGCCGTATATTACCCT act TCCCTAGCCGGGGAAGGACA 
----------------CCCTA---CCCTA-------------- 
---------------------CTTCCC------GGGAAG---- 

 
Table 4-9. Example of a non SD-MMEJ consistent short insertion recovered from the Rr3 DSB. 
 
Note the two repeats intersecting the insertion junctions the bottom sequence, suggesting that templated 
synthesis took place in the course of repair. 
 
Short insertions at yellow: 

 Patterns of priming at longer repeats near the DSB are also evident at the yellow DSB.  A 

second class of SD-MMEJ consistent insertions at yellow appears to derive from very short 

additions templated from the AT-rich single stranded ends, resulting in overlapping SD-MMEJ 

consistent repeats.  Interestingly, the latter pattern is also apparent at nearly all the rare non SD-

MMEJ consistent insertion junctions at the yellow DSB (Table 4-10). 
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i CCACTGCCTACCGCATTAAA a GTGGATGAGTGTGGTCGGCT (x2) 

ii TTACCACTGCCTACCGCATT aa AAAGTGGATGAGTGTGGTCG 

iii TTACCACTGCCTACCGCATT aat AAAGTGGATGAGTGTGGTCG (x3) 

iv TATTACCACTGCCTACCGCA tc GTGGATGAGTGTGGTCGGCT 

v CAACAGTATTACCACTGCCT tt TGGATGAGTGTGGTCGGCTG 

Table 4-10.  Non SD-MMEJ consistent short insertions recovered from the yellow DSB. 
 
Note that most junctions suggest production of short overhangs from repeated slipped mispairing events 
between the recessed 3' end and single stranded 5' overhang (see Table 4-6). 
 

Short insertions at rosy: 

 The spectrum of short insertions observed at the rosy DSB is unusual in having a large 

proportion of non SD-MMEJ consistent junctions, and the structures of the observed SD-MMEJ 

consistent repair junctions are unusually diverse, even though 3 bp repeats that appear as if they 

ought to be strong primer repeats are present near both recessed 3' ends.  Conversely, the 

sequences of the non SD-MMEJ consistent 1-3 bp repeats recovered from the rosy DSB show 

some striking similarities (Table 4-11).  This sequence is an excellent candidate for further 

analysis to refine the SD-MMEJ model. 
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i CGCACCTATAGCTACTACAC c GAATGGCGTGGGAGTCACTG (x6) 

ii CACCTATAGCTACTACACGA aa ATGGCGTGGGAGTCACTGTG 

iii ACCTATAGCTACTACACGAA a TGGCGTGGGAGTCACTGTGG (x4) 

iv ACCTATAGCTACTACACGAA a TGGCGTGGGAGTCACTGTGG (x2) 

v CCCGACCTATAGCTACTACA ta CGAATGGCGTGGGAGTCACT 

vi GCCCGCACCTATAGCTACTA tac GGCGTGGGAGTCACTGTGGT 

vii GCACCTATAGCTACTACACG cg AATGGCGTGGGAGTCACTGT 

viii GCACCTATAGCTACTACACG cga AATGGCGTGGGAGTCACTGT (x2) 

 

Table 4-11.  Non SD-MMEJ consistent short insertions recovered from the rosy DSB 
 
Structural similarities between sequences (compare v and vi, vii and viii) suggest that repair took place by 
a nonrandom as yet unelucidated mechanism.  
 

Short insertions at P{wa}: 

 Sequences of P{wa} junctions with short insertions tend to show deletion boundaries 

correlating with relatively repetitive sequences, which could support SD-MMEJ via slipped 

mispairing.
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Microhomology junctions   

 
Figure 4-7.  Proportions of SD-MMEJ consistent microhomology junctions 
 
[Iw]7 (Lig4+/+): n=99; [Iw]7 (Lig4-/-): n=35. Percent total SD-MMEJ consistent [Iw]7 microhomology 
junctions is significantly greater than predicted by random chance (P<0.05, Fisher's Exact Test). Rr3 
(WT): n=39. Percent total SD-MMEJ consistent microhomology junctions at Rr3 is significantly greater 
than predicated by random chance (P<0.01, Fisher's Exact Test). yellow (WT): n=73; percent total SD-
MMEJ consistent microhomology junctions for the yellow DSB significantly greater than predicted by 
random chance (P<0.01, Fisher's Exact Test).  rosy (Lig4+/+): n=29; rosy (Lig4-/-): n=19.  P{wa} (WT and 
Blm-/-): n=18.  Sequences are as follows: 
 

[Iw]7 
(I-SceI) 

AGCAGCAGCCGAATTCGGTACATTACCCTGTTAT CCCTAGCGGCCGCATAGGCCACTAGT 
TCGTCGTCGGCTTAAGCCATGTAATGGGAC AATAGGGATCGCCGGCGTATCCGGTGATCA 

Rr3 
(I-SceI) 

ACGGTGTTGTGGCGGCCGTATATTACCCTGTTAT CCCTAGCCGGGGAAGGACAGCTTCTT 
TGCCACAACACCGCCGGCATATAATGGGAC AATAGGGATCGGCCCCTTCCTGTCGAAGAA 

yellow 
(ZFN) 

GCGCCAACAGTATTACCACTGCCTACCGCA TTAAAGTGGATGAGTGTGGTCGGCTGTGGG 
CGCGGTTGTCATAATGGTGACGGATGGCGTAATT TCACCTACTCACACCAGCCGACACCC 

rosy 
(ZFN) 

ATCCCAATGCCCGCACCTATAGCTACTACA CGAATGGCGTGGGAGTCACTGTGGTAGAGA 
TAGGGTTACGGGCGTGGATATCGATGATGTGCTT ACCGCACCCTCAGTGACACCATCTCT 

 
 
 Given the generally high probability that a microhomology junction will be SD-MMEJ 

consistent by random chance, it is especially striking that in three of the systems investigated 

([Iw]7, Rr3, and the yellow ZFN DSB), the observed proportion of SD-MMEJ consistent 
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microhomology junctions is significantly greater than would be expected by random chance.  

This renders it tempting to speculate that in at least some contexts, observed increases in 

microhomology junctions in C-NHEJ deficient backgrounds could also correlate with an increase 

in SD-MMEJ consistent repair products. 

The contrasting effect of the lig4 genetic background observed at the [Iw]7 and rosy DSBs is 

observed again for microhomology junctions: the proportion of consistent microhomology 

junctions is unchanged in [Iw]7, but increased at rosy. 
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a. [Iw]7 b. Rr3 

CCCT.g.GCCGCATAGGCCACTA 

CAT.ta.GCGGCCGCATAGG 

TGT.ta.GCGGCCGCATAGG 

ACCCT.g.CGGCCGCATAGG 

ATTCGGTACATTA.cc.GCATA 

ATTCGGTACATTAC.c.GGCCG 

ATTCGGTACATTAC.c.ATAGG 

ATTCGGTACATTA.ccCT.AGC(*) 

ATTCGGTACATTAC.cC.GCAT 

CCC.tg.GATCTGGATCCTC 

GAGCAGCC.agc.GGC 

TTACCC.t.TATCCCTAGC 

ATAT . t . CCCTAGCCGGGGAAGGA 

TTAC . cc . CTAGCCGGGGAAG 

CTGT . t . CCCTAGCCGGGGAAGGA 

CCC . t . CCCTAGCCGGGGAAGG 

TTACCC . t . CCCTAGC 

TTACCC . t . TATCCCTAGC 

CGTATATTACCCTG . t . ATCCC(**) 

c. ZFN (yellow) d. ZFN (rosy) 

TTACCACTGCCTACCGC . a . GTGGATG 

TACCACTGCCTACCGCATT . a . GTGGAT 
TACCACTGCCTACC . g . TGGATG 

TACCACTGCCTACCGC . a . GTGTGG 
TTa . a . GTGGATGAGTGTGG 

ACC . g . TGGATGAGTGTGGTCG 

CCTATAGCT . a . TGGC 

GACCTATA . g . cGT 
CTACA . cg . TGGGA 

TAGCTACTA . c . GTG 

GACCTATAGCT . a . TGGC 

ACAc . g . TGGGAGTCACTGTGGTAG 

CTAC . t . GGCGTGGGAGTCACTGTG 

P{wa} vertebrate-derived 

TAAt . tca . TCATGACCC 

AGACCAT . g . aCATGCTA 

ATTTT . ta . AAGCGT 

CAGCGCCATCGAGGTC . ga . TGGCGTAA 

TGA.cc.CCGGCCCTCACCCTC(13) 

AC.Gcc.CTCACCCTCATC(13) 

AGATCC.at.CCCT(15) 

 

Table 4-12.  Representative patterns of SD-MMEJ consistent microhomology junctions 
 
The repair junction consistent with repair by MMEJ at the 4 bp CCCT microhomology (*) is SD-MMEJ 
consistent in the [Iw]7 system, but not in the Rr3 system.  Note the high degree of similarity among the 
SD-MMEJ consistent repair junctions at the yellow DSB. 
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Microhomology junctions at [Iw]7 and Rr3: 

 In the [Iw]7 system, the end-joining repair junction consistent with MMEJ at the 4 bp 

CCCT microhomology contained within the I-SceI site is SD-MMEJ consistent (Table 4-12, 

asterisked), rendering the origin of those junctions ambigious and raising the question of whether 

the high proportion of SD-MMEJ consistent microhomology junctions at the [Iw]7 DSB could 

be fortuitous.  In the Rr3 system, the CCCT microhomology is not SD-MMEJ consistent.  

Nevertheless, the proportions of SD-MMEJ consistent microhomology junctions in both I-SceI 

based systems are essentially equivalent, suggesting that the SD-MMEJ consistency of the 

CCCT repeat did not artificially "inflate" the frequency of SD-MMEJ consistent junctions in the 

[Iw]7 system. 

 Interestingly, one of the most frequently observed SD-MMEJ consistent microhomology 

junctions from the Rr3 DSB (marked with (**) in Table 4-12; recovered 11 independent times) is 

an end mispairing that is SD-MMEJ consistent in the Rr3 system, but not in the [Iw]7 system. 

These observations are consistent with the idea that the frequency at which specific short 

junctional microhomologies are observed correlates with whether or not they are SD-MMEJ 

consistent.  In fact, in the Rr3 system, all of the 1 and 2 bp microhomology junctions recovered 

are SD-MMEJ consistent. 

 
Microhomology junctions at yellow: 

 There are few substantial pre-existing microhomologies near the yellow DSB, which 

could help explain the high proportion of SD-MMEJ consistent repair junctions.   

The diversity of SD-MMEJ consistent microhomology junctions is especially low at the yellow 

DSB; identical repair junctions were independently recovered up to 18 times, and the different 

SD-MMEJ consistent junctions resemble each other so closely on the sequence level that they 
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are difficult to distinguish (Table 4-13).  Interestingly, the only junction consistent with a single 

SD-MMEJ consistent repeat was recovered only once.  This could reflect a requirement for 

synthesis from both break ends for efficient SD-MMEJ in this context, or, perhaps, the proximity 

of the direct repeat to the break renders it more efficient in driving repair. 

i 
TTACCACTGCCTACCGCATTa . a . GTGGATGAGTGTGGTCGGCT 
TTACCACTGCCTACCGCATTa . a . GTGGATGAGTGTGGTCGGCT x16 

ii 
TTACCACTGCCTACCGCATT . a . GTGGATGAGTGTGGTCGGCT 
TTACCACTGCCTACCGCATT . a . GTGGATGAGTGTGGTCGGCT x9 

iii 
GTATTACCACTGCCTACCGC . a . GTGGATGAGTGTGGTCGGCT 
GTATTACCACTGCCTACCGC . a . GTGGATGAGTGTGGTCGGCT x18 

iv 
TATTACCACTGCCTACCGC . a . GTGGATGAGTGTGGTCGGCT 
TATTACCACTGCCTACCGC . a . GTGGATGAGTGTGGTCGGCT x2 

v 
CAGTATTACCACTGCCTACC . g . TGGATGAGTGTGGTCGGCTG 
CAGTATTACCACTGCCTACC . g . TGGATGAGTGTGGTCGGCTG x8 

vi GTATTACCACTGCCTACCGC . a . GTGTGGTCGGCTGTGGGTTT  x1 

 

Table 4-13.  SD-MMEJ consistent microhomology junctions recovered from the yellow DSB. 
 
Number of independent recoveries indicated to the right of the sequence.  Repair junctions i - v are 
consistent with either of two SD-MMEJ mechanisms (indicated by blue and red highlighted repeats).  
Sequence vi was recovered only once, suggesting that the GTG direct repeat rather than the TCG/GCA 
inverted repeat more heavily influences repair. 
 
Microhomology junctions at rosy: 

 The proportion of SD-MMEJ consistent microhomology joins shows what appears to be a 

substantial increase in the lig4 mutant background (Figure 4-6).  Although the proportion of 

consistent junctions is not statistically significant from random chance in either genetic 

background, perhaps due to the relatively high likelihood of fortuitously consistent 

microhomology junctions at this DSB (estimated to be approximately 63%), the difference in the 

frequency of SD-MMEJ consistent microhomology junctions between the Lig4 competent and 
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deficient backgrounds at the rosy DSB does approach statistical significance (P=0.075, Fisher's 

Exact Test). 

 

Microhomology junctions at P{wa}: 

 Annealing at relatively long microhomologies appears to be a prominent mode of repair 

at this DSB, and, accordingly, the observed junctional microhomologies do not show convincing 

evidence of being influenced by SD-MMEJ consistency. 
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Apparent blunt joins 

 
Figure 4-8.  Proportion of SD-MMEJ consistent apparent blunt joins by DSB and Lig4 status 
 
[Iw]7  (Lig4+/+): n=80; [Iw]7 (Lig4-/-): n=21; Rr3 (WT): n=35.  yellow (WT): n=21. rosy (Lig4+/+): n=21. 
rosy (Lig4-/-): n=13; P{wa} (WT and Blm-/-): n=4.  Data for Lig4 competent backgrounds is light gray; Lig4 
deficient backgrounds are indicated by dark shaded gray. 
Proportion of total [Iw]7 SD-MMEJ consistent apparent blunt joins is greater than predicted by random 
chance (P<0.05, Fisher's exact test).  Despite small sample size (n=10), P{wa} apparent blunt joins show 
a definite trend towards greater frequency than predicted by random simulation (P=0.14, Fisher's Exact 
Test).  Sequences are as follows: 
 

[Iw]7 
(I-SceI) 

AGCAGCAGCCGAATTCGGTACATTACCCTGTTAT CCCTAGCGGCCGCATAGGCCACTAGT 
TCGTCGTCGGCTTAAGCCATGTAATGGGAC AATAGGGATCGCCGGCGTATCCGGTGATCA 

Rr3 
(I-SceI) 

ACGGTGTTGTGGCGGCCGTATATTACCCTGTTAT CCCTAGCCGGGGAAGGACAGCTTCTT 
TGCCACAACACCGCCGGCATATAATGGGAC AATAGGGATCGGCCCCTTCCTGTCGAAGAA 

yellow 
(ZFN) 

GCGCCAACAGTATTACCACTGCCTACCGCA TTAAAGTGGATGAGTGTGGTCGGCTGTGGG 
CGCGGTTGTCATAATGGTGACGGATGGCGTAATT TCACCTACTCACACCAGCCGACACCC 

rosy 
(ZFN) 

ATCCCAATGCCCGCACCTATAGCTACTACA CGAATGGCGTGGGAGTCACTGTGGTAGAGA 
TAGGGTTACGGGCGTGGATATCGATGATGTGCTT ACCGCACCCTCAGTGACACCATCTCT 

 
 The proportions by DSB context and genotype of SD-MMEJ apparent blunt joins again 

differ, but this time with the opposite trend observed for the other junction types: for apparent 

blunt joins, the proportion of SD-MMEJ consistent apparent junctions is markedly increased in 
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the lig4 background at the [Iw]7 DSB, but not at the rosy DSB, underscoring the importance of 

sequence context in determining repair outcome. 

 

a. [Iw]7 b. Rr3 

ACATTACCCTGTTA-CCCTAGC 

TGTTAT-GCGGCCGCATAGGC 

TGTTA-GGCCGCATAGGCCACT 

CCTGT-GGCCGCATAGGCCACTAG 

TGTT-GCGGCCGCATAG 

TACATTACCCTGTTAT-TAGCG 

TTACCCT-TCCCTAGCCGGGGAAGGACA 

TTACC-TTATCCCTAGCCGGGGAAGG 

TACCCT-TTATCCCTAGCCGGGGAAGG 

GTATATTACCCTGTTAT-TAGC 

ATATTACCCTGTTA-CCCTAGC 

c. ZFN (yellow) d. ZFN (rosy) 

CATT-GTGGATGAGTGTGGTCG 

CGCAT-GATGAGTG 

TTACCACTGCCTAC-AGTGGATG 

CTACCGC-GGATG 

CTATAGCTA-GCGTG 

CGAA-GTGGGAGTCACTGTG 

ACACG-TGGCGTGGGAG 

CGACCTATAGCTACTA-GGCGT 

ACTACA-GGAGTCACTGTGGT 

P{wa} vertebrate-derived 

AAAACATTAAC-atgtt 

CTTTACCTATGCTA-ccgac 

CGGGCCAAATGGCCGGAGTTGTCAGATCCATT-TGGCAG(15) 

 

Table 4-14.  Representative sequences showing patterns of SD-MMEJ consistent apparent blunt 
joins 
Superscript references the study in which the DSB was observed. 
 
Apparent blunt joins at [Iw]7 and Rr3 

 Considering only Lig4 proficient genetic backgrounds, the frequency of SD-MMEJ 

consistent apparent blunt joins was not different from random chance in either system.  However, 

there is a dramatic shift towards SD-MMEJ consistent apparent blunt joins at the [Iw]7 DSB in a 

lig4 background.  It would be interesting to determine whether this would also be observed at the 

Rr3 DSB. 

 Although the numerical proportion of SD-MMEJ consistent blunt joins observed at the 

Rr3 DSB was not different from random chance, observation of the specific SD-MMEJ 
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consistent repair junctions recovered suggests a pattern of repair mediated by the longer primer 

repeats available near the DSB. 

 Interestingly, distinct spectra of non SD-MMEJ consistent apparent blunt joins are 

observed in the two systems.  For example, the 4 bp deletion corresponding to trimming of the 4 

bp 3' overhangs and blunt ligation is not SD-MMEJ consistent in either system.  This was a 

major repair product in the Rr3 system, comprising nearly a third of apparent blunt joins, but did 

not occur with any notable frequency in the [Iw]7 apparent blunt joins. 

 

Apparent blunt joins at yellow: 

 In striking contrast to the high proportion of SD-MMEJ consistent short insertions and 

microhomology junctions recovered from the yellow DSB, relatively few of the infrequent 

apparent blunt joins (21 out of 162 sequences) recovered from the yellow DSB were SD-MMEJ 

consistent (6 of 21).  However, as at the Rr3 DSB, the patterns of which particular SD-MMEJ 

consistent repeats were observed (compare with patterns observed at microhomology junctions) 

again suggest a nonrandom process. 

 Examination of the sequences of the non SD-MMEJ consistent junctions from the yellow 

DSB implies that the infrequency of SD-MMEJ consistent apparent blunt joins could be in part 

due to the readily available opportunities to create complementary ends via addition of one or 

two base pairs templating from the 5' overhangs.  The most frequently recovered apparent blunt 

join (independently recovered 10 times) has a structure consistent with such an event. 
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Apparent blunt joins at rosy: 

 The overall frequency of SD-MMEJ consistent apparent blunt joins at the rosy locus is 

very nearly statistically significantly lower than would be predicted by random chance (32 versus 

51 percent; P=0.074, Fisher's Exact Test), suggesting that some other mode of repair is the 

predominant generator of apparent blunt joins at this DSB.  Interestingly, the observed spectrum 

of non SD-MMEJ consistent apparent blunt joins at rosy is quite diverse, lacking a clear 

relationship between sequence content and repair outcome. 
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Discussion 
 The results of this meta-analysis indicate that the high proportions of SD-MMEJ 

consistent repeats observed in the [Iw]7 system was likely not an artifact of the sequence context 

of that particular DSB.  SD-MMEJ is likely a prominent mode of end-joining repair in 

Drosophila.  Even in cases where the majority of junction sequences were not consistent with 

SD-MMEJ repair, consistency in the specific patterns of observed SD-MMEJ consistent repeats 

suggests that even if the sequence was not necessarily an efficient substrate for SD-MMEJ, SD-

MMEJ was likely contributing to some repair. 

 The results of this meta-analysis firmly establish the generality of the observation made 

in study in Chapter 3 that a complex and poorly understood interrelationship exists between the 

sequence surrounding a DSB, genetic background, and the outcome of end-joining repair.  The 

especially dramatic contrast between the effect of the lig4 mutant background on repair of the 

[Iw]7 and rosy DSBs emphasizes that it may be perilous to draw general conclusions about the 

effect of C-NHEJ deficiency on end-joining repair from a study that examines only a single 

molecularly defined DSB. 

 Contrasting the proportions of SD-MMEJ consistent apparent blunt joins, 

microhomology junctions, and insertion junctions obtained within the context of a single break in 

some cases to renders an apparently paradoxical result: specifically, the proportion of SD-MMEJ 

consistent junctions for different junction types resulting from the same break can differ 

substantially.  For instance, at the yellow DSB, we observe high proportions of SD-MMEJ 

consistent insertion and microhomology junctions, but few SD-MMEJ consistent apparent blunt 

joins.  On the surface, this observation would seem to contradict the assertion that SD-MMEJ is a 

unifying model for all three classes of repair junction structures. However, closer inspection of 
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the overhangs likely to be synthesized at available primer repeats and the opportunities for base-

pairing on the other side of the DSB (Table 4-15) suggests a different interpretation: SD-MMEJ 

apparent blunt joins are probably infrequent at the yellow DSB because few of the available 

combinations of primer and microhomology repeats can mediate an SD-MMEJ repair event that 

does not produce a net insertion.  

 Potential overlaps with sequence to right (bold) 

left 3' end ABJ overlap overlap with 1bp 
insert 

overlap with 2bp 
insert 

overlap with 3bp 
insert 

CCAACAGTATTACCACTGCCTACCGCA      
GGTTGTCATAATGGTGACGGATGGCGTAATT      

TTAAAGTGGATGAGTG           
aattTCACCTACTCAC 

   

CCAACAGTATTACCACTGCCTACC(actg) 
GGTTGTCATAATGGTGACGGATGG 

TTAAAGTGGATGAGTG           
aattTCACCTACTCAC 

TTAAAGTGGATGAGTG           
aattTCACCTACTCAC 

TTAAAGTGGATGAGTG           
aattTCACCTACTCAC 

TTAAAGTGGATGAGTG           
aattTCACCTACTCAC 

CCAACAGTATTACCACTG(ttgg) 
GGTTGTCATAATGGTGAC 

TTAAAGTGGATGAGTG           
aattTCACCTACTCAC 

TTAAAGTGGATGAGTG           
aattTCACCTACTCAC 

TTAAAGTGGATGAGTG           
aattTCACCTACTCAC 

TTAAAGTGGATGAGTG           
aattTCACCTACTCAC 

CCAACAGTATTACCACTGCCTACCGCA(gtgg) 
GGTTGTCATAATGGTGACGGATGGCGT 

TTAAAGTGGATGAGTG           
aattTCACCTACTCAC 

TTAAAGTGGATGAGTG           
aattTCACCTACTCAC 

TTAAAGTGGATGAGTG           
aattTCACCTACTCAC 

TTAAAGTGGATGAGTG           
aattTCACCTACTCAC 

Table 4-15.  The number of possible SD-MMEJ events is large. 
 
Example illustrating that due to the large numbers of possible SD-MMEJ events, obtaining maximum 
predictive power from the SD-MMEJ model will require computerized analysis. Candidate strong primer 
repeats near the left 3' end of the yellow DSB (highlighted), overhang sequence that would result from 
synthesis using the indicated primer repeats (lowercase in parentheses), and potential base pairings with 
sequence on the opposite side of the DSB that would result in an apparent blunt join or a 1-3 bp insertion 
as indicated (white on black).  3' end sequence that would result from filling in the single stranded 5' 
overhangs to the right of the DSB is indicated by lowercase. 
 
 The example in Table 4-15 illustrates that there are so many possible SD-MMEJ events at 

any given DSB it is not feasible to carry out the sequence analysis necessary to predict the 

outcome of SD-MMEJ at a given DSB by hand.  It will be necessary to automate this analysis to 

design SD-MMEJ reporters with combinations of primer and microhomology repeats able to 

efficiently promote creation of multiple junction types by SD-MMEJ.  However, there are few, if 

any, sequence analysis programs currently available that are optimized for identification and 

characterization of short exact repeats, and, to our knowledge, none that are able to effectively 

model the outcome of iterative rounds of synthesis at a DSB.  As will be described in Chapter 5, 

we are actively developing new software to address this need. 
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 Given the complexity of the relationship between sequence context and end-joining 

repair, design of appropriate SD-MMEJ reporters will be an interesting, though ultimately 

tractable, challenge.  Rather than attempting to design the sequences outright, it will likely be 

most efficient to generate large numbers of random sequences with base composition or 

positioning rendering the probability of fortuitous SD-MMEJ consistency low a priori, and then 

analyzing the randomly generated sequences to identify the likely primer repeats.  Alternatively, 

computational analysis could focus on generating slight variations on the DSB substrates 

analyzed in this chapter.  For example, the [Iw]7 DSB appears to already be a surprisingly good 

substrate for SD-MMEJ, but could be improved as a reporter by small base pair alterations, for 

example to make the products of snap-back versus loop-out synthesis at the GGCC repeat more 

readily distinguishable.  It would also be interesting to generate slight variations on the rosy DSB 

to investigate which, if any, improved its ability to support SD-MMEJ.  

 The difficulties of designing a good SD-MMEJ reporter became clearly apparent during 

the process of selecting data sets to include in the meta-analysis.  Many data sets appeared, upon 

casual inspection, to show convincing evidence of SD-MMEJ repair.  However, when subjected 

to simulations designed to predict the expected frequency of fortuitous SD-MMEJ consistent 

apparent blunt joins and microhomology junctions, the expected frequency often turned out to be 

unacceptably high.  For example, non-complementary ends produced by double I-SceI cuts, 

which are widely used in reporters in vertebrate-derived systems, have a repetitive structure that 

results in nearly all possible microhomology junctions near the DSB being SD-MMEJ consistent, 

rendering it impossible to discern whether or not patterns of junctional microhomology are due 

to use of SD-MMEJ repair. 
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 Fortunately, the results of the data sets that were appropriate for inclusion in this meta-

analysis demonstrate that it is indeed possible to specify a molecularly defined DSB at which the 

probability of fortuitous SD-MMEJ consistent apparent blunt joins and/or microhomology 

junctions under maximally inclusive consistency criteria is acceptably low.  This result is 

especially welcome from the perspective of designing SD-MMEJ reporters for use in vertebrate-

derived systems, in which apparent blunt joins and microhomology junctions tend to dominate 

repair junction spectra. 

 It is quite possible that studies in non-insect systems may show that SD-MMEJ is not an 

equally important mechanism for end joining in all organisms.  If this is the case, it would make 

the SD-MMEJ model especially interesting from the perspective of molecular evolution, as 

differential use of SD-MMEJ repair across organisms could help account for interspecies 

differences in the evolution of genome architecture (16). 

 The most important conclusions to be drawn from this study, however, are not specific to 

the SD-MMEJ model.   It has been shown many times over that when the most reliable result 

across studies is the degree to which the results appear inconsistent, it is highly probable that 

fundamental approaches to data analysis need to be reconsidered before further progress can be 

made.  This study demonstrates that reevaluation of the ways in which sequence data are 

interpreted can lead to fresh insights regarding the relationship between DNA sequence and the 

mechanisms of mutagenesis. 
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Materials And Methods 
End-joining sequence data:  

 The Rr3 sequence data were generated in the course of the study described in (3).  The 

complete data set with additional flanking sequence was provided by Dr. William Engels 

(personal communication).  The zinc finger nuclease DSB junction data were generated in the 

course of the studies described in (17, 18).  Junction sequences not explicitly published, along 

with additional flanking sequence data, were provided by Dr. Dana Carroll (personal 

communication).  Additional flanking sequence at the P{wa} junctions published in Adams et al. 

were reconstructed by the author of this study based on the complete P{wa} sequence (Mitch 

McVey, personal communication).  All junction sequences were checked by alignment with the 

original sequence.  Sequences that could not be unambiguously reconstructed from the available 

information (for example, sequences with large insertions of unspecified base composition, or 

deletions identified as having junctional microhomology for which two copies of the repeated 

motif could not be located in the original sequence) were discarded, as were the few sequences 

from the I-SceI and ZFN data sets with deletions so large as to preclude meaningful comparison 

with the other junction sequences (typically >40 bp).  Some junctions were reclassified in this 

study based on the author's alignment; for example, for the I-SceI DSB, the 3 bp insertion 

consistent with mispairing between the 3' overhangs was reclassified as a microhomology 

junction rather than an insertion.  For the purposes of this study, an "insertion" was defined to be 

all base pairs intervening between the left and right boundaries demarcating the left and 

rightmost position at which the original and repair product sequence did not match, even if some 

of the bases in the interval between the left and the rightmost mismatched positions could be 

aligned with the original sequence.  This criterion for defining an insertion was made on the 
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consideration that for a base pair to be changed or removed, the base pairs intervening between 

the changed/removed base and the end of the DNA would also need to be removed. 

Computational analysis:  

 All computer programs used to carry out the simulations and analyses in this chapter 

were written by the author in the Python programming language. 

 The program that generated and analyzed the random apparent blunt joins and 

microhomology junctions summarized in Figure 4-1, Table 4-1, and Table 4-2 takes as input the 

type of junction to be generated (microhomology or apparent blunt join), relative proportions of 

bases to the left and right of the DSB (and in the microhomology if specified), the minimum 

match length required to classify a sequence as SD-MMEJ consistent or not, the length of the 

random sequence to be generated, the length of the junctional microhomology (if applicable), 

and the number of times the simulation should be run.  For each run, the simulation randomly 

generates independent DNA sequences with the specified base compositions as the right and left 

sides of the repair junction (and the microhomology, if appropriate) and joins them into a single 

sequence.  The program then uses the randomly generated sequence to determine the base 

composition of all motifs spanning the point(s) at which the sequences were joined that, if 

repeated, would result in the randomly generated junction being SD-MMEJ consistent.  Once the 

breakpoint-spanning sequences are determined, the program uses a sliding window to 

systematically check the sequence surrounding the breakpoint for matches to the breakpoint-

spanning motifs.  As soon as a match is found, the program increments a counter keeping track 

of the number of matches, aborts the current run, and begins the next run with a new randomly 

generated repair junction.  If no match is found, a corresponding counter is incremented and the 

next run begins, again with a new repair junction.  The error-free operation of the program was 
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confirmed via manual examination of the program output, an example of which is given in Table 

4-16 below: 
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Table 4-16.  Sample output from SD-MMEJ analysis software 
 
Example output from a computer program that generates random blunt joins of a given sequence 
composition, tests them for SD-MMEJ consistency, and tabulates the results of multiple runs.   
 

========================================= 
Running HazConsistentRepeat, wordLen=4 
AGCCATGACGCCCATGCCCG (len(seq)=20, bkpt=10) 
refMotifIndices are [7, 8, 9] 
========================================= 

Example of the report output at the beginning of each run, showing the sequence that has been randomly 
generated for that run.  
 
 

Running IsRep(refIndex=9, testIndex=12, wordLen=4, debug=True) 
AGCCATGACGCCCATGCCCG seq 
---------GCCC------- [9, 13] refSeq (rc: GGGC) 
------------catg---- [12, 16] testSeq 
does not match!  
 
Running IsRep(refIndex=9, testIndex=13, wordLen=4, debug=True) 
AGCCATGACGCCCATGCCCG seq 
---------GCCC------- [9, 13] refSeq (rc: GGGC) 
-------------atgc--- [13, 17] testSeq 
does not match!  
 
Running IsRep(refIndex=9, testIndex=14, wordLen=4, debug=True) 
AGCCATGACGCCCATGCCCG seq 
---------GCCC------- [9, 13] refSeq (rc: GGGC) 
--------------tgcc-- [14, 18] testSeq 
does not match!  
 
Running IsRep(refIndex=9, testIndex=15, wordLen=4, debug=True) 
AGCCATGACGCCCATGCCCG seq 
---------GCCC------- [9, 13] refSeq (rc: GGGC) 
---------------gccc- [15, 19] testSeq 
match found!  
 
The four last iterations of the sliding window matching algorithm for the run in the first panel. 
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Table 4-16 (continued) 
 

========================================= 
ConsistentRandomBluntSim Final Results 
----------------------------------------- 
trials=10, seqLen=20, wordLen=4 
LpctA=25, LpctT=20, LpctG=30, LpctC=25 
RpctA=10, RpctT=30, RpctG=10, RpctC=50 
 
2 consistent; 8 not consistent 
----------------------------------------- 
========================================= 

Report generated upon completion of the program, including the number of trials (here, 10), the length of 
the random sequences generated (20), the minimum length for an SD-MME J consistent repeat (4), the 
base pair compositions to the left and right of the DSB, and the total numbers of SD-MMEJ consistent/not 
consistent sequences tabulated.   
 
 Two programs were used to determine the expected frequency of SD-MMEJ consistent 

repeats in the context of the specific DSB substrates given in Table 4-3.  The first program, 

which was also used to generate the expected proportions of apparent blunt joins and 

microhomology junctions in Table 4-7, took as input the original DNA sequence to the left and 

right of the top strand nick, two lists of integers from which deletion lengths to the left and right 

of the nick were randomly selected at each run ("deletion pools"), and the number of trials to run.  

The content of the deletion pools were specified based on the observed range of deletion lengths 

in the data sets.  At each run, the program randomly selected deletions to the left and right of the 

top strand nick, applied the deletions to the original sequence, and compared the resulting 

internally deleted sequence to the original sequence to determine whether or not the deletion had 

junctional microhomology.  Internally deleted sequences were enumerated, aligned with the 

original sequence, and written to an output file sorted by the junction type.   The error-free 

operation of the program was verified via examination of output files.  An excerpt from a typical 

output file is shown in the Table 4-17 below: 
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Table 4-17.  Sample random deletions output from SD-MMEJ analysis software 
 
rosy_ABJ 6175 
CCGGAAACGAATCCCAATGCCCGCACCTATAGCTACTACA CGAATGGCGTGGGAGTCACTGTGGTAGAGATCGATTGCCT 
CCGGAAACGAATCCCAATGCCCGCACCTATAG-------- -GAATGGCGTGGGAGTCACTGTGGTAGAGATCGATTGCCT 
 
rosy_ABJ 6176 
CCGGAAACGAATCCCAATGCCCGCACCTATAGCTACTACA CGAATGGCGTGGGAGTCACTGTGGTAGAGATCGATTGCCT 
CCGGAAACGAATCCCAATGCCCGCACCTATAGCTACTACA -----GGCGTGGGAGTCACTGTGGTAGAGATCGATTGCCT 
 
rosy_MH 1 
CCGGAAACGAATCCCAATGCCCGCACCTATAGCTACTACA CGAATGGCGTGGGAGTCACTGTGGTAGAGATCGATTGCCT 
CCGGAAACGAATCCCAATGCCCGCACCTATAGCTACTAC- --------GTGGGAGTCACTGTGGTAGAGATCGATTGCCT 
 
rosy_MH 2 
CCGGAAACGAATCCCAATGCCCGCACCTATAGCTACTACA CGAATGGCGTGGGAGTCACTGTGGTAGAGATCGATTGCCT 
CCGGAAACGAATCCCAATGCCCGCACCTATAGCTACTAC- --------GTGGGAGTCACTGTGGTAGAGATCGATTGCCT 

 
Sample output from a computer program that generates internally deleted sequences with deletions to the 
left and right of a breakpoint randomly selected from pools of user-specified deletion lengths.  Internally 
deleted sequences are output as alignments with the original sequence.  The sample output above was 
generated from the original sequence at the rosy zinc finger DSB. 
 

 To determine the proportions of the randomly generated sequences that were SD-MMEJ 

consistent, sets of randomly generated apparent blunt joins or microhomology junctions were 

manually edited into a format compatible with a variant of the program that produced the output 

in Table 4-16, which had been modified to take user-specified sequence batch files as input, 

instead of generating random sequences. 

 For the sequences in the actual data sets, we wanted to identify the complete set of SD-

MMEJ consistent repeats rather than simply asking whether or not an SD-MMEJ consistent 

repeat was present in the sequence.  This was accomplished by a program that also used a 

sliding-window matching algorithm, but rather than terminating the run when a match was found 

and incrementing a counter, this program iterated through all possible comparisons of 

subsequences that would be SD-MMEJ consistent repeats if those subsequences were direct or 

reverse complement repeats.  The program compiled a list of the locations of all SD-MMEJ 
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consistent repeats in the sequence and generated as output an alignment of the original sequence 

and the complete set of SD-MMEJ consistent repeats.  The error-free operation of this program 

was verified by inspection of the output, examples of which are presented in Figure 4-18 below.  

SD-MMEJ consistency of insertion junctions was tabulated manually from the generated 

alignments. 

Table 4-18.   Sample output from SD-MMEJ analysis software. 
 
Sample output from the computer program used to identify SD-MMEJ consistent repeats in junction 
sequences from data sets.  Here, points of apparent ligation that would be represented by box boundaries 
in formatted output are indicated by upper/lower case transitions in the original sequence.  SD-MMEJ 
consistent repeats are given as alignments below the junction sequence. 
 

a. 
seqID: @RYS1CAR4(X2/WT1/OK1) 
seqType: ABJ 
GCACCTATAGCTACTACACGtggcgtgggagtcactgtgg 
----------------CACG-------------------- 
------------------CGtg------------------ 
 
------------------CGtg------------------ 
-----------------------cgtg------------- 
 
-------------------Gtgg----------------- 
------------------------gtgg------------ 
 
-------------------Gtgg----------------- 
------------------------------------gtgg 
b. 
seqID: @RYS1CAR3(X1/OK1) 
seqType: ABJ 
CCCGCACCTATAGCTACTACcgaatggcgtgggagtcact 

 
a,b: Sample output showing SD-MMEJ consistent (a) and not consistent (b) apparent blunt joins at the 
rosy DSB. 
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Table 4-18 (continued) 

c. 
seqID: ENGwt-25x1 
seqType: MH 
GCGGCCGTATATTACCCTGTtCCCTAGCCGGGGAAGGACAG 
-------------------TtCC------------------ 
-------------------------------GGAA------ 
 
--------------------tCCC----------------- 
------------------------------GGGA------- 
d. 
seqID: ENGwt-4x8 
seqType: MH 
GTTGTGGCGGCCGTATATTAccctAGCCGGGGAAGGACAGCTTC 

 

c,d: Sample output from the Rr3 data set showing SD-MMEJ consistent (c) and not consistent (d) 
microhomology junctions  Note that the non-consistent junction shown in panel (d) is the CCCT 4 bp 
microhomology within the I-SceI target sequence that is SD-MMEJ consistent in the context of the [Iw]7 
DSB but not the Rr3 DSB. 
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Table 4-18 (continued) 

e. 
seqID: @YCARWT65X1 
seqType: INST 
ACAGTATTACCACTGCCTACacTGGATGAGTGTGGTCGGCTG 
------------------ACac-------------------- 
-----------------------------GTGT--------- 
 
----------CACT---------------------------- 
-------------------CacT------------------- 
 
-------------------CacT------------------- 
----------------------------AGTG---------- 
 
-CAGT------------------------------------- 
--------------------acTG------------------ 
 
-----------ACTG--------------------------- 
--------------------acTG------------------ 
f. 
seqID: @YCARWT32X3 
seqType: INST 
TTACCACTGCCTACCGCATTaatAAAGTGGATGAGTGTGGTCG 
-----------------ATTa---------------------- 
-------------------Taat-------------------- 

 
e,f: Sample output from the yellow DSB data set showing SD-MMEJ consistent (e) and non-consistent (f) 
short insertions.  Note that although the insertion in panel (f) has one repeat intersecting a point of ligation 
(upper/lowercase transition), it is nevertheless not SD-MMEJ consistent because there is no repeat 
intersecting the other point of ligation.
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Chapter 5 

Future Directions
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 Development of software for sequence analysis and modeling of end-joining repair 

events is ongoing.  The software used in the meta-analysis presented in Chapter 4 is highly 

reliable and enables rapid, accurate studies of data sets far larger than could be analyzed by hand.  

However, it has certain limitations that will ultimately need to be addressed on a fundamental 

design level.  This will require implementation of more sophisticated, and in some cases 

completely novel, data structures. 

 For example, in Table 4-18, SD-MMEJ consistent repeats longer than the minimum 

consistency threshold of 4 bp are reported as overlapping 4 bp-long substrings.  It would be 

desirable modify the program to report only full-length SD-MMEJ consistent repeats.  However, 

the sliding-window algorithm renders implementation of this enhancement surprisingly difficult 

because the rules for identifying which substrings comprise a single SD-MMEJ consistent repeat 

turn out to be unexpectedly complex. 

 Another enhancement which is highly desirable, but essentially impossible to implement 

with a sliding-window algorithm, is automated evaluation of longer insertion junctions for SD-

MMEJ consistency.   As described in Chapter 3, irrespective of junction type, the task of 

determining whether or not a junction is SD-MMEJ consistent is in essence determination of 

whether or not that junction has sequence patterns that could have been produced by a specific 

biological process.  This means that to write software that evaluates junction sequences for SD-

MMEJ consistency, a fundamentally biological concept must be translated into a set of pattern-

matching rules for sorting repair junction sequences.  For apparent blunt joins and 

microhomology junctions, this conceptual translation is straightforward: the sequence is 

consistent if it contains a repeated motif intersecting an apparent point of ligation.  This can 

easily be implemented as a sliding-window pattern-matching algorithm. 
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 For insertion junctions, however, the additional requirement that existence of the 

synthesis template be verified at each step means SD-MMEJ consistency cannot be evaluated by 

simple substring pattern matching in the final repair product.  Instead, to evaluate the SD-MMEJ 

consistency of an insertion junction, it is necessary to directly model the repair process.  An 

algorithm evaluating an insertion junction must first identify the sequence that was present at the 

beginning of the repair process, and then iteratively determine all possible combinations of net 

synthesis events (if any) that could culminate in production of the observed repair product, 

updating the available template at each step.  The sliding-window algorithm is clearly not 

adequate to demands of this problem.  

 To address the fundamental limitations of the SD-MMEJ consistency evaluation software 

used in this study, the version of the SD-MMEJ consistency evaluation software currently under 

active development uses a fundamentally different approach to identifying repeated sequences.  

Instead of representing a DNA sequence as a linear string of bases, it stores the DNA sequence in 

a data structure called an affix tree (1, 2).  This strategy for representing DNA sequences inside 

the computer enables very efficient and flexible search algorithms, which can readily be tuned to  

identify only full-length SD-MMEJ consistent repeats.  Additionally, the affix tree representation 

of the DNA sequence can be efficiently updated in a way that facilitates implementation of the 

modeling necessary to evaluate SD-MMEJ consistency of sequences with longer insertions.  The 

same basic strategy can also be used to generate detailed predictions about likely outcomes for 

SD-MMEJ repair at any specific sequence.  This will greatly aid development of novel SD-

MMEJ reporter sequences.  A working prototype of this software has been achieved, and is 

under active testing. 
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 A second software development project currently underway is automation of the 

modeling approach used in Chapter 1 to demonstrate that increased nuclease activity, as well as 

annealing at longer microhomologies, could account for observed increases in junctional 

microhomology.  Currently, many DNA sequence analysis programs, depending on application, 

either treat DNA sequences as if they were text or take detailed thermodynamic considerations 

into account.  In contrast to this, the SD-MMEJ model was developed by modeling DNA at an 

intermediate level of complexity.  Base pairing of both strands was taken into account, but the 

details of the thermodynamics were abstracted away. Computational tools for automating the 

pencil-and-paper thought experiments that led to the SD-MMEJ model are not to our knowledge 

available in the toolkits provided by bioinformatics programming resources such as BioPython 

(3).  It is our goal to remedy that deficiency.  This software should find general application 

among researchers interested in modeling the consequences of hypotheses concerning enzymatic 

action during DNA repair.   



 163 

Appendix A 

Rapid Screening Of I-SceI DSB End-Joining Repair Junctions In 
Drosophila Embryos
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Introduction 
 To further refine the SD-MMEJ model, we wish to compare end-joining repair junction 

sequences from several different DSB substrates in a variety of different genetic backgrounds.   

Because the time and work involved in creating the many transgenic Drosophila lines necessary 

to carry out these experiments in a chromosomal context is prohibitive, we decided to develop an 

alternative higher-throughput screening approach. 

 Previous work in our lab and publications in the literature (1) suggested that such screens 

could be done efficiently via injection of plasmid DNA into fly embryos.  In these studies, 

Drosophila embryos were injected with linearized plasmid DNA, and recircularized repair 

products recovered via transformation into E. coli.  Characterization of repair product sequences 

demonstrated the presence of insertions at repair junctions, suggesting that repair of linearized 

plasmids proceeds via a mechanism similar to the mechanism producing insertions at 

chromosomal DSBs.  However, unlike the majority of chromosomal repair products we observed 

in the [Iw]7 assay, substantial deletions were frequently observed in recircularization products 

from linear injected DNA. Since testing the SD-MMEJ model requires comparison of end-

joining repair junctions created in a specifically defined sequence context, a system biased 

towards production of large deletions of variable extent is not ideal. 

 We speculated that the large deletions incurred during repair of linear injected DNA 

could be due to nuclease activity unrelated to the actual repair event, and that the frequency of 

large deletions could be reduced if the DNA were injected in circularized form and the DSB 

induced inside the nucleus, as in the chromosomal assay.  Efficient cutting of chromosomal 

substrates by maternal effect I-SceI in Drosophila embryos has been previously demonstrated 

(2). 
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Figure A1-1. Experimental strategy for rapid screening of end-joining repair junctions in 
Drosophila embryos. 
 
Plasmids containing an I-SceI cut site (gray box) are injected into embryos containing maternal effect I-
SceI, which results in successive rounds of cutting and repair.  I-SceI resistant plasmids (shortened gray 
box) are recovered from embryos by alkaline lysis, transformed, and sequenced. 
 

Materials And Methods 
 Plasmids:  A 1.3 kb [Iw]7 PCR product was TA cloned into the pGEM-T Easy vector 

(Invitrogen) according to the manufacturer's recommendations.  Plasmids were prepared for 

injection with a midiprep kit (Qiagen), resuspended in water, and stored in aliquots at -20° until 

use. 

 Fly stocks:  Embryos were obtained from w1118; UIE[I-SceI], Sp / CyO[I-SceI]2R (2) 

females, which harbor two chromosomally integrated I-SceI expression constructs under a 

consistitutive ubiquitin promoter. 

Embryo injections:  

 Pre-cellularized embryos were collected at intervals of 30 minutes, dechorionated, and 

prepared for injection via standard methods.  Plasmid DNA was injected at a concentration of 

approximately 0.1µM.  Only pre-cellularized embryos were injected.  After injection, embryos 

were held at room temperature to allow cycles of cutting and repair.  In initial experiments, 

!!
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embryos were held overnight. However, repair products obtained from these experiments 

contained a substantial proportion of what appeared to be homologous recombination mediated 

plasmid concatamers and rearrangements.  A previous study (3) suggested that homologous 

recombination mediated plasmid concatamerization occurs primarily in later embryogenesis.  

Therefore, to maximize the proportion of end-joining repair products, subsequent studies held 

injected embryos at room temperature for up to 4 hours, after which embryos were frozen at -20° 

until recovery of plasmid DNA. 

Recovery of repaired plasmids:  

 Injected embryos were ground and low molecular weight DNA recovered by alkaline 

lysis miniprep and ethanol precipitation.  Recovered plasmids were subjected to in vitro I-SceI 

digestion to eliminate any uncut or perfectly repaired plasmids.  Digested plasmids were 

transformed into chemically competent XL-1 Blue E. Coli.  To ensure that only independent 

repair products were recovered, cells were allowed only 20 minutes recovery time before plating. 

Screening of transformants:  

 Individual bacterial colonies were screened for the presence of inaccurate repair junctions 

via colony PCR with the PE5' and jn3B (See Chapter 3) primers.  The PCR products were 

directly digested with I-SceI and run on a 1% agarose gel.  Any samples showing evidence of 

digestion products were not analyzed further.  Colonies yielding I-SceI resistant PCR products 

were miniprepped and test digested with XmnI and SphI to exclude repair products with deletions 

substantially larger than those observed in the chromosomal assay.  Repair products that did not 

yield appropriately sized fragments (approximately 2757 and 1607 bp for XmnI; 3912 and 450 

for SphI) were not analyzed further.  I-SceI resistant plasmids that yielded the expected 

restriction fragments upon XmnI and SphI digestion were sequenced. 
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Results 
 Sequencing of [Iw]7 repair junctions demonstrated that the spectrum of end-joining 

repair junctions recovered from the embryo plasmid injection assay closely resemble the 

junctions observed in the chromosomal assay. 

  

Figure A1-2.  End-joining repair junctions obtained from initial studies in the plasmid embryo 
injection assay. 
 
Note that the SD-MMEJ consistent short insertion obtained resembles SD-MMEJ consistent junctions 
recovered from the chromosomal assay in that the repair event appears to have been mediated by the 
GGCC repeat.   Additionally, the longer insertion appears to have been synthesized from templates in the 
surrounding sequence.  

end mispair ATTACCCTGTTATtatCCCTAGCGGCCGCATA 

SD-MMEJ 
consistent 

insert 

AATTCGGTACATTACCCTGTTATgtGGCCGCATAGGCCACTAGTGG 
AATTCGGTACATTACCCTGTTATgtGGCCGCATAGGCCACTAGTGG 

SD-MMEJ 
consistent 
!homology 

 
ATTACCCTGT.TA.ACGTTAACTCGAGGCC 

longer 
insert ATTACCCTGTTATaaccctgtaacttatccctagcggccgaATAGGCCACTAG 
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Discussion 
 We have demonstrated that plasmids containing I-SceI target sites injected into embryos 

obtained from female flies expressing I-SceI are cut and subjected to inaccurate end-joining 

repair, and that the sequences of the end-joining repair junctions so obtained resemble the 

junction sequences obtained from repair products of the same DSB induced in a chromosomal 

context.  This is, to the authors' knowledge, a novel approach in Drosophila, and suggests that 

the end-joining repair mechanisms that operate on plasmid and chromosomal DSBs in this model 

organism may be in some important respects largely similar.  This opens new possibilities for 

rapid screening approaches to investigate the relationship between sequence context and end-

joining repair. 
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