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Abstract

Cytosine deaminases AID/APOBEC proteins act as potent nucleic-acid editors, playing important 

roles in innate and adaptive immunity. However, the mutagenic effects of some of these proteins 

compromise genomic integrity and may promote tumorigenesis. Here, we demonstrate that human 

APOBEC3G (A3G), in addition to its role in innate immunity, promotes repair of double-strand 

breaks (DSBs) in vitro and in vivo. Transgenic mice expressing A3G successfully survived 

lethal irradiation, whereas wild-type controls quickly succumbed to radiation syndrome. Mass 

spectrometric analyses identified the differential up-regulation of a plethora of proteins involved 

in DSB repair pathways in A3G-expressing cells early following irradiation to facilitate repair. 

Importantly, we find that A3G not only accelerates DSB repair, but also promotes deamination-

dependent error-free rejoining. These findings have two implications: (i) strategies aimed at 

inhibiting A3G may improve the efficacy of genotoxic therapies used to cure malignant tumors; 
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and (ii) enhancing A3G activity may reduce acute radiation syndrome in individuals exposed to 

ionizing radiation.

Graphical Abstract

A3G protects mice from IR-induced damage and promotes accurate DNA double-strand breaks 

repair in cultured cells. Transgenic mice expressing A3G successfully survived lethal irradiation, 

whereas wild type controls quickly succumbed to radiation syndrome. In cultured cells, A3G 

accelerates DSB repair and promotes survival of cells after irradiation. Moreover, in a cell-based 

non-homologous end-joining reporter system A3G promotes deamination-dependent error-free 

rejoining of the induced double-strand break mediated by I-SceI.
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Introduction

The human activation-induced cytidine deaminases (AID) A1, A2 and A4, and 

apolipoprotein B mRNA-editing enzyme-catalytic polypeptide-like (APOBEC) proteins are 

members of a multifunctional family of Zn2+-dependent polynucleotide cytosine deaminases 

(CDs) that act as potent editors of single-stranded DNA (ssDNA) and RNA [1–3]. Proteins 

of the AID/APOBEC family are expressed in all vertebrates and modulate both acquired 

and innate immune responses by cytosine to uridine (C>U) deamination of the hosts’ or the 

pathogens’ genomes [3–6].

The evolutionarily conserved AID/APOBEC1 locus is considered to be the ancestral gene 

of the AID/APOBEC family in vertebrates. It encodes for the AID protein [3, 6–8], 
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which plays a pivotal role in the adaptive immune system by editing deoxycytosines 

in immunoglobulin genes (Ig), triggering somatic hypermutation (SH) and class-switch 

recombination (CSR). Hence, AID fulfills an essential pro-mutagenic function in the 

generation of diverse and efficient antibodies [6]. However, AID is not the only human 

APOBEC protein involved in chromosomal DNA editing and mutagenesis. In many 

tumors APOBEC-induced mutation-signatures have been identified [9–13]. For instance, 

accumulation of TC>TT (and consequently GA>AA) substitutions were revealed in 

breast cancer, head-and-neck squamous cell carcinomas and in HPV-associated cervical 

carcinomas [9, 14–20], concomitant with high levels of expression of A3A and A3B [19–

21]. Furthermore, extensive sequencing efforts revealed that the genomes of many cancers 

contain hyper-mutated regions termed kataegis [9–13]. Base substitutions within these 

disrupted regions are mostly of cytosine in TpC dinucleotides and are closely associated 

with regions of genomic re-arrangements. The latter often occur on the same chromosomal 

strand over long genomic distances, suggesting that deaminases act simultaneously and/or in 

a processive manner over a limited time period [9–12]. Furthermore, short tandem repeats, 

or short stretches of identical sequences at the breakpoints (overlapping microhomology) 

commonly flank insertions/deletions (INDELs) in such regions [11, 12, 22].

In mammals, the APOBEC3 (A3) proteins exhibit broad restriction activities against 

retrotransposons and retroviruses by deamination-dependent and -independent mechanisms 

[4, 23–27]. Recently, similar CDs involved in innate immunity have been described in 

invertebrate species, suggesting that these genes likely emerged long before the appearance 

of vertebrates [28]. The early emergence and the broad evolutionary distribution of AID/

APOBEC-like genes strongly suggest that these proteins play important biological roles in 

innate and adaptive immune systems. It thus becomes clear that the pro-mutagenic functions 

of AID/APOBEC proteins may act as a double-edge sword and must be tightly regulated to 

enhance immunity, while avoiding the disruption of genomic integrity, DNA hypermutation 

and promiscuous RNA/DNA editing, which could promote tumorigenesis [9, 12, 19–21, 29].

Interestingly, while mice express only the A1, A2 and a single A3 (mA3) proteins the 

human genome encodes for seven additional homologous CD proteins of the A3 family 

designated A3A, B, C, DE, F, G and H. All seven human A3 members are encoded 

within the APOBEC3 locus on chromosome 22 [1–4], exemplifying the evolutionary 

diversification in deamination activity or functionality. In line with this expansion, A3 

proteins have been implicated in specific functions. For example, human A3G prevents 

emergence of retroelements [4, 25]; A3F, A3G and A3H neutralize Vif-deficient HIV-1 

by editing ssDNA reverse transcripts [4]; A3A has been implicated in mitochondrial DNA 

mutagenesis, demethylation of 5-methylcytosine in genomic DNA, induction of DNA breaks 

in a deaminase-dependent manner [30–33], clearance of foreign DNA from cells [34], RNA 

editing [35, 36] and protection against DNA viruses [21, 37, 38]. It was recently shown 

that A3A promotes polyp and tumor formation in transgenic APCmin mice, likely through 

increasing cytidine deamination of genomic DNA and subsequent loss of heterozygosity of 

the wild type allele [23].

Intriguingly, diffuse large B-cell lymphoma (DLBCL), several glioblastoma, lung 

adenocarcinoma and pancreatic cancer cell lines expressing high levels of A3G are resistant 
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to chemo- and radio- therapies [39–42], suggesting additional roles for A3G. We have 

previously shown that cells expressing endogenous A3G are highly resistant to ionizing 

radiation (IR) compared to cells devoid of A3G [39, 43]. Moreover, A3G is recruited to DSB 

repair foci and knock down of A3G or inhibition of A3G by peptides convert radio-resistant 

cells to radio-sensitive [43]. These data further provide a substantial evidence to assume that 

A3G is involved in DSB repair.

Here we demonstrate that A3G acts as a radio-protective agent that promotes DSB repair 

in cultured cells and rescues mice from lethal dose of IR. We show that in human cells 

subjected to a single DNA double-strand break, wild type (wt) A3G promotes accurate 

break repair, significantly reducing mutation error rates. Consistently, expression of human 

A3G in mice lacking the expression of mA3 reduces the damage to liver and spleen 

caused by lethal IR doses, preventing acute radiation syndrome and enabling recovery. 

These results, along with our previous findings that KD and inhibition of A3G convert radio-

resistant cells to radio-sensitive, provide a plausible explanation to the reduced sensitivity of 

A3G-overexpressing tumors to genotoxic therapies and have important implications for the 

treatment of such tumors by combinatorial targeting of A3G, as well as for the prevention 

and treatment of severe radiation effects.

Results

A3G promotes the repair of DSBs induced by IR in cultured cells

To examine the effects of A3G expression on genotoxic stress-induced DSB repair, we first 

subjected the following cells to IR (3Gy): Human embryonic kidney (HEK293), SupT11EV 

(acute lymphoblastic leukemia T-cells transfected with empty vector [44]) and the leukemic 

SupT1 cells, which do not express A3G, as well as their counterparts which express 

recombinant A3G : HEK293-A3G, SupT11A3G, as well as the endogenous A3G-expressing 

lymphoma H9 cells.

The repair-kinetics of the DSBs induced by IR was determined along 24-hours post IR 

by staining the cells with anti-γH2AX followed by flow cytometric analysis (Fig 1A). 

While the A3G-expressing and non-expressing cells exhibited similar levels of damage 

shortly after IR exposure, a significant reduction in the percentage of γH2AX-positive 

cells was observed only in the A3G-expressing cells, particularly at 24-hours post-IR. 

DSBs were still visible in 62% of non-A3G expressing controls, compared to only 11% 

in HEK293-A3G cells (p=0.026), (Fig. 1A, left panel). Similarly, the SupT11A3G cells 

recovered more efficiently than the control SupT11EV cells (p=0.02, p=0.014, p=0.03, for 

4h, 8h and 24h time points, respectively) (Fig. 1A, middle panel). The A3G-expressing 

lymphoma H9 cells efficiently repaired the IR-induced DSBs comparing to the A3G-devoid 

leukemia SupT1 cells (Fig. 1A, right panel). These results indicate that recombinant A3G as 

well as the endogenous A3G expressed in lymphoma cells promotes DSB repair, supporting 

our previous reports [39, 43, 45]

To test the impact of A3G protein on cells survival following IR-exposure, we performed 

clonogenic experiments using HeLa and HeLa-A3G cells. In parallel, the same HeLa-A3G 

and HeLa cells were irradiated (4Gy) and cells were collected for γH2AX analysis at time 
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intervals through 24 hours post irradiation (Fig. 1B and C). Small numbers of cells (102, 

3×102 and 103) were seeded in 6-well plates, and 3 hours later following cells adherance 

they were irradiated at 2 and 4 Gy. Seven days post irradiation colonies of >20 cells 

(over 4 divisions) were counted. The survival rate was calculated as the ratio between the 

number of colonies at each irradiation dose and the number of colonies emerged from 

non-irradiated cells (Fig. 1C). Plotting the ratio between the number of colonies developed 

without exposure to those developed after irradiation reveals that the expression of A3G in 

HeLa cells increases the relative survival rate of colonies formation by 1.9-folds and 4-folds 

at 2 Gy and 4 Gy respectively (p=0.01, p=0.006, respectively) (Fig. 1D). These findings 

point at a tight correlation between the increased survival rate and the reduction in numbers 

of cells stained with γH2AX shortly after IR exposure (Fig. 1B–D).

Taken together, we confirmed that expression of A3G promotes the DSB repair and 

increases the survival rate of cultured cells. Our efforts to find whether A3A, A3B, A3C 

and A3F proteins promote DSBs repair failed so far. Expression of A3A protein in HEK293 

caused large number of DSBs leading to early cells death post IR (results are not shown), as 

reported previously [46].

A3G promotes the repair of DSBs induced by IR in vivo

We next thought to examine the effects of A3G on DSB repair in vivo. To this end, we used 

two strains of mA3 knockout transgenic mice (mA3−/−) which express a myc-tagged human 

A3G under the control of the chicken β-actin promoter [47, 48] at either high (A3Ghigh) or 

low (A3Glow) levels. Of note, the levels of A3G expression in peripheral blood mononuclear 

cells (PBMCs) of A3Ghigh mice are similar to A3G levels in human PBMCs, and are 

approximately 30-fold higher than in the A3Glow strain [47]. Untreated wild type (mA3+/+) 

and mA3 knockout (mA3−/−) [49] mice were used as controls. These mice (12–17 mice/

group) were exposed to a whole-body lethal dose of IR (8.25 Gy) [50] in three independent 

experiments, and their survival was recorded for 30 days post-irradiation. Expectedly, nearly 

all of mA3+/+ and most of mA3−/− mice succumbed to irradiation (0% and 12% of these 

mice survived, respectively). In contrast, 58% of A3Ghigh and 45% of A3Glow mice survived 

this high IR dose (Fig. 2A, p=0.0136 for A3GHigh vs mA3−/− and p=0.0547 for A3GLow vs 
mA3−/−). Clinically, IR-susceptible mA3+/+ and mA3−/− mice rapidly lost weight post-IR 

and suffered from severe anemia while IR survivors from the A3Ghigh strain successfully 

recovered and gained weight by day 30 of the experiment (Fig. 2B–E). All the mice that 

survived to 30 days rebounded to normal levels in weight (Fig. 2B), white blood cells (Fig. 

2C), red blood cells (Fig. 2D) and hemoglobin (Fig. 2E) (compare day 0, day 12 and day 30 

values).

A3G prevents liver necrosis and promotes splenic recovery in irradiated mice

We next turned to evaluate the clinical and pathological outcomes of the above IR dosages 

across the genotypic groups. Histological examination of spleens and livers derived from 

mA3−/− and mA3+/+ mice showed massive cell depletion, which is the hallmark of 

radiation syndrome (Fig. 3). In contrast, livers and spleens taken from A3Ghigh mice, which 

survived the entire 30 days of the experiment showed normal morphology and no or little 

tissue damage, suggesting that they recovered from the damage caused by radiation (Fig. 
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3A). Numerous necrotic foci were observed in the livers of irradiated knockout (mA3−/−) 

mice, while the liver sections prepared from irradiated wild type (mA3+/+) and transgenic 

A3Ghigh mice were free of necrosis (Fig. 3A, upper panel; 3B–i). Similarly, spleens of wild 

type and knockout mice, which did not recover from IR exhibited massive cell depletion, 

red and white pulp atrophy and hemorrhage-associated focal hemosiderin deposits (Fig. 

3A, lower panel; 3B–ii), whereas those of surviving mice contained numerous foci of 

hematopoietic regeneration in the red pulp regions.

Intensive recovery was observed in A3G-expressing mice; all A3Ghigh and A3Glow (not 

shown) mice that survived 30 days post-IR showed complete recovery of spleen tissues 

accompanied by extensive extra-medullary hematopoiesis (compare with non-irradiated wild 

type control spleen in 3B-iii and iv).

Evidently, the spleens of the irradiated knockout mA3−/− mice contained foci of hyperplasia 

on a background of anemia and tissue atrophy, while the spleens of mA3+/+ mice showed 

massive depletion of red and white pulps, anemia and general organ atrophy. We thus 

attempted to characterize the cells that occupied hyper-proliferative splenic regions by 

staining for T- and B-cell specific markers (CD3 and CD45R, respectively) and for c-Kit, 

which is a hallmark of ongoing hematopoiesis. While specific signals were observed in other 

areas in the spleen, none of the hyperplastic regions were stained by these antibodies: CD3- 

and CD45R-positive cells reside in the lymphoid nodules at the white pulp regions whereas 

c-Kit staining was intensively distributed through the red pulp regions in the spleens of 

transgenic A3G mice, as well as in the spleens of all other mice groups (Fig. 3C). Thus, we 

characterized the induced hyperplasia as non-T, -B and non-c-Kit positive, but the origin of 

these hyper-proliferative regions remains to be elucidated.

Accurate DSB rejoining by A3G is deamination-dependent.

We next thought to examine how A3G affects DSB repair. To this end we induced single 

DSB in a stably-transfected exogenous plasmid bearing the ISce1 restriction-enzyme site in 

A3G-deficient cells (naïve HEK293), A3G-expressing cells (HEK293-A3G) as well as in 

cells expressing deamination-defective mutants (HEK293-A3G-W285A and HEK293-A3G-

E259Q) [25, 51]. Briefly, cells were first stably transfected with a pimEJ5GFP (EJ5) plasmid 

which contains the ISceI restriction target site [52]. Then, to induce DSBs, cell cultures were 

transiently transfected with pCMV-NLS-ISceI plasmid expressing I-SceI restriction enzyme, 

an 18bp homing endonuclease (Fig. 4A). To examine the effects of A3G on the mode of 

repair of the DSB, we PCR-amplified and sequenced the ~131bp amplicon surrounding 

the rejoined ISceI site which consists exclusively of the rejoined fragments (see Methods). 

Sequencing reads (105 - 106 reads per sample, Table 1, Fig. S1) were aligned to the original 

plasmid sequence and the fractions of accurately repaired cleavage sites (18 bp) and of 

full-length (131bp) error-free amplicons were assessed.

Interestingly, the ratio between accurately restored (18bp long) ISceI site to the total 

sequences (accurate + inaccurate) in DNA derived from HEK293-A3G cells was ~2.2-

fold higher (p=0.00102) than in A3G-deficient control cells, or from cells expressing 

deamination defective mutants (p=0.067 and p=0.07 for the W285A and E259Q mutants, 

respectively) (Fig. 4B). Similarly, quantification of the fraction of accurately restored 
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sequences over the entire 131 bp fragment showed a ~2.7-fold improvement in wt-A3G-

expressing cells comparing to naïve HEK293 (p=0.0152) or to the deamination-defective 

mutants (p=0.0155 and p=0.022 for the W285A and E259Q mutants, respectively). These 

results indicate that A3G significantly increases the accurate rejoining of cleavage sites, 

without inducing excessive mutations in the regions up/down-stream of the DSB site 

(including C to T or G to A transitions). Furthermore, since wt-A3G and the deamination-

defective W285A and E259Q mutants were expressed at similar levels (Fig. 4C), the 

observed effects were attributed mainly to the deamination activity of the enzyme, indicating 

that the C-terminal catalytic domain of A3G is essential for promotion of DSB repair.

RNA binding to A3G is not essential for its DSB repair activity

At the structural level, the A3G protein contains two domains through which it may bind 

RNA and DNA [1–3, 53]. We and others have previously shown that treatment of purified 

A3G with RNase elevates its enzymatic deamination activity in vitro [54–56]. We therefore 

asked whether RNA binding affects A3G’s ability to promote the repair of DSBs induced by 

IR. To this end, we irradiated (3Gy) HEK293, HEK293-A3G cells, and HEK293 expressing 

W94A and W127A A3G mutants and measured the kinetics of DSBs repair following IR 

(3Gy). These mutants lack RNA binding, yet they retain the ability to bind ssDNA and 

deaminate cytosines [53]. Examination of the fraction of cells retaining DSBs in a 24-hour 

time course following IR shows similar repair kinetics in cells expressing either W94A or 

W127A mutants to those observed in wt A3G expressing cells (Fig. 4D–E). These results 

indicate that binding of RNA molecules by A3G is not essential for its promotion of DSB 

repair.

Expression of A3G is associated with accumulation of DNA damage repair proteins post 
irradiation

We next thought to examine how A3G mediates repair in response to IR. Therefore, we 

compared the proteomes of A3G-expressing cells (SupT11A3G) with that of A3G-deficient 

controls (SupT11EV) before and at 3 and 8 hours post-IR using mass spectrometry (MS).

First, we verified the expression of A3G in irradiated SupT11A3G cells through the course 

of 24 hours of the experiment by detection of A3G signal in the MS data. The A3G signals 

observed in SupT11EV cells represent the background of the system (Fig. 5A). Then, to 

examine global trends within the data, we performed principal components analysis (PCA), 

projecting the raw MS data into low dimensional space where the distance between points 

represents the difference in expression levels (of all proteins) among the time-point samples 

(Fig. 5B). PCA analysis was performed at time points 0, 3 and 8 hours following radiation 

in SupT11A3G cells (blue balls) and SupT11EV cells (red balls). The PCA domain provides 

a statistical measurement independent from the group average. The longer the distance 

between balls (representing different time points), the greater the change in quantity of 

proteins in this time duration. The separation between the two groups is evident by the clear 

distance in axis PC#1 and PC#2 between the red balls and the blue balls. The distance 

between time points 0 and 3 hours in the SupT11A3G cells (blue balls group) is significantly 

larger than in the SupT11EV cells (red balls group). A major change in the quantity 

of proteins is occurring in the first 3 hours in SupT11A3G and not in SupT11EV cells. 
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This analysis revealed an A3G-dependent difference between cellular proteomes already at 

baseline, which increases over time following IR. Furthermore, the overall proteomic change 

in A3G-expressing cells vs A3G-devoid cells early after IR (the distance ratio between 

projections of time points 0 to 3 hours) is about 3 vs 9 in the eigenvector domain suggesting 

that A3G expression is associated with defined cellular response/s to DNA damage.

To identify proteins that exclusively accumulated in A3G-positive cells, we first filtered 

out those that exhibited similar dynamic patterns in both cell lines over time by requiring 

a low correlation between them (Pearson R<0.4). Then, we selected proteins, which 

increased by at least 0.4-fold from 0 to 3 hours post IR and have not decreased during 

the next time interval (3 to 8 hours). This selection yielded a list of 279 proteins (listed 

in supplement Table S1), which we analyzed using the Search Tool for the Retrieval of 

Interacting Proteins (STRING) protein database. The STRING map (Fig. 5C) identifies the 

most significantly enriched KEGG pathway was HSA 03440-Homologous Recombination 

(HR), highlighting its key proteins including BLM, NBN, RAD50, RAD51C, RAD54B, 

TOP3A and TOPBP1. In addition, Table 2 summarizes the pathway involvement of the most 

significantly expressed proteins chosen by the STRING and REACTOME Databases.

Furthermore, the most significantly enriched proteins that were expressed in SupT11A3G 

cells immediately following IR are related to HR, NHEJ and NER, for example: Homology 

Directed Repair (HDR) through Single Strand Annealing (SSA) with BLM, ERCC1, 

ERCC4, KAT5, NBN, RAD50, TOP3A, TOPBP1 [HSA-5685938]; DNA Double-Strand 

Break Repair with BLM, CCNA2, ERCC1, ERCC4, EYA3, KAT5, NBN, PARP1, RAD50, 

RAD51C, TOP3A, TOPBP1, XRCC4 [HSA-5693532]; SUMOylation of DNA damage 

response and repair proteins with AAAS, BLM, NDNL2, NSMCE1, NSMCE4A, NUP107, 

PARP1, SMC6, XRCC4 [HSA-3108214]. Together, these results pose A3G as a mediator of 

the DSB response, which is associated with protein-level induction of DNA damage repair 

genes and promotes accurate end-joining upon DSB induction.

Discussion

In contrast to previous reports that linked deaminase activity of A3A and A3B to their 

hyper-mutagenic effect in tumor cells, here we show that A3G, in addition to its role 

in innate immunity, is involved in restoring cellular genome integrity rather than causing 

harmful mutagenesis. Certainly, the involvement of A3G, F and H proteins in the inhibition 

of retro-element propagation is an additional important way by which these proteins protect 

the host’s genome integrity, as exemplified by A3G’s in vivo anti-retroviral activity [23, 57]. 

The fact that several normal tissues [58] and some genotoxic-resistant tumors express high 

amounts of A3G [39–42] led us to ask whether A3G supports the survival of cells and mice 

from genotoxic treatments, such as IR. To address this question, we utilized both cellular 

models and transgenic mice strains to demonstrate the pivotal role of A3G in promoting 

DSB repair. In vitro A3G expression enabled efficient DSB repair while the absence of 

A3G increased radio-sensitivity. In vivo, we used two novel A3G transgenic mouse models 

expressing different levels of the human A3G transgene on a mA3-deficient background. 

Subjecting these mice to lethal IR doses exemplified the importance of A3G for genome 

recovery. The recovered A3G-expressing mice had normal-sized organs and morphology, 
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with intensive extramedullary hematopoiesis in their spleens. Histological examination of 

the mouse organs, their body weight and blood counts showed that the A3G transgenic mice 

surviving to 30 days of the experiment successfully recovered from the IR syndrome. In 

contrast, all the WT and 88% of the mA3-knockout mice died or were euthanized prior to 

the end of the experiment. The findings recently reported by Tong and his coworkers [41] 

showing that inhibition of A3G radio-sensitizes A3G-expressing tumor cells, provide a solid 

support to our data presented here and in our previous publications [39, 43].

Further examination of A3G-mediated DSB repair activity showed that not only does A3G 

accelerate the rejoining, but it also promotes an error-free product. Strikingly, we found 

that deamination-active, but not inactive A3G, promotes accurate repair of DSBs generated 

by ISceI digestion. These results are surprising, since A3 proteins are DNA editors, which 

mutate CT>TT in ssDNA. Note, that while FACS analyses of irradiated cells (Fig. 1A–B) 

inform about the relative fractions of cells with DSBs remaining post IR, the results shown 

in Figure 4 depict the mode of DNA restoration following the rejoining of a specific type of 

DSB - the ISceI cleavage. While IR induces multiple DSBs, our measurements are limited 

by design to capture specific NHEJ of chromosomal DSB generated at the ISceI cleavage 

site.

Formation of short or long over-hanging ssDNA, which are generated during DSB repair, 

determines whether the DSB repair will proceed via NHEJ, HR or SSA pathways [52, 59, 

60]. Our experiments were designed to examine the NHEJ pathway, which is responsible for 

the majority of cellular DSBs repair [52, 60]. Our test is not able to reveal the DSBs repaired 

via the HR, which restores the original sequences, or SSA pathway, which is mutation-prone 

and accomplished by generation of long deletions [52]. Our results show that A3G promotes 

error-free NHEJ (Fig. 4).

Accurate-NHEJ and HR are the two DSB repair pathways which restore the original 

sequence of the breakage sites. It was previously shown using atomic force microscopy that 

A3G multimers attach to ssDNA termini [39]. Interaction between such pairs of 3’ssDNA-

A3G complexes generated at both ssDNA termini allows efficient elongation of the DNA on 

a template of the homologous strand. This notion is supported by: i) in vitro experiments 

showing that in the presence of A3G, Klenow fragment DNA polymerase accomplishes the 

synthesis of both DNA strands containing minimal homology of two bases [39, 61]; ii) A3G 

undergoes inter-segmental transfer [56, 62], allowing it to directly juxtapose two ssDNA 

termini with minimal terminal microhomology leading to error-free NHEJ and if juxtaposes 

along the resected ssDNA it will generate error prone-NHEJ. Others and we showed that 

A3G, albeit its predominant cytoplasmic protein, can translocate, reside and act in the nuclei 

[25, 39, 45, 63–66] pointing at its potential to interact with damaged DNA in the cell 

genome.

We suggest therefore that A3G is involved in two activities: i) Deamination-active A3G 

promotes the removal of the ssDNA tails through induction of the dU excision; ii) A3G 

molecules bound to the 3’ssDNA termini at the DSB site stimulate fast and efficient end 

joining and support accurate DSB repair. These two A3G functions act simultaneously to 

promote DSB repair.
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These putative A3G functions are also fulfilled by other cellular proteins. The Ku70–80 

complex, like A3G, binds ssDNA preserving the sequence at the ssDNA termini and 

promoting NHEJ repair pathway [60, 67]. Both, Ku70–80 complex and A3G have to be 

removed to accomplish the ligation by DNA-PKcs, Artemis, XRCC4/LIG4, Pol λ ,Pol 

μ and Rev1 [60]. During the single-strand annealing, the ERCC1-XPF complex removes 

the over-hanging ssDNA generated during DSB repair, similar to the putative function of 

A3G. The ERCC1-XPF complex is a structure-specific endonuclease, which is involved 

in removing the non-homologous tails during DSB repair by cleaving the DNA on the 

5’ strand, at a distance of two nucleotides from the ds/ssDNA junction [68–71]. In vitro 
studies showed that stem/loop structures are used as substrates for A3G and ERCC1/XPF 

complexes, suggesting that both proteins directly catalyze ssDNA, without involvement of 

other cellular factors. The ERCC1/XPF complex catalyzes short ssDNA regions of at least 6 

nucleotides in a loop structure, whereas A3G deaminates 5’CC→CU at the ssDNA termini, 

close to the double-strand junction and also in the loop context [61], triggering single-strand 

nicking upon recruitment of uracil DNA-glycosylase activity [72–74]. Since both A3G and 

the ERCC1/XPF complex promote similar biochemical outcomes, we suggest that A3G, like 

the ERCC1/XPF complex, participates in the removal of the ssDNA tails generated during 

genomic DNA repair [75].

In summary, the results presented in this report demonstrate that A3G molecules rescue 

cells and mice from the deleterious effect of DSBs induced by genotoxic agents (such as 

IR) by promoting DSB repair. Thus, A3G in addition to its role in innate-immunity plays 

a key role in preserving genomic integrity. DSBs are among the most deleterious types of 

DNA lesions that if not repaired, can lead to cell death. Our results point to A3G as a novel 

drug target for circumventing tumor resistance to chemo- and radio-therapies; inhibiting 

A3G expression or its deaminase catalytic activity may improve the efficacy of genotoxic 

therapies for cancer. Furthermore, enhancing A3G function could improve the outcomes of 

exposure to irradiation, either accidentally or due to non-conventional terrorism.

Materials and Methods

Ethics statement

All mice were housed according to the policies of the Institutional Animal Care and Use 

Committee of the Animal Care Committee (ACC) of the University of Illinois at Chicago 

(UIC). All studies were performed in accordance with the recommendations in the Guide 
for the Care and Use of Laboratory Animals of the National Institutes of Health (National 

Research Council. 1996 in [57]. These committees approved the experiments performed 

with mice in this study (UIC ACC protocol 18–168).

Mice

All mice were bred at the University of Illinois at Chicago. mA3+/+ and mA3−/− mice were 

previously described [49]. The two A3G transgenic mice strains expressing high (A3Ghigh) 

and low (A3Glow) levels of the transgene on the mA3−/− background were previously 

described [48] . Both transgenes are carried by heterozygous animals and non-transgenic 

mA3−/− mice used in the experiments were generated from the same cross. One month 
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old mice were whole body irradiated with 8.25 Gy [50] and maintained for 30 days after 

irradiation, at which time all surviving mice were euthanized. Both female and male mice 

were included in the experiments.

Cells

T-acute lymphoblastic leukemia cells expressing A3G protein (SupT11A3G) and their 

counterparts containing empty vector (SupT11EV) were provided by Dr. R. S. Harris [44] 

(Department of Biochemistry, Molecular Biology and Biophysics, Institute for Molecular 

Virology, University of Minnesota, Minneapolis, MN 55455). SupT1, H9, HEK293-A3G, 

HeLa and HeLa-A3G cells were provided by the National Institutes of Health AIDS 

Research and Reference Reagent Program (AIDSP; Division of AIDS, National Institute 

of Allergy and Infectious Diseases, National Institutes of Health).

HEK293, HEK293-A3G, HeLa and HeLa-A3G cells were grown in DMEM, while H9, 

SupT1 and SupT11 cells were maintained in RPMI-1640. Cell culture media were 

supplemented with 10% fetal bovine serum, 100 U/ml, penicillin, 100 U/ml streptomycin, 

and 2 mM of L-glutamine (Biological Industries, Beit Haemek, Israel). A3G-expressing 

HEK293 and HeLa cells were maintained in the presence of G418 (at concentration of 

0.5 mg/ml and 0.4 mg/ml, respectively). Expression of A3G was validated by RT-PCR and 

Western blot. Absence of mycoplasma infection was routinely confirmed by using EZ-PCR 

mycoplasma detection kit (Biological Industries, Beit Haemek, Israel).

Plasmids

Naïve HEK293 cells were stably transfected by standard Calcium Phosphate method with 

pFLAG-A3G plasmids carrying the A3G mutants W94A and W127A (provided by Dr. 

Marc-André Langlois, Faculty of Medicine, University of Ottawa, Canada) and pCDNA3.1-

A3G-MycHis6 bearing W285A or E259Q mutations (kindly provided by R.S.Harris). 

Following the transfection, cells were grown in the presence of 1mg/ml of G418 to select the 

A3G-expressing cells.

pimEJ5GFP (EJ5) was a gift from Jeremy Stark (Addgene plasmid #44026; http://n2t.net/

addgene:44026; RRID: Addgene_44026) [52]. Naïve HEK293, HEK293-A3G, HEK-A3G-

W285A and HEK-A3G-E259Q cells were transfected with EJ5 with Lipofectamine as 

previously described by Weinstock et al. [59]. Following transfection with EJ5, cultures 

were maintained for at least 14 days in medium containing puromycin (see scheme in Fig.4) 

to select cells stably containing the EJ5 reporter. pCMV-NLS-I-SceI plasmid expressing 

I-SceI endonuclease vector was generously provided by Dr. Ayub Nabieh [76], which was 

transfected into HEK293, HEK293-A3G and two deamination impaired mutants (W285A 

and E259Q) by using Lipofectamine as described above.

Radiation

Cells were irradiated by using the X-RAD 225 irradiator (Precision X-Ray), in tissue culture 

plates one day following passage the cells.
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Histological analysis

For histological analysis, spleens and livers were fixed and stored in 4% buffered 

formaldehyde for 48h, transferred to 80% ethanol and then embedded in paraffin. 

Five-micrometer tissue sections were stained with hematoxylin and eosin (H&E). 

Immunohistochemistry analyses were performed with antibodies against CD3 (Bio-Rad, 

USA), CD45R (R&D systems, USA) and c-Kit (Abcam) antigens.

Immunoblotting

Cell pellets were washed with PBS, lysed in Laemmli sample buffer (Sigma) and heated 

at 95°C for 10 min. Equivalent amounts of protein extracts were analyzed by 12% SDS/

PAGE, followed by transfer of the proteins to poly (vinylidene difluoride) membrane. A3G 

protein was detected by using rabbit anti-A3G C-terminal-specific polyclonal antiserum 

(provided by the National Institutes of Health (NIH) AIDS Reagent Program (Division of 

AIDS, National Institute of Allergy and Infectious Diseases, NIH, USA) and secondary 

goat anti-rabbit horseradish peroxidase-conjugated antibody (Sigma), following blocking 

the membranes with Tris-buffered saline-Tween 20 (5% non-fat powdered milk buffered in 

Tris-HCl, pH 8.0, 150 mM NaCl and 0.05% Tween 20). Proteins were visualized by using 

enhanced chemiluminescence (Bio-Rad). To assess the presence of comparable amounts 

of proteins in each lane, the same membranes were stripped and probed with monoclonal 

mouse anti-alpha tubulin antibody (Abcam) followed by anti-mouse IgG (Sigma).

Clonogenic Assay

Single-cell suspensions of exponentially growing cultures (102, 3×102 and 103) were seeded 

into six-well plates pretreated with 0.1% gelatin. Following adherence (3–4 hrs post plating) 

cells were irradiated at the indicated doses and then incubated at 37°C for seven days. 

Following incubation, cells were fixed with formalin 2% and stained with Crystal violet 

(0.05% w/v). Colonies of > 20 cells (at least, 4 cells divisions) were counted by inverted 

microscope, at 4- to 10-fold magnification. Survival rate was calculated as a ratio between 

the numbers of colonies grown in each irradiation dose to the numbers of colonies grown in 

non-irradiated cultures.

Detection of DSBs by Flow cytometry

At time intervals, cells were collected, washed with PBS, fixed in ice-cold 1% methanol-free 

formaldehyde solution in PBS and stored in ice-cold 70% ethanol. Before analysis, the 

ethanol was aspirated, cells were rinsed in solution of 1% BSA, 0.2% Triton X-100 in PBS 

(BSA–T–PBS) and incubated overnight at 4°C with anti-γH2AX antibody (eBioscience). 

Following rinse, the cells were suspended in FITC-conjugated anti-mouse IgG antibody 

diluted in BSA–T–PBS for 1 hr in dark and 104 cells were analyzed by Eclipse flow 

Cytometer (iCYT). Analyses were performed with FCS Express 4 Research edition 

software.

Mass spectrometry analysis

Sample preparation: 100μl of cell lysate samples were denaturized using 8M urea followed 

by reduction and alkylation. The samples were overnight incubated with cold acetone 
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followed by centrifugation, and the protein precipitates were collected and re-dissolved in 

25mM ammonium bi-carbonate. Trypsin was added to the protein sample and incubated for 

overnight in 37° C. After the trypsinization process the peptides mixture was desalted on 

stage column, evaporated to dryness, and rehydrated with 10μl 1% Formic acid.

The peptides were re-suspended in 0.1% Formic acid, and 33% of sample volume 

were subjected to LC-MSMS analysis. The peptides were resolved by reverse-phase 

chromatography on 0.075 × 180-mm fused silica capillaries (J&W) packed with Reprosil 

reversed phase material (Dr. Maisch GmbH, Germany). The peptides were eluted with linear 

180 minutes gradient of 5 to 28%, 15 minutes gradient of 28 to 95% and 25 minutes at 95% 

acetonitrile with 0.1% formic acid in water at flow rates of 0.15 μl/min. Mass spectrometry 

was performed by Q Exactive HFX mass spectrometer (Thermo) in a positive mode (m/z 

350–1800, resolution 120,000 ion time 30) using repetitively full MS scan followed by 

collision induces dissociation (HCD) of the 15 most dominant ions selected from the first 

MS scan.

Data analysis was done by using PD 2.2 Software and database searches were performed 

against the Human UniProtKB/TrEMBL database using Sequest search engine. Analysis of 

the raw MS data was carried out using programs written in Matlab R2017a, and packages in 

PARTEK Genomic Suite 7.13.0402 were used for the principal component analysis (PCA). 

The MS and the data analysis methods were described before [45]

PCR amplification and next generation sequencing

Genomic DNA from cells was isolated 72 hrs after transfection with pCMV-NLS-I-Sce1, 

using EZ-DNA genomic DNA isolation reagent (Biological Industries). First PCR for 

performing the next generation sequencing (NGS) using 2μg of cellular genomic DNA 

served as a template for 131 bp flanking to the ISceI site using the following, primers with 

additional over hanged sequences (underlined):

Forward: 

5’CGTCGGCAGCGTCAGATGTGTATAAGAGACAGGCCTCTGCTAACCATGTT

CATGCC;

Reverse: 

5’GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCCAGGATGGGCACC 

ACCCCGG.

PCR amplifications were performed as follows: 95°C for 3 min, 20 cycles of 95°C for 

30s, 58°C for 30s, 72°C for 1 min, 72°C for 10 min. PCR products were purified by 

using PureLink Quick PCR purification Kit according to the manufacturer instructions and 

samples were submitted for NGS.

Library preparation and next generation sequencing details

The purified PCR products of EJ5 (5 μl) were subjected to a second round of amplification 

to assign unique index sequences (barcode) for each sample using Nextera XT Index Kit 

(Illumina, San Diego, CA, USA), 2x KAPA HiFi HotStart Ready Mix (25 μl), PCR Grade 

water (10 μl) in total reaction volume of 50μl. The following PCR program was used: 95°C 
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for 3 minutes, followed with 8 cycles of 95°C for 30 seconds, 55°C for 30 seconds and 72°C 

for 30 seconds, then 72°C for 5 minutes and finally hold at 4°C. The product was purified 

by Agencourt AMPure XP system (X1) (A63881; Beckman Coulter Genomics), and eluted 

in 30 μl elution buffer. Library purity and quantity were evaluated by 4200 TapeStation 

System (Agilent Technologies, Inc., Santa Clara, CA, USA) using D1000 ScreenTape kit 

(Agilent) and by Qubit® Fluorometer (Invitrogen, Carlsbad, CA, USA) using Qubit dsDNA 

high-sensitivity assay (Invitrogen). Pool concentration of 4 nM was prepared and 1.5×106 

or 3×105 reads for each sample were targeted. Samples were deep sequenced on NextSeq 

500/550 machine using the 150-cycle Mid Output Kit (Illumina).

Sequencing data analysis

Fastq files (single-end 150bp long) were randomly down-sampled to an equal depth of 

1.5×106 (first experiment), 3×105 (second experiment) and 105 (third experiment) reads per 

sample. Reads were filtered to include only those containing an exact match to the last 5 

nucleotides of the forward primer sequence, within 3 nucleotides distance from its expected 

position (“usable reads”). These reads were clipped from the exact primer match to the end 

of the 150bp-long read, yielding sequences with variable lengths (depending on deletions 

or insertions in their sequence). In these sequences, the accurate repaired (original plasmid 

sequence) read length is 131 bp. The sequencing data was subjected to the Sequence Read 

Archive (SRA), BioProject accession number is PRJNA727730. Reads were then aligned 

to the corresponding fragment in the un-cleaved plasmid using the globalms function of 

the Biopython pair wise 2 module (parameters: match: 2, mismatch: -1, gap_open: -0.5, 

gap_extend: 0). Then, for each sample, the fraction of reads that perfectly align with 

the plasmid sequence, either along the entire fragment, or within the 18 bp long ISceI 

restriction site from the total usable reads was calculated. A repository with scripts used to 

analyze the sequencing data is available: https://github.com/erankotler/APOBEC3G_Britan-

Rosich_et_al.

We note that while imperfect matches of sequencing reads to the reference plasmid sequence 

are comprised of inaccurate repairs of the formed DSBs and of sequencing errors, the 

latter is expected to be similar between samples within a given experiment (as these were 

processed and sequenced together, and down-sampled to the same sequencing depth) and 

therefore should not affect the results.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AID Activation-induced deaminase

A3G APOBEC3G

APOBEC apolipoprotein B mRNA-editing enzyme-catalytic polypeptide-like

BER base excision repair

CD cytosine deaminase

CSR class-switch recombination

DLBCL diffuse Large B-cell lymphoma

DSB double-strand break

HDR homology-directed repair

HR homologous recombination

INDEL insertion/deletion

IR ionizing radiation

KD knock-down

mA3 mouse-APOBEC3

NER nucleotide excision repair

NHEJ non-homologous end joining

PBMC peripheral blood mononuclear cells

PCA principal components analysis

SH somatic hypermutations

ssDNA single-strand DNA

STRING Search Tool for the Retrieval of Interacting Proteins

UNG Uracil-DNA glycosidase
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Figure 1. A3G promotes the repair of DSBs induced by IR in cultured cells:
(A) From left to right: HEK293 vs HEK293-A3G cells; SupT11A3G vs SupT11EV and 

H9 vs SupT1 cells were exposed to 3 Gy of ionizing radiation (IR). At the indicated 

times post irradiation cells were fixed, stained with anti γH2AX antibody, and analyzed 

by flow cytometry. Results represent the percentage of γH2AX-positive cells; each value 

represents the average of two or three independent experiments, ±standard deviation (SD). 

Statistical significance by two-tailed two-sample t test for HEK293/HEK293-A3G: p=0.051, 

p=0.026 8h and 24h, and for SupT11EV/A3G: p=0.02, p=0.014, p=0.03 for 4h, 8h and 

24h. (B): A3G expression was confirmed by western blotting using anti-A3G C-terminus 

rabbit polyclonal antibody followed by detection with enhanced chemiluminescence (ECL). 

Mouse anti-α-Tubulin antibody was used as a loading control. Flow cytometry histograms of 

γH2AX-stained the 4 Gy-irradiated HeLa and HeLa-A3G cells are presented. Time points 

after IR exposure are indicated. Red curves – irradiated cells; black curves – non-irradiated 

control cells. Marker boundary is set on the intersection of the control and the irradiated 

sample curves. The percentage of γH2AX-positive cells is indicated. Ten thousands cells 

were assessed in each sample; (C-D) Clonogenic assay of irradiated HeLa and HeLa-A3G 

cells is shown. Briefly, cells were seeded at low density in 6-well plates 3 hours prior to 

IR exposure (2 and 4 Gy). Seven to nine days post irradiation cells were fixed, stained 

by Crystal Violet (0.05%) and colonies with >20 cells were counted. Survival rates are 

plotted in (C) and a ratio between the survival rates of HeLa vs HeLa-A3G in each IR dose 
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is plotted in (D). Average of two independent experiments is presented, ±SD. Statistical 

significance: *, P<0.05; **, P<0.01 by two-tailed two-sample t test.
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Figure 2. A3G rescues mice from IR-induced damage:
One-month old mice were whole body irradiated (8.25 Gy). Percentage of mice survival 

for each genotype group during 30 days post irradiation was determined. (A) Kaplan–

Meier survival curves of mA3-competent mice (mA3+/+); the mA3 knocked-out (KO) 

mice (mA3−/−); the A3GHigh and A3GLow transgenic mice are shown. Genotype groups 

contained both female and male mice, as follows: mA3+/+ - 5 female and 8 male mice; 

mA3−/− - 10 female and 7 male mice; A3GHigh – 5 female and 7 male mice; A3GLow – 5 

female and 8 male mice. Statistical significance: *, P<0.05, by one-sided two-sample t test; 

ns – not significant. (B) Body weight; (C) White blood cell count; (D) Red blood cell count 

and (E) Hemoglobin concentration are shown. (B-E) plots represent the results from one out 

of three independent experiments performed in the same conditions.
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Figure 3. Histological examination of livers and spleens derived from the irradiated mice:
(A) Livers (upper row) and spleens derived from 8.25 Gy-irradiated (first three columns) 

and non-irradiated (right column) mice are shown in photomicrographs. Samples in each 

column were prepared from the same mouse. Each sample represents its genotype group. 

Sizes of each genotype group are: n=7 for A3GHigh +/+ (only mice survived the entire 

experiment were analyzed); n=17 for mA3−/−; n=13 for mA3+/+. Enlarged frames from 

mA3−/− liver and mA3+/+ spleen are shown in (B i) and (B ii), respectively. Spleen from 

non-irradiated C57BL mice (control) is presented (B iii) and (B iv). Organ-sections were 

stained with Hematoxylin and Eosin (H&E). Mice survival post irradiation is indicated. 

Scale-bars are indicated in (A): 200 μm (liver, upper row), 500 μm (spleen, middle and 

lower rows). Arrows indicate: necrosis (black triangles, liver sections), hemorrhage (black 
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arrow, spleen) and brown-colored hemosiderin deposits (white arrows, spleen). (C) Spleen 

sections are stained with antibodies against CD3, B220 and c-Kit markers. Mice genotypes 

are indicated. Samples in each column were prepared from the same mouse. Scale-bars are 

indicated.
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Figure 4. A3G promotes accurate DSB repair independently of RNA binding:
(A) Scheme describes the working-flow for preparation the 131nt fragments used for 

sequencing analyses. (B) Plot represents fractions of accurate rejoining over total reads 

calculated for the whole 131 bp fragment and for 18 bp ISceI restriction site, in HEK293, 

HEK293-A3G, HEK293-A3G-W285A and HEK293-A3G-E259Q cells (for details see 

Table 1 and Figure S1). Each value represents the average of three independent experiments, 

±SD. Statistical significance: *, P<0.05; ** P<0.01 by two-tailed paired t test. (C) Western 

blots analysis of HEK293 cells transfected with WT or deamination-deficient mutants. 

Blots were probed with anti-A3G C-terminus antibody and anti-α-Tubulin HRP-conjugated 

antibody followed by detection with ECL. (D) HEK293 cells were stably transfected with 

WT A3G and with the RNA-binding mutants (W94A and W127A). Cells were irradiated 

with IR (3Gy), followed by incubation for the indicated time intervals and then stained 

with anti-γH2AX antibody and analyzed by flow cytometry. Plot shows the percentage of 

γH2AX-positive cells, as analyzed by flow cytometry. Each value represents the average of 

two independent experiments, ±SD. (E) Western blots analysis of HEK293 cells transfected 

with WT or with RNA binding-impaired A3G mutants. Blots were probed with anti-A3G 

C-terminus antibody, as described in C.
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Figure 5. Proteomic analysis of the cellular proteins expressed in association with A3G:
(A) A3G protein content is shown in SupT11A3G and SupT11EV cells at the indicated time 

intervals after irradiation (4Gy), as identified by MS. (B) Principal component analysis 

(PCA) was performed on raw Mass Spec (MS) data from irradiated SupT11A3G cells 

(blue balls) and SupT11EV cells (red balls) at time points 0, 3 and 8 hours post-radiation. 

Presented is one of two independent experiments. (C) Interaction network of the 25 proteins 

as they appear in STRING database. Red color indicates the DNA Repair, while blue color 

refers to the HDR through Single-Strand Annealing (SSA) pathway, the most statistically 

significant enriched proteins pathways shown in Table 2 (for details see Results section). 

The connections between the genes are based on STRING evidence relating to active 

interaction sources, as co-expression, gene fusion, co-occurrence, neighborhood etc. For 

details see Supporting Information section (Table S1).
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Table 1:

Analysis of the rejoining at the 131 bp fragment flanking the ISceI restriction site

Sample Total 
reads

Usable 
reads

Usable read 
fraction

Accurate cleavage site 
(TAGGGATAACAGGGTAAT)

Inaccurate 
cleavage 

site

Fraction 
accurate 

over 18bp 
restriction 

site

Accurate 
over 

131bp 
fragment

Fraction 
accurate 

over 131bp 
fragment

Exp#1 

HEK 
293 1500000 1489717 0.993144667 245597 1244120 0.164861514 147287 0.098869114

HEK-
A3G 1500000 1490608 0.993738667 600298 890310 0.402720232 374252 0.251073388

HEK-
A3G-
W285A 1500000 1491078 0.994052 336242 1154836 0.225502623 162888 0.10924177

HEK-
A3G-
E259Q 1500000 1490928 0.993952 339932 1150996 0.228000279 169167 0.113464232

Exp#2 

HEK 
293 300000 299360 0.997866667 49263 250097 0.164561064 33043 0.110378808

HEK-
A3G 300000 299389 0.997963333 123194 176195 0.411484724 84790 0.283210138

Exp#3 

HEK 
293 100000 98643 0.98643 16514 82129 0.167411778 6456 0.065448131

HEK-
A3G 100000 98601 0.98601 38315 60286 0.388586323 21886 0.221965294

HEK-
A3G-
W285A 100000 98578 0.98578 17048 81530 0.172939195 6844 0.069427256

HEK-
A3G-
E259Q 100000 98696 0.98696 17224 81472 0.174515685 6857 0.069475967
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Table 2:

The pathways including the most significantly expressed proteins selected by the STRING and REACTOM 

Databases

ID number Pathway description Observed 
gene count

Background 
gene count

False 
discovery 

rate

Matching proteins in your network 
(labels)

HSA-5685938
HDR through Single Strand 
Annealing (SSA) 8 36 7.27E-05

BLM, ERCC1,ERCC4, KAT5, NBN, 
RAD50, TOP3A, TOPBP1

HSA-73894 DNA Repair 19 290 7.27E-05

ASCC1, BLM, CCNA2, DDB2, 
ERCC1, ERCC2, ERCC4, ERCC5, 
EYA3, FANCD2, KAT5, NBN, PARP1, 
RAD23A, RAD50, RAD51C, TOP3A, 
TOPBP1, XRCC4

HSA-5693532
DNA Double-Strand Break 
Repair 13 147 1.10E-04

BLM, CCNA2, ERCC1, ERCC4, 
EYA3, KAT5, NBN, PARP1, RAD50, 
RAD51C, TOP3A, TOPBP1, XRCC4

HSA-3108214

SUMOylation of DNA 
damage response and repair 
proteins 9 69 2.50E-04

AAAS, BLM, NDNL2, NSMCE1, 
NSMCE4A, NUP107, PARP1, SMC6, 
XRCC4

HSA-5693538 Homology Directed Repair 11 119 3.20E-04

BLM, CCNA2, ERCC1, ERCC4, 
KAT5, NBN, PARP1, RAD50, 
RAD51C, TOP3A, TOPBP1

HSA-5693616

Presynaptic phase of 
homologous DNA pairing 
and strand exchange 7 38 3.50E-04

BLM, KAT5, NBN, RAD50, RAD51C, 
TOP3A, TOPBP1

HSA-5693554

Resolution of D-loop 
Structures through 
Synthesis-Dependent Strand 
Annealing (SDSA) 6 25 4.20E-04

BLM, KAT5, NBN, RAD50, RAD51C, 
TOP3A

HSA-5696395
Formation of Incision 
Complex in GG-NER 7 42 4.40E-04

DDB2, ERCC1, ERCC2, ERCC4, 
ERCC5, PARP1, RAD23A

HSA-3700989
Transcriptional Regulation 
by TP53 18 359 5.30E-04

BANP, BLM, CCNA2, CDK13, 
CNOT7, COX11, DDB2, ERCC2, 
FANCD2, KAT5, MAPK14, NBN, 
NELFB, PIP4K2C, RAD50, TAF13, 
TOP3A, TOPBP1

HSA-5693567

HDR through Homologous 
Recombination (HRR) or 
Single Strand Annealing 
(SSA) 10 113 6.10E-04

BLM, CCNA2, ERCC1, ERCC4, 
KAT5, NBN, RAD50, RAD51C, 
TOP3A, TOPBP1
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