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POLD2 Promotes Chromosomal Rearrangements and Inaccurate End-joining in Human Cells

     Chromosomal translocations are recurrent genetic rearrangements with the potential to initiate carcinogenesis.  While, the clinical etiology of chromosomal translocations is well established, the mechanisms responsible for translocations in mammalian cells are poorly understood. Here, we show that POLD2, a structural subunit of DNA polymerase δ (Pol δ) and DNA polymerase ζ (Pol ζ), is a translocation-promoting factor and its depletion does not affect cell cycle distribution, endonuclease cutting efficiency, or expression of canonical DSB repair genes.  Furthermore, we show that POLD2 is recruited to DSBs and promotes inaccurate end joining at translocations and DSBs joined locally.  Finally, POLD2 promotes both microhomology-mediated end joining and homology directed repair as measured using fluorescent reporters.  We hypothesize that POLD2 stabilizes DSB ends tethered by microhomology, by catalyzing DNA synthesis across the break via Pol δ or Pol ζ.  These results highlight previously unappreciated roles for Pol δ and Pol ζ in DSB repair.
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     Chromosomal translocations are genetic rearrangements involving the fusion of one chromosome’s arm to another heterologous chromosome (Y. Zhang & Rowley, 2006). They were initially identified through visualization of metaphase chromosomes and banding analysis in the 1960s and 70s, the most striking example being the Philadelphia chromosome t (9; 22) (Y. Zhang & Rowley, 2006). During this time several other recurrent translocations were also identified that would eventually serve as useful biomarkers for many cancers (Y. Zhang & Rowley, 2006).  Using somatic cell hybridization and fluorescence in situ hybridization, translocations were found to juxtapose ectopic regulatory elements to proto-oncogenes (IGH-MYC), generate oncogenic fusion proteins (BCR-ABL), or inactivate tumor suppressor genes (Croce & Nowell, 1985).  These developments led to the identification of many other rearrangement partner genes and allowed translocations to be used as useful prognostic indicators for disease (Y. Zhang & Rowley, 2006). Eventually therapeutics were developed to target fusion proteins generated by rearrangements, the first being imatinib targeting the BCR-ABL kinase (Capdeville, Buchdunger, Zimmermann, & Matter, 2002).  While the clinical significance of translocations is now well known, the mechanisms behind their formation are poorly characterized.
     The formation of a translocation can be initiated by two simultaneous double strand breaks (DSB) on heterologous chromosomes (Aplan, 2006; Roukos & Misteli, 2014). These breaks are caused by a variety of agents, both endogenous and exogenous, including hydroxyl radicals, mistakes in VDJ or class switch recombination (CSR), ionizing radiation (IR), or chemotherapeutics (Onozawa & Aplan, 2012; Robbiani et al., 2009).  Following formation of DSBs, DSB repair joins the ends of heterologous chromosome fragments and a translocation is formed. This resolution can occur through at least three distinct processes:  classical nonhomologous end joining (C-NHEJ), Alternative NHEJ (Alt-NHEJ), and homology directed repair (HDR) (Ciccia & Elledge, 2010).
     C-NHEJ is the predominant DSB repair pathway in mammalian cells and is active throughout the cell cycle (Figure 1.1) (Chiruvella, Liang, & Wilson, 2013).  Following the formation of a DSB, the Ku70/86 heterodimer binds to the termini of the DSBs leading to the recruitment of DNA dependent protein kinase and synapsis and stabilization of the DSB (Ciccia & Elledge, 2010).  Accessory factors, such as XLF, PAXX, Artemis, Pol μ, and Pol λ are recruited next, further stabilizing the break and allowing end processing to occur should base damage or small overhangs also exist at the DSB (Ciccia & Elledge, 2010).   Lastly, the XRCC4/Ligase 4 complex is recruited to the DSB and catalyzes ligation of the ends, restoring chromosomal integrity (Ciccia & Elledge, 2010).  The C-NHEJ pathway is able to repair most DSBs within 30 minutes and is the fastest DSB repair pathway (Ciccia & Elledge, 2010).  However, the pathway can be mutagenic, leading to small indels that may lead to loss of protein function in coding regions (Ciccia & Elledge, 2010).  Although C-NHEJ can be mutagenic, Alt-NHEJ is substantially more mutagenic than C-NHEJ (Ciccia & Elledge, 2010).
     Alt-NHEJ is an end-joining process requiring distinct repair factors, is preferentially active during S/G2 phase, and is typically defined as being independent of the C-NHEJ factors Ku and/or Lig4 (Figure 1.2) (McVey & Lee, 2008).  In this pathway, DSBs are initially recognized by PARP1, aiding in the recruitment of the MRN complex and CtIP nucleases (Della-Maria et al., 2011).  Both MRN and CtIP catalyze end-resection and expose ssDNA near the break site (Ciccia & Elledge, 2010).  These resected ends then anneal at microhomologies, potentially generating flaps cleaved by the FEN1 endonuclease, and gap-filling synthesis is performed by DNA polymerase θ (Pol θ), stabilizing the DSB (Kent, Chandramouly, McDevitt, Ozdemir, & Pomerantz, 2015; Mateos-Gomez et al., 2015; Sharma et al., 2015; Wyatt et al., 2016).  Once gap filling has occurred, the XRCC1/Ligase 3 complex is recruited and catalyzes ligation of the break, restoring chromosomal integrity (Della-Maria et al., 2011).  Because Alt-NHEJ requires more extensive end processing than C-NHEJ, it is substantially more mutagenic and slower than C-NHEJ (McVey & Lee, 2008).  While Alt-NHEJ utilizes short resection to repair DSBs, if more resection occurs at a DSB it can channel repair towards HDR, a high-fidelity DSB repair pathway (Truong et al., 2013).
     HDR is similar to Alt-NHEJ in that it requires resection of DSBs and occurs in S/G2 phase of the cell cycle (Figure 1.3) (McVey, Khodaverdian, Meyer, Cerqueira, & Heyer, 2016).  However, HDR requires more extensive resection, which is catalyzed by Exo1 following short-range resection by MRN and CtIP (Tomimatsu et al., 2014).  These long stretches of ssDNA are bound by the ssDNA binding protein complex RPA, which is then exchanged for the RAD51 recombinase by PALB2 and BRCA2 (Ciccia & Elledge, 2010).  RAD51 then facilitates strand exchange with the unbroken sister chromatid where DNA polymerase δ (Pol δ) catalyzes DNA synthesis (Ciccia & Elledge, 2010).  Following DNA synthesis, the newly synthesized strand can be ligated to the original DSB (Ciccia & Elledge, 2010).  
     Many studies have attempted to identify specific repair pathways that lead to the formation of chromosomal translocations.  Initial studies on the mechanisms of translocation formation were performed in mouse embryonic stem cells (mES cells) containing a translocation reporter that reconstitutes a neomycin resistance gene upon the formation of an I-SceI mediated translocation (Simsek et al., 2011; Weinstock, Brunet, & Jasin, 2007; Y. Zhang & Jasin, 2011).  These studies determined that C-NHEJ factors actually suppress translocations rather than promote them (Weinstock et al., 2007). Furthermore, in the absence of these factors, translocation junctions contained longer deletions and an increased usage of microhomology in the final repair products, suggesting that Alt-NHEJ is responsible for the formation of translocations.  Additional studies found that the Alt-NHEJ factors, CtIP, Ligase 3, and Ligase 1 promote translocations further indicating that Alt-NHEJ promotes translocations in murine cells (Simsek et al., 2011; Y. Zhang & Jasin, 2011).  However, a recent study in human cells has shown that translocations predominantly formed in a Ligase 4 dependent manner (Ghezraoui et al., 2014).  Furthermore, depletion of Ligase 3 only decreased translocations after Ligase 4 function has been compromised, indicating that C-NHEJ is responsible for the majority of translocation in human cells (Ghezraoui et al., 2014).  The mechanism behind these differential end-joining requirements for translocation formation in mouse and human cells remain unknown, although several hypotheses have been suggested (Ghezraoui et al., 2014).  While these data imply that translocations are formed via an end-joining pathway rather than HR, it does not explain how the ends of different chromosomes would be joined instead of the ends of the same chromosome.  
     There are two prevailing models to explain how the ends of different chromosomes are joined rather than ends belonging to the same chromosome: the contact-first model and the break-first model (Misteli & Soutoglou, 2009). The contact first model states that two chromosomes are in contact before DSBs occur and their colocalization increases the odds that broken ends from different chromosomes will be joined to one another.  The second model, the break-first model, states that after induction of DSBs the DNA ends gain increased mobility in the nucleus.  This increased mobility then allows one end to search for a second that may or may not belong to a different chromosome.
     The bulk of current evidence supports the contact first model.  Experiments by Hakim et. al. have shown that the frequency of translocations between the IgH and MYC loci are directly correlated to their contact frequency as measured by 4C (Hakim et al., 2012). Furthermore, a study has shown that the mean squared displacement of free DNA ends is not different from that of intact chromatin, indicating that DSB ends have limited mobility in the nucleus (Kruhlak et al., 2006). While these studies all support the contact first model, increased DSB mobility is still seen between distant locations in the interphase nucleus, particularly in yeast (Dion, Kalck, Horigome, Towbin, & Gasser, 2012; Mine-Hattab & Rothstein, 2012).  
     Five years ago, Roukos et. al. unified these models using a reporter system of LacO and TetO repeats flanking I-SceI sites that have been integrated on separate chromosomes (Roukos et al., 2013).  By inducing the expression of RFP-Tet repressor, GFP-Lac repressor, and I-SceI, the authors were able to track free DSB ends as they formed translocations.  Using this system, the authors found that 80% of translocations were formed from partners that were less than 2.5 µm apart 5 hours before end joining.  Furthermore approximately 10% of translocations were formed from partners that were ~5 µm away, indicating that translocations can arise from both distal and proximal breaks albeit at different frequencies. 
     All of the previous experiments are suitable for interrogating a single gene’s role in translocation formation but recently our lab developed chromosomal translocation reporters suitable for high-throughput screening (Day et al., 2017).  Using these reporters, we performed an shRNA screen of DNA repair genes to determine their role in translocation formation (Day et al., 2017).  We discovered that PARP3 and 53BP1 are translocation-promoting factors while RAD50 is a translocation-suppressing factor.  However, the criteria used to identify these genes were rigorous and it is possible that many genes modulate translocation frequency that failed to meet our original criteria. 
[bookmark: _Toc407812050]DNA Polymerase δ and DNA replication 

Pol δ was initially identified and purified from calf thymus in 1976 and differed from the other known DNA polymerases (α, β, and γ) due to its 3’-5’ exonuclease activity.(Downey, Tan, & So, 1990)  At the time Pol δ was not thought to be a replicative polymerase as in vitro experiments indicated that Pol δ could only synthesize 10-20 nt during a single binding event.(Downey et al., 1990) Later a Pol δ accessory protein, PCNA, was identified that increased Pol δ processivity, allowing Pol δ to replicate kb length templates in a single binding event (Downey et al., 1990; Garbacz et al., 2018).  Further experiments indicated that Pol δ played a role in DNA replication due to mutant POLD1 alleles sensitivity to aphidicolin, it being essential for in vitro SV40 genome replication, and that specific inhibition of Pol α only partially impaired DNA replication in mammalian cells (Downey et al., 1990).  Because Pol α is only able to replicate 100-200 nt before dissociating from a template in vitro, a model was proposed suggesting that Pol δ in complex with PCNA replicated the leading strand while Pol α replicated the lagging strand (Downey et al., 1990).  However, the discovery of Pol ε and its essential role in SV40 replication in vitro revised the model to indicate that Pol α initiates synthesis on the lagging strand after which either Pol ε or Pol δ can synthesize the leading and lagging strands (Downey et al., 1990; Hubscher, Maga, & Spadari, 2002).
     Despite the advances in our understanding of DNA replication, it was only recently that Pol δ was defined as the lagging strand polymerase (Nick McElhinny, Gordenin, Stith, Burgers, & Kunkel, 2008).  This discovery required the use of Pol δ and Pol ε variants that asymmetrically incorporated specific mutations into replicated DNA in vitro. Using these tools, S. cerevisae strains were engineered to express each polymerase variant and the mutation profiles at URA3 locus with a defined origin nearby were measured.  From these experiments, the authors concluded that Pol δ was responsible for lagging strand synthesis while Pol ε performed the majority of leading strand synthesis leading to the current model for DNA replication (Figure 1.4).  However, this model has been challenged recently as budding yeast strains containing deleted for the Pol ε active site are viable although slow growing (Garbacz et al., 2018).  In these strains, Pol δ mutation signatures were detected on the leading strand in these mutants, indicating that Pol δ can synthesize the leading strand in the absence of Pol ε (Garbacz et al., 2018).  Additionally, Pol δ mutation signatures peaked near replication origins in WT yeast cells, suggesting that Pol δ can at least initiate synthesis of the leading strand in vivo (Garbacz et al., 2018).  
[bookmark: _Toc407812051]Pol δ Structure and Function
Pol δ is composed of four subunits in human cells: POLD1 (Pol3 in S. cerevisae), POLD2 (Pol31 in S. cerevisae), POLD3 (Pol32 in S. cerevisae), and POLD4 (no known ortholog in S. cerevisae) (M. Y. Lee et al., 2012).  POLD1, the catalytic subunit of Pol δ, possesses both DNA polymerase and 3’-5’ exonuclease catalytic activities. POLD2, POLD3, and POLD4 serve as scaffolding proteins, which stabilize the Pol δ holoenzyme and serve as a platform for PCNA interactions (M. Y. Lee et al., 2012; Murga et al., 2016). However, Pol δ is functional and processive in the absence of POLD3 or POLD4 in in vitro biochemical experiments using PCNA and M13 DNA template (S. Zhang et al., 2007; Zhou, Meng, Zhang, Lee, & Lee, 2012).  In fact, POLD4 can be destabilized by the DNA damage response following replication stress, resulting in a Pol δ heterotrimeric complex in vitro (M. Y. Lee et al., 2014; S. Zhang et al., 2007). This complex exhibits increased base selectivity and slower replication kinetics than its tetrameric counterpart (M. Y. Lee et al., 2014; S. Zhang et al., 2007; Zhou et al., 2012). Additionally, the trimer was found almost exclusively in S-phase cells and at 30-50% of UV damage foci, suggesting that both heterotrimeric and tetrameric Pol δ is utilized during DNA replication and repair (Chea et al., 2012; M. Y. Lee et al., 2014; S. Zhang et al., 2007). 
     Pol δ function is also likely regulated through post-translational modification.  In fact, CDK4/cyclin D3 or CDK2/cyclin E can phosphorylate POLD1 following co-transfection in SF9 cells (Wu et al., 1998).  No changes in recombinant Pol δ activity could be detected following this phosphorylation in vitro (Wu et al., 1998).  However, these experiments were performed using Pol δ in isolation and cannot account for changes in Pol δ protein-protein interactions that are modulated by phosphorylation.  In fact, phosphorylation of POLD3 modulates the interaction of Pol δ with PCNA, suggesting that phosphorylation of Pol δ is a means to control DNA replication and repair (Rahmeh et al., 2012). Additionally, the cell cycle inhibitory protein, p21, is known to interact with POLD2 upon treatment with adriamycin and does not affect Pol δ processivity in vitro (H. Li, Xie, Rahmeh, Zhou, & Lee, 2006). These data suggest that Pol δ protein-protein interactions are modulated by phosphorylation, probably through the action of CDK/Cyclin complexes.  Further studies will be needed to determine the effects of phosphorylation on Pol δ function.  
[bookmark: _Toc407812052]Pol δ’s roles in DSB repair

Pol δ is also associated with DSB repair in a variety of organisms and is most well known for its role in HDR, particularly in budding yeast.  Budding yeast mutants of POL3 (POLD1) and POL31 (POLD2) show defects in heteroallelic HDR following UV and γ-irradiation along with shorter gene conversion tracts, suggesting that Pol δ is mediating DNA synthesis during HDR (Brocas, Charbonnier, Dherin, Gangloff, & Maloisel, 2010; Costantino et al., 2014; Maloisel, Fabre, & Gangloff, 2008). These Pol δ mutants also exhibit sensitivities to γ-rays, UV light, and replication-stressing agents like hydroxyurea, further supporting a role for Pol δ in DSB repair (Brocas et al., 2010; Giot, Chanet, Simon, Facca, & Faye, 1997).  Recent studies have confirmed these findings in both Drosophila and transformed human cell lines, indicating that HDR by Pol δ is a conserved process (Costantino et al., 2014; Kane, Shusterman, Rong, & McVey, 2012; Tumini, Barroso, Calero, & Aguilera, 2016). 
     However, misregulation of this otherwise high-fidelity process can lead to structural mutagenesis.  Chromosomal rearrangements in budding yeast can be generated by a type of HDR called break-induced replication (BIR) (Kramara, Osia, & Malkova, 2018). This process is POL32 (POLD3) dependent and uses conservative DNA replication to synthesize large tracts of DNA, potentially from the invaded site to the end of the invaded chromosome (Lydeard, Jain, Yamaguchi, & Haber, 2007; Lydeard et al., 2010; Saini et al., 2013; Smith, Lam, & Symington, 2009).  BIR has also been implicated during alternative lengthening of telomeres (ALT), a recombination associated process that lengthens telomeres in the absence of telomerase in budding yeast as well as cancer cells (Dilley et al., 2016; Lydeard et al., 2007).  These findings have also been extended to human cell lines, as POLD3 or POLD4 deficient cells show reduced levels of BIR (Costantino et al., 2014).  Furthermore, large-scale chromosomal rearrangements, such as chromothripsis and chromoanasynthesis, are thought to be formed via a replicative process, likely involving Pol δ (Crasta et al., 2012; C. Z. Zhang et al., 2015).  
     Pol δ can also function with Pol ζ, a translesion polymerase, to promote DSB repair and translesion synthesis (TLS) (Wittschieben, Reshmi, Gollin, & Wood, 2006).  Pol ζ was initially identified as a translesion polymerase in budding yeast and is composed of a catalytic subunit REV3L and its binding partner REV7 (ζ2) (Morrison et al., 1989).  It possesses no exonuclease activity and thus is thought to be the major contributor to spontaneous and DNA damage induced mutagenesis (Northam, Robinson, Kochenova, & Shcherbakova, 2010; Waters et al., 2009). Indeed, S. cerevisae Pol ζ is actually 5 times more accurate than the most accurate translesion polymerase, human Pol κ, and only 10 fold less accurate than Pol δ or Pol ε in the absence of their exonuclease activity (Zhong et al., 2006).  Furthermore, S. cerevisae rev3LΔ strains and REV3L deficient mammalian cells exhibit sensitivities to DNA damaging agents, deficiencies in HDR, and impaired class switch recombination, indicating a role for Pol ζ in DSB repair (Johnson, Prakash, & Prakash, 2012; Schenten et al., 2009; Sharma et al., 2012; Sonoda et al., 2003). However, REV3L is essential in mammalian cells, preventing extensive analysis of the complex (Esposito et al., 2000; Gibbs, McGregor, Maher, Nisson, & Lawrence, 1998).
     Recently, four independent studies have shown that POLD2 and POLD3 can complex with both REV3L and REV7 through REV3L’s C-terminal domain (CTD) forming a four-subunit enzyme referred to here as ζ4 (Baranovskiy et al., 2012; Johnson et al., 2012; Makarova, Stodola, & Burgers, 2012; Siebler, Lada, Baranovskiy, Tahirov, & Pavlov, 2014). These studies have shown that the ζ4 enzyme replicates undamaged DNA independently of PCNA, increases the efficiency of nucleotide incorporation and increases processivity compared to the ζ2 enzyme.  However, it is currently unknown how the addition of POLD2 and POLD3 impact the fidelity of ζ4 compared to ζ2.  These data have led to the model that upon encountering a lesion, POLD1 is exchanged from the Pol δ holoenzyme for REV3L and REV7.  This four subunit Pol ζ completes DNA synthesis across the lesion, REV3L-REV7 dissociates from the replisome, and POLD1 rejoins the holoenzyme to complete DNA replication. These data highlight a pivotal role for Pol δ subunits during translesion synthesis and potentially during DSB repair as a component of Pol ζ.
[bookmark: _Toc407812053]Pol δ and Disease

Mutations in Pol δ subunits are found in both sporadic and hereditary endometrial, breast, and colorectal cancers (Barbari & Shcherbakova, 2017; Palles et al., 2013). These mutations are typically restricted to the exonuclease domain of POLD1, which are thought to abrogate proofreading leading to increased mutation load (Rayner et al., 2016).  Indeed, budding yeast strains harboring proofreading mutations first identified in human tumors exhibit increased mutation rates at multiple loci (Murphy, Darmawan, Schultz, Fidalgo da Silva, & Reha-Krantz, 2006).  T4 polymerase variants harboring proofreading mutations also show little exonuclease activity in vitro (Abdus Sattar, Lin, Jones, & Konigsberg, 1996). Additionally, mice homozygous for proofreading deficient alleles of POLD1 exhibit increased susceptibility to cancer, particularly thymic lymphomas and squamous cell carcinomas (Goldsby et al., 2001).  Together, these data highlight an important role for Pol δ in carcinogenesis.
     Mutations in Pol δ also lead to Mandibular hypoplasia, Deafness, and Progeroid (MDP) syndrome, a genetic disorder often mistaken for Werner’s syndrome (Lessel et al., 2015; Weedon et al., 2013).  MDP syndrome is caused by a heterozygous in-frame deletion of S605 at the POLD1 polymerase active site (del605). Patients typically present with accelerated aging phenotypes although it is unknown if MDP syndrome leads to increased cancer susceptibility.  However, transgenic mice harboring a heterozygous mutation altering the POLD1 polymerase active site do not have increased cancer susceptibility but have more aggressive disease (Venkatesan et al., 2007). Biochemical characterization of del605 Pol δ indicated slight defects in exonuclease activity and complete abolishment of polymerase activity compare to WT Pol δ, suggesting that del605 Pol δ behaves in a dominant negative manner, leading to replication stress and genomic instability (Weedon et al., 2013).  However, lymphoblastoid cell lines derived from these patients do not exhibit increase genomic instability compared to WT controls although this could be a cell type specific effect (Lessel et al., 2015).  Further work will be needed to characterize the effects of this mutation at a molecular level.
     Here we identified POLD2 as a translocation-promoting factor.  We show that these effects are not due to indirect effects on cell cycle, gene expression, replication stress, or an artifact of Cas9 expression or gRNA cutting efficiency.  These translocations are potentially mediated by both Pol δ and Pol ζ.  Furthermore, we show that POLD2 can promote translocations independently of 53BP1 suggesting a role for POLD2 in Alt-NHEJ.  We also note recruitment of POLD2 to both IR- and endonuclease-induced DSBs implicating a direct role for POLD2 in DSB repair.  Lastly we noted significant decreases in imprecise NHEJ and microhomology usage at translocation junctions and DSBs repaired in cis.  These findings highlight a previously unappreciated role for POLD2 during translocation formation and end-joining
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     The first targeted translocation reporter utilized two reporter constructs integrated into two specific positions (Chr. 14 and Chr. 17) into the mouse genome in mouse embryonic stem cells (mESCs) (Figure 2.1A) (Richardson & Jasin, 2000; Simsek et al., 2011; Weinstock et al., 2007; Y. Zhang & Jasin, 2011).  Introducing two DSBs using the I-SceI endonuclease leads to a translocation between chromosomes 14 and 17 reconstituting a functional neomycin gene.   Afterwards, mESCs can be selected in neomycin and colonies could be counted to assess translocation frequency.   However, this method requires 10-14 days to determine translocation frequency and culturing mESCs is expensive. To avoid these problems translocations can also be measured using qPCR following the introduction of two DSBs by any targeted endonuclease (Brunet et al., 2009; Ghezraoui et al., 2014; Piganeau, Renouf, Ghezraoui, & Brunet, 2016).  For example, two ZFNs, TALENs, or CRISPRs can be introduced into cells to generate translocations and 48 hrs later genomic DNA harvested for a nested-qPCR to quantify translocations.  This method has the advantage of being applicable across all cell types, inexpensive, and quick allowing the timely interrogation of factors on translocation frequency.  However, this process is labor intensive and therefore is not suitable for high-throughput screening.
     To circumvent the labor and limitations of the qPCR and mES reporters, our group developed a novel Zinc Finger Nuclease Translocation Reporter (ZITR) (Figure 2.1B) (Day et al., 2017).  A promoterless GFP or CD4 construct containing an AAVS1 ZFN target site was randomly integrated into the genome of human lung adenocarcinoma A549 cells.  These cells are infected with a ZFN expressing adenovirus causing two DSBs, one at the endogenous AAVS1 locus and another within the GFP construct.  If a rearrangement forms, the AAVS1 promoter drives expression of GFP, which is quantified by flow cytometry 48 hrs post-infection.   However, this method still relies on random or targeted integration of reporter constructs, requiring the creation of a new cell line if an investigator wishes to interrogate translocations in a different cell type.  
     To avoid this issue, I developed a novel CRISPR/Cas9 based translocation reporter (CRITR) (Figure 2.1C) (Day et al., 2017).  This reporter does not require the introduction of exogenous reporter constructs.  Rather, a CRISPR/Cas9 expression vector containing two gRNAs is introduced into cells.  These gRNAs target the first intron of a housekeeping gene and the first intron of a silent gene encoding a membrane protein.  Should a translocation form, the housekeeping gene’s promoter will drive expression of the gene encoding an extracellular marker that can then be quantified by flow cytometry.  This system is fast, cheap, adaptable to many cell types, and not labor intensive, allowing the interrogation of multiple factors on translocation frequency in a timely manner. 
[bookmark: _Toc407812056]Results:

     Using this approach we have found that the promoters of house-keeping genes TFRC and NONO can be used to drive expression of either the CD4 or CD8 genes (Figure 2.2A, B and Supplementary Figure 1.1).   We observed that translocation frequency varies between cell types and is also dependent upon which partner chromosomes are used to generate the rearrangement.  Following transfection of Cas9 and the TFRC and CD4 gRNA into K562 cells, we could detect CD4+ cells at ~0.3% (Figure 2.2A and B).  Importantly, we could not detect CD4+ signal when Cas9 and a single gRNA was nucleofected.  Furthermore, transfection of 293T cells in the same format produced similar results (Figure 2.2D and E).  When we transfected the NONO and CD8 gRNA we noted that the CD8+ frequency in 293T cells was ~1% (Supplementary Figure 1.1). 
     To confirm the presence of targeted stable rearrangements in our cell lines we sorted CD4+ and CD8+ cell lines following nucleofection of each gRNA pair.  We found that cells positive for putative stable translocations possessed the stable targeted chromosome rearrangements by metaphase FISH in both 293T and K562 cells (Figure 2.2F, 2.3A, Supplementary Figure 2.1).  Furthermore, 90% CD4+ cells possessed at least one translocation and almost 60% contained both the targeted event and its reciprocal partner (Figure 2.3B and C).  Additionally, CD4+ cells maintained CD4 expression after cell sorting and showed no proliferative advantage compared to cells that did not contain a genomic rearrangement (Figure 2.3D). 
     Because the pairs of gRNAs we had previously nucleofected into cells generated monocentric translocations we reasoned we could induce the formation of unstable translocations that could be tracked by flow cytometry.  Using this approach we could potentially generate a dicentric chromosome using the NONO and CD4 gRNAs or an acentric chromosome using the TFRC and CD8 gRNAs.  Following the transfection of these gRNA pairs into 293T cells we could detect CD4+ cells at a frequency of 1.5% and CD8+ cells at 0.3% (Supplementary Figure 1.1).  The low frequency of CD8+ cells using this approach could be due to differences in the contact frequency of the TFRC and CD8 loci but could also be due to loss of the acentric chromosome fragment in subsequent cell divisions following transfection.  Further testing will be necessary to confirm the presence of the unstable chromosome fragments.
[bookmark: _Toc407812057]Chapter 3:  POLD2 is a translocation promoting gene
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Our laboratory recently performed a medium throughput shRNA screen to investigate which DNA repair factors promoted or suppressed translocation frequency in human cell lines (Day et al., 2017).  Using the two ZITR reporters and a ~180 gene shRNA library, our group identified PARP3, 53BP1, and DDB1 as translocation promoting genes and RAD50 and UBC9 as translocation suppressing genes.  These effects were also reproduced using the CRITR assay indicating they promote translocations in a cell type and endonuclease independent manner (Day et al., 2017). However, it is possible that because our cutoffs were strict that false negatives were missed.   We hypothesized that new factors that modulate translocation frequency could be identified by relaxing our initial criteria.
[bookmark: _Toc407812059]Results:

     Initially, we identified translocation modulating genes using the criteria that a gene must induce a two-fold change in translocation frequency, using two independent hairpins, and in two different reporters (Day et al., 2017).  These criteria identified 53BP1, PARP3, and DDB1 as translocation promoting genes and RAD50 and UBC9 as translocation suppressing genes. However, there may have been false negatives in this analysis as our criteria were very strict.  To identify genes that modulate translocation frequency that might have missed our cutoffs, we relaxed our criteria by including genes that induced more than a two-fold change in translocation frequency in either ZITR reporter rather than both.  We identified POLD2, the second subunit of DNA polymerase δ (Pol δ), as a translocation-promoting gene.   To validate this finding, we measured translocation frequencies in HeLa cells containing a ZITR reporter (Figure 3.1A).  In POLD2 depleted cells, translocations were reduced by approximately 50%.To confirm this phenotype was not specific to translocations induced by ZFNs, we also monitored translocation frequencies in 293T cells using the CD4 CRITR assay (Figure 3.1B).  We observed a 60% decrease in translocation frequency using this assay, which could be rescued by a stably expressed siRNA independent POLD2 overexpression vector.  Furthermore, we confirmed these differences were not due to differences in the cutting efficiency of our gRNAs or expression of Cas9 (Figure 3.1C).  Depletion of POLD2 also destabilized the Pol δ complex resulting in the near complete loss of Pol δ subunits POLD1 and POLD3 (Figure 3.1B).  We did not detect either of these genes as hits in our screen or any other genes encoding other DNA polymerases (Supplementary Figure 3.1).  However, it is possible that other polymerase genes did not achieve our cutoffs yet still promote translocations.  To determine if the effects of POLD2 on translocation frequency were due to the action of Pol δ or Pol ζ, we depleted the catalytic subunits of each complex, POLD1 and REV3L respectively (Supplementary Figure 4.1A and B)).  We observed a decrease in translocation frequency following depletion of POLD1 or REV3L, suggesting Pol δ and Pol ζ potentially cooperate during translocation formation.  We have not confirmed REV3L knockdown in these cells, or determined if indirect effects of REV3L depletion are responsible for the translocation phenotype.  Therefore, further study of REV3L is warranted to confirm our hypotheses.
     Because Pol δ exists partially as a heterotrimer in human cells following DNA damage we asked if POLD4 depletion modulates translocation frequency.  Using four independent siRNAs, we found that POLD4 depletion led to a statistically significant decrease in translocation frequency by CRITR (Supplementary Figure 4.1C).  This decrease in translocation frequency was approximately 50% that of POLD1 and POLD2 depletion suggesting that both the heterotetrameric and heterotrimeric isoforms of Pol δ participate in the repair of translocations.  However, we have not confirmed knockdown in these cells and further study is necessary to confirm these hypotheses.  
     Translocation frequency could be influenced by differential gene expression, alterations in cell cycle distribution, or changes in replication stress levels following POLD2 depletion.   Because these possibilities could indirectly affect translocation frequency we monitored the cell cycle distribution, global gene expression levels, and replications stress levels with and without POLD2 depletion in HeLa cells.  Following POLD2 depletion with two independent siRNAs, we did not observe any significant changes in cell cycle distribution (Figure 3.1D).  We also could not detect significant changes in the levels of replication stress markers p-RPA (S4/S8) and p-ATR following POLD2 depletion (Figure 3.1E). Furthermore, RNA-sequencing of cells treated with either control siRNA and two independent POLD2 siRNAs indicated minimal changes in gene expression outside of POLD2 (Figure 3.1F).  These data indicate that POLD2 does not indirectly influence translocation frequency by altering gene expression, replication stress levels, or cell cycle distribution.  
     Translocations are promoted by end joining pathways in both human and murine cells rather than HDR (Ghezraoui et al., 2014; Richardson, Moynahan, & Jasin, 1998; Simsek et al., 2011; Weinstock et al., 2007; Y. Zhang & Jasin, 2011).  Because Pol δ is a canonical HDR factor and both Alt-NHEJ and HDR are promoted by common factors, we reasoned that POLD2 could promote translocations through Alt-NHEJ and thus independently of C-NHEJ (Truong et al., 2013).  To test this hypothesis, we performed CRITR assays in isogenic 53BP1+/+ and 53BP1-/- 293T cells with and without POLD2 depletion (Figure 3.2).  We observed significant decreases in translocation frequency in 53BP1-/- cells as previously reported (Day et al., 2017).  Crucially, depletion of POLD2 in 53BP1-/- cells resulted in further significant decrease in translocation frequency suggesting that POLD2 can promote some translocations in a C-NHEJ independent manner.
     Finally, we hypothesized that other replicative polymerases could also promote chromosomal rearrangements in human cells.  To test this hypothesis, we depleted cells for the catalytic subunits of Pol α and Pol ε, POLA1 and POLE1 respectively, and monitored translocation frequency by CRITR (Supplementary Figure 5.1).  We detected a nearly 80% decrease in translocation frequency following depletion of Pol α but were unable to monitor translocations in a POLE1 deficient setting due to siRNA-mediated cytotoxicity.  However, we cannot rule out that these effects are indirect due to alterations in cell cycle distribution, gene expression, or replication stress levels.  These results suggest an important role for the lagging strand DNA replication complex during the formation of chromosomal translocations although a role for Pol ε and other leading strand components cannot be ruled out.  
[bookmark: _Toc407812060]Chapter 4:  Pol δ is recruited to DNA DSBs
[bookmark: _Toc407812061]Background:

     Pol δ subunits are required for DSB repair in many organisms and therefore must be recruited to DNA damage for repair.  This has been documented in budding yeast, as Pol δ is recruited to HO induced DSBs (Meyer, Fu, & Heyer, 2015). Pol δ is also recruited to sites of UV damage in human cells (Chea et al., 2012; Hashiguchi, Matsumoto, & Yasui, 2007).  However, UV damage generates a variety of lesions, including pyrimidine dimers, base damage, DNA-protein crosslinks, DNA single strand breaks, and if cells are sensitized with Hoescht dye, DNA DSBs (Schuch, Moreno, Schuch, Menck, & Garcia, 2017).  Therefore, it is unclear if Pol δ is recruited specifically to DSBs in human cells.  
[bookmark: _Toc407812062]Results: 

     To determine if POLD2 is recruited to DSBs in human cells we exposed U2OS cells to 10 Gy of ionizing radiation (IR) and allowed the cells to recover for two hours.  Afterwards we performed proximity ligation assays to determine if POLD2 interacts with γ-H2AX, a marker of DSBs (Figure 4.1A and B).  Cells unexposed to IR contained minimal levels of POLD2/γ-H2AX interactions, likely indicating collapsed replication forks.  However, cells exposed to IR contained significantly more POLD2/γ-H2AX interactions, suggesting POLD2 is recruited to DSBs following DNA damage.  However, the number of POLD2/γ-H2AX interactions was less than the number of 53BP1/ γ-H2AX interactions.  
     To confirm that POLD2 is recruited to DSBs in an orthogonal manner we used chromatin immunoprecipitation (ChIP) to isolate HA-FLAG tagged POLD2 bound to a ZFN induced DSB at the AAVS1 locus in 293T cells (Figure 4.1C).  Using this approach, we could detect POLD2 recruitment 18 hours post transfection of the AAVS1 ZFNs.  This recruitment was restricted to the area immediately at the DSB site and approximately 50 bp downstream.  Together, our ChIP and proximity ligation assay datasets suggest that POLD2 is recruited to both endonuclease and IR induced DSBs.
[bookmark: _Toc407812063]Chapter 5:  POLD2 promotes inaccurate end-joining at DSBs joined in trans and in cis
[bookmark: _Toc407812064]Background: 

    End joining pathways have been predominantly portrayed as error prone processes while HDR has been associated with error-free repair (Ciccia & Elledge, 2010). However, end-joining is the predominant DSB repair pathway in human cells and therefore must restore sequence integrity to prevent indel formation in coding sequences (Ciccia & Elledge, 2010).  Indeed, a recent study has shown that C-NHEJ factors are responsible for the majority of Cas9 mediated blunt joins in human cells (Garbacz et al., 2018).  We hypothesized that Pol δ subunits promote inaccurate end-joining, presumably through Pol δ’s exonuclease or polymerase activities.  Several studies in budding yeast indicate that Pol3 promotes Alt-NHEJ supporting this hypothesis (Tseng, Gabriel, & Teng, 2008; Villarreal et al., 2012). 
[bookmark: _Toc407812065]Results:

     To determine if POLD2 promotes inaccurate end joining, we used limiting dilution PCR and Sanger sequencing to isolate and sequence individual translocation junctions.  Using this approach, we found that POLD2 depletion resulted in significant decrease in the relative fraction of translocation junctions that underwent end processing and a concomitant increase in the relative fraction of translocations containing the predicted blunt-blunt join (Figure 5.1A).  When we normalized these values to the translocation frequencies in our CRITR assays we can see that the frequency of translocations that underwent end processing is reduced while the frequency of translocations without end processing is unchanged (Figure 5.1B).  This implies that POLD2 promotes DSB end processing in some manner.  To determine if POLD2 promotes end processing at DSBs, we measured microhomology usage and the lengths of deletions and insertions at each sequenced junction (Figure 5.1 C-F).  We observed that deletions were slightly longer in POLD2 depleted cells, although this trend did not reach statistical significance.   Additionally, we noted no significant differences in microhomology usage in POLD2 depleted cells.  We also found that insertions at translocation junctions were predominantly vector templated and were significantly shorter in POLD2 depleted cells. 
     To confirm that these observations are not limited to repair leading to the formation of translocations, we monitored intrachromosomal repair by amplifying repair products from the CD4 locus 48 hrs following transfection of a CRISPR/Cas9 expression vector (Figure 5.2A).  These products were purified and submitted for Illumina based next-generation sequencing (Supplementary Table 1.1 and 2.1).  The FASTQ files generated were then analyzed using Hi-FiBR, a bioinformatics script that identifies insertions and deletions by monitoring the CIGAR strings generated following alignment to the reference sequence (Brown et al., 2018).  It then classifies each read as an insertion, deletions, complex (i.e. a junction with a deletion and an insertion), or as a perfect match to the reference (exact).  Additionally, the script catalogs the insertion and deletion lengths associated with each read as well as the amount of microhomology used if the break was repaired as a simple deletion.  
     Using this approach we found that POLD2 depletion resulted in a significant decrease in deletion frequency with a concomitant increase in exact repair frequency, just as we observed in our translocation sequencing dataset (Figure 5.2B).  Furthermore, we detected decreased frequencies of junctions containing ≥ 3 bp of microhomology with a corresponding increase in the relative fraction of blunt deletions suggesting that POLD2 promotes Alt-NHEJ (Figure 5.2C).  This decrease in microhomology usage was predominantly due to decreased frequencies of three specific junctions, all utilizing 3 bp of microhomology within 20 nt of the break site (Table 5.1). We could not detect any decreases in template insertion length in POLD2 depleted cells, although most templated insertions in this dataset were predominantly vector derived as well (Figure 5.3A).  We also could not detect templated insertion hot spots in the genome or vector, implying that the choice of repair template is not restricted to a given sequence context or chromatin state (Figure 5.3B and C).
     To confirm that these observations were not restricted to sites that participated in the translocations we also monitored the repair of CRISPR/Cas9 induced DSBs at the ESR1 locus.  Corroborating our previous data, we noted an increase in exact repair frequency with a concomitant decrease in the frequency of simple deletions in POLD2 depleted cells (Figure 5.2D).  Additionally, we observed that the microhomology distribution of ESR1 repair junctions in POLD2 depleted cells were depleted for microhomologies of ≥ 2 bp with a corresponding increase in the number of deletion junctions with no microhomology (Figure 5.2E).  As with the CD4 locus these changes were due to alterations in the frequency of 2-4 specific junctions utilizing 2 or 3 bp of microhomology.  However, we noted no significant changes in deletion or insertion length at this locus.  
     We noted that single nucleotide insertions were the most prevalent insertions occurring in our datasets.  In fact, single nucleotide insertions are frequently documented in sequencing datasets monitoring CRISPR/Cas9 outcomes.(van Overbeek et al., 2016)  Recently, these insertions were found to be dependent on POL4, the budding yeast ortholog of mammalian Pol μ and λ.(Lemos et al., 2018)  We hypothesized that these insertions may also be Pol δ dependent.  However, we found no significant changes in the frequencies of single nucleotide insertions normalized to total readcount in the absence of POLD2 at either locus (Table 5.1 and 5.2).
     Because POLD2 is also a component of Pol ζ, we hypothesized that there would be decreased sequenced mutagenesis during NHEJ of CRISPR/Cas9 associated DSBs.  Pol ζ replication leads to the formation of complex mutations during repair (~2-5nt mismatches) (Northam et al., 2010; Stone, Lujan, Kunkel, & Kunkel, 2012; Zhong et al., 2006).  Therefore, we chose to monitor 2-5 nt substitutions within an 8 bp window at the DSB site, 4 bp on each side.  Using this approach we detected a statistically significant decrease in transversion and complex mutation frequency but not transition mutation frequency at the CD4 locus (Supplementary Figure 6.1A, B, and C).  These events were predominantly due to A>C and T>G mutations at the CD4 locus.  We also monitored complex events individually and noted decreases in 2, 3, and 4 nt mismatches, although these comparisons did not reach statistical significance (Supplementary Figure 6D).  These mutations tended to be present at reduced frequencies in POLD2 depleted cells compared to controls, although these individual differences were not statistically significant. Although the most common mutation detected was G>A, we did not detect a statistical difference in the frequency of specific individual mutations (Supplementary Figure 7.1).  
[bookmark: _Toc407812066]Chapter 6:  Pol δ and DSB repair pathway choice
[bookmark: _Toc407812067]Background:

     As mentioned earlier, Pol δ promotes HDR in a variety of organisms (Brocas et al., 2010; Kane et al., 2012; Maloisel et al., 2008; S. Zhang et al., 2018). However, Pol δ subunits have been found to play important roles in both NHEJ and Alt-NHEJ.  First, Pol δ promotes translocations mediated by NHEJ and Alt-NHEJ in budding yeast (Meyer et al., 2015; Tseng et al., 2008).  Second, plasmid end-joining experiments have shown that subunits of Pol δ promote gap-filling at 3’ ends but not 5’ ends during end joining in S. cerevisae (Chan, Galli, & Schiestl, 2008; Galli, Chan, Parfenova, Cervelli, & Schiestl, 2015).  Furthermore, these findings are corroborated at chromosomally integrated reporters (K. Lee & Lee, 2007).  Third, knockdown of Pol δ subunits leads to camptothecin, hydroxyurea, and PARP inhibitor sensitivity in human cells, implying that Pol δ is important for DNA replication and repair following DNA damage (Tumini et al., 2016; S. Zhang et al., 2018).  For these reasons, we hypothesized that POLD2 is important for proper DSB repair in human cells.
[bookmark: _Toc407812068]Results:

To measure the effects of POLD2 on DSB repair pathway choice we used fluorescent reporters designed to measure NHEJ and HDR.  To measure NHEJ we used an integrated copy of the EJ5 reporter in HeLa cells (Gunn & Stark, 2012).  This reporter contains a puromycin gene flanked by I-SceI sites, a promoter, and a promoterless GFP.  Upon introduction of I-SceI, the puromycin gene can be deleted resulting in the fusion of the promoter to GFP. This fusion leads to GFP expression allowing quantification of NHEJ activity by flow cytometry.  Following POLD2 depletion, we detected a significant but modest decrease in C-NHEJ activity (Figure 6.1A).  We [image: Macintosh HD:Users:jacob:Dropbox (Partners HealthCare):Dissertation:Figures:Portrait_Dissertation_Figure_4_DSB_repair_pathway_choice.ai]also monitored homology directed repair using two independent reporters.  The first uses U2OS cells containing an integrated copy of the DR-GFP reporter (Figure 6.1B) (Gunn & Stark, 2012).  This reporter contains two copies of the GFP gene, the first containing an I-SceI site and the second being N-terminally truncated.  After I-SceI expression the DSB may use the downstream N-terminally truncated copy of GFP as a repair template leading to GFP expression and quantitation by flow cytometry.  As expected, POLD2 depletion resulted in a significant reduction in GFP+ cells using the DR-GFP reporter, indicating that POLD2 promotes HDR (Figure 6.1B).  The second reporter uses an integrated EGFP construct, CRIPSR/Cas9 expression, and an exogenous repair template to convert EGFP to BFP (Glaser, McColl, & Vadolas, 2016) (Figure 6.1C).  293T GFP+ BFP- cells become GFP- BFP- following the formation of out of frame indels, while cells undergoing HDR are converted from GFP+ BFP- to GFP- BFP+.  Any cells remaining GFP+ BFP- were either never cut with the gRNA, repair perfectly, or contain in frame indels preserving GFP fluorescence. Following POLD2 depletion we again noted a significant decrease in HDR as measured by GFP- BFP+ cells (Figure 6.1C).  In contrast, we detected a significant increase in HDR levels following POLQ depletion, as previously reported (Mateos-Gomez et al., 2015) (Figure 6.1C).  In agreement with our sequencing data set we also detected a significant increase in the frequency of GFP+ BFP- cells potentially indicating that POLD2 is promoting an inaccurate form of end joining (Figure 6.1C).
 


[bookmark: _Toc407812069]Chapter 7: Discussion

[bookmark: _Toc407812070]A Novel CRISPR/Cas9 based Translocation Reporter

     Here we designed flow-cytometry based chromosomal translocation reporters in human cells.  Using CRISPR/Cas9 we can induce translocations in a variety of cell types, albeit at differing frequencies.  This could be due to changes in gRNA cutting efficiencies between cell types, Cas9 expression levels, transfection efficiencies, or the proximity of each locus to one another in 3-dimensional space.  The putative monocentric translocations TFRC-CD4 t(3;12) and NONO-CD8 t(X;2) are stably inherited and upon sorting showed clear chromosomal fusions by metaphase FISH and PCR over the repair junction.  Additionally, the TFRC-CD4 rearrangement did not cause changes in proliferation when compared to their parental counterparts and nearly all CD4+ cells contained the targeted rearrangement, allowing sorting and expansion of the cells for sequencing of translocation junctions.  Because this assay can be performed in 48 hrs with minimal labor it is significantly easier and faster to perform than the mES cell assay or the qPCR assay.  Furthermore, unlike the ZITR assay, CRITR requires no exogenous reporter constructs allowing the assay to be performed with ease across multiple cell types.  Lastly, we have shown that LIG4 promotes translocations using CRITR, corroborating recent work suggesting that C-NHEJ promotes the formation of translocations in human cells and indicating that the reporter behaves as expected (Day et al., 2017; Ghezraoui et al., 2014).
      We can also detect the putative formation of unstable chromosomal translocations by flow cytometry.  First, transfection of CRISPRs targeting the NONO and CD4 locus generates a putative dicentric chromosome, while targeting the CD71 and CD8 locus leads to the formation of an acentric chromosome.  We have not confirmed the structure of these chromosomes by metaphase FISH but using CRISPRs to generate these kinds of chromosomal translocations could prove useful for studying breakage-fusion-bridge cycles. 
[bookmark: _Toc407812071]POLD2 Promotes Chromosomal Rearrangements

     We also identified POLD2 as a translocation promoting-gene.  We found that this effect was independent of the endonuclease used to generate translocations, gRNA cutting efficiency, and Cas9 expression. These data indicate that POLD2’s effects on translocation frequency are not due to technical artifacts and likely due to direct or indirect biological effects dependent on POLD2.  To confirm that translocation formation is not impacted by alterations in other biological processes involving POLD2 we monitored cell cycle status, replication stress levels, and differential gene expression in POLD2 depleted cells.  Following POLD2 depletion we could not detect significant differences in cell cycle distribution with two independent siRNAs against POLD2.  This seems counterintuitive, as depletion of the DNA replication machinery should decrease origin firing or lead to more collapsed replication forks and consequently G1/S phase arrest and/or apoptosis.  However, depletion of POLD3 or POLD4 for extended periods did not lead to proliferative defects in U2OS cells (Costantino et al., 2014). These data suggest that depletion of Pol δ structural subunits does not impair proliferation, perhaps due to a residual amount of Pol δ capable of performing DNA replication but unable to properly execute DSB repair.  Indeed, DNA fiber assays from POLD3 depleted cells did not indicate any changes in replication fork speed although interorigin distance was longer in POLD3 and POLD1 depleted cells, presumably due to decreased origin firing (Tumini et al., 2016).  Corroborating this data, we could not detect changes in p-ATR or p-RPA following POLD2 depletion.  Furthermore, differential expression analysis in POLD2 depleted cells showed minimal changes in gene expression outside of POLD2 itself.  This is in contrast to a POLD2 A. thaliana mutant that shows significant alterations in gene expression, alterations in development, induction of clastogen sensitivities, and increased genomic instability (J. Zhang et al., 2016). However, these differing results could be explained by our transient knockdown of POLD2, instead of compromising POLD2 function by mutation.  These data indicate that POLD2 promotes translocations directly rather than indirectly through alteration of the cell cycle, replication stress levels, or differential expression of canonical DSB repair genes.
     Finding that POLD2 promotes rearrangements is not unexpected, as translocations are frequently generated by non-allelic homologous recombination, a Pol δ dependent process, in budding yeast (Brocas et al., 2010; Maloisel, Bhargava, & Roeder, 2004).  However, in human cells NHEJ is the predominant mode of DSB repair while homologous recombination contributes only in S/G2 phases of the cell cycle and only to a minor extent (Ciccia & Elledge, 2010).  Consequently, most experiments in human cells have shown that endonuclease induced translocations are predominantly repaired by end joining, although large-scale complex rearrangements have signatures of replicative involvement (Crasta et al., 2012; Ghezraoui et al., 2014; Richardson et al., 1998; Simsek et al., 2011; Weinstock et al., 2007; C. Z. Zhang et al., 2015; Y. Zhang & Jasin, 2011). However, we found depletion of POLD2 or 53BP1, a C-NHEJ factor, led to a 60-80% decrease in translocations and that POLD2 depletion in a 53BP1 knockout cell line further decreased translocation frequency to nearly undetectable levels by CRITR.  This data indicates that in the absence of 53BP1, POLD2 can still promote translocations independently of C-NHEJ.   Furthermore, this data suggests that POLD2 promotes Alt-NHEJ as well, perhaps using its polymerase activity to perform gap filling synthesis during the final steps of end joining as Pol μ, λ, β, and θ do in human cells (Kent et al., 2015; Pryor et al., 2015; Ray et al., 2018). In fact, POL32 promotes Alt-NHEJ in a variety of contexts along with REV3 and POL4 in budding yeast (K. Lee & Lee, 2007; Villarreal et al., 2012).
     The finding that POLD4 promotes translocations, although to a lesser extent than POLD1 or POLD2, suggests that both the heterotetrameric and heterotrimeric forms of Pol δ can promote translocations. We have not sequenced junctions from POLD4 deficient cells to determine if indels or microhomology usage is altered following repair.  However, the heterotrimeric isoform is less mutagenic and has slower replication kinetics than the tetramer (M. Y. Lee et al., 2014; Zhou et al., 2012). These findings suggest that not only is the heterotrimer antimutagenic at the sequence level but also at the structural level.  However, the mechanism behind these findings is still under investigation.
     Because REV3L and POLD1 also promote translocations it is possible that POLD2 promotes translocations through both Pol δ and Pol ζ.  However, Pol ζ promotes HDR in multiple organisms but not NHEJ or Alt-NHEJ mediated chromosomal rearrangements in yeast (Meyer et al., 2015; Tseng et al., 2008). This could be due to differences in DSB repair pathway preference in mammalian cells as REV3L and its catalytic activity are essential in mammals while Rev3Δ budding yeast strains are viable (Esposito et al., 2000; Wittschieben et al., 2006).  However, it is also possible that these effects are indirect, as we have not profiled cell cycle distribution, basal γ-H2AX levels, gRNA cutting efficiency, or differential gene expression in POLD1 or REV3L depleted cells.  
     We also found that lagging strand components are necessary for the formation of chromosomal translocations.  Depletion of Pol α led to an 80% reduction in translocation by CRITR.  This corroborates a recent finding that the 53BP1-RIF1-Shieldin axis mediates the recruitment of the CST complex and Pol α to damaged telomeres which prevents the formation of radial chromosomes following PARPi treatment in a BRCA1-/- mouse embryonic fibroblasts (Mirman et al., 2018).  Pol α and δ also promote chromosomal translocations mediated by end joining in budding yeast, providing further evidence that the lagging strand machinery promotes chromosomal rearrangements in multiple organisms (Tseng et al., 2008).  However, we have not performed experiments to determine if Pol α promotes translocations indirectly by modulating cell cycle distribution, basal γ-H2AX levels, gRNA cutting efficiency, or differential gene expression.
     While lagging strand synthesis appears to promote the formation of translocations we cannot rule out a role for the leading strand synthesis machinery due to significant cytotoxicity upon depletion of the Pol ε catalytic subunit.  Indeed, yeast Pol ε (POL2) promotes translocations through its exonuclease activity (Tseng et al., 2008).  
[bookmark: _Toc407812072]POLD2 recruitment to DSBs

     We also determined that POLD2 is recruited to both endonuclease and IR induced DSBs in human cells.  Using our PLA assays we saw a significant increase in POLD2/γ-H2AX interactions following 10 Gy of damage but not nearly as many interactions as our positive control 53BP1/γ-H2AX.  This could be due to POLD2 being recruited to a subset of DSBs, for instance DSBs undergoing HR.  However, HR in mammalian cells is infrequent and our translocation data suggests POLD2 modulates repair through an end-joining pathway.  Alternatively, the dwell time of POLD2 at a DSB may be exceptionally short and thus we would only see a limited number of POLD2/γ-H2AX interactions at any given time.  Because the amount of end processing necessary to facilitate end joining is likely minimal, Pol δ dependent effects would likely require seconds to minutes regardless of whether these were dependent on exonuclease or polymerase activity (M. Y. Lee et al., 2014). 
     We orthogonally confirmed that POLD2 is recruited to DSBs using ChIP at a ZFN induced DSB in 293T cells.  We found significant enrichment both immediately at and approximately 50 bp from the break site.  This enrichment suggests a potential role for POLD2 in short-range end processing probably using an end-joining pathway as predicted from translocation frequency experiments.
     It is currently unknown what is required for the recruitment of POLD2 to DSBs. In vitro experiments using double Holliday junction substrates suggest that a dsDNA to ssDNA transition is sufficient to recruit Pol δ (J. Li, Holzschu, & Sugiyama, 2013). Immunofluorescence studies in human cells have revealed that depletion of RFC140 leads to >50% reduction in POLD1 recruitment to XPA laser strips following UV damage (Hashiguchi et al., 2007; Ogi et al., 2010; Overmeer et al., 2010). Additionally PCNA recruitment is not affected by RFC140 depletion, suggesting that POLD1 recruitment is independent of PCNA recruitment and loading (Ogi et al., 2010). However, POLD3 recruitment to UV lesions is not affected by RFC depletion, suggesting a Pol δ independent role for POLD3 in nucleotide excision repair and by extension DSB repair, perhaps through Pol ζ recruitment mechanisms (Ogi et al., 2010; Sharma et al., 2012).
     Although we have shown potential recruitment of POLD2 to DSBs our experiments cannot eliminate the possibility that replication forks are colliding with DSBs generated following IR.  We are currently addressing this hypothesis using cell cycle synchronization and monitoring POLD2 recruitment during G1 and S/G2 phase.

[bookmark: _Toc407812073]POLD2 and end joining fidelity

     Our next generation sequencing studies of repair junctions generated following CRISPR/Cas9 induced DSBs showed distinct repair profiles at each of the interrogated loci.  These data corroborate previous studies showing that CRISPR/Cas9 associated DSBs reproducibly generate a particular distribution of mutations for each gRNA (Lemos et al., 2018; van Overbeek et al., 2016).  We noticed that following POLD2 depletion these profiles shifted, resulting in an increase in the relative fraction of DSBs repaired perfectly and a concomitant decrease in the relative fraction of simple deletions following repair.  Additionally, we found that deletions in a POLD2 deficient setting were significantly depleted for junctions with ≥ 2 bp of microhomology and significantly but modestly shorter than wildtype counterparts in cis.  This is concordant with a study in budding yeast showing that Alt-NHEJ is predominantly down regulated in POL3 temperature sensitive and POL32 mutants, although they did not examine microhomology usage or overall deletion length (Galli et al., 2015; Tseng et al., 2008; Villarreal et al., 2012). 
     We also observed a significant portion of our dataset corresponded to single nucleotide insertions, corroborating recent studies of CRISPR/Cas9 repair junctions in multiple systems (van Overbeek et al., 2016).  Recently, these insertions were hypothesized to be due to Cas9 cutting in such a manner that the non-template strand is cut a single nucleotide upstream from the proto-spacer adjacent motif (PAM) than usual (Lemos et al., 2018).  Our data corroborate these hypotheses as the most predominant single nucleotide insertions were skewed such that they appeared templated from the 4th nucleotide away from the PAM. We found that the frequency of these insertions are not POLD2 dependent, suggesting that other polymerases, likely Pol μ and λ, are responsible for their formation in human cells as in budding yeast.  While these single nucleotide insertions are not dependent on POLD2, Pol δ is likely responsible for larger insertions requiring processive DNA synthesis as shown in our translocation sequencing dataset. 
     We also noted in POLD2 deficient cells, a decrease in the frequency of junctions containing 2-5 nt mismatches that would have otherwise been classified as exact.  We could not detect any of these junctions in a control sample that was amplified in the absence of Cas9 suggesting that these events are from improper nucleotide incorporation during DSB end processing.  Because depletion of POLD2 results in Pol δ destabilization, one would expect mutagenesis to be elevated rather than reduced.  However, POLD2 is also a component of Pol ζ, which is thought to mediate most spontaneous and DNA damage induced mutagenesis in yeast and human cells (Northam et al., 2010; Waters et al., 2009).  Therefore it’s possible that Pol ζ function is impaired in the absence of POLD2 resulting in reduced mutagenesis at DSB repair junctions.  In budding yeast and at sites of somatic hypermutation in mice, deficiencies in REV3 result in reduced frequencies of “complex” mutations, i.e junctions with clustered mutations rather than a single mutation (Diaz, Verkoczy, Flajnik, & Klinman, 2001; Diaz et al., 2003; Northam et al., 2010; Stone et al., 2012; Zhong et al., 2006).  However, it is also possible that in the absence of Pol δ and ζ4, other high-fidelity polymerases, such as Pol ε, are more frequently used during DSB repair.
     We replicated our finding that perfect repair is elevated in a POLD2 deficient setting at translocation junctions as well.  However, we could not detect significant changes in microhomology usage or deletion length, although deletions were slightly longer at translocations junctions, directly contrasting with our data at DSBs repaired in cis.  These results could be due to repeated rounds of microhomology annealing, destabilization, and further end processing in the absence of POLD2.  This would lead to increased deletion lengths and potentially alter microhomology usage to sites distal to the initial predicted repair site.  However, we cannot rule out that these effects could have been due to the difference in sample size between our translocation dataset (~100 junctions/sample by Sanger sequencing) and our next-generation sequencing dataset (>100,000 reads/sample).  This could be abrogated by sequencing more junctions using Sanger sequencing, a laborious and expensive process, or by adopting a next-generation sequencing based strategy.  However, using next-generation sequencing to profile translocation junctions, a rare event, could result in oversampling and skewing of the original distribution of repair junctions. 
     We also noticed a significant decrease in insertion lengths at translocation junctions upon POLD2 depletion, another effect that we did not detect at DSBs repair in cis.  However, this is likely due to the limitations on insert size in Illumina’s next-generation sequencing protocols.  Insertions larger than 100 bp are unlikely to be captured using that technology and it is still possible that insertions are substantially shorter even at DSBs repair in cis. This data supports several studies in yeast showing that gene conversion tract lengths are shorter in Pol δ mutants (Brocas et al., 2010; Maloisel et al., 2008).
     POLD1 and POLD3 are known to participate in DSB repair in budding yeast, flies, and human cells lines (Kane et al., 2012; Maloisel et al., 2008; Tumini et al., 2016). We found that POLD2 depletion results in significant decreases in both C-NHEJ and HDR in human cell lines using fluorescent DSB repair reporter constructs.  Because we could not detect changes in cell cycle distribution following POLD2 depletion it is likely that POLD2 promotes HDR directly through Pol δ as has been demonstrated in yeast.  The modest effect of POLD2 on C-NHEJ likely indicates that Pol δ promotes translocations primarily through Alt-NHEJ.
     Based on these data and the functions of Pol δ, we propose a model in which Pol δ promotes the extension of annealed microhomologies that are revealed by processing of DSBs to single-strand intermediates (Figure 7.1).  In the absence of Pol δ, DSB ends may be shuttled to precise repair by C-NHEJ, which is known to mediate some translocations in human cells (Ghezraoui et al., 2014).  This model is like ones describing Pol θ and Pol β action during DSB repair and implies that multiple polymerases may: 1) serve redundant functions, 2) be required for distinct steps of Alt-NHEJ, and/or 3) act on distinct intermediates generated during Alt-NHEJ (Mateos-Gomez et al., 2015; Ray et al., 2018).  For example, Pol θ, β, and/or α may initiate DNA synthesis from microhomologies, which is followed by Pol δ recruitment and more extensive DNA synthesis.  Indeed, several studies have demonstrated or suggested that Pol δ and Pol θ can iteratively bind, extend and dissociate from DNA (Beagan et al., 2017; Hedglin, Pandey, & Benkovic, 2016).  This model also helps to explain the overlapping phenotypes observed with depletion of either Pol θ, δ, and α such as reduced frequencies of translocation formation.  Together, our findings highlight a previously unappreciated role for replicative polymerases during DSB repair and generate testable hypotheses about the involvement of multiple polymerases in aberrant DSB repair events.
[bookmark: _Toc407812074]Chapter 8:  Methods


[bookmark: _Toc407812075]Analysis of shRNA screening data

shRNA screening data from Day et. al (2017) was reanalyzed such that any gene with ≥2 hairpins that induced ≥ 2 fold change in translocation frequency in either ZITR reporter was defined as a hit.  Any genes with two hairpins scoring as suppressors and another two hairpins scoring as promoters were excluded as hits.
[bookmark: _Toc407812076]Cell Culture

293T, HeLa, and U2OS cells were all cultured in DMEM supplemented with Penicillin/Streptomycin, xx mM Glutamine, and 10% Fetal Bovine Serum (Sigma) All cells were cultured under normal oxygen conditions (21% O2, 5% CO2, 37 °C).  For cells exposed to hydroxyurea, cells were treated at with either 2 mM hydroxyurea or DMSO for 24 hrs before preparation of cell lysate. 293T 53BP1-/- cells constructed as in Day et. al. Nature. Comm. (2017). Briefly, 2 x 106 cells were nucleofected (Amaxa, Lonza) with 2.0 g each of pX330 (Addgene plasmid 42230) containing guides targeting a 200-400 bp sequence in the gene and 0.2 g of a plasmid constitutively expressing puromycin. Cells were grown 24 hr without selection, 48 hr with puromycin selection, and subsequently cloned by serial dilution (293T and A549 cells) or allowed to proliferate for three days and colonies were isolated and analyzed by PCR for the presence of the deletion.
[bookmark: _Toc407812077]Lentiviral transductions

293T or HeLa cells were seeded at 60,000 cells/well of 12-well tissue culture plates and allowed to adhere overnight.  The following morning 5 L of concentrated lentivirus and polybrene, to a final concentration of 10 g/mL, were added.  Cells were spun at 1178xg for 15 minutes and returned to incubator overnight.  24 hr following the transduction, cells were washed twice with fresh medium and then cultured in 1.0 g/mL puromycin for 48 hrs to select for cells stably expressing the constructs.
[bookmark: _Toc407812078]Constructs

     The FLAG-HA-POLD2 plasmid was constructed using pDONR221 HsCD00044072 (plasmid.med.harvard.edu) as a backbone.  Mutations causing siRNA resistance were incorporated into the backbone using standard cloning methods and a custom g-block (IDT).  The FLAG-HA tag was incorporated using PCR and the resulting construct pDONR221-FLAG-HA-POLD2mut was gateway cloned into pCW107 for lentiviral production.
     pX330 CRISPR/Cas9 constructs were cloned by standard cloning methods.  Briefly, complimentary gRNA oligos were mixed to create a 10 μM mixture and boiled at 95C for 10 minutes in a heat block.  The block was removed from its heating element and allowed to cool until room temperature to promote annealing.  The mixture was then diluted 1:10 and ligated to a BbsI digested pX330 backbone using T4 DNA ligase overnight.  The ligation reactions were then transformed into chemically competent bacteria for amplification.
[bookmark: _Toc407812079]siRNA, cDNA transfection and nucleofection

     Initial siRNA transfections were performed with Dharmafect (Dharmacon) according to the manufacturer’s instructions. 5x104 cells were plated in 12-well plates and each well was transfected with 2 µL of Dharmafect reagent and contained a final siRNA concentration of 15.5 nM in a total volume of 2 mL.  siRNA used are as follows: ON-TARGETplus Human POLD2 (J-020131-09) siRNA, ON-TARGETplus Human POLD2 siRNA (J-020131-10), ON-TARGETplus Human POLQ Pool (L-015180-01) siRNA, On-TARGETplus Human POLD4 (J-014013-09-0002) siRNA, On-TARGETplus Human POLD4 (J-014013-11-0002) siRNA, On-TARGETplus Human POLD4 (J-014013-19-0002) siRNA, On-TARGETplus Human POLD4 (J-014013-20-0002) siRNA, and ON-TARGETplus Non-targeting (D-001810-02) siRNA.  For REV3L experiments the hairpins used were as follows:  shLacZ  CCAACGTGACCTATCCCATTA, shREV3L#1:  GCTAAACCAATGAACTATATT, shREV3L#2: CTAGTGATATCTCCAATTAAT,  shREV3L#3: TGACCTGTCTGAGACTATTTA,  shREV3L#4: CTTCTATGCTAACCGAATTAA, and shREV3L#5: CTGATGAAAGTGGACTAAATA.  For CRITR assays in 293T cells, cells were transfected a second time with the indicated siRNAs and 5 ug of pX330.  48 hrs following the second transfection the cells were harvested using Cellstripper (Cat: 25-056CI Corning) and washed with FACS buffer (PBS pH 7.4, 2 mM EDTA, 1% FBS).  Cells were then Fc blocked using Human TruStain FcX (Cat: 422302 Biolegend) according to the manufacturer’s instructions.  Cells were washed with FACS buffer and then stained with CD4-PE (Clone M-T466 Miltenyi) on ice for 10 minutes.  Cells were then washed with FACS buffer and analyzed by flow cytometry.  For CRITR assays in K562 cells, cells were nucleofected with 5 ug of pX330 plasmid and allowed to recover for 48 hrs.  The cells were then stained for CD4 according to the same protocol used for 293T cells.  For U2OS-DRGFP cells, siRNAs and pCAGGS-Empty or CBaSceI were introduced by nucleofection kit V according to the manufacturer’s instructions.  48 hrs following the nucleofection cells were harvested for flow cytometry.  To monitor gene targeting, 293T cells containing a lentivirally integrated GFP were transfected with siRNAs and 72 hrs later transfected with siRNA, Cas9/gRNA expression vector, and a linear repair template.  After 10 days the cells were analyzed by flow cytometry.  Repair template was generated by PCR amplification of a g-block with the sequence: AGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGAGAGGGCGATGCCACCTACGGCAAACTGACCCTGAAGTTCATCTGCACCACTGGCAAGCTGCCCGTGCCCTGGCCAACCCTCGTGACCACCCTGAGCCACGGGGTGCAGTGCTTCAGCCGCTACCCAGACCACATGAAGCAGCACGACTTTTTCAAGTCCGCCATGCCCGAAGGCTATGTCCAGGAGCGCACCATCTTCTTTAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCG 
and primers: Forward GCGACGTAAACGGCCACAAG and Reverse GCCCTCGAACTTCACCTCG
Data generated were the results of three independent experiments.
[bookmark: _Toc407812080]Zinc finger nuclease translocation reporter (ZITR) Assays

     ZITR assays were performed as previously described.(Day et al., 2017)  Briefly, 2x105 cells were seeded in a 6-well plate overnight. The following day cells were infected with 2x109 PFU/ml AAVS1 ZFN adenovirus.  48 hrs post infection cells were harvested and analyzed by flow cytometry for GFP signal.   Data generated were the results of three independent experiments.
[bookmark: _Toc407812081]Fluorescence In Situ Hybridization

     All cytogenetics for this study were performed at the CytoGenomics Core at Brigham and Women’s Hospital. CD4 (RP11-277E18) and CD71 (RP11-436M6) probes were used.

[bookmark: _Toc407812082]Proximity Ligation Assays

     50,000 U2OS cells were seeded on coverslips and allowed to adhere overnight.  The next day cells were treated with and without 10 Gy of IR and allowed to recover for 2 hrs before fixation in 4% paraformaldehyde for 15 minutes at room temperature.  Cells were then stored in 70% ethanol at -20°C overnight.  The following morning cells were permeabilized for 10 minutes at room temperature in 0.1% Triton X-100 in PBS.  Afterwards the samples were processed using the Red DuoLink Proximity Ligation Assay Kit (DUO92101-1KT) according to the manufacturers instructions.  Briefly, fixed and permeabilized cells were blocked on coverslips at 37C for 60 minutes in Duolink Blocking Solution.  Afterwards, the blocking solution was removed from the coverslips.  Primary antibodies were diluted 1:500 in antibody diluent buffer, added to the coverslips, and incubated overnight at 4C.  The following day, the primary antibody solution was removed and the coverslips washed twice for 5 minutes each at room temperature.  After washing, the coverslips were incubated at 37C for 1 hr in 1:5 dilutions of PLUS and MINUS PLA secondary probes.  Coverslips were washed twice for five minutes each in wash buffer. After washing cells were incubated with DNA ligase in ligase buffer for 30 minutes at 37C.  Cells were then washed twice for five minutes in wash buffer before DNA polymerase and amplification buffer were added to the coverslips and incubated for 100 minutes at 37C.  Afterwards the coverslips were washed for twice for 10 minutes, followed by a final wash for 1 minute.  All incubations were performed in a humidified chamber pre-incubated to the appropriate temperatures.
     We used anti-POLD2 (HPA026745 Sigma), anti-g-H2AX (JBW301 Millipore), and anti-53BP1 (NB100-904 Novus Biologicals).  All antibodies were used at 1:500 dilution.  Images were acquired on an inverted Leica DMI6000 Laser Scanning Confocal Microscope using a 40x Plan Apo oil immersion objective using lasers at 405 nm and 594 nm.  All confocal microscopy images for this study were acquired in the Confocal and Light Microscopy Core facility at the Dana-Farber Cancer Institute. At least 90 cells were counted for each condition in each biological replicate. Data generated were the results of two independent experiments.
[bookmark: _Toc407812083]Chromatin Immunoprecipitation (ChIP)

      Chromatin samples were prepared and immunoprecipitated using the SimpleChIP Enzymatic Chromatin IP Kit (Cell Signaling) by the manufacturer’s instructions.  Briefly, stable POLD2-HA-FLAG expressing 293T cells were transfected with p84-ZFN (10 ug) using Lipofectamine 2000 (LifeTechnologies) or lipofectamine only (no cut control) and chromatin was isolated 18 hr post-transfection.  The chromatin was immunoprecipitated overnight at 4 °C with 7 ug anti-HA (Abcam 9110).  POLD2-HA recruitment was determined by qPCR using primer sets proximal to the p84-ZFN cut site at the AAVS1 locus (as listed in Xu et al, 2012). Data generated were the results of three independent experiments.
[bookmark: _Toc407812084]Next-Generation Sequencing 

     Genomic DNA (gDNA) from CRITR assays was isolated using the Qiagen DNA/Blood Mini kit.  Eight 100 ng gDNA aliquots were used for amplification of CD4 and ESR1 products with Bioneer Accupower PCR PreMix.  Cycling conditions were 95C for 3 min, and then 27 cycles of 95 °C for 30 seconds, 58 °C for 30 seconds, and 72 °C for 30 seconds.  After amplification, identical reactions were pooled and purified using the Qiagen PCR purification kit.  Purified products were visualized on an agarose gel to ensure the presence of a single band.  Sequencing on a MiSeq (Illumina) was performed by the CCIB DNA Core Facility at Massachusetts General Hospital (Cambridge, MA) using a MiSeq v2 chemistry 300-cycle kit. Data generated were the results of three independent experiments.
For RNA-sequencing, total RNA was prepared using the RNeasy Plus Mini Kit (Cat 74104).  Mapped read counts for each transcript were normalized using the Bioconductor package DESeq2 in R(Love et al., 2014). Differential expression analysis was also performed using DESeq2.
[bookmark: _Toc407812085]Bioinformatics 

     Raw reads from paired end sequencing were trimmed to amplicon primer sequences and merged into single reads using Geneious v10.1.3.  Junctions lacking 20 bp of reference sequence immediately internal to primer sequences were discarded as PCR artifacts.  Junctions were trimmed to common starting and ending coordinates, mapped to the CD4 or ESR1 reference sequence, and exported as SAM files using Geneious v10.1.3.  Using Hi-FiBR, CIGAR strings were analyzed to classify sequences as exact, deletion, complex, or insertion, and to determine the extent of deletions, insertions, and microhomology usage within each sequence. 
     For the analysis of repair classes and lengths of deletions, insertions, and microhomology, junctions with ≥ 10 reads were analyzed to minimize the effects of PCR artifacts observed in the uncut control.  The normalized percentage of each repair class was determined by dividing the number of reads corresponding to exact, deletion, complex, or insertion by the total reads analyzed.  Deletion, insertion, and microhomology lengths were calculated by multiplying the read counts associated with each deletion, insertion, or microhomology length, and dividing by the total readcount associated with deletion and complex classes, insertion and complex classes, or deletion class respectively.
     For analysis of templated insertions, all insertions >20bp were considered for further analysis.  To control for PCR artifacts seen in the uncut control, sequences containing a deletion of N bp on the left or right side of the break and an insertion of N or N-1 were removed from the dataset.  Additionally, any junctions called with deletions that would eliminate a primer sequence were removed from the dataset.  The remaining sequences were submitted to BLAST under default or short sequence parameters against a local Homo sapiens refseq genomic GRCh38.p12 database ftp://ftp.ncbi.nlm.nih.gov/genomes/refseq/vertebrate_mammalian/Homo_sapiens/latest_assembly_versions/ and the top hits were exported as XML files for further analysis.  Insertions were then classified as inter or intra-chromosomal and for submitted to Circos 0.69-6 to generate Circos plots.(Krzywinski et al., 2009) 
     To characterize mismatches generated at repair junctions, a custom script was generated that filtered sequences corresponding to the length of the reference.  These sequences were then filtered for complex events with insertions and deletions of the same length.  Insertions and the corresponding length in the reference sequence were then compared nucleotide by nucleotide flagging individual mismatches and tracking readcount, nucleotide substitution, and position within the amplicon.
[bookmark: _Toc407812086]Limiting Dilution PCR and Translocation junction analysis

     Genomic DNA (gDNA) was isolated from 293T cells at the end of the CRITR assay using the QiaAMP DNA Blood Mini Kit (Qiagen). gDNA template was diluted to 1.5 ng / reaction to achieve less than one distinct PCR product for every three reactions.  A nested PCR strategy was used to isolate individual junctions.  Both reactions used the Bioneer Accupower PCR PreMix and the cycling conditions were 95 °C for 1 min, followed 2 cycles of 95 °C for 30 seconds, 74 °C for 30 seconds, 72 °C for 30 seconds; 2 cycles of 95 °C for 30 seconds, 70 °C for 30 seconds, 72 °C for 30 seconds; 2 cycles of 95 °C for 30 seconds, 66 °C for 30 seconds, 72 °C for 30 seconds; 2 cycles of 95 °C for 30 seconds, 62 °C for 30 seconds, 72 °C for 30 seconds; 2 cycles of 95 °C for 30 seconds, 58 °C for 30 seconds, 72 °C for 30 seconds; and 25 cycles of 95 °C for 30 seconds, 70 °C for 30 seconds, 72 °C for 30 seconds.  A 1 uL aliquot of the first reaction was used as the template for the 2nd reaction.  A small aliquot of each second reaction was analyzed by agarose gel to determine if it had a translocation product and those reactions with distinct PCR products were treated with EXOSap-IT (Affymetrix) and sequenced. Data generated were the results of three independent experiments.  The nested PCR primers were Outer F: AGGTTGGGAGGGTGGGTAAG, Outer R: AGGGGATGAAAGAGGGGAAG, Inner F: CGGCTCTTTTCGGATAACGC, Inner R: GCATTCTTGACCCTTCCCCA.  The sequence of the sequencing primer was TCGGATAACGCTTTCCCTCTGC.
[bookmark: _Toc407812087]Cell Cycle Analysis

     Cells were processed using the Click-iT Plus EdU Pacific Blue Flow Cytometry Assay Kit (C10636) according to the manufacturer’s instructions.  Cells were seeded at 50,000 cells/well of a 12 well plate and allowed to adhere overnight.  The following morning, cells were incubated with 10 uM EdU for 1 hr at 37C.  Afterwards, cells were trypsinized and washed once with 1% BSA.  The supernatant was aspirated and cells were resuspended in fixative and allowed to incubate for 15 minutes at room temperature.  The cells were washed with 1% BSA and resuspended in saponin permeabliziation and wash buffer for 15 minutes.  A 500 uL aliquot of Click-iT reaction cocktail was then added to each tube and incubated at room temperature for 30 minutes in the dark.  The reactions were then washed resuspended with permeabilization and wash buffer.  Ribonuclease A was then added to each tube followed by the addition of propidium iodide to stain for DNA content.  Cells were then analyzed by flow cytometry. Data generated were the results of three independent experiments.
[bookmark: _Toc407812088]Western blotting

     Cells were washed with ice-cold PBS and lysed on ice for 30 min with RIPA lysis buffer supplemented with protease inhibitors (Complete Mini, Roche). Protein concentration was determined by the Bradford Protein Assay Kit (Bio-Rad) and a calibration standard curve created from BSA. The samples were prepared for loading by adding 4X sample buffer (Life Technologies) and heating the samples at 90°C for 10 min. Total proteins were separated by SDS–PAGE on 4–12% Bis-Tris gradient gels (Life Technologies).  Proteins in the gel were electrophoretically transferred to nitrocellulose membrane (Bio-Rad), then Ponceau stained and photographed. The membrane was then blocked in 0.5% milk with Tris-Buffered Saline Triton X-100 buffer (100 mM Tris, pH 7.4, 500 mM NaCl, 0.1% Triton X-100) (TBST). Membranes were incubated with primary antibodies in 0.5% milk in TBST overnight at 4°C.  Horseradish peroxidase (HRP)-conjugated secondary antibody incubation was performed for 2 h at room temperature in 0.5% milk in TBST and signals were visualized by ECL (Perkin Elmer). Primary antibodies used in this study were as follows: POLD2 (HPA026745 Sigma), POLD1 (ab10862 Abcam), POLD3 (A301-244A-M Bethyl Laboratories), p-RPA (A300-245A Bethyl Laboratories), RPA32 (A300-244A Bethyl Laboratories), p-ATR (sc109912 Santa-Cruz), ATR (A300-137A Bethyl Laboratories). All antibodies were used at 1:1000 dilutions.
[bookmark: _Toc407812089]Real-Time qPCR

     Total RNA was extracted from cells using the RNeasy Mini Kit (Qiagen). RT-qPCR was performed on a CFX96 Real Time System (Bio-Rad) machine using iTaq UniverSYBR Green (Bio-Rad).  qRT-PCR conditions 50C for 10 minutes; 95C for 10 minutes; 39 cycles of 95C for 10 seconds and 60C for 30 seconds.  Data generated were the results of two independent experiments.  The qRT-PCR primers we used were CD4 breakF: GCTTGAGGGACCAGAGAGC, CD4breakR: TGATTCCCATACTCAGCGCC, CD4referenceF: AGAAGAGGCAAGGGGCATTC, CD4referenceR: GCTCCCTGTGTCTGTGTCTG 
[bookmark: _Toc407812090]Statistics

     DRGFP, gene targeting assays, qPCR, and PLA results were analyzed using Student’s T-test with a Welch’s correction.  CRITR assays and Hi-FiBR results were analyzed using One-way ANOVA with a Bonferonni correction.  Differential expression of bulk RNAseq between experimental conditions was determined using raw count data and normalization procedures within the DESeq2 package in R based on a negative binomial distribution. The false discovery rate (FDR) by Benjamini and Hochberg method was used to adjust for multiple comparisons.
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