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Abstract: DNA double-strand breaks (DSBs) trigger the Ataxia telangiectasia mutated
(ATM)-dependent DNA damage response (DDR), which consists of histone H2AX, MDC1, RNF168,
53BP1, PTIP, RIF1, Rev7, and Shieldin. Early stages of B and T lymphocyte development are
dependent on recombination activating gene (RAG)-induced DSBs that form the basis for further
V(D)J recombination. Non-homologous end joining (NHEJ) pathway factors recognize, process, and
ligate DSBs. Based on numerous loss-of-function studies, DDR factors were thought to be dispensable
for the V(D)J recombination. In particular, mice lacking Mediator of DNA Damage Checkpoint Protein
1 (MDC1) possessed nearly wild-type levels of mature B and T lymphocytes in the spleen, thymus,
and bone marrow. NHEJ factor XRCC4-like factor (XLF)/Cernunnos is functionally redundant with
ATM, histone H2AX, and p53-binding protein 1 (53BP1) during the lymphocyte development in
mice. Here, we genetically inactivated MDC1, XLF, or both MDC1 and XLF in murine vAbl pro-B
cell lines and, using chromosomally integrated substrates, demonstrated that MDC1 stimulates the
V(D)J recombination in cells lacking XLF. Moreover, combined inactivation of MDC1 and XLF in mice
resulted in synthetic lethality. Together, these findings suggest that MDC1 and XLF are functionally
redundant during the mouse development, in general, and the V(D)J recombination, in particular.
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1. Introduction

In mammalian cells, DNA double-strand breaks (DSBs) activate the DNA damage response
signaling (DDR). During DDR, Ataxia telangiectasia mutated (ATM) protein kinase phosphorylates
multiple substrates, including histone H2AX and the scaffold proteins, mediator of DNA damage
checkpoint protein 1 (MDC1) and p53-binding protein 1 (53BP1) [1]. The E3 ubiquitin ligases,
really interesting new gene (RING) finger (RNF) 8 and RNF168, function downstream of the ATM to
enhance 53BP1 binding, which, in turn, facilitates the recruitment of DDR effectors, Pax transactivation
domain-interacting protein (PTIP), and Rap1-interacting factor 1 (RIF1) [1]. Moreover, methylated [2–4]
and acetylated [5] histones may facilitate the DDR. In particular, histone H4 lysine 20 di-methylation
(H4K20me2) [3] and histone H3 lysine 79 mono- and di-methylation (H3K79me1/2) [4] were thought
to facilitate recruitment of 53BP1 to the sites of damaged DNA. Homologous recombination (HR),
classical non-homologous end joining (NHEJ), and alternative end joining (A-EJ) are cellular pathways
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that recognize and repair DSBs. NHEJ is initiated by the recruitment of the core Ku70/Ku80 (Ku) sensor
to the DSB sites. Ku facilitates the recruitment of downstream factors, including the DNA-dependent
protein kinase, catalytic subunit (DNA-PKcs), and the NHEJ core factors DNA ligase 4 (Lig4) and X-ray
repair cross-complementing protein 4 (XRCC4). A number of NHEJ proteins, including accessory
factors, stabilize the DNA repair complex and process DNA overhangs to facilitate ligation [1].
Among them, nuclease Artemis [6], XRCC4-like factor (XLF, or Cernunnos) [7,8], a paralogue of XRCC4
and XLF (PAXX) [9–11], and modulator of retrovirus infection (Mri) [12,13].

During the B and T lymphocyte development, both DDR and NHEJ pathways function in response
to the recombination activating gene (RAG)-induced DSBs in the process known as the variable
(V), diversity (D) and joining (J) gene segments recombination (V(D)J recombination). RAG is the
nuclease that generates DSBs adjacent to the V, D, and J gene segments of immunoglobulin and T
cell receptor genes. NHEJ is the only known process to recognize and efficiently repair RAG-induced
DSBs [1,14]. V(D)J recombination is ablated in mice lacking core NHEJ factors, Ku70 [15] and Ku80 [16].
Inactivation of XRCC4 or Lig4 resulted in embryonic lethality in mice, while conditional inactivation or
knocking down of XRCC4 or Lig4 in lymphocytes blocked the V(D)J recombination and NHEJ [1,17,18].
Accessory NHEJ factors DNA-dependent protein kinase, catalytic subunit (DNA-PKcs) and Artemis
are required for the V(D)J recombination-associated DNA repair. Artemis is a nuclease that processes
RAG-induced hairpin-sealed DNA ends, and DNA-PKcs is required to both structurally stabilize and
phosphorylate Artemis [6,19–23]. On the contrary, germline inactivation of XLF [24,25], PAXX [26–29],
or Mri [12,13] had no or modest impact on the DNA repair and lymphocyte development in general, and
the V(D)J recombination in particular. Combined inactivation of XLF and PAXX resulted in the V(D)J
recombination defect in cells [30–32] and synthetic lethality in mice [26,28,29,33]. Moreover, XLF is
functionally redundant with DNA-PKcs [33–35], Mri [12,13], and RAG2 [36].

DDR factors were thought to be dispensable for the V(D)J recombination, because germline
inactivation of ATM [37], H2AX [38,39], MDC1 [40], or 53BP1 [41] resulted in modest or no effect
on early stages of B and T lymphocyte development. Strikingly, combined inactivation of XLF and
ATM [42], or XLF and 53BP1 [43,44], resulted in live-born mice with nearly no mature B and T
lymphocytes due to the impaired V(D)J recombination. Additional ATM-dependent DDR factors,
including MDC1, may be involved in the V(D)J recombination, and their functions might be revealed
in the XLF-deficient background [1,42–44].

XLF is the NHEJ factor. Mutations in the XLF gene in humans result in combined
immunodeficiency [8,45], and inactivation of the XLF gene in mice results in a modest reduction of B
and T lymphocytes count [24,25]. XLF shares a structure with XRCC4, and binds XRCC4 to stimulate
the Lig4 activity [7]. XLF has a yeast homolog Nej1 that also stimulates the DNA repair in yeast [46].
Moreover, the lack of XLF results in increased levels of medulloblastoma in Trp53-deficient mice [24].
Together, these observations place XLF to the group of “core” NHEJ factors. MDC1 is a DNA damage
response protein acting downstream of ATM and upstream of 53BP1 [47]. Like XLF, the MDC1 has no
enzymatic activity and likely stabilizes the DNA repair complex and facilitates the recruitment of other
DNA repair factors. Both MDC1 and XLF can be phosphorylated by ATM and likely by DNA-PKcs to
regulate their functions in DNA repair [1]. Moreover, both XLF and MDC1 were proposed to tether the
DNA at the DSB sites before the DNA ligation [1,48].

Here, we generated MDC1−/−XLF−/− double-knockout cell lines and demonstrated that MDC1 is
stimulating the V(D)J recombination in cells lacking XLF. Moreover, we demonstrated that combined
inactivation of MDC1 and XLF resulted in synthetic lethality in mice.

2. Materials and Methods

2.1. Generation of Abelson Murine Leukemia Virus-Transformed (vAbl) Cell Lines

Eµ-Bcl2+ and XLF−/−Eµ-Bcl2+ vAbl cells were published earlier [34,42,43]. Five independent clones
of MDC1−/−Eµ-Bcl2+ were generated using two three-week-old mice following the procedure described
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previously [34,42,43,49,50]. Additionally, the XLF gene was inactivated in Eµ-Bcl2+ vAbl cells to obtain
XLF−/−Eµ-Bcl2+ cell lines, and in MDC1−/−Eµ-Bcl2+ to generate MDC1−/−XLF−/−Eµ-Bcl2+ vAbl lines,
using the clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein
9 (Cas9) gene-editing approach as described earlier [51]. Briefly, oligonucleotides corresponding to single
guide RNAs (sgRNAs) were cloned into the plasmid vector LentiCRISPR v2 (Addgene plasmid #52961,
Addgene, Watertown, MA, USA) [52]. The following sgRNAs were used to target exon 3 of the XLF gene:
sgRNA1_FWD: 5′-CTTAGCATACACCAACTTC-3′; sgRNA1_REV: 5′-GAAGTTGGTGTATGCTAAG-3′;
sgRNA2_FWD: 5′-CCACCAACAGGTACTCATA-3′; sgRNA2_REV: 5′-TATGAGTACCTGTTGGTGG-3′.
Parental vAbl cells were transduced with lentiviral vectors containing corresponding sgRNA sequences,
and up to 200 clones were screened by western blot. The cells lacking the XLF signal were used to
validate the deletion of the exon 3 by DNA sequencing (available upon request). Two XLF−/−clones and
four MDC1−/−XLF−/−clones were used for experiments. Mock-treated and parental vAbl cells were used
as DNA repair-proficient controls.

2.2. Antibodies

The following antibodies were used for western blot: rabbit polyclonal anti-XLF (Bethyl, Montgomery,
TX, USA; A300-730A, dilution 1:2000), swine polyclonal anti-rabbit immunoglobulin-horseradish
peroxidase-conjugated (Ig-HRP; Dako antibodies, Dako, Glostrup, Denmark; #P0399, dilution 1:5000),
mouse monoclonal anti-β-actin (Abcam, Cambridge, UK; ab8226, dilution 1:2000), rabbit polyclonal
anti-mouse Ig-HRP (Dako antibodies, Dako, Glostrup, Denmark; #P0260, dilution 1:5000), and goat
polyclonal anti-mouse Ig-HRP (Dako antibodies, Dako, Glostrup, Denmark; #P0447, dilution 1:5000).

2.3. Variable (V), Diversity (D) and Joining (J) Gene Segments Recombination (V(D)J Recombination) Assays
Based on Chromosomally Integrated pMX Cassettes

V(D)J recombination assays were performed using chromosomally-integrated pMX inversion
(pMX-INV) and pMX deletion (pMX-DEL) substrates, as previously described [34,42,43,49,50]. In the
pMX-INV cassette, the green fluorescent protein (GFP) gene is placed in the reversed orientation and the
GFP protein is not expressed. Upon the RAG-induced V(D)J recombination, the GFP gene is placed in
the sense orientation leading to the GFP protein expression. The GFP protein is then detected by flow
cytometry to estimate the V(D)J recombination efficiency in indicated vAbl cells [42,49,50]. For the
Southern blot-based experiments, we used chromosomally-integrated pMX-DEL cassettes. During the
V(D)J recombination, the pMX-DELCJ cassette results in an intermediate product with hairpin-sealed
coding ends that require Artemis nuclease activity to open the hairpins prior DNA ligase 4-dependent
DNA ligation, leading to coding joints (CJ). On the contrary, the pMX-DELSJ cassette results in the
RAG-dependent generation of blunt signal ends (SE) that can be directly ligated by DNA ligase 4 and
do not require Artemis nuclease activity, leading to signal joints (SJ) [34,42,43,49,50].

2.4. Mice

All experiments involving mice were performed according to the protocols approved by the
Norges teknisk-naturvitenskapelige universitet (NTNU), FOTS#8319. MDC1+/− [40], XLF+/∆ [24],
and Eµ-Bcl2+ [53] mice were described previously. The Eµ-Bcl2+ transgenic mice were used to generate
vAbl pre-B cells and increase cell survival during the experimental procedures [49].

2.5. Proliferation Assay

Fifty thousand vAbl cells were plated in 2 mL of Roswell Park Memorial Institute (RPMI) medium
in triplicates into 6-well plates. Similarly, fifty thousand human haploid 1 (HAP1) cells were plated
in Iscove’s Modified Dulbecco’s Medium (IMDM; Thermo Fisher, Waltham, MA, USA; 21980065)
and supplemented with 10% fetal bovine serum, FBS (Sigma, St. Louis, MO, USA; F7524), and 1%
penicillin-streptomycin (Thermo Fisher, Waltham, MA, USA; 15140122) at 37 ◦C with 5% CO2, according
to the manufacturer’s instructions. MDC1∆ HAP1 cells are nearly haploid human cells that were
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custom-generated by request and provided by Horizon Discovery (Waterbeach, Cambridge, UK;
HZGHC005077c003). The HAP1 cells are human, nearly haploid cell lines derived from the chronic
myelogenous leukemia (CML) cell line (KMB-7). The HAP1 model has been recently used to develop
knockout human cells (e.g., References [13,33,51,54]).

Both vAbl and HAP1 cells were counted every 24 h using a Countess™ Automated Cell Counter
(Invitrogen, Carlsbad, CA, USA) with Trypan blue staining (Invitrogen, Carlsbad, CA, USA) and
bright-field detection. Statistical analyses were performed using GraphPad Prism 8 (La Jolla, CA,
USA), one-way analysis of variance (ANOVA), and t-test.

3. Results

3.1. Robust V(D)J Recombination in Progenitor-B Cells Lacking Mediator of DNA Damage Checkpoint Protein
1 (MDC1)

Mice lacking MDC1 possess nearly wild-type levels of B and T lymphocytes [40].
Combined inactivation of MDC1 and Artemis suggests that MDC1 protects or stabilizes RAG-induced
DSBs before ligation. In particular, the vAbl cells lacking MDC1 and Artemis possess ATM-dependent
degradation of free DNA ends during the attempted V(D)J recombination [55]. To further determine
the impact of MDC1 on the V(D)J recombination, we inter-crossed MDC1+/−Eµ-Bcl2+ mice and isolated
the cells from the bone marrow of three-week-old MDC1−/−Eµ-Bcl2+ animals. We then established
Abelson murine leukemia virus kinase-transformed pro-B cells (vAbl) and chromosomally-integrated
either pMX-INV or pMX-DEL V(D)J recombination cassettes, as described previously [18,34,42,43,49].
Similar to wild type (WT) controls, two independently generated MDC1-deficient vAbl cell lines
possessed robust coding-end (CE) and signal end (SE) joining (Supplementary Figure S1). We concluded
that MDC1 is dispensable for the V(D)J recombination in WT vAbl progenitor B cells.

3.2. Synthetic Lethality Between Mediator of DNA Damage Checkpoint Protein 1 (MDC1) and XRCC4-Like
Factor (XLF) in Mouse

To further investigate the role of MDC1 during the V(D)J recombination, we first attempted to
generate the MDC1−/−XLF−/− double knockout mice. Individual inactivation of MDC1 or XLF
results in live-born mice that possess modest levels of DNA repair defects [24,25,34,40,42–44].
First, we obtained MDC1+/−XLF−/− mice, starting with available heterozygous MDC1+/− [40] and
XLF+/− [24] animals. By inter-crossing MDC1+/−XLF−/− mice, we obtained and genotyped 104
pups, including 34 MDC1+/+XLF−/− and 70 MDC1+/−XLF−/− (Table 1). Strikingly, we detected no
MDC1−/−XLF−/− double knockout pups, and the final genotype distribution was 34:70:0 (1:2:0) (Table 1).
We concluded that combined inactivation of MDC1 and XLF results in embryonic lethality.

Table 1. Synthetic lethality between Mediator of DNA Damage Checkpoint Protein 1 (MDC1) and
XRCC4-like factor (XLF).

Genotypes Live Born Expected (1:2:1) Expected * (1:2:0)

MDC1+/+XLF−/− 34 26 35
MDC1+/−XLF−/− 70 52 69
MDC1−/−XLF−/− 0 26 0

Total 104 104 104

* Corrected expected distribution, which does not include the probability of MDC1−/−XLF−/− mice.

3.3. Generation of XLF−/− Knockout and MDC1−/−XLF−/− Double Knockout vAbl Cell Lines

To obtain double knockout MDC1−/−XLF−/− and control XLF−/− vAbl cells, we inactivated the XLF
gene in MDC1−/− and WT vAbl cells using the CRISPR/Cas9 gene-editing approach (see the Materials
and Methods Section). Briefly, we targeted exon 3 of the XLF gene (Figure 1A) and verified gene
inactivation by western blot (Figure 1B) and DNA sequencing (available upon request). The proliferation
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of WT, XLF−/−, and MDC1−/− vAbl cells were of similar rates during the 72 h, p > 0.05 (Figure 1C). On
the contrary, MDC1−/−XLF−/− double knockout vAbl cell lines possessed reduced proliferation rates
(****, p < 0.0001) at 48 and 72 h of the experiment (Figure 1C). Inactivation of the MDC1 gene in human
HAP1 cells resulted in proliferation rates similar to WT cells at 24–72 h, and reduced proliferation rates
at 96 and 120 h (Figure 1D).

Figure 1. Generation of MDC1−/−XLF−/− vAbl cells. (A) Clustered regularly interspaced short
palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9)-mediated inactivation of the XLF
gene targeting exon 3 in Abelson murine leukemia virus-transformed (vAbl) progenitor-B cell lines.
(B) Western blot detecting XRCC4-like factor (XLF) protein in wild type (WT) and Mediator of DNA
Damage Checkpoint Protein 1-deficient (MDC1−/−) vAbl cells. No signal corresponding to XLF
was detected in XLF−/− and MDC1−/−XLF−/− vAbl cells. Antibody against beta-actin was used to
detect beta-actin, a loading control (left). Polymerase chain reaction (PCR) followed by agarose gel
electrophoresis detecting MDC1 null and WT alleles (right). The 500 base pairs (bp) band corresponds to
the WT allele, and the 700 bp band corresponds to the MDC1 null allele (right). (C) The proliferation of
vAbl cells lacking either XLF or MDC1, both MDC1/XLF, and WT controls. WT, XLF−/−, and MDC1−/−

cells proliferate with a similar rate (n.s., p > 0.05). MDC1−/−XLF−/− cells proliferate slower than WT,
XLF−/− and MDC1−/− vAbl cells (****, p < 0.0001). Data represent the mean ± standard deviation (SD)
of three independent experiments using 1 WT control, 2 MDC1−/−, 2 XLF−/−, and 2 MDC1−/−XLF−/−

clones. (D) The proliferation of haploid 1 (HAP1) cells lacking MDC1, and wild type (WT) controls.
MDC1∆ HAP1 cells possess reduced proliferation rates when compared to WT at 96 and 120 hours (h)
of the experiment (*, p < 0.05; **, p < 0.01). Data represent the mean ± standard deviation (SD) of three
independent experiments using WT parental control and MDC1∆ clones.
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3.4. Reduced V(D)J Recombination Efficiency in vAbl Pro-B Cells Lacking both MDC1 and XLF

To determine the impact of MDC1 on V(D)J recombination, we chromosomally-integrated the
cassette-carrying GFP gene in reverse orientation and flanked by DNA sequences recognized by RAG
(pMX-INV) [49,50] (Figure 2A). To induce the RAG expression, we exposed the cells to the vAbl
kinase inhibitor STI571 (Gleevec). Upon a successful V(D)J recombination event, the cells expressing
GFP were detectable by flow cytometry [42,49,50]. The cells lacking MDC1 possessed relatively high
levels of V(D)J recombination reflected by GFP expression (29%), which was in the range of WT
and XLF−/− cell lines (34% and 37%, respectively) (Figure 2B–D). Strikingly, combined inactivation
of MDC1 and XLF resulted in a significantly reduced proportion of GFP-expressing vAbl cells when
compared to WT and single knockout controls (average levels of 20%; ****, p < 0.0001). Double
knockout DNA-PKcs−/−XLF−/− vAbl cells were used as a negative control to establish background
levels of the experiments (0% of GFP-positive cells) [34]. We concluded that MDC1 is stimulating the
V(D)J recombination in XLF-deficient cells, due to functional complementarity between MDC1 and
XLF in this process.

Figure 2. Mediator of DNA Damage Checkpoint Protein 1 (MDC1) stimulates the variable (V), diversity
(D) and joining (J) gene segments recombination (V(D)J recombination) in the cells lacking XRCC4-like
factor (XLF). (A) Schematic representation of the green fluorescent protein (GFP) expression-based
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V(D)J recombination reporter. Upon treatment with STI571, the recombination activating gene (RAG)
induces DNA double-strand breaks (DSBs) at dedicated sites flanking the GFP gene in reverse orientation.
After inversion and DSB repair, the GFP gene is placed in the sense orientation, and the GFP protein
is expressed and detected by flow cytometry. (B) Examples of flow cytometry-based quantification of
GFP-positive vAbl cells (WT, XLF−/−, MDC1−/−, MDC1−/−XLF−/−, and DNA-PKcs−/−XLF−/−) following
exposure to STI571 for 96 hours (h). The human cluster of differentiation 4 (hCD4) was used as a surface
marker of the chromosomally integrated V(D)J recombination cassette. At day 0, vAbl cells were sorted
based on the hCD4 expression, and hCD4-positive cells were used for the experiments. (C) Proportions
of the GFP-positive vAbl cells of indicated genotypes in the V(D)J recombination experiments using
chromosomally integrated cassettes. Data represent the mean± standard deviation (SD) of four independent
experiments using one WT, two XLF−/−, two MDC1−/−, and four MDC1−/−XLF−/− lines, used in all the
experiments. DNA-PKcs−/−XLF−/− vAbl cells were used as a non-homologous end joining (NHEJ)-deficient
negative control, to establish background levels of GFP expression. (D) Statistical analyses of V(D)J
recombination efficiency in vAbl cells. WT versus XLF−/− (n.s., p = 0.8745); WT versus MDC1−/− (n.s., p =

0.1591), WT versus MDC1−/−XLF−/− (****, p < 0.0001); WT versus DNA-PKcs−/−XLF−/− (****, p < 0.0001);
XLF−/− versus MDC1−/−XLF−/− (****, p < 0.0001); XLF−/− versus DNA-PKcs−/−XLF−/− (****, p < 0.0001);
MDC1−/− versus MDC1−/−XLF−/− (***, p = 0.0001); MDC1−/− versus DNA-PKcs−/−XLF−/− (****, p < 0.0001);
MDC1−/−XLF−/− versus DNA-PKcs−/−XLF−/− (****, p < 0.0001).

4. Discussion

Inactivation of RAG and most of the known NHEJ factor genes in mice leads to
immunodeficiency [12,56]. Recently, we and others found that single inactivation of XLF, PAXX, or Mri
genes results in mice with the nearly normal immune system, due to the overlapping functions between
XLF and PAXX [26–29,33], as well as XLF and Mri [12,13] (Table 2). The ATM-dependent DDR pathway
was initially thought to be dispensable for the V(D)J recombination, although more recent studies
using combined genetic inactivation of XLF and ATM [42], as well as DNA-PKcs and ATM [21,57],
revealed that ATM is indeed involved in the early stages of B and T lymphocyte development and
its function is partially compensated by XLF and DNA-PKcs. Later, we and others found that ATM
substrates, H2AX and 53BP1, are also required for B and T lymphocyte development due to their
functions in V(D)J recombination [42–44] (Table 2). Here, we show that another ATM substrate,
MDC1, is involved in the V(D)J recombination and its function is compensated in WT cells by XLF.
Combined inactivation of ATM and XLF, or 53BP1 and XLF, resulted in immunodeficient mice of
smaller sizes than single knockouts or wild-type controls, with abrogated NHEJ, resembling Ku70−/−

or Ku80−/− knockouts [1,42–44]. Differently, combined inactivation of DNA-PKcs and XLF [34,35],
H2AX and XLF [42], or MDC1 and XLF ([33]; and this study) resulted in embryonic lethality in mice,
challenging genetic interaction studies in vivo (Table 2). One option to overcome this obstacle is to
develop conditional knockouts allowing inactivation of DNA-PKcs, XLF, or MDC1 in developing B
and T lymphocytes in adult mice. An alternative option is to develop more complex mouse models
using. for example, p53−/− or p53+/− backgrounds, allowing for the rescue of embryonic lethality
(e.g., References [33,35]).

Knocking out genes of interest in cell lines may complement and sometimes substitute in vivo
experiments using transgenic mice. In particular, vAbl cell lines can be modified using the CRISPR/Cas9
gene-editing approach and serve as a model system to elucidate the specific roles of a particular gene
(e.g., References [30–32,50]). Moreover, human, nearly haploid HAP1 cells derived from the KMB-7
cell lines have been recently used to develop genetically-modified cells (e.g., References [13,33,51,54]).

It becomes more accepted that the DDR pathway contributes to the V(D)J recombination in
developing B and T lymphocytes [1,34,42–44]. However, the mechanistic aspects underlying the
specific roles of the DDR factors in this process remain unclear. One can speculate that DDR factors
share the functions with XLF, e.g., by stabilizing the DNA repair complex or supporting timely
recruitment and dissociation of the NHEJ factors. The DDR pathway may also contribute to distinct
but complementary XLF aspects of the DNA repair, e.g., by recruiting the downstream enzymes,
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supporting the DNA damage-induced post-translational modifications of DNA repair factors and
histones, or protecting the free DNA ends from the nuclease-dependent processing before the DNA
ligation step [1,34,42–44,55]. In particular, the role of MDC1 during the V(D)J recombination might be
to stabilize the DNA repair complex, to protect the free DNA ends, to ensure efficient recruitment of
downstream DDR factors, such as 53BP1, PTIP, RIF1, Shieldin, etc. [1,42–44,47,55,58], or to exit from
the G1 phase of the cell cycle following the RAG-induced DSB [59]. Further research is required to
identify specific roles of MDC1 and XLF in DNA repair.

Table 2. Impact of NHEJ-deficiency on V(D)J recombination in mice.

Genotypes V(D)J Recombination Mice

Single Knockouts

DNA-PKcs−/− [23] No Alive
PAXX−/− [9–11,27] Normal Alive

Mri−/− [12,13] Normal Alive
XLF−/− [24,25] Normal Alive
ATM−/− [37] Normal Alive

H2AX−/− [38,39] Reduced Alive
MDC1−/− [40] Normal Alive
53BP1−/− [41] Normal Alive
RAG2∆/∆ [60] Reduced Alive

Double Knockouts

XLF−/− DNA-PKcs−/− [34,35] No Embryonic lethality
XLF−/− PAXX−/− [26,28,29,33] No Embryonic lethality

XLF−/− Mri−/− [12] No Embryonic lethality
XLF−/− ATM−/− [42] Very low Alive, small

XLF−/− H2AX−/− [42] Reduced Embryonic lethality
XLF−/− MDC1−/− [*] Reduced Embryonic lethality

XLF−/−53BP1−/− [43,44] Very low Alive, small
XLF−/− RAG2∆/∆ [36] Very low Alive

References are cited. This study [*].

The proliferation rate of vAbl cells lacking both XLF and MDC1 was reduced when compared to
single-deficient and WT controls (Figure 1) at 72 h. Moreover, proliferation rates of MDC1-deficient
cells were also reduced when compared to WT, although not significant. Furthermore, the lack of
MDC1 alone resulted in significantly reduced proliferation rates of human HAP1 cells at 96 and 120 h
(Figure 1). These observations may suggest that, first, the lack of MDC1 is compensated by the presence
of XLF in murine cells, and second, that the MDC1 is required for efficient DNA repair and proliferation
of human cells, likely by supporting the cell cycle progression and DNA damage tolerance [47,59].

5. Conclusions

Multiple DDR factors are involved in the V(D)J recombination. Due to the functional redundancy
between the DDR and NHEJ pathways, complex genetic in vivo and in vitro models will be appropriate
to uncover specific functions of DDR factors in B and T lymphocyte development and further elucidate
mechanisms underlying their roles.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/1/60/s1,
Figure S1: Robust V(D)J recombination in vAbl cells lacking MDC1.

Author Contributions: All the authors designed, performed, and analyzed the experiments. The manuscript was
written by V.O. All of the authors read and approved the final version of the manuscript. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by the Research Council of Norway Young Talent Investigator grant
(#249774) to V.O. In addition, Oksenych group was supported by the Liaison Committee for education, research,

http://www.mdpi.com/2218-273X/10/1/60/s1


Biomolecules 2020, 10, 60 9 of 12

and innovation in Central Norway (#13477; #38881), the Norwegian Cancer Society (#182355), FRIMEDBIO grants
(#270491 and #291217), and The Outstanding Academic Fellow Program at NTNU (2017–2021).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kumar, V.; Alt, F.W.; Oksenych, V. Functional overlaps between XLF and the ATM-dependent DNA double
strand break response. DNA Repair 2014, 16, 11–22. [CrossRef] [PubMed]

2. Oksenych, V.; Zhovmer, A.; Ziani, S.; Mari, P.O.; Eberova, J.; Nardo, T.; Stefanini, M.; Giglia-Mari, G.;
Egly, J.M.; Coin, F. Histone methyltransferase DOT1L drives recovery of gene expression after a genotoxic
attack. PLoS Genet. 2013, 9, e1003611. [CrossRef] [PubMed]

3. Botuyan, M.V.; Lee, J.; Ward, I.M.; Kim, J.E.; Thompson, J.R.; Chen, J.; Mer, G. Structural basis for
the methylation state-specific recognition of histone H4-K20 by 53BP1 and Crb2 in DNA repair. Cell
2006, 127, 1361–1373. [CrossRef] [PubMed]

4. Huyen, Y.; Zgheib, O.; Ditullio, R.A., Jr.; Gorgoulis, V.G.; Zacharatos, P.; Petty, T.J.; Sheston, E.A.; Mellert, H.S.;
Stavridi, E.S.; Halazonetis, T.D. Methylated lysine 79 of histone H3 targets 53BP1 to DNA double-strand
breaks. Nature 2004, 432, 406–411. [CrossRef] [PubMed]

5. Lee, H.S.; Park, J.H.; Kim, S.J.; Kwon, S.J.; Kwon, J. A cooperative activation loop among SWI/SNF,
gamma-H2AX and H3 acetylation for DNA double-strand break repair. EMBO J. 2010, 29, 1434–1445.
[CrossRef] [PubMed]

6. Ma, Y.; Pannicke, U.; Schwarz, K.; Lieber, M.R. Hairpin opening and overhang processing by an
Artemis/DNA-dependent protein kinase complex in nonhomologous end joining and V(D)J recombination.
Cell 2002, 108, 781–794. [CrossRef]

7. Ahnesorg, P.; Smith, P.; Jackson, S.P. XLF interacts with the XRCC4-DNA ligase IV complex to promote DNA
nonhomologous end-joining. Cell 2006, 124, 301–313. [CrossRef]

8. Buck, D.; Malivert, L.; de Chasseval, R.; Barraud, A.; Fondaneche, M.C.; Sanal, O.; Plebani, A.; Stephan, J.L.;
Hufnagel, M.; le Deist, F.; et al. Cernunnos, a novel nonhomologous end-joining factor, is mutated in human
immunodeficiency with microcephaly. Cell 2006, 124, 287–299. [CrossRef]

9. Craxton, A.; Somers, J.; Munnur, D.; Jukes-Jones, R.; Cain, K.; Malewicz, M. XLS (c9orf142) is a new
component of mammalian DNA double-stranded break repair. Cell Death Differ. 2015, 22, 890–897. [CrossRef]

10. Ochi, T.; Blackford, A.N.; Coates, J.; Jhujh, S.; Mehmood, S.; Tamura, N.; Travers, J.; Wu, Q.; Draviam, V.M.;
Robinson, C.V.; et al. DNA repair. PAXX, a paralog of XRCC4 and XLF, interacts with Ku to promote DNA
double-strand break repair. Science 2015, 347, 185–188. [CrossRef]

11. Xing, M.; Yang, M.; Huo, W.; Feng, F.; Wei, L.; Jiang, W.; Ning, S.; Yan, Z.; Li, W.; Wang, Q.; et al. Interactome
analysis identifies a new paralogue of XRCC4 in non-homologous end joining DNA repair pathway.
Nat. Commun. 2015, 6, 6233. [CrossRef] [PubMed]

12. Hung, P.J.; Johnson, B.; Chen, B.R.; Byrum, A.K.; Bredemeyer, A.L.; Yewdell, W.T.; Johnson, T.E.;
Lee, B.J.; Deivasigamani, S.; Hindi, I.; et al. MRI Is a DNA Damage Response Adaptor during Classical
Non-homologous End Joining. Mol. Cell 2018, 71, 332–342.e8. [CrossRef]

13. Castaneda-Zegarra, S.; Huse, C.; Røsand, Ø.; Sarno, A.; Xing, M.; Gago-Fuentes, R.; Zhang, Q.;
Alirezaylavasani, A.; Werner, J.; Ji, P.; et al. Generation of a Mouse Model Lacking the Non-Homologous
End-Joining Factor Mri/Cyren. Biomolecules 2019, 9, 798. [CrossRef] [PubMed]

14. Alt, F.W.; Zhang, Y.; Meng, F.L.; Guo, C.; Schwer, B. Mechanisms of programmed DNA lesions and genomic
instability in the immune system. Cell 2013, 152, 417–429. [CrossRef] [PubMed]

15. Gu, Y.; Seidl, K.J.; Rathbun, G.A.; Zhu, C.; Manis, J.P.; van der Stoep, N.; Davidson, L.; Cheng, H.L.;
Sekiguchi, J.M.; Frank, K.; et al. Growth retardation and leaky SCID phenotype of Ku70-deficient mice.
Immunity 1997, 7, 653–665. [CrossRef]

16. Nussenzweig, A.; Chen, C.; da Costa Soares, V.; Sanchez, M.; Sokol, K.; Nussenzweig, M.C.; Li, G.C.
Requirement for Ku80 in growth and immunoglobulin V(D)J recombination. Nature 1996, 382, 551–555.
[CrossRef] [PubMed]

17. Yan, C.T.; Kaushal, D.; Murphy, M.; Zhang, Y.; Datta, A.; Chen, C.; Monroe, B.; Mostoslavsky, G.; Coakley, K.;
Gao, Y.; et al. XRCC4 suppresses medulloblastomas with recurrent translocations in p53-deficient mice.
Proc. Natl. Acad. Sci. USA 2006, 103, 7378–7383. [CrossRef]

http://dx.doi.org/10.1016/j.dnarep.2014.01.010
http://www.ncbi.nlm.nih.gov/pubmed/24674624
http://dx.doi.org/10.1371/journal.pgen.1003611
http://www.ncbi.nlm.nih.gov/pubmed/23861670
http://dx.doi.org/10.1016/j.cell.2006.10.043
http://www.ncbi.nlm.nih.gov/pubmed/17190600
http://dx.doi.org/10.1038/nature03114
http://www.ncbi.nlm.nih.gov/pubmed/15525939
http://dx.doi.org/10.1038/emboj.2010.27
http://www.ncbi.nlm.nih.gov/pubmed/20224553
http://dx.doi.org/10.1016/S0092-8674(02)00671-2
http://dx.doi.org/10.1016/j.cell.2005.12.031
http://dx.doi.org/10.1016/j.cell.2005.12.030
http://dx.doi.org/10.1038/cdd.2015.22
http://dx.doi.org/10.1126/science.1261971
http://dx.doi.org/10.1038/ncomms7233
http://www.ncbi.nlm.nih.gov/pubmed/25670504
http://dx.doi.org/10.1016/j.molcel.2018.06.018
http://dx.doi.org/10.3390/biom9120798
http://www.ncbi.nlm.nih.gov/pubmed/31795137
http://dx.doi.org/10.1016/j.cell.2013.01.007
http://www.ncbi.nlm.nih.gov/pubmed/23374339
http://dx.doi.org/10.1016/S1074-7613(00)80386-6
http://dx.doi.org/10.1038/382551a0
http://www.ncbi.nlm.nih.gov/pubmed/8700231
http://dx.doi.org/10.1073/pnas.0601938103


Biomolecules 2020, 10, 60 10 of 12

18. Boboila, C.; Oksenych, V.; Gostissa, M.; Wang, J.H.; Zha, S.; Zhang, Y.; Chai, H.; Lee, C.S.; Jankovic, M.;
Saez, L.M.; et al. Robust chromosomal DNA repair via alternative end-joining in the absence of X-ray repair
cross-complementing protein 1 (XRCC1). Proc. Natl. Acad. Sci. USA 2012, 109, 2473–2478. [CrossRef]

19. Bosma, G.C.; Custer, R.P.; Bosma, M.J. A severe combined immunodeficiency mutation in the mouse. Nature
1983, 301, 527–530. [CrossRef]

20. Rooney, S.; Sekiguchi, J.; Zhu, C.; Cheng, H.L.; Manis, J.; Whitlow, S.; DeVido, J.; Foy, D.; Chaudhuri, J.;
Lombard, D.; et al. Leaky Scid phenotype associated with defective V(D)J coding end processing in
Artemis-deficient mice. Mol. Cell 2002, 10, 1379–1390. [CrossRef]

21. Zha, S.; Jiang, W.; Fujiwara, Y.; Patel, H.; Goff, P.H.; Brush, J.W.; Dubois, R.L.; Alt, F.W. Ataxia
telangiectasia-mutated protein and DNA-dependent protein kinase have complementary V(D)J recombination
functions. Proc. Natl. Acad. Sci. USA 2011, 108, 2028–2033. [CrossRef] [PubMed]

22. Jiang, W.; Crowe, J.L.; Liu, X.; Nakajima, S.; Wang, Y.; Li, C.; Lee, B.J.; Dubois, R.L.; Liu, C.; Yu, X.; et al.
Differential phosphorylation of DNA-PKcs regulates the interplay between end-processing and end-ligation
during nonhomologous end-joining. Mol. Cell 2015, 58, 172–185. [CrossRef] [PubMed]

23. Gao, Y.; Chaudhuri, J.; Zhu, C.; Davidson, L.; Weaver, D.T.; Alt, F.W. A targeted DNA-PKcs-null mutation
reveals DNA-PK-independent functions for KU in V(D)J recombination. Immunity 1998, 9, 367–376. [CrossRef]

24. Li, G.; Alt, F.W.; Cheng, H.L.; Brush, J.W.; Goff, P.H.; Murphy, M.M.; Franco, S.; Zhang, Y.; Zha, S.
Lymphocyte-specific compensation for XLF/cernunnos end-joining functions in V(D)J recombination. Mol. Cell
2008, 31, 631–640. [CrossRef]

25. Vera, G.; Rivera-Munoz, P.; Abramowski, V.; Malivert, L.; Lim, A.; Bole-Feysot, C.; Martin, C.; Florkin, B.;
Latour, S.; Revy, P.; et al. Cernunnos deficiency reduces thymocyte life span and alters the T cell repertoire in
mice and humans. Mol. Cell Biol. 2013, 33, 701–711. [CrossRef]

26. Balmus, G.; Barros, A.C.; Wijnhoven, P.W.; Lescale, C.; Hasse, H.L.; Boroviak, K.; le Sage, C.; Doe, B.;
Speak, A.O.; Galli, A.; et al. Synthetic lethality between PAXX and XLF in mammalian development.
Genes Dev. 2016, 30, 2152–2157. [CrossRef]

27. Gago-Fuentes, R.; Xing, M.; Saeterstad, S.; Sarno, A.; Dewan, A.; Beck, C.; Bradamante, S.; Bjoras, M.;
Oksenych, V. Normal development of mice lacking PAXX, the paralogue of XRCC4 and XLF. FEBS Open Bio
2018, 8, 426–434. [CrossRef]

28. Liu, X.; Shao, Z.; Jiang, W.; Lee, B.J.; Zha, S. PAXX promotes KU accumulation at DNA breaks and is essential
for end-joining in XLF-deficient mice. Nat. Commun. 2017, 8, 13816. [CrossRef]

29. Abramowski, V.; Etienne, O.; Elsaid, R.; Yang, J.; Berland, A.; Kermasson, L.; Roch, B.; Musilli, S.;
Moussu, J.P.; Lipson-Ruffert, K.; et al. PAXX and Xlf interplay revealed by impaired CNS development and
immunodeficiency of double KO mice. Cell Death Differ. 2018, 25, 444–452. [CrossRef]

30. Kumar, V.; Alt, F.W.; Frock, R.L. PAXX and XLF DNA repair factors are functionally redundant in joining
DNA breaks in a G1-arrested progenitor B-cell line. Proc. Natl. Acad. Sci. USA 2016, 113, 10619–10624.
[CrossRef]

31. Hung, P.J.; Chen, B.R.; George, R.; Liberman, C.; Morales, A.J.; Colon-Ortiz, P.; Tyler, J.K.; Sleckman, B.P.;
Bredemeyer, A.L. Deficiency of XLF and PAXX prevents DNA double-strand break repair by non-homologous
end joining in lymphocytes. Cell Cycle 2017, 16, 286–295. [CrossRef]

32. Lescale, C.; Lenden Hasse, H.; Blackford, A.N.; Balmus, G.; Bianchi, J.J.; Yu, W.; Bacoccina, L.; Jarade, A.;
Clouin, C.; Sivapalan, R.; et al. Specific Roles of XRCC4 Paralogs PAXX and XLF during V(D)J Recombination.
Cell Rep. 2016, 16, 2967–2979. [CrossRef]

33. Castaneda-Zegarra, S.; Xing, M.; Gago-Fuentes, R.; Saeterstad, S.; Oksenych, V. Synthetic lethality between
DNA repair factors Xlf and Paxx is rescued by inactivation of Trp53. DNA Repair 2019, 73, 164–169. [CrossRef]

34. Oksenych, V.; Kumar, V.; Liu, X.; Guo, C.; Schwer, B.; Zha, S.; Alt, F.W. Functional redundancy between the
XLF and DNA-PKcs DNA repair factors in V(D)J recombination and nonhomologous DNA end joining.
Proc. Natl. Acad. Sci. USA 2013, 110, 2234–2239. [CrossRef] [PubMed]

35. Xing, M.; Bjoras, M.; Daniel, J.A.; Alt, F.W.; Oksenych, V. Synthetic lethality between murine DNA repair
factors XLF and DNA-PKcs is rescued by inactivation of Ku70. DNA Repair 2017, 57, 133–138. [CrossRef]
[PubMed]

36. Lescale, C.; Abramowski, V.; Bedora-Faure, M.; Murigneux, V.; Vera, G.; Roth, D.B.; Revy, P.; de Villartay, J.P.;
Deriano, L. RAG2 and XLF/Cernunnos interplay reveals a novel role for the RAG complex in DNA repair.
Nat. Commun. 2016, 7, 10529. [CrossRef]

http://dx.doi.org/10.1073/pnas.1121470109
http://dx.doi.org/10.1038/301527a0
http://dx.doi.org/10.1016/S1097-2765(02)00755-4
http://dx.doi.org/10.1073/pnas.1019293108
http://www.ncbi.nlm.nih.gov/pubmed/21245310
http://dx.doi.org/10.1016/j.molcel.2015.02.024
http://www.ncbi.nlm.nih.gov/pubmed/25818648
http://dx.doi.org/10.1016/S1074-7613(00)80619-6
http://dx.doi.org/10.1016/j.molcel.2008.07.017
http://dx.doi.org/10.1128/MCB.01057-12
http://dx.doi.org/10.1101/gad.290510.116
http://dx.doi.org/10.1002/2211-5463.12381
http://dx.doi.org/10.1038/ncomms13816
http://dx.doi.org/10.1038/cdd.2017.184
http://dx.doi.org/10.1073/pnas.1611882113
http://dx.doi.org/10.1080/15384101.2016.1253640
http://dx.doi.org/10.1016/j.celrep.2016.08.069
http://dx.doi.org/10.1016/j.dnarep.2018.12.002
http://dx.doi.org/10.1073/pnas.1222573110
http://www.ncbi.nlm.nih.gov/pubmed/23345432
http://dx.doi.org/10.1016/j.dnarep.2017.07.008
http://www.ncbi.nlm.nih.gov/pubmed/28759779
http://dx.doi.org/10.1038/ncomms10529


Biomolecules 2020, 10, 60 11 of 12

37. Zha, S.; Sekiguchi, J.; Brush, J.W.; Bassing, C.H.; Alt, F.W. Complementary functions of ATM and H2AX
in development and suppression of genomic instability. Proc. Natl. Acad. Sci. USA 2008, 105, 9302–9306.
[CrossRef]

38. Bassing, C.H.; Chua, K.F.; Sekiguchi, J.; Suh, H.; Whitlow, S.R.; Fleming, J.C.; Monroe, B.C.; Ciccone, D.N.;
Yan, C.; Vlasakova, K.; et al. Increased ionizing radiation sensitivity and genomic instability in the absence
of histone H2AX. Proc. Natl. Acad. Sci. USA 2002, 99, 8173–8178. [CrossRef]

39. Bassing, C.H.; Suh, H.; Ferguson, D.O.; Chua, K.F.; Manis, J.; Eckersdorff, M.; Gleason, M.; Bronson, R.;
Lee, C.; Alt, F.W. Histone H2AX: A dosage-dependent suppressor of oncogenic translocations and tumors.
Cell 2003, 114, 359–370. [CrossRef]

40. Lou, Z.; Minter-Dykhouse, K.; Franco, S.; Gostissa, M.; Rivera, M.A.; Celeste, A.; Manis, J.P.; van Deursen, J.;
Nussenzweig, A.; Paull, T.T.; et al. MDC1 maintains genomic stability by participating in the amplification
of ATM-dependent DNA damage signals. Mol. Cell 2006, 21, 187–200. [CrossRef]

41. Manis, J.P.; Morales, J.C.; Xia, Z.; Kutok, J.L.; Alt, F.W.; Carpenter, P.B. 53BP1 links DNA damage-response
pathways to immunoglobulin heavy chain class-switch recombination. Nat. Immunol. 2004, 5, 481–487.
[CrossRef] [PubMed]

42. Zha, S.; Guo, C.; Boboila, C.; Oksenych, V.; Cheng, H.L.; Zhang, Y.; Wesemann, D.R.; Yuen, G.; Patel, H.;
Goff, P.H.; et al. ATM damage response and XLF repair factor are functionally redundant in joining DNA
breaks. Nature 2011, 469, 250–254. [CrossRef]

43. Oksenych, V.; Alt, F.W.; Kumar, V.; Schwer, B.; Wesemann, D.R.; Hansen, E.; Patel, H.; Su, A.; Guo, C. Functional
redundancy between repair factor XLF and damage response mediator 53BP1 in V(D)J recombination and
DNA repair. Proc. Natl. Acad. Sci. USA 2012, 109, 2455–2460. [CrossRef] [PubMed]

44. Liu, X.; Jiang, W.; Dubois, R.L.; Yamamoto, K.; Wolner, Z.; Zha, S. Overlapping functions between XLF repair
protein and 53BP1 DNA damage response factor in end joining and lymphocyte development. Proc. Natl.
Acad. Sci. USA 2012, 109, 3903–3908. [CrossRef] [PubMed]

45. Du, L.; Peng, R.; Bjorkman, A.; Filipe de Miranda, N.; Rosner, C.; Kotnis, A.; Berglund, M.; Liu, C.;
Rosenquist, R.; Enblad, G.; et al. Cernunnos influences human immunoglobulin class switch recombination
and may be associated with B cell lymphomagenesis. J. Exp. Med. 2012, 209, 291–305. [CrossRef] [PubMed]

46. Valencia, M.; Bentele, M.; Vaze, M.B.; Herrmann, G.; Kraus, E.; Lee, S.E.; Schar, P.; Haber, J.E. NEJ1 controls
non-homologous end joining in Saccharomyces cerevisiae. Nature 2001, 414, 666–669. [CrossRef] [PubMed]

47. Salguero, I.; Belotserkovskaya, R.; Coates, J.; Sczaniecka-Clift, M.; Demir, M.; Jhujh, S.; Wilson, M.D.;
Jackson, S.P. MDC1 PST-repeat region promotes histone H2AX-independent chromatin association and DNA
damage tolerance. Nat. Commun. 2019, 10, 5191. [CrossRef] [PubMed]

48. Leimbacher, P.A.; Jones, S.E.; Shorrocks, A.K.; de Marco Zompit, M.; Day, M.; Blaauwendraad, J.;
Bundschuh, D.; Bonham, S.; Fischer, R.; Fink, D.; et al. MDC1 Interacts with TOPBP1 to Maintain
Chromosomal Stability during Mitosis. Mol. Cell 2019, 74, 571–583.e8. [CrossRef]

49. Bredemeyer, A.L.; Sharma, G.G.; Huang, C.Y.; Helmink, B.A.; Walker, L.M.; Khor, K.C.; Nuskey, B.;
Sullivan, K.E.; Pandita, T.K.; Bassing, C.H.; et al. ATM stabilizes DNA double-strand-break complexes
during V(D)J recombination. Nature 2006, 442, 466–470. [CrossRef]

50. Lenden Hasse, H.; Lescale, C.; Bianchi, J.J.; Yu, W.; Bedora-Faure, M.; Deriano, L. Generation and CRISPR/Cas9
editing of transformed progenitor B cells as a pseudo-physiological system to study DNA repair gene
function in V(D)J recombination. J. Immunol. Methods 2017, 451, 71–77. [CrossRef]

51. Dewan, A.; Xing, M.; Lundbaek, M.B.; Gago-Fuentes, R.; Beck, C.; Aas, P.A.; Liabakk, N.B.; Saeterstad, S.;
Chau, K.T.P.; Kavli, B.M.; et al. Robust DNA repair in PAXX-deficient mammalian cells. FEBS Open Bio
2018, 8, 442–448. [CrossRef] [PubMed]

52. Sanjana, N.E.; Shalem, O.; Zhang, F. Improved vectors and genome-wide libraries for CRISPR screening.
Nat. Methods 2014, 11, 783–784. [CrossRef]

53. Strasser, A.; Harris, A.W.; Cory, S. bcl-2 transgene inhibits T cell death and perturbs thymic self-censorship.
Cell 1991, 67, 889–899. [CrossRef]

54. Xing, M.; Oksenych, V. Genetic interaction between DNA repair factors PAXX, XLF, XRCC4 and DNA-PKcs
in human cells. FEBS Open Bio 2019. [CrossRef] [PubMed]

55. Helmink, B.A.; Tubbs, A.T.; Dorsett, Y.; Bednarski, J.J.; Walker, L.M.; Feng, Z.; Sharma, G.G.; McKinnon, P.J.;
Zhang, J.; Bassing, C.H.; et al. H2AX prevents CtIP-mediated DNA end resection and aberrant repair in
G1-phase lymphocytes. Nature 2011, 469, 245–249. [CrossRef] [PubMed]

http://dx.doi.org/10.1073/pnas.0803520105
http://dx.doi.org/10.1073/pnas.122228699
http://dx.doi.org/10.1016/S0092-8674(03)00566-X
http://dx.doi.org/10.1016/j.molcel.2005.11.025
http://dx.doi.org/10.1038/ni1067
http://www.ncbi.nlm.nih.gov/pubmed/15077110
http://dx.doi.org/10.1038/nature09604
http://dx.doi.org/10.1073/pnas.1121458109
http://www.ncbi.nlm.nih.gov/pubmed/22308489
http://dx.doi.org/10.1073/pnas.1120160109
http://www.ncbi.nlm.nih.gov/pubmed/22355127
http://dx.doi.org/10.1084/jem.20110325
http://www.ncbi.nlm.nih.gov/pubmed/22312109
http://dx.doi.org/10.1038/414666a
http://www.ncbi.nlm.nih.gov/pubmed/11740566
http://dx.doi.org/10.1038/s41467-019-12929-5
http://www.ncbi.nlm.nih.gov/pubmed/31729360
http://dx.doi.org/10.1016/j.molcel.2019.02.014
http://dx.doi.org/10.1038/nature04866
http://dx.doi.org/10.1016/j.jim.2017.08.007
http://dx.doi.org/10.1002/2211-5463.12380
http://www.ncbi.nlm.nih.gov/pubmed/29511621
http://dx.doi.org/10.1038/nmeth.3047
http://dx.doi.org/10.1016/0092-8674(91)90362-3
http://dx.doi.org/10.1002/2211-5463.12681
http://www.ncbi.nlm.nih.gov/pubmed/31141305
http://dx.doi.org/10.1038/nature09585
http://www.ncbi.nlm.nih.gov/pubmed/21160476


Biomolecules 2020, 10, 60 12 of 12

56. Kumar, V.; Alt, F.W.; Oksenych, V. Reprint of “Functional overlaps between XLF and the ATM-dependent
DNA double strand break response”. DNA Repair 2014, 17, 52–63. [CrossRef]

57. Gapud, E.J.; Dorsett, Y.; Yin, B.; Callen, E.; Bredemeyer, A.; Mahowald, G.K.; Omi, K.Q.; Walker, L.M.;
Bednarski, J.J.; McKinnon, P.J.; et al. Ataxia telangiectasia mutated (Atm) and DNA-PKcs kinases
have overlapping activities during chromosomal signal joint formation. Proc. Natl. Acad. Sci. USA
2011, 108, 2022–2027. [CrossRef] [PubMed]

58. Dev, H.; Chiang, T.W.; Lescale, C.; de Krijger, I.; Martin, A.G.; Pilger, D.; Coates, J.; Sczaniecka-Clift, M.;
Wei, W.; Ostermaier, M.; et al. Shieldin complex promotes DNA end-joining and counters homologous
recombination in BRCA1-null cells. Nat. Cell Biol. 2018, 20, 954–965. [CrossRef]

59. Innes, C.L.; Hesse, J.E.; Morales, A.J.; Helmink, B.A.; Schurman, S.H.; Sleckman, B.P.; Paules, R.S. DNA
damage responses in murine Pre-B cells with genetic deficiencies in damage response genes. Cell Cycle
2020, 19, 67–83. [CrossRef]

60. Deriano, L.; Chaumeil, J.; Coussens, M.; Multani, A.; Chou, Y.; Alekseyenko, A.V.; Chang, S.; Skok, J.A.;
Roth, D.B. The RAG2 C terminus suppresses genomic instability and lymphomagenesis. Nature
2011, 471, 119–123. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.dnarep.2014.04.004
http://dx.doi.org/10.1073/pnas.1013295108
http://www.ncbi.nlm.nih.gov/pubmed/21245316
http://dx.doi.org/10.1038/s41556-018-0140-1
http://dx.doi.org/10.1080/15384101.2019.1693118
http://dx.doi.org/10.1038/nature09755
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Generation of Abelson Murine Leukemia Virus-Transformed (vAbl) Cell Lines 
	Antibodies 
	Variable (V), Diversity (D) and Joining (J) Gene Segments Recombination (V(D)J Recombination) Assays Based on Chromosomally Integrated pMX Cassettes 
	Mice 
	Proliferation Assay 

	Results 
	Robust V(D)J Recombination in Progenitor-B Cells Lacking Mediator of DNA Damage Checkpoint Protein 1 (MDC1) 
	Synthetic Lethality Between Mediator of DNA Damage Checkpoint Protein 1 (MDC1) and XRCC4-Like Factor (XLF) in Mouse 
	Generation of XLF-/- Knockout and MDC1-/-XLF-/- Double Knockout vAbl Cell Lines 
	Reduced V(D)J Recombination Efficiency in vAbl Pro-B Cells Lacking both MDC1 and XLF 

	Discussion 
	Conclusions 
	References

