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Abstract

The double-strand break (DSB) repair pathway called microhomology-mediated end-joining 

(MMEJ) is thought to be dependent on DNA polymerase theta (Polθ) and occur independently 

of nonhomologous end-joining (NHEJ) factors. An unresolved question is whether MMEJ is 
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facilitated by a single Polθ-mediated end-joining pathway or consists of additional undiscovered 

pathways. We find that human X-family Polλ, which functions in NHEJ, additionally exhibits 

robust MMEJ activity like Polθ. Polλ promotes MMEJ in mammalian cells independently of 

essential NHEJ factors LIG4/XRCC4 and Polθ, which reveals a distinct Polλ-dependent MMEJ 

mechanism. X-ray crystallography employing in situ photo-induced DSB formation captured Polλ 
in the act of stabilizing a microhomology-mediated DNA synapse with incoming nucleotide at 2.0 

Å resolution and reveals how Polλ performs replication across a DNA synapse joined by minimal 

base-pairing. Last, we find that Polλ is semisynthetic lethal with BRCA1 and BRCA2. Together, 

these studies indicate Polλ MMEJ as a distinct DSB repair mechanism.

DSBs are potentially lethal DNA lesions that are repaired primarily by homologous 

recombination (HR) and NHEJ1,2. HR occurs during S/G2 cell cycle phases and maintains 

genome integrity owing to its use of a homologous DNA donor template1. NHEJ, which 

can act throughout the cell cycle, is a low fidelity DSB repair pathway due to minimal 

DNA end processing and lack of utilization of a DNA donor template.2 More recently, 

the error-prone DSB repair pathway MMEJ, or alternative end-joining (alt-EJ), has been 

discovered3–5. Like HR, MMEJ acts on 3′ ssDNA overhangs generated by 5′−3′ resection 

of DSBs, but typically utilizes small tracts (2−8 bp) of microhomology for DNA synapsis 

and repair and results in chromosome translocations and large indels6–10. In contrast, NHEJ 

functions on DSBs containing blunt or very short 5′ or 3′ ssDNA overhangs and does not 

require microhomology2.

Although MMEJ (alt-EJ) was reported as a distinct end-joining mechanism in mammalian 

cells in 20083, thus far only a few proteins have been assigned to this pathway. 

The error-prone A-family Polθ was shown to promote MMEJ in mammalian cells 

and invertebrates6–9,11,12. Thus, MMEJ is also referred to as Polθ-mediated end-joining 

(TMEJ)12. Although Polθ plays an important role in MMEJ, residual MMEJ type DSB 

repair signatures have been observed in Polθ-deficient cells13–17. Thus, an important 

question that arises is whether MMEJ is facilitated by a single Polθ-mediated end-joining 

(TMEJ) process, or consists of additional undiscovered MMEJ pathways.

Results

Polλ exhibits similar MMEJ activity as Polθ

To initially probe whether Polθ independent MMEJ mechanisms exists, multiple human 

and yeast DNA polymerases (Pols) were screened for MMEJ activity in vitro. As a 

positive control for MMEJ activity, we utilized the polymerase domain expressed by 

POLQ (herein referred to as Polθ)11. The previously characterized MMEJ assay uses a 

preannealed partial ssDNA (pssDNA) radiolabeled DNA template containing a 12 nt 3′ 
ssDNA overhang with a 6 nt palindrome microhomology tract (Fig. 1b)11. Following 5′
−3′ DNA resection of a DSB, Polθ promotes synapsis between 3′ ssDNA overhangs via 

microhomology-mediated base-pairing, then extends the partially paired strands by using 

the opposing overhang as a template in trans (Fig. 1a)11,12. In the absence of sufficient 3′ 
terminal microhomology, Polθ preferentially performs snapback replication via formation of 

a microhomology-mediated hairpin loop11,18. MMEJ was performed at 37 °C by incubating 
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Polθ with the pssDNA (Fig. 1b, top), deoxyribonucleoside triphosphates (dNTPs), MgCl2, 

and standard buffer conditions for 45 min in the absence of a ligase. Reactions were 

terminated by EDTA and proteinase K, which degrades protein while leaving DNA intact. 

The DNA was resolved in a nondenaturing polyacrylamide gel run at room temperature 

then visualized by phosphorimager. These MMEJ assay and gel conditions were previously 

shown to detect and quantitate MMEJ products facilitated by the ability of Polθ to promote 

microhomology-mediated DNA synapse followed by extension of the minimally paired 3′ 
ssDNA overhangs11. Consistent with previous research, Polθ performed MMEJ efficiently 

as indicated by the top band (Fig. 1b, lane 2)11,18. We attribute the intermediate faint 

band to abortive end-joining. We next screened multiple eukaryotic Pols for MMEJ activity 

using identical conditions. Replicative B-family Pols δ and ε exhibited exonuclease activity 

on the pssDNA (Fig. 1b). A-family Polγ and X-family Polμ showed no MMEJ activity 

(Fig. 1b). A-family Klenow fragment—a homolog of Polθ—and Y-family Pols η and κ 
showed minimal MMEJ activity (Fig. 1b). All Pols exhibited activity on a traditional primer-

template as expected (Extended Data Fig. 1a).

We next examined X-family Polλ for MMEJ activity. Polλ promotes gap filling during 

NHEJ, is related to Polμ, which also functions in NHEJ2,19,20, and has been implicated 

in base excision repair21,22. Polλ promoted efficient MMEJ, similar to Polθ (Fig. 1c). 

Polθ MMEJ products were slightly larger than those of Polλ, which we attribute to the 

terminal transferase activity of Polθ23. As a control, the addition of XmaI resulted in 

endonucleolytic cleavage of the MMEJ product (Fig. 1d). This demonstrates the presence 

of the XmaI CCCGGG/GGG CCC double-strand recognition sequence formed by MMEJ, 

similar to previous studies11. Polθ and Polλ exhibited nearly identical relative rates of 

MMEJ, suggesting a similar mechanism of DNA end-joining (Fig. 1e–g).

Polλ specializes in MMEJ of DNA with short 3′ ssDNA overhangs

We next characterized the MMEJ template requirements of Polλ compared with those 

of Polθ to potentially distinguish their respective MMEJ mechanisms. Microhomology, 

gap length and 5′-phopshate presence were probed (Fig. 2a). Polθ MMEJ is known 

to be stimulated by the 5′ terminal phosphate on the resected strand11. Both Polθ and 

Polλ MMEJ were stimulated by the 5′-phosphate, indicating similar involvement of their 

respective lyase domains, which bind the 5′-phosphate adjacent to a ssDNA gap (Fig. 

2c,d)19,24. Indeed, stimulation of Polλ gap filling by the presence of a 5′-phosphate was 

demonstrated in previous studies25. Polθ and Polλ exhibited identical MMEJ activity with 4 

bp microhomology and a 2 nt gap (Fig. 2e–g). A 1 nt gap significantly reduced Polλ MMEJ, 

whereas Polθ MMEJ was reduced only slightly (Fig. 2e–g). Further reducing the gap length 

to 0 nt abolished Polλ MMEJ, but did not affect Polθ MMEJ (Fig. 2e–g). Polλ exhibited 

limited MMEJ (17%) on pssDNA, enabling a 8 nt gap, whereas Polθ showed significantly 

higher MMEJ (53%) on this template (Fig. 2h).

We compared Polλ and Polθ MMEJ of ssDNA, which models DSBs with long 3′ ssDNA 

overhangs. The polymerase domain of Polθ predominately performs snapback replication on 

ssDNA when intramolecular microhomology enables hairpin loop formation (Extended Data 

Fig. 1b–d)18. Full-length Polθ containing a N-terminal superfamily 2 helicase promotes 
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proficient MMEJ on ssDNA substrates, which suggests Polθ acts on long 3′ ssDNA 

overhangs formed during S-phase18. As expected, Polθ polymerase performed primarily 

snapback replication on ssDNA. Polλ, however, showed no ssDNA extension activity (Fig. 

2i and Extended Data Fig. 1b–d). Hence, ssDNA extension activity is not a requirement 

for Polλ MMEJ. Polθ performs minimal MMEJ on pssDNA with 2 bp microhomology11. 

Polλ is also capable of extending pssDNA with 2 bp microhomology, whereas Polμ is not 

(Extended Data Fig. 2a). Although a previous report implicated X-family Polβ in alt-EJ26, 

Polβ failed to perform MMEJ under identical conditions as used for Polλ (Extended Data 

Fig. 2b). These data demonstrate that Polλ exhibits robust MMEJ across DNA synapses 

with relatively short gaps and overhangs, whereas Polθ can tolerate both long and short gaps 

and overhangs (Fig. 2j).

Polλ promotes MMEJ independently of Polθ and NHEJ factors

Next, the ability of Polλ to promote MMEJ in a biological setting was tested using 

MMEJ GFP reporter assays. We recently developed a MMEJ GFP reporter assay containing 

5′ DNA-protein conjugates that demonstrated a significant reduction in MMEJ in Polθ-

deficient cells13. We slightly modified the reporter assay to examine Polλ MMEJ in 

mammalian cells. The bipartite DNA reporter includes separate upstream (left DNA) and 

downstream (right DNA) portions of a linear GFP expression construct that include 6 bp 

of overlapping sequence, which serves as microhomology in close proximity to the internal 

break (Fig. 3a). For this reporter, 5′−3′ DNA resection in cells is required to generate the 

3′ ssDNA overhangs that expose the complementary (microhomologous) bases. A deletion 

of the terminal AT-rich sequence tracts is also required for MMEJ repair and activation 

of the green fluorescent (GFP) expression construct in cells (Fig. 3a). The upstream 

and downstream terminal ends of the left and right constructs, respectively, contained 

streptavidin-biotin linkages to suppress nuclease degradation of DNA nonproximal to 

the microhomology as in previous studies13. The left and right DNA were transfected 

into 293T cells, then 72 h posttransfection cells were harvested and GFP(%) determined 

via fluorescent-activated cell sorting (FACS) of live cells. A mCherry expression vector 

was used as a control for normalizing transfection efficiency. As a positive control, we 

demonstrated that knockdown of Polθ via siRNA significantly reduced GFP cells, which 

confirms a main function for Polθ in MMEJ (Fig. 3b and Extended Data Fig. 3a)13. We 

next generated POLλ−/− 293T cells via CRISPR−Cas9 (Fig. 3c and Extended Data Fig. 3b), 

and determined whether these cells exhibit reduced MMEJ compared with POLλ+/+ 293T 

cells using the reporter assay. The results showed a significant reduction of GFP POLλ−/− 

cells, which demonstrates that Polλ promotes cellular MMEJ, similar to Polθ (Fig. 3c). 

As a control, we showed that Polλ expression rescued MMEJ in POLλ−/− cells, indicated 

by a significant increase in GFP (Extended Data Fig. 3c). siRNA knockdown of Polθ in 

POLλ−/− cells significantly reduced GFP, indicating that Polλ and Polθ have a nonepistatic 

relationship in MMEJ (Fig. 3d and Extended Data Fig. 3a).

Importantly, MMEJ (alt-EJ) is defined as occurring independently of essential NHEJ factors. 

Because Polλ is thought to function primarily in NHEJ, we sought to determine whether 

Polλ MMEJ activity occurs independently of essential NHEJ factors Ligase 4 (LIG4) 

and XRCC4. We generated LIG4−/− 293T cells via CRISPR−Cas9 (Fig. 3e and Extended 
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Data Fig. 3d), and tested whether Polλ promotes MMEJ in these NHEJ-deficient cells. 

Knockdown of Polλ via siRNA significantly reduced GFP positive LIG4−/− cells (Fig. 3e), 

demonstrating that Polλ promotes MMEJ independently of LIG4. Knockdown of Polλ also 

significantly reduced GFP-positive XRCC4-deficient 293T cells (Fig. 3f and Extended Data 

Fig. 3d) and XRCC4-deficient HCT116 cells (Extended Data Fig. 3e).

To further investigate Polλ MMEJ activity, we probed its ability to promote the repair of 

another MMEJ reporter that was originally used to identify MMEJ/alt-EJ in mammalian 

cells3. Here, 8 bp microhomology tracts within a GFP expression construct chromosomally 

integrated in mouse embryonic stem cells (mESCs) are separated by a stop codon and rare 

I-SceI endonuclease recognition site (Fig. 3g). Transfection of an I-SceI expression vector 

induces a site-specific DSB and subsequent GFP activation via MMEJ. Importantly, previous 

studies demonstrated that MMEJ activation of this GFP reporter occurs independently 

of NHEJ3. Consistent with the results above for the bipartite MMEJ reporter, siRNA 

knockdown of Polλ significantly reduced MMEJ of the chromosomally integrated reporter, 

as indicated by a significant reduction of GFP. Hence, these data further confirm the ability 

of Polλ to facilitate MMEJ independently of NHEJ factors.

Since Polλ promotes MMEJ in addition to NHEJ, and has been implicated in base excision 

repair, we investigated whether it contributes to the proliferation of BRCA1/2-mutant cells, 

like Polθ6,12,27,28. Although suppression of NHEJ via inhibition of DNA-dependent protein 

kinase (DNA-PK) failed to induce synthetic lethality in BRCA1/2-mutant cells in recent 

studies29, and herein (Extended Data Fig. 4a), we envisaged that Polλ may promote 

the survival of HR-deficient cells due to its NHEJ-independent DNA repair activities. 

Suppression of Polλ expression via siRNA caused a substantial reduction in clonogenic 

survival of BRCA2-null cells; a modest reduction in survival was observed for BRCA2-

wildtype (WT) cells (Fig. 3h). Knockdown of Polλ also substantially reduced the survival of 

BRCA1-mutant cells (Fig. 3h). By comparison, knockdown of Polθ induced near complete 

synthetic lethality in BRCA1/2-deficient cells (Extended Data Fig. 4b). Although Polλ is 

not absolutely essential for the survival of BRCA1/2-deficient cells, a semisynthetic lethal 

interaction is observed between Polλ and BRCA1/2, which suggests that Polλ contributes to 

compensatory DSB repair in HR-deficient cells, albeit to a lesser degree than Polθ.

Structural basis for Polλ MMEJ activity

Finally, we sought to elucidate the molecular basis of Polλ MMEJ activity by employing X-

ray crystallography. Attempts at growing crystals of Polλ bound to a MMEJ substrate with 

a short 3′-ssDNA overhang containing small tracts of microhomology were unsuccessful 

likely due to transient binding by the polymerase. An in situ photocleavage method 

was developed that employed UV-irradiation of a photocleavable nucleo tide embedded 

in the template strand to induce a site-specific DSB break within the crystal (Fig. 4a). 

This approach allowed us to solve a 2.0 Å structure of Polλ caught in the act of 

stabilizing a MMEJ DNA synapse mediated by a single base pair of microhomology while 

binding the incoming (TTP) (Fig. 4b). The structure reveals how Polλ mediates productive 

stabilization of a MMEJ synapse. The Polλ stabilized MMEJ junction contains four strands 

of polymerase-bound substrate DNA comprised of 1-nt gaps in both primer and template 
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strands bridged by a single G-C base pair between the gaps, and bound TTP (Fig. 4c). 

The structure is similar to a previously determined precatalytic structure of Polλ bound 

to DNA containing a single nucleotide gap and a TTP analog (Extended Data Fig. 5a)30. 

Our structure is also similar to recently solved Polλ structures on NHEJ DNA repair 

intermediates paired by 1−2 base pairs31. However, an important distinction between our 

structure and recently solved structures of Polλ bound to NHEJ DNA intermediates is the 

presence of gaps on both sides of the microhomology-mediated DNA synapse, which is 

more representative of a MMEJ intermediate (Fig. 4a,c). The MMEJ DNA intermediate 

adopted a characteristic conformation displaying a bend of around 90° and bridged by a 

single G-C base pair (Fig. 4c and Extended Data Fig. 5b).

The lyase (8 kDa) subdomain binds the 5′-phosphate and downstream primer and stabilizes 

the MMEJ synapse (Fig. 4d and Extended Data Fig. 5d,e), which is consistent with 5′-

phosphate stimulation of Polλ MMEJ (Fig. 2c). The fingers and palm subdomains primarily 

stabilize the primer strand, and the palm and thumb subdomains stabilize the template 

strand (Fig. 4b). Template strand gap stabilization is achieved by interactions with the 

phosphates on the margins of the microhomology gap (Fig. 4e and Extended Data Fig. 5c). 

Interestingly, His530 stabilizes the backbone phosphate of the downstream template strand 

gap marginal nucleotide (T8) in our structure (Fig. 4e). Yet, in a Polλ NHEJ intermediate 

structure containing a nick at this particular position, His530 interacts with the 3′-hydroxyl 

of a deoxyribose (Extended Data Fig. 5c)31. Additionally, Arg517 and Glu529 stabilize 

the nucleotide base of the upstream (T6) template strand (Fig. 4e). Arg517 is an active 

site residue that forms part of α-helix N, which influences active site conformation and 

nucleotide insertion fidelity.

Interestingly, the base of the primer strand nucleotide (Pn−1) opposite the template strand 

gap could be modeled in both the anti- and syn-conformations, and thus likely influences 

primer strand conformation and metal coordination in the active site (Fig. 4f and Extended 

Data Fig. 5f). The catalytic and nucleotide metal sites display coordination of a divalent 

metal ion consistent with active site metal coordination by most other polymerases. A 

divalent metal ion in this site has not been previously observed in the Polλ ground state 

ternary complex. This is significant since the catalytic metal allows activation of primer 

terminal O3′ for reaction with Pα to enable nucleotide insertion. Overall, the active site is 

in a conformation consistent with catalysis on this MMEJ synapse (Fig. 4g). Hence, these 

structural observations strongly support a role for Polλ in microhomology-mediated DNA 

synapse stabilization and productive nucleotide insertion across a MMEJ junction, consistent 

with our biochemical and cell biology findings.

Discussion

Our report characterizes a previously undiscovered MMEJ mechanism that is promoted by 

Polλ, but occurs independently of NHEJ factors LIG4/XRCC4 and Polθ. Future studies are 

necessary to elucidate how this mechanism of Polλ-dependent MMEJ is regulated and to 

identify associated end-joining factors. For example, although MMEJ was reported to occur 

independently of Ku70, and Ku70/Ku80 shows very weak binding to DSBs with 3′ ssDNA 

overhangs5,10, the possibility exists that these NHEJ factors may influence Polλ MMEJ 
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choice following initial DSB formation3. It will also be interesting to determine whether 

PARP1, MRN-CtIP and LIG1/3 play direct roles in Polλ dependent MMEJ. Important 

considerations are whether the rate of Polλ MMEJ is significantly slowed in the absence 

of LIG4 (ref. 32), and whether other ligases (LIG1/3) can substitute for one another to 

facilitate this form of MMEJ. Mechanistically, our structural studies reveal how Polλ 
stabilizes a minimally paired DNA synapse to enable productive nucleotide insertion across 

a MMEJ junction. The enhancement of template strand gap stabilization by specific residue 

interactions suggests that Polλ evolved to efficiently perform replication across a minimally 

paired DNA synapse. Although the 1 bp MMEJ junction formed in the crystal structure is 

substantially shorter than the microhomology lengths used in cellular assays, we note that 

Polλ interacts with the MMEJ junction and incoming nucleotide in a manner that is poised 

for phosphodiester bond formation. Thus, the structure of the Polλ MMEJ intermediate 

complex supports productive DNA synthesis across the minimally paired ssDNA overhangs 

and is consistent with the efficient MMEJ activity of Polλ in vitro.

Consistent with our findings, recent studies further support the ability of Polλ to perform 

DNA synapsis and deoxyribonucleotide insertion across short 3′ ssDNA overhangs joined 

by 1−2 bp of microhomology31. In contrast to previous studies, our report characterizes 

the activity of Polλ on DNA end-joining substrates containing significantly longer 3′ 
ssDNA overhangs, gaps and microhomology tracts that were designed to model MMEJ 

intermediates. For example, we find that Polλ performs MMEJ of DNA substrates 

containing 5−12 nt ssDNA overhangs, 1−8 nt gaps and 4−6 bp of microhomology in 

a similar fashion to Polθ, the prototypical MMEJ polymerase. Interestingly, both Polλ 
and Polθ possess efficient extension of mismatched base pairs, suggesting their shared 

promiscuous activities contribute to MMEJ33,34. Importantly, our cellular studies support 

the ability of Polλ to promote DSB repair by utilizing 6−8 bp of microhomology along 3′ 
ssDNA overhangs generated by 5′−3′ resection. Hence, our report demonstrates that the 

end-joining activity of Polλ is not limited to DNA breaks containing short (<4 nt) ssDNA 

overhangs and the minimal (1−2 bp) microhomology that is more typical of NHEJ. Thus, 

our findings reveal that the biochemical activity of Polλ was selected to accommodate a 

wider variety of end-joining substrates than previously recognized. Finally, the observation 

that Polλ contributes to the survival of BRCA1/2-deficient cells demonstrates the potential 

of this multifunctional polymerase as a DNA damage response drug target.

Online content

Any methods, additional references, Nature Portfolio reporting summaries, source data, 

extended data, supplementary information, acknowledgements, peer review information; 

details of author contributions and competing interests; and statements of data and code 

availability are available at https://doi.org/10.1038/s41594-022-00895-4.

Methods

In vitro MMEJ assay

The indicated 5′ 32P-γ-ATP radiolabeled pssDNA or ssDNA template (50 nM) was mixed 

with 20 μM dNTPs and 2 mM ATP, in a 40 μl volume of reaction buffer solution (25 
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mM Tris-HCl pH 8.8, 1 mM DTT, 0.01% NP-40, 10% glycerol, 10 mM MgCl2). MMEJ 

reactions were initiated by adding 20 nM of the indicated polymerase and incubating at 37 

°C. Reactions were terminated after 40 min, unless indicated otherwise, by the addition of 

10 μl 5× stop buffer (0.1 M Tris-HCl pH 7.5, 80 mM EDTA, 10 mg ml−1 proteinase K, 0.5% 

SDS) and incubating at 37 °C for 15−30 min. DNA was resolved in nondenaturing 12% 

polyacrylamide gels run at 20 W to maintain low temperature. MMEJ (%) was determined 

by dividing the intensity of the upper band (MMEJ products) by the sum of the intensities of 

all apparent bands in the respective lane. Bar plot data is represented as mean of MMEJ (%), 

n = 3, ± s.d.

Cell lines

Mouse embryonic stem cells with MMEJ reporter was a kind gift from J. Stark (City of 

Hope) and were generated in previous studies as described3. The cells were cultured in ES 

medium on either MEF feeders or gelatinized plates. ES medium contains DMEM (Gibco) 

supplemented with 15% FBS (Cytivia), 2 mM l-glutamine (Sigma), 100 U ml−1 Penicillin 

(Sigma), 0.1 μg ml−1 streptomycin (Sigma), 0.1 mM nonessential amino acids (Invitrogen), 

leukemia inhibitory factor (LIF), 2-β-mercaptoethanol (Gibco) and penicillin/streptomycin 

(Sigma). POLλ−/− HEK293T cells were generated by CRISPR−Cas9 engineering and were 

purchased from Genscript. Lig4 null HEK293T cells were generated by CRISPR−Cas9 

engineering. DNA plasmid (5 μg) (pX458 containing LIG4 short guide RNA sequence) was 

transfected into HEK293T cells using Lipofectamine 2000 (Invitrogen) according to the 

manufacturer’s instructions. At 48 h after transfection, cells were harvested and genomic 

DNA was isolated using a DNA extraction kit (Qiagen) according to the manufacturer’s 

instructions. Genomic DNA fragments of LIG4 around the short guide RNA site were 

amplified by PCR. PCR products were used for Surveyor nuclease mutation detection assays 

using the SURVEYOR mutation detection kit (Transgenomic) according to manufacturer’s 

protocol. Single cells were sorted by flow cytometry (BD FACSAria). Single cell clones 

were expanded and screened for and knockout by western blotting. A XRCC4 null 

HEK293T pool was generated by CRISPR−Cas9 engineering and were purchased from 

Synthego. HEK293T cells were cultured in DMEM supplemented with 10% FBS, 2 mM l-

glutamine, nonessential amino acids and penicillin/streptomycin. XRCC4 null HCT116 was 

a kind gift from E. Hendrickson (University of Minnesota) and were generated in previous 

studies35. DLD1 BRCA2−/− and DLD1 Parental were obtained from Horizon discovery. 

MDA 436 BRCA1 mut and MDA 231 (used as WT control for MDA 436) cells were 

obtained from the American Type Culture Collection. DLD1 BRCA2−/−, DLD1 Parental, 

MDA-MB-436 BRCA1 mut and MDA-MB-231 were cultured in RPMI supplemented with 

10% FBS, 2 mM l-glutamine, nonessential amino acids and penicillin/streptomycin.

Bipartite MMEJ GFP reporter assay

The methods described below were derived from a previously published article13. HEK293T 

and HCT116 cells (1 × 104) were plated on a 24 -well plate and transfected 24 h later 

with 0.25 μg of each of the indicated left- and right-flanking DNA GFP constructs using 

Lipofectamine 2000 (Invitrogen). To measure transfection efficiency, 100 ng WT linear 

mcherry expression construct (pCAGGS-mcherry) was transfected simultaneously along 

with left- and right-flanking DNA GFP constructs. For overexpression of Polλ WT, 1 × 
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104 HEK293T cells were plated and, after 24 h, 200 ng either Polλ WT-Myc-DDK-tagged 

(Origene catalog no. RC230157) or Empty vector control plasmid was transfected using 

lipofectamine 2000. At 24 h after transfection of the Polλ or empty vector control plasmid, 

0.25 μg each of left and the right flank of GFP, along with 100 ng of pCAGGS-mcherry 

was transfected using Lipofectamine 2000. For siRNA experiments, cells were transfected 

with 20 pmol siRNA along with 0.25 μg each of left and right flank of GFP, 100 ng 

mCherry. GFP-positive cell frequencies were measured 3 days after transfection by flow 

cytometry using Becton Dickinson 5 Laser LSRII in independent replicates and corrected 

for transfection efficiency and background events. BD FACS DIVA was used for analysis. 

Data are represented as the mean and s.e.m. of three independent experiments, with at least 

duplicates per experiment. Statistical analysis was carried out by paired t-test.

Synthesis of DNA substrates for bipartite MMEJ GFP reporter assay

PCR was performed according to recommended conditions for the Phusion High-Fidelity 

DNA Polymerase (New England BioLabs) with 10 ng of the pCMV-GFP plasmid in 1× 

Phusion HF Buffer. PCR for the left-flank DNA with 6 bp of internal microhomology 

(PCR1.6I.SA1) was performed with forward primer RP500B and RP506. PCR for the 

right-flank DNA with 6 bp of internal microhomology (PCR2.6I.SA1) was performed with 

primers RP507 and RP503B. Following PCR, left- or right-flank DNA constructs were 

pooled together and digested with DpnI (New England Biolabs) in 1× CutSmart buffer 

and then purified via QIAGEN QIAquick PCR Purification Kit. Purified PCR was then 

conjugated to Strepatividin (Sigma) at 110 ng ml−1 of PCR and 0.8 mg ml−1 Streptavidin 

in 10 mM Tris-HCl pH 7.5, 100 mM NaCl at 37 °C for 1 h. Conjugation was confirmed by 

resolution in a 0.8% agarose gel stained with ethidium bromide.

Chromosomal MMEJ GFP assay

mESCs (2 × 105) harboring the chromosomal MMEJ reporter were transfected in suspension 

in 24-well plates with 0.5 μg pCMV-3×-NLS-I-SceI or 0.5 μg control vector pCMV-3×-

NLS using Lipofectamine 2000 (Invitrogen). GFP+ frequencies were measured 3 days 

posttransfection by FACS using Becton Dickinson 5 Laser LSRII in triplicate and corrected 

for transfection efficiency and background events. (Transfection efficiency was measured 

simultaneously by parallel transfection with 0.05 μg WT GFP expression vector.) For siRNA 

experiments, cells were transfected with 1 μl 20 μM (that is, 20 pmol) siRNA plus 0.3 μg 

pcDNA3β−myc NLS-I-SceI (or control vector) per well.

Clonogenic assay

DLD1 BRCA2−/−, DLD1 Parental, MDA 436 BRCA1 mut and MDA 231 were plated on 

24-well plates and transfected with 20 pmol or either siControl or siPolλ or siPolθ 24 h after 

plating using Lipofectamine RNAimax (Invitrogen). Cells were subjected to a second round 

of transfection on day 3, and on day 5 they were plated on six-well plates at 1,000 cells 

per well for clonogenic assay. Medium was replaced every 2 days until the colonies were 

ready for staining in 10−12 days. Medium was removed from plates and cells were rinsed 

with PBS. Fixation was carried out with Acetic acid:methanol (1:7) for 30 min followed by 

staining of colonies with 0.5% crystal violet for 2 h at room temperature. The plates were 

rinsed with water and left to dry overnight at room temperature.
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Purification of Polλ for X-ray crystallography

Truncated human Polλ (residues 242−575 (ref. 14) was overexpressed in 

BL21(DE3)CodonPlus-RIL cells (Invitrogen) and purified as described previously36. 

The construct employed included a modified loop1 and C543A mutations to improve 

crystallizability. Briefly, cells were resuspended in lysis buffer (25 mM Tris-HCl pH 7.5, 

0.35 M NaCl, 10% glycerol, 1 mM DTT, 1 mM EDTA) and lysed by sonication on ice. 

Genomic DNA was precipitated by addition of 0.1% polyethylene imine. The supernatant 

was purified in tandem by Q Sepharose-heparin chromatography in lysis buffer and eluted 

with a linear gradient to 1 M NaCl. Pooled fractions were then purified on a MonoS HR 

10/10 column (linear gradient, 0.1−1 M NaCl) after overnight dialysis in purification buffer 

(25 mM Tris-HCl pH 7.5, 0.1 M NaCl, 10% glycerol, 1 mM DTT, 1 mM EDTA). Fractions 

resulting from size exclusion chromatography on a Superdex 200 26/600 column were 

pooled and dialyzed overnight in purification buffer lacking glycerol and EDTA. Pol λ was 

concentrated to 16 mg ml−1, flash frozen in liquid nitrogen and stored at −80 °C.

X-ray crystallography

X-ray crystallography was performed as described previously36. An 11-mer 

template oligonucleotide (5′-CGGCAG(PC)ACTG-3′; (PC) is a photocleavable 1-(2-

nitrophenyl)propane-1,3-diol spacer) was annealed with a 6-mer upstream (5′-CAGTAC-3′) 

oligonucleotide and a 5′-phosphorylated downstream 4-mer (5′-pGCCG-3′) oligonucleotide 

in a 1:1:1 ratio to create a duplex DNA with a single nucleotide gap. DNA synthesis was 

performed by Biosynthesis Inc.

Oligonucleotides were dissolved in 100 mM Tris-HCl pH 7.5, heated to 95 °C for 5 mins 

and then cooled down to 4 °C at a rate of 1 °C min−1. Crystals of Polλ were grown as 

follows: Polλ (16 mg ml−1) was mixed with annealed DNA in a 1:2 ratio and incubated at 

4 °C for 2 h, then the mixture was incubated for an additional 2 h in the presence of 2 mM 

dTTP and 10 mM CaCl2. Crystallization plates were set up by mixing Polλ-DNA-dNTP 

ternary complex with well solution (20 mM bicine pH 7.5, 14−20% polypure PEG, 300 mM 

Na-K tartrate) in sitting drop format. Crystals were irradiated at 365 nm in cryosolution 

consisting of artificial mother liquor for 2 h.

Data collection was performed at the Advanced Photon Source (Argonne National 

Laboratory) on the ID22 beamline (SER-CAT (Southeast Regional Collaborative Access 

Team)) using the Eiger 16 M detector at 1.00 Å. Data were processed using DIALS37 and 

StarAniso (http://staraniso.globalphasing.org/cgi-bin/staraniso.cgi). The structure of Polλ 
bound to a DSB was determined using molecular replacement employing a previous 

structure of Polλ (PDB id 3UPQ)38. Rfree flags were taken from the starting model. 

Refinement was carried out using the PHENIX software package39 and iterative model 

building was done with Coot40. Simulated annealing omit density maps are shown as 

a green mesh in the figures and were generated by deleting the region of interest and 

performing a refinement with simulated annealing. The figures were prepared with PyMol. 

Crystallographic statistics are shown in Table 1.
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Western blot analyses

Cells were harvested using 0.25% Trypsin-EDTA (Gibco, catalog no. 25200056) and 

washed in PBS, then lysed in 1× RIPA Lysis and Extraction Buffer (Thermo Scientific, 

catalog no. 89901) containing Halt Phosphatase Inhibitor Cocktail (Thermo Scientific, 

catalog no. 78420). Protein concentration was measured using a Pierce BCA Protein Assay 

Kit (Thermo Scientific, catalog no. 23225). The proteins were separated by electrophoresis 

using 7.5% Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad, catalog no. 4561023) and 

transferred to Immuno Blot PVDF Membrane (Bio-Rad, catalog no. 1620177). Membranes 

were blocked using 5%-milk-TBST for 1 h at room temperature and washed with TBST 

before antibody incubation. Primary antibodies were incubated overnight at 4 °C in 5%-

milk-TBST. DDK was detected using Clone OTI4C5, Anti-DDK (FLAG) monoclonal 

antibody (OriGene, catalog no. TA50011-30) diluted 1:2,000. Polλ was detected using DNA 

Polλ rabbit polyclonal antibody (Novus Bio, catalog no. NB100-81665) diluted 1:1,000. 

Lig4 was detected using DNA Ligase IV (D5N5N) rabbit monoclonal antibody (Cell 

Signaling Technology, catalog no. 14649) diluted 1:2,000. Gapdh was detected using Gapdh 

(14C10) rabbit monoclonal antibody (Cell Signaling Technology, catalog no. 2118) diluted 

1:4,000. Xrcc4 was detected using XRCC4 rabbit polyclonal antibody (Invitrogen, catalog 

no. PA576068) diluted 1:5,000. Vinculin was detected using Vinculin mouse monoclonal 

antibody (Invitrogen, catalog no. PA576068) diluted 1:5,000. Membranes were washed with 

TBST before secondary antibody incubation for 1 h at room temperature using respective 

Goat anti-rabbit IgG (H+L) HRP (Invitrogen, catalog no. 32466) or Goat anti-Mouse IgG 

(H+L) HRP (Invitrogen, catalog no. 31430)-tagged secondary antibody diluted 1:5,000 in 

5%-milk-TBST. Membranes were washed using TBST and then treated with Amersham 

ECL Prime Western Blotting Detection Reagent (Cytiva, catalog no. RPN2232) for 5 min 

and images were obtained using the Bio-Rad ChemiDoc Imaging System.

Proteins

Polθ, Polλ, Polδ, Polμ and Polβ were purified as described11,41–43. Klenow fragment 3′−5′ 
exo minus was purchased from New England Biosciences (NEB). Polγ exo minus was a gift 

from B. Copeland (NIEHS). Polκ was purchased from Enzymax. Polε was a gift from M. 

O’Donnell (Rockefeller University).

Recombinant human Polη was expressed and purified as follows. Polη expression plasmid 

was purchased from GenScript, and contains the cDNA sequence corresponding to amino 

acids 1−711 inserted into a pET32a backbone. BL21-CodonPlus(DE3)-RIL competent cells 

(Agilent Technologies) were used as expression strain. Polη was expressed and purified 

as described44,45, with a minor change: instead of MonoS column and buffer C, dialysis 

was performed before concentration with 2 l of the following buffer (25 mM sodium 

phosphate (pH 7.4), 10% glycerol, 200 mM NaCl, 5 mM β-mercaptoethanol). Identified 

protein fractions were analyzed by SDS−PAGE gels. Selected fractions containing highly 

purified polymerase were aliquoted and frozen and stored at −80 °C until further use.

DNA (5′- 3′)

RP500B - /5Biosg/GCTAGCCAGTCAGTGGGCCCGC
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RP506 - AAAAAAAAAATCG GGC ATG GCG GAC TTG AAG AAG TCG

RP507- AAAAAAAAAAGCCCGAAGGCTACGTCCAGGAGCG

RP503B - /5Biosg/TGATTACGCCAAGTTAATTAAGGACGTCCT CCTGCTGG

CRISPR gRNA sequence (5′- 3′)

Human Xrcc4 − AUGGUCAUUCAGCAUGGACU

Human Polλ − GAGCGGGCATTTGCGGAAGC

siRNA (5′- 3′)

1. Human Polθ − SMARTpool: CAACAACCCUUAUCGUAAA, 

CGACUAAGAUAGAUCAUUU, ACACAGUAGGCGAGAGUAU, 

CCUUAAGACUGUAGGUACU

2. Human Polλ − SMARTpool: CCAUCGGCCUGAAGCAUUA, 

GAAGCUGGACCAUAUCAGU, GAACGUAUGCCCAGGGAGG, 

GAGAAUGGUCAGCAACAGA

3. Mouse Polλ − SMARTpool: GCAUGAGCCUGUCGGAGCA, 

CGGGAAUUGGCAAGCGGAU, GAGCAGACGGUCCGGAUAU, 

AGAGUGGGCAUCUGCGGAA

RT-qPCR

A portion of cells from MMEJ reporter assays or clonogenic assays performed with siRNA 

was used for RNA extraction. RNA was extracted using High Capacity cDNA Reverse 

Transcription Kit (Thermo Fisher Scientific, catalog no. 4368814). Analysis of first strand 

cDNA was by Power SYBR Green PCR master mix (Applied Biosystems, catalog no. 

4367659). Quant Studio 12 K flex system (Thermo Fisher) was used for RT-qPCR. Primers 

used for RT-qPCR:

Polθ − sense: 5′-GCCAGGGTTCTCTATGCTTC;

Polθ − antisense: 5′-TCTTCAACTGCTTCCTCTTCC

Actin − sense: 5′-TGACCCAGATCATGTTTGAGACCTTCA;

Actin − antisense: 5′-GGAGTCCATCACAATGCCTGTGG

Statistics and reproducibility

Two-sample t-test was used in Figs. 2 and 3 and Extended Data Figs. 3 and 4. Data are 

presented as mean ± s.e.m. of results from at least two independent experiments with 

triplicates for each condition. Comparisons between two groups (POLλ+/+ versus POLλ−/−, 

siControl versus siPolλ, siControl versus siPolθ) were analyzed by two-tailed Student’s 

t-test. Significance was assumed at P < 0.05. Asterisks in the figures indicate significance, 

*P < 0.05, **P < 0.01, ***P < 0.001. Statistically significant P values and number of 

replicates are indicated in the figure legends.
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Reporting summary

Further information on research design is available in the Nature Portfolio Reporting 

Summary linked to this article.

Extended Data

Extended Data Fig. 1 |. Controls for Pol activity on primer-templates and substrates containing 
3’ ssDNA.

Chandramouly et al. Page 13

Nat Struct Mol Biol. Author manuscript; available in PMC 2023 May 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



a, Denaturing gels showing extension of the indicated primer-template by the indicated Pols 

using identical conditions. Polμ is known to require a downstream ssDNA strand for optimal 

activity primer extension activity along a short gap. 20 nM Pol concentrations were used. 

b, Schematic of DNA templates. Microhomology indicated as red text. c, Non-denaturing 

gel showing Polλ MMEJ as a positive control for its activity (left panel). Denaturing gels 

showing extension of the indicated templates in the presence of all 4 dNTPs by the indicated 

Pols (middle and right panel). 20 nM Pol concentrations were used. d, Schematic showing 

the respective activities of Polθ and Polλ on the indicated templates. although both enzymes 

perform MMEJ (top), only Polθ exhibits ssDNA extension due to its snap-back replication 

activity.

Extended Data Fig. 2 |. Controls for Pol activity on MMEJ substrates.
a, Denaturing gel showing extension of a pssDNA substrate containing 2 bp of 

microhomology in the presence of dCTP. Polλ but not Polμ performs addition of dCMP on 

the indicated substrate. Microhomology indicated as red text. 20 nM Pol concentrations were 

used. b, Non-denaturing gel showing MMEJ activity by the indicated Pols on the indicated 

pssDNA containing 6 bp of microhomology (red text). Polλ performs MMEJ whereas Polβ 
does not. Reactions were performed in duplicate. 20 nM Pol concentrations were used.
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Extended Data Fig. 3 |. Supplemental data for protein expression, genetic engineering, and 
MMEJ activity.
a. RT qPCR analysis of Polθ expression. mRNA levels were corrected with internal control 

for Actin in siRNA-treated cells used in Fig. 3b, d as well as normalized to non-targeting 

siRNA (siControl = 1). Data represent mean. n = 1 experiment with triplicate for each 

condition ±SEM. b. gRNA sequence used to generate POLL−/− HEK293T cells via 

CRISPR-Cas9 engineering. Schematic representation of three isoforms of human Polλ with 

protein domains as well as location of gRNA sequence (red) is indicated. The genome 
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sequence flanking the gRNA sequence (red) is shown in gray. POLL −/− clone # T2 was 

generated by CRISPR-Cas9 engineering and carries 7 bp deletion in both alleles. Sequence 

of the region harboring the 7 bp deletion is indicated in blue. c. Bar plot showing relative 

GFP following overexpression of indicated plasmids and co- transfection of left and right 

MMEJ reporter DNA constructs in HEK293T cells. GFP+ frequencies are normalized to 

transfection efficiency. Data represent mean. n = 1 experiment with triplicates for each 

condition, +/− s.e.m. Bottom panel: Immunoblot showing abundance of protein. d. gRNA 

sequence used to generate LIG4 −/− HEK293T cells (top) and XRCC4 −/− HEK293T 

cells (bottom) via CRISPR-Cas9 engineering. Schematic representation of human Lig4 

(top) and Xrcc4 (bottom) with protein domains as well as location of gRNA sequence is 

indicated (red). e. Same as in Fig. 3f in XRCC4−/− HCT116 cells. Data represent mean. 

n = 1 experiment with triplicate for each condition, +/− s.e.m. Bottom panel: Immunoblot 

showing abundance of protein. f. Western blot of Polλ (top) and Gapdh (bottom) following 

transfection of either Polλ siRNA or siControl in DLD1 BRCA2+/+ (left) and DLD1 

BRCA2 −/− cells (right).
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Extended Data Fig. 4 |. Analysis of synthetic lethality interactions in BRCA1/2-deficient cells.
a. Plot showing percentage of colonies relative to control after treatment with indicated 

concentrations of DNA-PK inhibitor (NU-7441) in DLD1 BRCA2 −/− or DLD1 Parental 

cells. Data represent mean. n = 1 experiment with triplicate for each condition, ± s.e.m. 

b. Bar plots showing percentage of colonies relative to control after siRNA transfection 

with either siControl or siPolθ in DLD1 BRCA2 −/− or DLD1 Parental cells (top), in 

MDA 436 BRCA1 mut or MDA 231 cells (bottom). Percentage of colonies are normalized 
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to non-targeting siRNA (siControl = 100). Data represent mean. n = 1 experiment with 

triplicate for each condition, ± s.e.m. Colony images are on the right.

Extended Data Fig. 5 |. Supporting data for the structural basis of Polλ MMEJ activity.
a. Structural comparison of Polλ bound to a microhomology-mediated DNA synapse and a 

single nucleotide gap (PDB id 2PFO). Differences (0−4.2 Å) in backbone Cα positioning 

are displayed as a heatmap colored from blue (0 Å) to white (0.5 Å) to red (1+Å) mapped 

onto the structure of the double strand break bound pol λ in cartoon representation. b. 
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Overlay of the microhomology substrate containing gaps in template and primer strands with 

a single nucleotide gap substrate (PDB id 2PFO, transparent gray). Incoming TTP (green) or 

dUMPNPP (transparent gray) and downstream (magenta), primer (cyan), template (purple) 

strands are shown in stick representation. The orange spheres are active site metal ions and 

the purple sphere is a sodium atom. c. Template strand interactions in DSB bound Polλ. 

Template strand (magenta) and sidechains (yellow) are shown in stick representation. Key 

interactions are shown with black (side chains) or green (water) dashes. Waters are shown as 

blue spheres. Inset. Comparison of template strand positioning and gap marginal nucleotide 

interactions in structures of Polλ with a nick in the template strand (white transparent 

sticks, PDB id 7M0D31) and a gap in the same position (yellow sidechains, purple DNA). 

d. Differences in downstream 5′ phosphate coordination overlaid with the structure of a 

single nucleotide gap (PDB id 2PFO, transparent gray). e. Lyase domain and downstream 

primer shift compared to the structure with a single nucleotide gap (PDB id 2PFO). Protein 

backbone and DNA are shown in magenta cartoon and stick representation, respectively. f. 
Metal coordination in the active site. Shown is an overlay with a structure of Polλ bound to 

a single nucleotide gap and a non-hydrolyzable nucleotide (PDB id 2PFO, transparent gray).
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Fig. 1 |. Polλ exhibits MMEJ activity similar to that of Polθ.
a, Schematic of MMEJ. Following 5′−3′ DNA resection, Polθ promotes microhomology-

mediated synapsis of 3′ ssDNA overhangs then performs strand extension. b, Schematic 

of pssDNA 344/343P. Red text, microhomology; P, phosphate (top). Nondenaturing gel 

showing MMEJ activity by the indicated Pols. MMEJ (%) is shown at the bottom; a, 

abortive end-joining. c, Nondenaturing gel showing MMEJ activity by the indicated Pols. 

d, Nondenaturing gel showing XmaI digestion of the MMEJ product formed by Polλ. e,f, 
Nondenaturing gels showing a time course of MMEJ by Polλ (e) and Polθ (f). Experiments 

in b−f were all repeated with three independent samples and all yielded similar results. 

g, Scatter plot showing the relative rates of MMEJ by Polθ and Polλ; n = 3 independent 

samples, ± s.d. Relative steady-state rates of DNA joined by MMEJ are indicated.
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Fig. 2 |. Polλ specializes in MMEJ of DNA with short 3′ ssDNA overhangs.
a, Schematic showing pssDNA modifications. b, Schematic of pssDNA and ssDNA 

templates. Red text, microhomology; asterisk, radiolabel; P, 5′-phosphate. c, Nondenaturing 

gel showing MMEJ by Polθ and Polλ on the indicated templates with and without 5′-

phosphate on the resected strand. MMEJ (%) indicated. Experiment was repeated with three 

independent samples and all yielded similar results. d, Bar plot showing MMEJ (%) by Polλ 
on the indicated templates. Data represent means; n = 3 independent samples, ± s.d. *P 
< 0.05, **P < 0.01, ***P < 0.001. Statistical significance from two-sample t-test between 
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344/343 and 344/343P, P = 0.0008. e,f, Nondenaturing gels showing MMEJ by Polλ (e) 

and Polθ (f) on the indicated templates. Experiment was repeated with three independent 

samples and all yielded similar results. g, Bar plot showing MMEJ (%) by Polλ and Polθ on 

the indicated templates. Data represent means; n = 3 independent samples, ± s.d. *P < 0.05, 

**P < 0.01, ***P < 0.001. Statistical significance from two-sample t-test between 362/343P 

and 602/343P for Polλ, P = 0.0005. h, Nondenaturing gel showing MMEJ activity by Polλ 
and Polθ on the indicated template. Bar plot showing MMEJ (%) by Polλ and Polθ on 

the indicated template (right). Data represent means; n = 3 independent samples, ± s.d. *P 
< 0.05, **P < 0.01, ***P < 0.001. Statistical significance from two-sample t-test between 

Polθ and Polλ, P = 0.0006. i, Nondenaturing gel showing MMEJ and snapback replication 

activities by Polλ and Polθ on the indicated template. j, Summary table comparing the 

respective MMEJ activities of Polλ and Polθ on different templates.
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Fig. 3 |. Polλ promotes MMEJ independently of Polθ and NHEJ factors.
a, Top, schematic of MMEJ reporter containing 5′-streptavidin-biotin linkages. Middle, 

internal termini of left and right MMEJ reporter DNA constructs. Bottom, schematic 

of MMEJ reporter assay. b−f, Bar plots showing relative GFP frequencies following 

cotransfection of left and right MMEJ reporter DNA constructs, with immunoblots showing 

abundance of protein shown in c and e−g. b, GFP+ frequencies are shown relative to 

nontargeting siRNA (siControl = 1) in wildtype HEK293T cells; n = 3; P = 0.01. c, GFP+ 

frequencies relative to POLλ+/+ 293T cells (POLλ+/+ = 1). n = 3, P = 0.01. d, Same as 
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in b in POLλ−/− 293T cells. n = 3, P = 0.03. e, GFP+ frequencies relative to nontargeting 

siRNA (siControl = 1). n = 3, P = 0.04. f, GFP+ frequencies relative to nontargeting siRNA 

(siControl = 1) in XRCC4−/− 293T cells. Data represent means. n = 2, P = 0.04. g, MMEJ 

GFP reporter assay. Schematic of GFP reporter assay (top). Bar plot of percentage of GFP 

cells following transient expression of I-SceI and cotransfection of either Polλ siRNA or 

Control siRNA. n = 2, P = 0.04. h, Bar plots showing percentage of colonies relative 

to control after siRNA transfection in DLD1 BRCA2−/− or DLD1 Parental cells (top), in 

MDA-MB-436 BRCA1 mut or MDA-MB-231 cells (bottom). Percentage of colonies are 

normalized to nontargeting siRNA (siControl = 100). n = 1. Colony images are on the right. 

In b and c−g, GFP+ frequencies are normalized to transfection efficiency. Data represent 

means. ‘n’ denotes number of independent experiments with triplicates for each condition, 

± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001. Statistical significance was measured from 

two-sample t-test and P values are indicated.
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Fig. 4 |. Structural basis for Polλ MMEJ activity.
a, A photocleavable nucleotide (pink) was converted into a nucleotide gap within the Polλ-

DNA crystal via UV light, resulting in a MMEJ synapse bridged by a single G-C base pair. 

T, template strand; P, primer strand; D, downstream strand. b, Structure of Polλ:MMEJ 

synapse with incoming nucleotide. Polymerase subdomains, lyase (magenta), fingers (blue), 

palm (green) and thumb (purple), are shown as cartoon. DNA (purple, template strand; cyan, 

primer strand; magenta, downstream strand) and TTP are shown in stick representation. 

Atomic volume for the DNA is shown as a transparent white surface. c, Overall DSB 

substrate conformation. Microhomology is outlined with a black rectangle. TTP and DNA 

bases are shown in stick representation with the phosphate backbone as cartoon. Orange 

spheres, catalytic (Mec) and nucleotide (Nac) metals. Atomic volume is shown as white 

transparent surface. d, Downstream 5′-phosphate coordination of the polymerase-bound 

microhomology. Sidechains (yellow) and downstream DNA (magenta) are shown in stick 

representation. Lyase domain sidechain 5′ phosphate coordination is shown with black 
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dashes; distances (Å) are indicated. Sidechains are shown in yellow stick representation. 

Blue sphere, water molecule. e, Template strand gap stabilization. Stabilizing sidechain 

interactions with the template marginal phosphates are shown with black dashes. A curved 

arrow indicates alternate conformations of the base of the primer strand nucleotide opposite 

the template strand gap. f, Key active site distances and metal coordination. Coordination 

(black) and key distances (red) are indicated with dashes. g, Active site conformation is 

consistent with catalysis. Simulated annealing (Fo−Fc) density is shown for TTP, primer 

terminal (Pn) nucleotide and active site metal atoms. Helix N that stacks with the incoming 

nucleotide is shown as a yellow cartoon.
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Table 1 |

Crystallographic statistics

PDB ID

Data collection

Space group P212121

Cell dimensions

a, b, c (Å) 56.135

62.774

140.193

α, β, γ (°) 90, 90, 90

Resolution (Å)
a 50−2.04

(2.11 − 2.04)

I/σIa 10.6 (1.6)

Completeness (spherical)
a 94.0 (68.5)

Completeness (ellipsoid)
a 97.3 (98.6)

Redundancy
a 13.3 (13.8)

CC(1/2)
a 0.93 (0.59)

Unique reflections (no.)
a 32,337

Refinement

Resolution (Å) 50−2.04

Reflections (no.) 25,392

Rwork / Rfree 0.22 / 0.25

Atoms (no.)

  Protein / DNA 2,347 / 432

  Water / ligands 150 / 55

B-factors

  Protein / DNA 46.3 / 34.3

  Water / ligands3 38.3 / 35.5

Wilson B 43.2

R.m.s. deviations

  Bond lengths (Å) 0.002

  Bond angles (°) 0.523

a
Data in the highest resolution shell are shown in parentheses.
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