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Abstract

RAD51 paralogs are key components of the homologous recombination (HR) machinery. Mouse 

mutants have been reported for four of the canonical RAD51 paralogs, and each of these mutants 

exhibits embryonic lethality, although at different gestational stages. However, the phenotype 

of mice deficient in the fifth RAD51 paralog, XRCC3, has not been reported. Here we report 

that Xrcc3 knockout mice exhibit midgestational lethality, with mild phenotypes beginning at 

about E8.25 but severe developmental abnormalities evident by E9.0–9.5. The most obvious 

phenotypes are small size and a failure of the embryo to turn to a fetal position. A knockin 

mutation at a key ATPase residue in the Walker A box results in embryonic lethality at a similar 

stage. Death of knockout mice can be delayed a few days for some embryos by homozygous or 

heterozygous Trp53 mutation, in keeping with an important role for XRCC3 in promoting genome 

integrity. Given that XRCC3 is a unique member of one of two RAD51 paralog complexes with 

RAD51C, these results demonstrate that both RAD51 paralog complexes are required for mouse 

development.
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1. Introduction

Homologous recombination (HR) is a crucial DNA repair mechanism in mammalian 

cells [1]. The central step in HR pathways is strand exchange, in which single-stranded 

DNA (ssDNA) invades a homologous duplex DNA, driven by the RAD51/RecA family 

of ATPases. RAD51 performs this function in mammalian cells, forming a nucleoprotein 

filament with ssDNA which performs the homology search and catalyzes strand exchange 

[2]. In vivo RAD51 requires the assistance of numerous factors to nucleate RAD51 

filament formation on ssDNA and/or promote stable filament assembly [2–4]. Among the 

factors involved in this process are RAD51 paralogs, which have limited homology to 

RAD51 in the ATPase domain. Biochemical studies have suggested that these proteins 

act as chaperones to promote the assembly of RAD51 filaments on ssDNA [5] and/or 

remodel the RAD51 nucleoprotein filament to promote the recognition of a homologous 

duplex [6]. In mammalian cells, there are five canonical RAD51 paralogs that were 

discovered through partial sequence identity with RAD51 (RAD51B, [7]; RAD51C, [8]; 

RAD51D, [9]) or complementation of radiation-sensitive Chinese hamster cell mutants 

(XRCC2, [10]; XRCC3, [11]). Biochemically, the paralogs have been shown to form 

two complexes, RAD51C-XRCC3 and RAD51B-RAD51C-RAD51D-XRCC2 [12]. More 

recently, an additional RAD51 paralog, SWSAP1, has been identified with more limited 

roles in HR [13].

As with Rad51, null mutations in Rad51b, Rad51c, Rad51d, or Xrcc2 result in embryonic 

lethality in mice [3]. Mutants die at somewhat different embryonic (E) stages, although 

the exact timing of death may be influenced by genetic background or possibly the 

particular mutation being examined. Rad51 mutant embryos have been reported to die 

before or shortly after implantation, depending on the study [14, 15]. Rad51b and Rad51c 
mutant embryos show abnormalities during early stages of postimplantation development 

(E5.5) [16, 17], while Rad51d mutant embryos display abnormalities a few days later at 

gastrulation (E7.5) [18]. Xrcc2 embryos have been reported to develop normally until E8.5, 

with variability in subsequent survival; a few mutant mice have even been born, but they are 

not viable [19]. However, Xrcc2 mutant mice on a C57BL/6 background succumb before 

late embryogenesis [20]. By contrast, mutation of the noncanonical RAD51 paralog Swsap1 
does not affect embryonic or post-natal viability, although mice are infertile [21].

Surprisingly, despite its identification more than two decades ago as a key HR factor [22], 

the phenotype of Xrcc3 knockout in mice has not been reported. We sought to rectify this 

gap in our knowledge and now report midgestational embryonic lethality associated with 

loss of Xrcc3.

2. Materials and Methods

2.1 Mouse care

The care and use of mice in this study were in accordance with a protocol approved by the 

Institutional Animal Care and Use Committee (IACUC) at Memorial Sloan Kettering Cancer 

Center (MSKCC). Mice were housed under federal regulations and policies governed by the 
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Animal Welfare Act (AWA) and the Health Research Extension Act of 1985 in the Research 

Animal Resource Center (RARC) at MSKCC and was overseen by IACUC.

2.2 Generation and genotyping of Xrcc3 mice and embryos

TALE nucleases (TALENs) were generated [23] and injected into fertilized mouse eggs [24]. 

Xrcc3 null mice were generated using TALENs directed towards the first coding exon (exon 

2), beginning at the translational start site. For Xrcc3 KA mice, TALENs were designed 

to cleave in exon 4. To generate the KA knockin mutation, a plasmid containing 2 kb 

of homology to exon 4 and surrounding sequences was modified to contain the K113A 

mutation and two silent mutations nearby to create an MfeI restriction enzyme site and 

co-injected at 10 ng/µl with TALEN mRNA. The 2 kb fragment was initially generated by 

PCR of genomic DNA in two steps using primers:

Xrcc3G AGGTCGACGGTATCGATACAGCCACGATGTGCAGTGCCTG

Xrcc3H GCGCCAatTGGGTGGCTCCTGCTGAGCTGCAGCCAGCCAGGC

Xrcc3J CAGGAGCCACCCAatTGGCGCTACAGCTCTGCCTGGCTGTGC

Xrcc3K GGGCTGGACGAATTCGATCTGGCCTCCAGCCTGCATTGATC

Genotyping of Xrcc3 null mice was done using PCR primers 

Xrcc3-C: 5′-ACACCTAACCACACTTTGGCTTCG-3′, and Xrcc3-D: 5′- 
GAGAGTGCAGCTTGTTTTGCCCAC-3′ under the following PCR conditions: 94 °C, 3 

min; 35 cycles of 94 °C, 30 s; 55 °C, 30 s and 65 °C 30 s; and a final extension of 72 °C, 

5 min. Initially, mutations were characterized by DNA sequencing. For the ∆11 and ∆22 
alleles, subsequent genotyping was performed by digesting the PCR product with Sau96I 

and running on a 1.5% agarose gel. The wild-type product prior to digestion is 268 bp, but is 

cleaved by Sau96I to products of 165 and 103 bp. The PCR products from the ∆11 and ∆22 
alleles are smaller by 11 and 22 bp, respectively, and are not cleaved by Sau96I.

Genotyping of the KA knockin mice was done using PCR primers: 

Xrcc3-KA-E: 5′-GCTAGACCGCTGACACAGCCTG-3′, and Xrcc3-KA-F: 5′- 
AAACCACTCAAGAGATAGCCACTG-3′ under the following PCR conditions: 94 °C, 3 

min; 35 cycles of 94 °C, 30 s; 55 °C, 30 s and 65 °C 30 s; and a final extension of 72 °C, 5 

min. The PCR product was digested with MfeI and run on a 1.5% agarose gel. The wild-type 

and KA products are 372 bp. After digestion with MfeI, the KA PCR product, but not the 

wild-type PCR product, is cleaved to fragments of 188 and 184 bp.

The Trp53 allele has been previously described [25] and was genotyped with PCR primers 

x7: 5’-TATACTCAGAGCCGGCCT-3′, x6.5: 5’-ACAGCGTGGTGGTACCTTAT-3′, and 

p53 neo: 5’-TCCTCGTGCTTTACGGTATC-3′.

Mice with knockout and knockin alleles were backcrossed onto a C57BL/6N background 

for at least 3 or 4 generations. For timed matings, heterozygous mice were intercrossed, and 

the day of vaginal plug was considered to be embryonic day E0.5. The stage of embryonic 

development was confirmed upon dissection by morphological landmarks or counting the 
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numbers of somite pairs when possible. The yolk sac was used for genotyping embryos, 

except at E3.5.

Xrcc3tm1b mice generated by KOMP [26] and analyzed by the IMPC were on a 

C57BL/6NJ background (https://www.mousephenotype.org/data/genes/MGI:1921585). In 

the IMPC E12.5 viability screen, no mutants were obtained among 23 heterozygous and 

7 wild-type embryos. For our analysis, we crossed a heterozygous male on a C57BL/6N 

background to FVB females to obtain heterozygous males and females. F1 intercross litters 

dissected at both ~E8.5 and E9.0 were subsequently analyzed.

2.3 In-situ hybridization and LacZ analysis

Embryos (E8.25-E9.5) were fixed in 4% paraformaldehyde overnight followed by 

dehydration in a methanol/PBT (0.1% Tween-20 in PBS) series. Hybridization buffer was 

composed of 50% formamide, 1% Boehringer block, 5X SSC pH 7.0, 1 mg/mL Torula 

RNA, 100 μg/mL Heparin, 0.5% Tween-20, 1 mg/mL CHAPS (3-((3-cholamidopropyl) 

dimethylammonio)-1-propanesulfonate), and 5 mM EDTA pH 8.0. Embryos were blocked 

in antibody buffer composed of PBS, 1% Boehringer block, 10% heat-inactivated fetal 

bovine serum, and 0.1% Tween-20. Riboprobes were detected using anti-digoxigenin-AP, 

Fab fragments (Roche 11093274910, 1:10,000), and BM purple (Roche 11442074001).

The following digoxigenin-labeled riboprobes were synthesized by RNA polymerases 

(Roche) using existing plasmids that were linearized by restriction enzyme digest and are 

available from the Hadjantonakis lab: Brachyury (linearized with BamHI and transcribed by 

T7 polymerase); Meox1 (Mox-1) (linearized with Pst1 and transcribed by T3 polymerase); 

Fgf8 (linearized with Pst1 and transcribed by T7 polymerase); Nkx2.5 (linearized with XbaI 

and transcribed by T7 polymerase).

LacZ expression was measured using β-galactosidase activity using Salmon-gal (6-chloro-3-

indolyl-β-D-galactopyranoside) (Lab Scientific, catalog number X668) in combination with 

tetrazolium salts, as previously described [27].

2.4 Statistical analysis

Statistical analyses were performed using a two-tailed Student’s t-test. Error bars, mean ± 

s.d. *P ≤ 0.05; ***P ≤ 0.001.

3. Results

3.1 Xrcc3 mutant mice are not viable

To disrupt Xrcc3, gene editing was performed in mouse zygotes using TALENs directed 

to exon 2 at a site just downstream of the start codon. Four small deletion alleles (∆2, ∆7, 
∆11, ∆22) were obtained in founder mice, each of which disrupted the Xrcc3 reading frame 

(Fig. 1A). Heterozygous progeny obtained from founders for each allele were interbred and, 

despite extensive breeding, no homozygous mutant pups were obtained (Fig. 1B), indicating 

that Xrcc3 mutant mice are not viable.
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3.2 Mid-gestational embryonic lethality with loss of Xrcc3

To determine the latest embryonic stage to which Xrcc3 mutant embryos develop, timed 

matings were performed using heterozygous parents. We typically used the ∆11 allele, 

which could be genotyped by loss of a Sau96I restriction site (Fig. 1A,C). Xrcc3 mutant 

embryos were not obtained at E13.5 or E12.5 but were present at E9.5 (Fig. 1D), although at 

this stage they exhibited severe developmental abnormalities. During normal embryogenesis, 

E9.5 mouse embryos have undergone axial rotation (or ‘turning’) into a fetal position, 

a process that begins during the 6–8 somite stage and is usually completed by the 14–

16 somite stage, leading to the complete encasement of the embryo in extraembryonic 

membranes [28]. However, the vast majority of Xrcc3 mutant embryos (16/17) remained 

in the U-shaped lordotic position (Fig. 1E). Therefore, mutant embryos at E9.5 were 

more akin morphologically to E8.25 embryos (Fig. 1F). Moreover, even at E8.25, Xrcc3 
mutant embryos were typically developmentally delayed. Embryos were often smaller, with 

a reduced number of somites compared to heterozygous and wild-type littermates (Fig. 1G).

In addition to the gene edited Xrcc3 alleles, we examined Xrcc3tm1b, an exon 2 deletion 

generated by the Knockout Mouse Project (KOMP) and found by the International Mouse 

Phenotyping Consortium (IMPC) to show completely penetrant embryonic lethality prior 

to E12.5 (www.mousephenotype.org). We examined 11 litters recovered from Xrcc3tm1b/+ 

intercross matings at E8.5, E9.0, or E10.5. Of the 89 genotyped embryos, 17 were 

Xrcc3tm1b/tm1b homozygotes (19.1%), 44 were Xrcc3tm1b/+ heterozygotes (49.4%), and 28 

wild type (31.5%). The 5 mutants recovered at E10.5 were dead and degrading, while the 

12 mutants recovered at E8.5-E9.0 displayed a phenotype similar to that observed for the 

Xrcc3∆11/∆11 mutants: arrest at the 6–8 somite stage prior to axial rotation (Fig. S1A).

To further characterize the mutant embryos, in situ hybridization was performed with a set of 

markers. At E9.25, Brachyury labels the tail bud, the last active region of the primitive streak 

[29], while Meox1 (Mox-1) serves as a marker for paraxial mesoderm, both before and after 

somite formation [30]. In Xrcc3 mutant embryos, both markers were present, suggesting 

that the absence of somites in some mutant embryos does not reflect a lack of paraxial 

mesoderm (Fig. 1E). At E8.25, Fgf8 labels the midbrain/hindbrain boundary, the anterior 

neural ridge, the branchial arches, and the posterior end of the primitive streak [31]. Xrcc3 
mutants appropriately expressed Fgf8 in the posterior streak and branchial arches. However, 

embryos with the ∆11 allele (5 total) lacked Fgf8 expression at the anterior neural ridge 

and midbrain/hindbrain boundary; this finding indicates that the small head region observed 

in Xrcc3∆11/∆11 embryos at E8.25 and E9.25 (Fig.1E, F) and in Xrcc3tm1b/tm1b embryos at 

E9.0 (Fig. S1A) likely reflects impaired mid-brain development. Mutants with the ∆22 allele 

fail to turn to a fetal position, comparable to mutants with the tm1b or ∆11 allele; yet the 

detection of Fgf8 expression at the anterior neural ridge and midbrain/hindbrain boundary of 

E8.25 Xrcc3∆22/∆22 embryos (1 total, Fig. 1F), suggests that the ∆11 and tm1b alleles may 

be slightly more severe. At E8.25 Nkx2.5, a marker for cardiac progenitors [32], labels the 

developing heart of both control and Xrcc3 mutants at (Fig.1F). However, the proportionally 

large hearts present in Xrcc3 mutants at E9–9.25 (Fig. 1E, ∆11; Fig. S1A, tm1b), indicate 

that the progenitors undergo aberrant morphogenesis producing cardiac hypertrophy and 

edema from impaired blood flow.
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We also examined embryos at earlier embryonic stages. At gastrulation (E7.5 and E6.5), 

Xrcc3 mutant embryos were recovered at Mendelian ratios and appeared grossly normal 

(Figs. 1D,H,I). Blastocysts were also obtained at E3.5 to attempt embryonic stem (ES) cell 

line derivation. Although Xrcc3 mutant lines could be derived, they grew slowly and were 

not further characterized.

In summary, mouse embryos lacking functional Xrcc3 develop normally through the early 

post implantation stages: They establish an anterior-posterior axis, gastrulate to generate the 

three definitive germ layers plus extraembryonic mesoderm, and initiate formation of the 

heart. Between the late headfold stage and the onset of early somitogenesis profound global 

defects become evident with developmental arrest.

3.3 Xrcc3 mutant embryos can develop further with Trp53 mutation

Loss of p53 has been shown to prolong survival of embryos with mutations in HR 

genes, in keeping with suppression of the response to DNA damage associated with HR 

deficiency [3]. In the most extreme case, mutation of Trp53 rescues the late embryonic 

lethality associated with loss of Xrcc2, another RAD51 paralog, giving rise to live borne 

mice, although they rapidly succumb to tumors [33]. Therefore, we sought to determine 

whether Trp53 mutation would also rescue Xrcc3 mutant mice. At weaning, Xrcc3∆11/∆11 

mice with homozygous or heterozygous Trp53 mutation were not observed (Fig. 2A), 

indicating thatcomplete or partial loss of Trp53 is not sufficient to rescue the embryonic 

lethality associated with loss of XRCC3. However, timed matings demonstrated that Trp53 
mutation could have a dramatic effect on some embryos. At E9.5, of six mutant embryos 

with Trp53 heterozygosity, three had turned into the fetal position and 1 other was also 

more advanced, although another was more similar to an E8.25 embryo. (Damage during 

dissection prevented assessing the sixth mutant.) In addition, all three E9.5 Xrcc3∆11/∆11 

mutant embryos homozygous for the Trp53 mutation advanced through turning (Fig. 2B,C; 

Fig. S1B). Moreover, at E12.5 when Xrcc3∆11/∆11 mutant embryos are not observed (Fig. 

1D), mice heterozygous (2 embryos) and homozygous (1 embryo) for the Trp53 mutation 

were observed, and the latter appeared relatively normal (Fig. 2D,E). The phenotypic 

variability observed with Trp53 mutation is similar to that observed for other HR mutant 

embryos.

3.4 Xrcc3 K113A mutation in the Walker A box also leads to embryonic lethality

The Walker A box (GxxxxGKT) is a critical motif for ATP binding/hydrolysis in RAD51 

and related proteins and has previously been shown to be important for XRCC3 function: a 

K113A mutation within this box (GxxxxGAT) reduces HR levels in Xrcc3 mutant hamster 

cells, although HR is not abolished (~20–25% activity relative to wild type) [34]. However, 

the residual amount of HR activity observed with the K113A mutant in cultured cells led 

us to ask whether the cognate mouse mutant would survive longer during embryogenesis or 

even be viable.

To that end, we knocked-in the K113A mutation within exon 4 in mouse zygotes 

using TALENs and a double-stranded DNA donor that additionally brought in two silent 

polymorphisms, which create an MfeI restriction site to simplify genotyping (Fig. 2F). With 
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this approach, we obtained the K113A (KA) knockin mutation as well as two frameshift 

alleles through NHEJ (∆8, ∆ins). Heterozygous breeding indicated that homozygous KA 
mutant mice were not viable (Fig. 2G). Mice homozygous for either frameshift allele were 

also inviable, in line with the truncations within exon 2.

Timed matings were then performed to determine at what stage the mice became 

compromised. Although at E9.5, Xrcc3KA/KA embryos could be obtained (Fig. 2H,I), they 

all appeared small and delayed in development (Fig. 2J, Fig. S1C). Similarly, mutant 

embryos could be obtained at E8.25, but they were also runted and possibly further delayed 

and/or morphologically aberrant compared with the null embryos (5/7 embryos) (Fig. 2I, 

Fig. S1D). By contrast, heterozygous embryos were infrequently observed to be delayed 

(3/21 embryos), and heterozygous adults were recovered at Mendelian ratios and were 

fertile.

Discussion

Here we report midgestational lethality associated with XRCC3 loss. Global defects are 

observed between E8.25 and E9.5, a critical transition phase during mouse development 

when the embryo rotates along its longitudinal axis. What drives axial rotation remains 

unclear, making it infeasible to ascertain whether any one specific defect blocks this 

transition or whether the multiple observed defects, including reduced size, conspire to 

obstruck axial rotation. Just prior to this stage, at E6.5-to-E7.5, the embryo undergoes 

a period of particularly rapid proliferation, when epiblast cell cycles can be as short 

as 2.2 h [35]. Consequently the requirement for XRCC3, and other HR genes, during 

these embryonic stages may reflect their essential role in resolving replication stress and 

maintaining genomic integrity [36–38]. The phenotype of the Trp53-rescued Xrcc3∆11/∆11 

mutants indicates that loss of XRCC3 does not perturb lineage specification and patterning 

and, moreover, suggests that loss of cell number underlies the observed morphological 

defects.

While the other four canonical RAD51 paralogs form the RAD51B-RAD51C-RAD51D-

XRCC2 (BCDX2) complex, XRCC3 is the unique member of a distinct complex with 

RAD51C. Thus, XRCC3, and by inference the RAD51C-XRCC3 complex, has an essential, 

non-redundant role with the four member BCDX2 complex during mouse embryogenesis. 

Why two RAD51 paralog complexes are required is unclear and needs further biochemical 

and cellular characterization. Early work had suggested that RAD51C-XRCC3 has a 

distinct, later role in HR, in particular, in the resolution of recombination intermediates 

[39]. However, analysis of an isogenic series of RAD51 paralog knockout human cells has 

demonstrated a clear requirement for XRCC3 in an early step in HR like other RAD51 

paralogs, namely in the formation of DNA damage induced RAD51 focus formation [40]. 

Analysis of this series indicates that loss of XRCC3 does not affect RAD51C stability, 

implying that XRCC3 has an intrinsic role in HR.

The delay in the embryonic lethality associated with XRCC3 loss by either homozygous or 

heterozygous Trp53 mutation is consistent with the inability of Xrcc3 mutants to properly 

repair DNA damage arising during normal development, as has been seen in other paralog 

Prakash et al. Page 7

DNA Repair (Amst). Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mutants [3]. Lethality with the KA knockin mutation indicates a requirement for ATP 

binding/hydrolysis in its function. The more severe phenotype observed with some of the 

knockin embryos suggests the mutant protein may be interfering with the activity of another 

protein, potentially its interacting protein RAD51C.

Among the other RAD51 paralog mutants, the one closest in phenotype is Rad51d, in which 

most embryos are grossly retarded and fail to turn, such that no viable embryos are found 

by E11.5 [18]. Rad51c mutation has been reported to be more severe than either Xrcc3 
or Rad51d [17], possibly because RAD51C is a critical member of both RAD51 paralog 

complexes. Interestingly, however, Rad51b mutant embryos are also more severe than Xrcc3 
embryos [16] while Xrcc2 embryos are less severe [20]. Thus, the three unique members of 

the BCDX2 complex, RAD51B, RAD51C, and XRCC2, are not identically required during 

mouse development, possibly due to the degree of HR deficiency with mutation of each 

and the stochastic accumulation of DNA damage. In human cells, four of the five RAD51 

paralogs, including XRCC3, are essential for the proliferation of the non-transformed cell 

line MCF10A; the one exception is RAD51B [40], suggesting that there are differences 

between the absolute requirements of these factors between mouse and human.

Supplementary Material
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Highlights

• RAD51 paralog XRCC3 is required for mouse embryogenesis

• Xrcc3 null embryos exhibit midgestational lethality

• Trp53 loss prolongs embryo survival

• Mutation at a key ATPase residue also leads to embryonic lethality
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Figure 1. Xrcc3 is required during mouse development.
A. Xrcc3 gene editing in mouse zygotes. TALENs were used to direct a double-strand 

break to exon 2, just downstream of the XRCC3 start codon (underlined). TALEN binding 

sequences are in red and blue. Mutations generated by injection of mouse zygotes with 

TALEN mRNA include small deletions (green) that result in frameshifts. The ∆11 and ∆22 
alleles result in loss of a Sau96I restriction site that is useful for genotyping. Mouse XRCC3 

is 349 amino acids with conserved Walker A and B boxes within an ATPase domain. 

Predicted protein truncations are indicated for each allele, showing the amount of coding 

sequence retained (2 to 7 amino acids) with tails of novel amino acids arising from the 

frameshift until the first stop codon.

B. Xrcc3 mutant pups are not obtained at weaning for any of the four deletion alleles. 

Heterozygous animals are obtained at the expected Mendelian ratio if the homozygous 

mutants are not viable.
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C. Genotyping of embryos obtained from timed matings at E9.5, verifying the presence 

of Xrcc3∆11/∆11 embryos. The PCR amplicon of the ∆11 allele is no longer cleavable by 

Sau96I. Sanger sequencing of the PCR product from the Xrcc3∆11/∆11 embryos confirms the 

∆11 alleles.

D. Xrcc3 mutant embryos are obtained at E9.5 and prior embryonic stages but not at E13.5.

E. Xrcc3 mutant embryos at E9.5 are small and have not undergone turning to a fetal 

position (16 embryos unturned of 17 total). In situ hybridization for Brachyury labels the tail 

bud, while Meox1 labels paraxial mesoderm which will form the somites.

F,G. Xrcc3 mutant embryos at E8.25 appear grossly normal (F) but are developmentally 

delayed with fewer somites (G). In situ hybridization for Fgf8 shows labeling of wild-type 

embryos at the midbrain/hindbrain boundary (m/h), the anterior neural ridge (anr), and the 

posterior end of the primitive streak (ps) while Nkx2.5 labels the developing hear. Mutant 

embryos are variable for staining of the midbrain/hindgrain boundary.

H,I. Xrcc3 mutant embryos at E7.5 (H) and E6.5 (I) appear grossly normal.
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Figure 2. Xrcc3 is required during mouse development.
A. Xrcc3∆11/∆11 pups are not obtained at weaning even with homozygous or heterozygous 

mutation of Trp53.

B. Partial rescue of Xrcc3 null phenotypes at E9.5 by concomitant Trp53 mutation. 

Some Xrcc3∆11/∆11 Trp53+/− embryos at E9.5 appear more like wild-type embryos (3 

of 6 embryos), having turned to a fetal position, which was observed in only 1 of 

17 Xrcc3∆11/∆11 embryos without Trp53 mutation. The other Xrcc3∆11/∆11 Trp53+/− 

embryo that is shown has not turned and appears more like an Xrcc3∆11/∆11 embryo. 

Of the remaining two Xrcc3∆11/∆11 Trp53+/− embryos (Supplementary Figure 1), one is 

intermediate to these two phenotypes having partially turned, while the other appears 

developmental delayed.

C. Genotypes of E9.5 embryos obtained from Xrcc3+/∆11 Trp53+/− timed matings.
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D. Xrcc3∆11/∆11 Trp53+/− and Xrcc3∆11/∆11 Trp53−/− embryos were observed at E12.5. 

The Xrcc3∆11/∆11 Trp53−/− embryo appears reasonably normal, while the two Xrcc3∆11/∆11 

Trp53+/− embryos are runted although they have turned.

E. Genotypes of E12.5 embryos obtained from Xrcc3+/∆11 Trp53+/− timed matings.

F. Xrcc3 KA knockin mutation in the Walker A box using a 2 kb double-stranded DNA 

donor for homology-directed repair and a TALEN directed to exon 4. The donor contains the 

K113A mutation and two silent mutations (lower case) to create an MfeI restriction site for 

genotyping. In addition to the KA allele, two other alleles were established at the same time 

that contained out-of-frame mutations in exon 4 that are predicted to lead to truncations (∆8 
and ∆23;ins229, which has an insertion derived from the donor plasmid for a net insertion of 

206 bp).

G. Xrcc3KA/KA pups are not obtained at weaning. Homozygous mutants with truncations in 

exon 4 are also not obtained, as with truncations in exon 2.

H. Genotyping of embryos obtained from timed matings at E9.5, verifying the presence of 

Xrcc3KA/KA embryos. The PCR amplicon of the KA allele is cleavable by MfeI. Sanger 

sequencing of the PCR product from Xrcc3KA/KA embryos confirms the KA allele.

I. Xrcc3KA/KA embryos are obtained at E9.5 and E8.25.

J. Xrcc3KA/KA embryos at E9.25 are small and have not undergone turning to a fetal 

position.

K. Xrcc3 mutant embryos at E8.25 can be grossly normal (2/7) or appear developmentally 

delayed (5/7).
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