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Abstract

The classical non-homologous end-joining (cNHEJ) pathway is a major DNA double-strand break 

repair pathway in mammalian cells and is required for lymphocyte development and maturation. 

The DNA-dependent protein kinase (DNA-PK) is a cNHEJ factor that encompasses the Ku70-

Ku80 (KU) heterodimer and the large catalytic subunit (DNA-PKcs). In mouse models, loss of 

DNA-PKcs (DNA-PKcs−/−) abrogates end-processing (e.g., hairpin-opening), but not end-ligation, 

while expression of the kinase-dead DNA-PKcs protein (DNA-PKcsKD/KD) abrogates end-

ligation, suggesting a kinase-dependent structural function of DNA-PKcs during cNHEJ. 

Lymphocyte development is abolished in DNA-PKcs−/− and DNA-PKcsKD/KD mice due to the 

requirement for both hairpin-opening and end-ligation during V(D)J recombination. DNA-PKcs 

itself is the best-characterized substrate of DNA-PK. The S2056-cluster is the best-characterized 

auto-phosphorylation site on human DNA-PKcs. Here we show that radiation can induce 

phosphorylation of murine DNA-PKcs at the corresponding S2053. We also generated knockin 

mouse models with alanine- (DNA-PKcsPQR) or phospho-mimetic aspartate (DNA-PKcsSD) 

substitutions at the S2053 cluster. Despite moderate radiation sensitivity in the DNA-PKcsPQR/PQR 

fibroblasts and lymphocytes, both DNA-PKcsPQR/PQR and DNA-PKcsSD/SD mice retained normal 

kinase activity, and underwent efficient V(D)J recombination and class switch recombination, 

indicating that phosphorylation at the S2053-cluster of mouse DNA-PKcs (corresponding to 

S2056 of human DNA-PKcs), although important for radiation resistance, is dispensable for the 

end-ligation and hairpin-opening function of DNA-PK essential for lymphocyte development.
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Introduction

Lymphocyte development requires ordered assembly and subsequent modifications of the 

antigen receptor loci through programmed DNA double-strand breaks (DSBs). While the 

initiation of these DNA breaks is lymphocyte specific, these physiological DSBs activate the 

DNA damage response and are repaired by the ubiquitously expressed classical non-

homologous end-joining (cNHEJ) pathway. DNA-dependent protein kinase (DNA-PK) is a 

vertebrate-specific cNHEJ factor. DNA-PK holoenzyme includes the evolutionarily 

conserved DNA-binding Ku70 and Ku80 (KU86 in human) heterodimer (referred to as KU 

together) and the vertebrate-specific large catalytic subunit (DNA-PKcs). DNA-PK also 

belongs to the PI3 kinase related serine/threonine protein kinase (PI3KK) family, which also 

includes ATM and ATR kinases (1). DNA-PKcs and ATM are both activated by DNA DSBs 

in vivo and share many common substrates, including histone H2AX, KAP1 and DNA-PKcs 

itself, which contributes to their critical and redundant functions in embryonic development, 

lymphocyte-specific gene rearrangement, and DNA repair (2–6).

The cNHEJ pathway is one of the two best characterized DNA DSB repair pathways in 

mammalian cells. As its name implies, cNHEJ ligates two DNA ends together independent 

of sequence homology. KU initiates cNHEJ by binding to the dsDNA ends, which in turn 

recruits and activates DNA-PKcs (7). Among other functions, DNA-PK holoenzyme further 

recruits and activates another vertebrate specific cNHEJ factor, Artemis endonuclease, which 

processes the DNA ends (e.g., hairpin opening) (8). Finally, the end-ligation is completed by 

the evolutionarily conserved cNHEJ factors - Ligase4/XRCC4/XLF complex with the help 

of KU. Two new cNHEJ factors, PAXX, and CYREN/MRI were recently identified and 

interact with KU directly (9–13). While not essential for cNHEJ in otherwise wild-type 

cells, they are essential for end-ligation in XLF-deficient cells (9–13). Since cNHEJ 

functions throughout the cell cycle, it is the predominant repair pathway in non-proliferating 

cells (e.g., post-mitotic neurons). Complete loss of KU, Ligase4, or Xrcc4 abrogates end-

ligation and leads to post-mitotic neuronal apoptosis, and in the case of Ligase4 or Xrcc4-

deficiency, p53-dependent embryonic lethality (14). Loss of DNA-PKcs or Artemis 

abrogates hairpin opening, but not end-ligation. Accordingly, DNA-PKcs−/− and Artemis−/− 

mice were born of normal size at the expected ratio (15–17). But in contrast to the normal 

development of DNA-PKcs−/− mice, mice expressing the kinase-dead DNA-PKcs protein 

(DNA-PKcsKD/KD) die embryonically with severe end-ligation defects (18), indicating that 

the presence of catalytic inactive DNA-PKcs blocks end-ligation while lack of DNA-PKcs 

does not.

In developing lymphocytes, the cNHEJ pathway is exclusively required for the assembly of 

the antigen receptor gene products via V(D)J recombination. Recombination activating gene 

(RAG) initiates V(D)J recombination by generating a pair of blunt 5’-phosphorylated signal 

ends and a pair of covalently-sealed hairpin coding ends. The two signal ends can be ligated 

directly to form a signal joint. The coding end hairpin has to be opened by Artemis with the 

help of DNA-PKcs before the coding ends can be ligated together to form a coding joint, 

which encodes the variable region of the Immunoglobulin (Ig) and T cell receptor genes and 

is ultimately required for lymphocyte development (8). Thus, loss of DNA-PKcs (null) 

prevents coding end hairpin opening and causes T- and B- severe combined 
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immunodeficiency (T-B-SCID) in animal models (15, 16). In DNA-PKcsKD/KD B cells, both 

signal joints and coding joints cannot be formed due to end-ligation defects (18). Mature B 

lymphocytes also undergo additional gene rearrangement - class switch recombination 

(CSR) at the Immunoglobulin heavy (IgH) chain gene locus to generate antibodies of 

different isotypes, and therefore different effector functions. End-ligation during CSR is also 

mediated by the cNHEJ pathway. In the absence of cNHEJ (e.g. XRCC4 deficiency), a 

subset of CSR can be completed by the alternative end-joining pathway that preferentially 

uses micro-homologies (MHs) at the junction (19, 20). Consistent with DNA-PKcs not being 

essential for end-ligation, DNA-PKcs−/− B cells have only moderate defects in CSR (21, 22), 

while DNA-PKcsKD/KD mature B cells carrying pre-assembled Ig heavy and light chain 

(IgH/IgL) display severe CSR defects like in XRCC4−/− B cells (23). Nevertheless, high 

throughput sequencing analyses showed that the residual CSR in both DNA-PKcs−/− and 

DNA-PKcsKD/KD B cells preferentially use MH at the junctions (23).

How DNA-PKcs kinase activity regulates end-ligation and end-processing is still not fully 

understood. Loss of KU rescues the embryonic lethality of DNA-PKcsKD/KD mice and 

deletion of the KU80 C-terminus that is necessary for the recruitment of DNA-PKcs 

partially restores end-ligation in DNA-PKcsKD/KD cells, indicating that the catalytically 

inactive DNA-PKcs protein physically blocks end-ligation at the DNA ends. DNA-PKcs is 

the best-characterized substrate of DNA-PK(24). Several DNA damage-induced 

phosphorylation sites have been identified on DNA-PKcs, including S2056, T2609, and 

S3590 (25–28). While the T2609 clusters can be phosphorylated by DNA-PKcs itself (25), 

ATM (29, 30), or ATR (31), DNA-PKcs specific inhibitors or a catalytically inactive DNA-

PKcs mutation abolished the phosphorylation of human DNA-PKcs at the S2056 cluster, 

establishing S2056 as the bona fide auto-phosphorylation site in human cells (26). Since 

then, phosphorylation at the S2056 has been widely used as the marker for DNA-PKcs 

activation. In Chinese hamster ovary (CHO) cells expressing human DNA-PKcs, 

phosphorylation of DNA-PKcs at the S2056 and T2069 clusters alone and in combination 

were found to be important for radiation sensitivity, repair pathway choices and release of 

DNA-PKcs from DNA breaks (26, 32–35). In mouse models, alanine substitutions in the 

T2609 cluster (DNA-PKcs3A/3A) leads to neonatal lethality associated with p53-dependent 

bone marrow failure, which also abolished lymphocyte development (36, 37). But the 

biological consequence of S2056 phosphorylation remains unknown. In fact, whether 

endogenous murine DNA-PKcs can be phosphorylated upon irradiation has not been 

demonstrated. Here we developed a customized antibody and showed, for the first time, 

murine DNA-PKcs can be phosphorylated at S2053 (corresponding to S2056 in human) 

upon irradiation. Using mouse models with knockin alanine-substitution (DNA-PKcsPQR) or 

phosphomimetic mutations (DNA-PKcsSD) at the S2056 cluster, we further show that 

although moderately sensitive to radiation, DNA-PKcsPQR/PQR and DNA-PKcsSD/SD 

lymphocytes are proficient for both hairpin-opening and end-ligation necessary for 

development and maturation, even measured by sensitive junctional sequencing analyses. 

Moreover, the end-joining in DNA-PKcsPQR/PQR or DNA-PKcsSD/SD cells does not require 

ATM kinase activity and, by extension, compensatory phosphorylation of DNA-PKcs by 

ATM. Thus, in contrast to the T2609 cluster, the DNA-PKcs S2056 cluster phosphorylation 

is largely dispensable for cNHEJ during lymphocyte development in mice.
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Materials and Methods

Generation and characterization of the mouse models

DNA-PKcs−/− and Atm−/− mice have been described previously (15, 38). The DNA-PKcs 

SD allele and DNA-PKcsSD/SD embryonic stem cells were also described before (18). The 

DNA-PKcs PQR mutation substitutes five serine residues within the S2053 (corresponding 

to S2056 in human) cluster with alanine using the same targeting arms as before (Fig.1 and 

Supplementary Fig 1A). Briefly, the pEMC based targeting construct was used to insert a 

neomycin resistant (NeoR) cassette in intron 45, about ~600bp upstream from the S2053A 

mutation site in exon 46 of the murine DNA-PKcs (Prkdc) locus. The 5’ arm is ~3.5 kb and 

the 3’ arm is ~4.9 kb. The sequence (~665 base pairs) with all mutations was custom 

synthesized by Genewiz and integrated into the 3’ arm (Fig.1A and Supplementary Fig 1A). 

CSL3 embryonic stem cells (129/sv background) were targeted by electroporation and 

screened via Southern blotting (SacI digestion, with the 5’ probe generated by PCR using 

primers 5’-CAG AAA TGA ACA ATT CCT CCT G-3’ and 5’-CAG TTG TAT GCA GCA 

CAA TGA-3’) (Fig.1C). The expected germline (GL) band is ~5.5kb and the targeted band 

is ~7.0 kb (with the insertion of NeoR) (Fig.1C). The correct clones were confirmed with a 

3’ probe generated by PCR with primers (5’-GGT TGG TGT GAC GGA GTT TT-3’, 5’-

GCT GAG GCT GCT CTT GAA CT-3’). Three out of six targeted clones were sequenced 

and verified to have the desired DNA-PKcs PQR mutations. Two were injected for germline 

transmission. The chimeras were bred into the Rosa26FLIP/FLIP mice (JAX Catalogue: 

003946) to remove the NeoR cassette. Tail DNA from DNA-PKcsPQR/PQR and DNA-
PKcsSD/SD mice were PCR amplified and sequenced to confirm the desired mutations 

(Supplementary Fig 1A and 1B). Genotyping was performed with primers (5’ TTT CCT 

CTC AAG TAC CAC A-3’ and 5’ AAA TTA TGT CAG GGA TTT AGA 3’) flanking the 

FRT left after NeoR-deletion. The genotyping primers are marked on Figure 1B as solid 

black arrows. The PCR product corresponding to the WT allele is 280bp. The PCR product 

corresponding to the PQR or SD allele is 387bp. A set of representative genotyping results 

are included in Supplementary Figure 1C. The DNA-PKcsPQR/PQR and DNA-PKcsSD/SD 

mice used in this study were all of the 129/Sv backgrounds. All animal work was conducted 

in a specific pathogen-free facility and all the procedures were approved by Institutional 

Animal Care and Use Committee (IACUC) at Columbia University Medical Center.

Derivation of Murine Embryonic Fibroblasts (MEFs) and Radiation sensitivity assays.

MEFs were derived from E13.5-E14.5 embryo from timed breeding. The individual embryo 

was manually dissected. Cells were segregated using trypsin (GIBCO) and cultured in 

DMEM medium (GIBCO) supplemented with 15% fetal bovine serum. For radiation 

sensitivity assays, the early passage MEFs (passage 1 or 2) were plated on 96 well plates 

(2,000 cells/well) in quadruplication. The plates were subjected to ionizing radiation at 1, 2 

or 5 Gy. The cellularity was determined by CyQUANT Direct Cell Proliferation 

Assay(Invitrogen) four days after irradiation. To measure radiation sensitivity in B cells, 

purified splenic B cells were activated for CSR (see below), irradiated within 1hr after 

purification in triplicates or quadruplicates, and the cell numbers were determined by an 

automatic cell counter (Invitrogen Countess) 4 days later. Relative survival was calculated 

using the cell counts of the un-irradiated group as the denominators.
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The development and use of a phosphorylation-specific antibody.

For Western blotting, the cells were lysed with SDS-containing total protein lysis buffer 

(150mM NaCl, 10mM Tris-HCl (pH7.4), 0.1% SDS, 0.1% Triton-100, 1% Deoxylcholate 

and 5mM EDTA) and sonicated to disrupt genomic DNA. The protein concentration was 

measured with the DC protein assay reagent (BioRad). Approximately 100μg total protein 

(unless otherwise indicated) were electrophoresed on a 6% polyacrylamide gel, transferred 

to PVDF membrane (with 10% methanol) and blotted for indicated antibodies. The 

phosphorylation-specific antibody (polyclonal rabbit) recognizing murine DNA-PKcs (Cat 

No. BL15933) at the S2053 clusters was developed in collaboration with the Bethyl 

Labortary Inc. using Bethyl’s standard phosphorylation-specific antibody pipeline and was 

used at 1:500 dilution.

Lymphocyte development and class switch recombination analyses.

Single-cell suspensions were prepared from thymus, bone marrow, spleen, and lymph node 

from young adult mice. Splenocytes were treated with red blood cell lysis buffer (Lonza 

ACK Lysis Buffer) for 1–2 minutes at room temperature. Approximately 1 × 105 cells were 

stained using fluorescence-conjugated antibodies and analyzed by flow cytometry (13, 18). 

The following antibody cocktails were used for B cells (FITC anti-mouse CD43, Biolegend, 

553270; PE Goat anti-mouse IgM, Southern Biotech, 1020–09; PE-Cyanines5 anti-Hu/Mo 

CD45R (B220), eBioScience 15-0452-83; and APC anti-mouse TER119, Biolegend 

116212) and T cells (PE rat anti-mouse CD4, Biolegend 557308; FITC anti-mouse CD8a, 

Biolegend 100706; PE/Cy5 anti-mouse CD3e, eBioscience 15-0031-83; and APC anti-

mouse TCRβ, BD Pharmingen 553174) analyses, respectively. We used the following gate 

strategies in order when applicable: 1) the dead cells and debris were excluded based on 

high side scatter and low forward scatter; 2) for bone marrow and spleen (with significant 

and sometimes variable erythrocytes after red blood cell lysis), the Ter119+ population 

(mostly erythrocytes) was gated out; 3) the remaining cells were analyzed for B or T cell 

specific markers as shown in Figures 3 and 4. The endogenous V(D)J recombination 

junctions were analyzed as previously described (13). DNA from purified splenic B cells 

were amplified via nesting PCR, first with JH_DQ52: 5’- TGA TAG GCA CCC AAG TAC 

ACT A −3’ and JH4 Int: 5’- CCT CTC CAG TTT CGG CTG AAT CC-3’ and then with the 

same JH_DQ52 primer and JH4E: 5’- AGG CTC TGA GAT CCC TAG ACA G −3’. The 

~536bp amplicon corresponding to the coding joint between DQ52-JH4 was isolated and 

cloned into pGEM-T (Promega) and sequenced.

For the CSR assay, CD43-splenocytes were purified with magnetic beads (MACS, Miltenyi 

Biotec) and cultured (5 × 105 cells ml−1) in RPMI (GIBCO) supplemented with 10% FBS 

and 2 μg ml−1 anti-CD40 (BD Bioscience) plus 20 ng ml−1 of IL-4 (R&D). Cells were 

maintained daily at 1 × 106 cells ml−1 and collected for flow cytometry with directly 

conjugated antibodies (FITC anti-IgG1, BD Pharmingen, and PE Cy5 anti-B220, 

eBioscience) after gating out dead cells and debris. Flow cytometry was performed on a 

FACSCalibur flow cytometer (BD Bioscience) and data were processed using the FlowJo 

V10 software package. B cell radiation sensitivity is detailed in the radiation sensitivity 

section above.
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High throughput genomic translocation sequence (HTGTS) of CSR junctions

HTGTS was performed as described (23, 39). Briefly, genomic DNA was collected from 

activated B cells after 4 days, sonicated (Diagenode Bioruptor), and amplified with an Sμ 

specific biotinylated primer (5’/5BiosG/CAGACCTGGGAATGTATGGT3’) and nested 

primer (5’CACACAAAGACTCTGGACCTC3’). AflII was used to remove germline (non-

arranged) sequences. Since all mice are of pure 129 background, the IgH switch region 

(from JH4 to the last Cα exon, chr12 114, 494, 415–114, 666, 816) of the C57/BL6 based 

mm9 was replaced by the corresponding region in the AJ851868.3 129 IgH sequence 

(1415966–1592715) to generate the mm9sr (switch region replacement) genome and the 

sequences analyses were performed as detailed previously (39, 40). The best-path searching 

algorithm (related to YAHA (41)) was used to identify optimal sequence alignments from 

Bowtie2-reported top alignments (alignment score > 50). The reads were filtered to exclude 

mis-priming, germline (unmodified), sequential joints, and duplications. To plot all the S-

region junctions, including those in the repeats but unequivocally mapped to an individual 

switch region, we combined the ones filtered by a mappability filter but unequivocally 

mapped to S regions with ‘good’ reads passing both the mappability (both de-duplicated) 

filters (39). MHs are defined as regions of 100% homology between the bait and prey-break 

site. Insertions are defined as regions containing nucleotides that map to neither the bait nor 

prey-break site. Blunt junctions are considered to have no MHs or insertions. The HTGTS 

data reported in this paper have been deposited in the Gene Expression Omnibus (GEO) 

database, https://www.ncbi.nlm.nih.gov/geo/ (accession no. GSE117628 and GSE129895).

Results

DNA-PKcsPQR/PQR and DNA-PKcsSD/SD mice

The human DNA-PKcs S2056 phosphorylation cluster contains two SQ sites (human 

2041/2056, corresponding to murine S2038/2053) and three other Serine residues (S2029, 

S2053, and S2055 in human, corresponding to S2026, S2050, and S2052 in murine DNA-

PKcs) (Fig. 1A) (24, 33, 34). To interrogate the impact of DNA-PKcs S2053 cluster 

phosphorylation, we generated a mouse model with alanine substitutions at all 5 potential 

phosphorylation targets (all serine residues) within the S2053 cluster (DNA-PKcsPQR – 

corresponding to human S2056) (Fig.1A, 1B and 1C). The desired mutations were 

confirmed by sequencing the tail DNA from DNA-PKcsPQR/PQR mice and the cDNA from 

DNA-PKcs+/PQR mice (Supplementary Fig. 1A). The equal presentation of wild type and 

mutated bases in the cDNA derived from DNA-PKcs+/PQR cells suggests that the DNA-PKcs 

PQR allele is expressed normally. In parallel, we also injected the previously generated ES 

cells with a phospho-mimetic mutation at the best-characterized S2056 (S2053D in mouse) 

(DNA-PKcsSD) (18) for germline transmission (Fig.1A and Supplementary Fig 1B). 

Complete loss of the end-ligation function of the cNHEJ pathway (e.g., in Ligase4−/−, 

Xrcc4−/− or DNA-PKcsKD/KD) leads to severe post-mitotic neuronal apoptosis and Tp53-

dependent late embryonic lethality in mice (18). In this regard, both DNA-PKcsPQR/PQR and 

DNA-PKcsSD/SD mice were born at Mendelian ratios (Fig.1D), are of normal size (Fig.1E 

and Supplementary Fig. 1D) and are fertile in both males and females, suggesting that 

phosphorylation at the S2056 cluster is not essential for embryonic development and, by 

extension, the end-ligation required in post-mitotic neurons.
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Irradiation dependent phosphorylation of S2053 in murine DNA-PKcs

Despite the sequence similarity (Fig. 1A), the commercial antibodies developed against 

S2056 phosphorylated human DNA-PKcs was not able to recognize the corresponding 

phosphorylation (S2053) in murine DNA-PKcs (Supplementary Fig. 1E). This cannot be 

solely explained by the nearly 20 fold lower abundance of DNA-PKcs protein in mouse cells 

(MEFs) relative to human counterparts (Hela) (Fig. 2A and Supplementary Fig. 1E), since 

commercial antibodies against human DNA-PKcs T2609 phosphorylation can effectively 

recognize corresponding phosphorylation in murine cells (Supplementary Fig. 1E). We 

noted that there is a proline to arginine difference 3 amino acids, after the conserved S2053 

(2056 in human DNA-PKcs), which could potentially affect antibody recognition. Another 

possibility is that the percentage of DNA-PKcs phosphorylated at S2053 might be much 

lower than that at T2609, which could also further compromise detection. We reasoned that 

a phosphorylation-specific antibody developed against pS2053 of murine DNA-PKcs might 

be able to recognize both human and murine DNA-PKcs phosphorylation. In collaboration 

with the Bethyl Laboratories Inc., we developed a novel antibody using phosphorylated 

murine DNA-PKcs peptide (corresponding to pS2053) as an immunogen. Our result shows 

that irradiation can induce phosphorylation of murine DNA-PKcs at S2053. Importantly, 

radiation-induced S2053 phosphorylation is not detectable in DNA-PKcs null cells and is 

abolished in DNA-PKcsPQR/PQR cells, supporting the specificity of the antibody (Fig. 2B). 

As predicted, this antibody can effectively detect phosphorylation of human DNA-PKcs at 

S2056, which is significantly reduced in the presence of a DNA-PKcs-specific inhibitor 

(NU7441) (Fig. 2B). Notably, radiation-induced phosphorylation of murine DNA-PKcs at 

S2053 was not significantly decreased by either ATM-specific inhibitor (KU95533) or 

DNA-PKcs inhibitor (NU7441) alone (Fig. 2B), suggesting potential redundancy. 

Nevertheless, the results, for the first time, demonstrate that endogenous murine DNA-PKcs 

can be phosphorylated at S2053 upon irradiation and confirm that the DNA-PKcsPQR allele 

leads to the expression of DNA-PKcs that cannot be phosphorylated at S2053.

Normal lymphocyte development in DNA-PKcsPQR/PQR and DNA-PKcsSD/SD mice

The cNHEJ pathway is exclusively required for the somatic assembly of the Ig and TCR 

gene products via V(D)J recombination. So next, we examined lymphocyte development in 

DNA-PKcsPQR/PQR and DNA-PKcsSD/SD mice. The weight and total cellularity of the 

lymphoid organs (thymus and spleens) of DNA-PKcsPQR/PQR and DNA-PKcsSD/SD mice 

were indistinguishable from age-matched control DNA-PKcs+/+ littermates (Supplementary 

Fig 2A and 2B). Flow cytometry analyses showed that the number and frequency of T cell 

progenitors and mature T cells are indistinguishable in DNA-PKcsPQR/PQR, DNA-
PKcsSD/SD, and littermate control DNA-PKcs+/+ mice (Fig. 3A and 3C, Supplementary Fig. 

2A and 2B). Sequential rearrangements of the TCRα locus in CD4+CD8+ double positive 

(DP) thymocytes are coupled with both positive and negative selections. Relatively moderate 

V(D)J recombination defects in ATM- or 53BP1-deficient mice result in reduced surface 

TCRβ and its co-receptor CD3 levels on the DP thymocytes (Fig. 3A) (42, 43) and a 

significant reduction of the mature single positive (SP) vs immature DP T cells ratio (Fig. 

3B). Yet, surface expression of TCRβ/CD3 in DP cells and the SP/DP ratio are unaffected in 

DNA-PKcsPQR/PQR and DNA-PKcsSD/SD mice (Fig. 3A and 3B). Likewise, the frequency of 

immature pro-B (CD43+B220+IgM−), pre-B (CD43−B220+IgM−), newly generated naïve B 
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(IgM+B220low), and re-circulating B (IgM+B220hi) cells in the bone marrow from DNA-
PKcsPQR/PQR and DNA-PKcsSD/SD mice are also comparable to those of DNA-PKcs+/+ 

mice (Fig. 4A). Successful V(D)J recombination at the IgH locus is required for the 

transition from pro-B to pre-B cells. Thus, DNA-PKcs−/− mice with hairpin opening defects, 

demonstrate a severe blockade in pro-B to pre-B cell transition, evidenced by a drop of the 

pre-B/pro-B ratio in the bone marrow (Fig. 4B). In contrast, the ratios of bone marrow-

derived pre-B/pro-B cells are comparable in DNA-PKcsPQR/PQR, DNA-PKcsSD/SD and the 

DNA-PKcs+/+mice (Fig. 4B). Furthermore, lymphocyte development and number are also 

normal in DNA-PKcsPQR/- mice with compound heterozygosity of the PQR allele and a true 

null allele (Figure 3C, 4B and supplementary 2A), suggesting even expression of ~50% of 

DNA-PKcs-PQR polypeptide is sufficient to support lymphocyte development in vivo. 

Finally, sequence analyses of the non-selective DQ52 to JH4 junctions from B cells derived 

from DNA-PKcsPQR/PQR and DNA-PKcsSD/SD mice did not find excess nucleotide insertion 

or deletion (Fig. 3D and Supplementary Table 1–2). Together, these data indicate that 

phosphorylation at the S2053 (S2056 in human) cluster is not required for the end-ligation 

and hairpin opening that are necessary for V(D)J recombination and early lymphocyte 

development.

End-ligation during Class Switch Recombination is also unaffected in DNA-PKcsPQR/PQR 

and DNA-PKcsSD/SD B cells

Mature B cells undergo CSR at the IgH locus to generate antibodies with different effector 

functions. During CSR, a DSB in the upstream μ switch region (Sμ) is joined to another 

DSB in a downstream switch region (e.g., Sγ1). The end-ligation during CSR is also 

mediated by the cNHEJ pathway. Consistent with significant ligation defects, DNA-
PKcsKD/KD mature B cells have severe CSR defects, like Xrcc4−/− B cells (23). In cNHEJ 

hypomorphic XLF-deficient B cells, chromosomal V(D)J recombination is not significantly 

affected, but CSR is reduced by nearly 50% (44), suggesting CSR might be more sensitive to 

mild cNHEJ deficiency. So, we analyzed CSR of purified splenic B cells drived from DNA-
PKcsPQR/PQR, DNA-PKcsSD/SD mice, and control DNA-PKcs+/+ littermates. In vitro 
stimulation with anti-CD40 and interleukin 4 (IL-4) induced robust CSR to IgG1, and 

expression of surface IgG1 in ~30% of DNA-PKcs+/+, DNA-PKcsPQR/PQR, and DNA-
PKcsSD/SD B cells by day 4 (Fig. 4A and 5C and Supplementary Fig.2C), suggesting normal 

CSR. Moreover, the kinetics of CSR to IgG1 is also not affected in DNA-PKcsPQR/PQR and 

DNA-PKcsSD/SD B cells (Fig. 4C).

In the absence of cNHEJ (e.g., Xrcc4-deficiency), a subset of CSR can be completed by the 

alternative-end-joining pathways that preferentially use MH at the junction (19, 20). We 

used HTGTS (40) to analyze thousands of CSR junctions between the 5’ of Sμ and its 

joining partner genome-wide, including both internal deletion (Sμ-Sμ) and potentially 

productive switching (Sμ-Sγ1). In a recent study (23), using HTGTS, we uncovered a 

prominent shift to MH, extensive erosion within the switch region, and a relative increase in 

inversions (marked by red: blue ratio) in DNA-PKcs−/− B cells with only moderate CSR 

defects (21, 22) (Fig. 5A). So we performed HTGTS analyses of CSR junctions from DNA-
PKcsPQR/PQR and control DNA-PKcs−/− B cells. While the results confirmed S region 

erosion and increased MH usage in DNA-PKcs−/− B cells, no change in MH usage (Fig. 5A) 

Jiang et al. Page 8

J Immunol. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



or Sμ junction distribution (Fig. 5B) was noted in DNA-PKcsPQR/PQR B cells. Together, 

these results indicate that phosphorylation at the S2056 cluster, unlike expression of the 

kinase-dead DNA-PKcs or loss of DNA-PKcs, does not affect cNHEJ during V(D)J 

recombination or CSR.

S2053 cluster phosphorylation does not affect DNA-PK kinase activity or DNA damage 
response in activated B cells

DNA end-ligation in murine B cells with alanine substitutions at the T2609 clusters (DNA-
PKcs3A/3A) is hypersensitive to ATM kinase inhibition, suggesting ATM might 

phosphorylate other substrates, including other sites on DNA-PKcs to promote end-ligation 

in DNA-PKcs3A/3A cells (45). So next, we determined whether the S2056 mutation affects 

DNA-PKcs kinase activity and whether the end-ligation in DNA-PKcsPQR/PQR cells depends 

on compensatory phosphorylation by ATM kinase. Ionizing radiation (IR) induced 

phosphorylation of KAP1 and H2AX, two substrates shared by DNA-PK and ATM (4–6), is 

not different in DNA-PKcsPQR/PQR and DNA-PKcsSD/SD B cells, compared to DNA-PKcs
+/+ controls, both in the presence or absence of ATM kinase inhibitor (KU55933) (Fig. 5D). 

This is consistent with in vitro findings (26) and indicates that S2056 phosphorylation does 

not affect DNA-PK kinase activity. ATM and DNA-PK have critical redundant functions 

during embryonic development (2, 3) and CSR (6) because of their overlapping substrates. 

Consistent with normal kinase activity in DNA-PKcsSD/SD mice and the lack of dependence 

on ATM kinase activity, DNA-PKcsSD/SDAtm−/− mice were born at the expected ratio 

(Supplementary Figure 2D). DNA-PK kinase inhibitor (NU7441, 10μM), ATM kinase 

inhibitor (KU55933, 7.5μM) or ATM deletion did not further reduce the CSR in DNA-
PKcsPQR/PQR or DNA-PKcsSD/SD B cells beyond what was observed in DNA-PKcs+/+ B 

cells (Fig. 4A and Supplementary Figure 2C). Thus, the S2056 phosphorylation does not 

affect DNA-PK kinase activity or its sensitivity to ATM inhibition.

S2053 cluster affects the radiation sensitivity of both murine fibroblasts and activated B 
cells.

S2056 cluster phosphorylation was implicated in IR sensitivity in human cells (26). Next, we 

derived primary MEFs from both DNA-PKcsPQR/PQR and DNA-PKcsSD/SD mice. While 

DNA-PKcs−/− MEFs are sensitive to IR as previously reported, DNA-PKcsPQR/PQR MEFs 

are only moderately sensitive to IR, and DNA-PKcsSD/SD MEFs even display a mild 

resistance to IR (Fig. 6A). To determine whether S2053 phosphorylation has cell type-

dependent roles, which might explain the lack of lymphocyte development defects in DNA-
PKcsPQR/PQR mice despite the mild IR sensitivity in MEFs, we measured IR sensitivity in 

DNA-PKcsPQR/PQR B cells activated for CSR. Activated DNA-PKcsPQR/PQR B cells 

proliferate well upon activation (Fig. 6B), consistent with normal development of DNA-
PKcsPQR/PQR mice and normal CSR of DNA-PKcsPQR/PQR B cells. Yet, in two independent 

experiments, DNA-PKcsPQR/PQR B cells displayed moderate, yet consistent IR sensitivity 

(Fig. 6C and Supplementary Figure 2E). Thus, we conclude that phosphorylation of murine 

DNA-PKcs at the S2053 cluster promotes radiation resistance in both MEFs and B cells. 

Given the normal lymphocyte development, the results suggest that S2056 phosphorylation 

might be necessary for the repair of a subset of complex DNA lesions generated upon 

radiation or perhaps S2056 phosphorylation plays a role in the response to acute 
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pathological insult, but not to physiological DNA strand breaks during lymphocyte 

development.

Discussion

Here we developed a phosphorylation-specific antibody and showed that murine DNA-PKcs 

can be phosphorylated at the corresponding S2053 site upon radiation. Notably, in contrast 

to the phosphorylation of S2056 in human DNA-PKcs, radiation-induced phosphorylation of 

murine DNA-PKcs at S2053 is not abolished by either DNA-PKcs or ATM specific 

inhibitors, suggesting potential redundancy. Nevertheless, analyses of the DNA-
PKcsPQR/PQR, DNA-PKcsPQR/- (presumably ~50% PQR protein) and DNA-PKcsSD/SD mice 

confirmed the role of S2053 phosphorylation in radiation resistance of both fibroblasts and 

B cells. Yet unexpectedly, the in vivo analyses of lymphocyte development clearly indicate 

that S2053 phosphorylation is dispensable for end-ligation and the hairpin-opening required 

during both V(D)J recombination and Ig CSR. In this context, DNA-PKcsPQR/PQR MEFs are 

much less sensitive to IR than DNA-PKcs−/− MEFs, suggesting the S2053 phosphorylation 

is only required for a subset of DNA-PKcs dependent repair. In contrast to the relatively 

clean DNA ends generated during lymphocyte development, radiation generates complex 

DNA lesions with potential base modifications, which might require additional DNA-PKcs 

function. Alternatively, the acute activation of DNA-PKcs upon radiation might require more 

robust DNA-PKcs activity than physiological gene rearrangement. Nevertheless, careful 

analyses of V(D)J and CSR junctions show that S2056 phosphorylation does not affect the 

quality or the quantity of the junctions. Collectively, these findings are consistent with the 

phosphorylation of DNA-PKcs at the S2056 cluster being largely dispensable for 

physiological DSB repair during lymphocyte development and suggest a potential substrate-

specific role of S2056 phosphorylation during DNA repair.

This apparent discrepancy between the strong phenotype in the kinase-dead model (18) vs. 

the lack of detectable phenotype in the S2056 auto-phosphorylation site mutant is not unique 

to DNA-PKcs. Similar findings were also noted for ATM kinase (46–49), forcing us to 

consider other phosphorylation sites or phosphorylation-independent effects of catalysis on 

DNA-PKcs and ATM. In this context, the mouse model with alanine substitutions at another 

DNA-PKcs phosphorylation cluster (T2609) (DNA-PKcs3A/3A) succumbed to bone marrow 

failure shortly after birth (36). Although DNA-PKcs3A/3A B cells are proficient at 

chromosomal V(D)J recombination, cNHEJ in DNA-PKcs3A/3A B cells is hypersensitive to 

ATM inhibition (45), suggesting that ATM kinase might phosphorylate other targets, or 

other sites of DNA-PKcs to promote cNHEJ. Yet, ATM inhibition or ATM deletion does 

NOT further impair end-ligation required for lymphocyte development or CSR in DNA-
PKcsPQR/PQR and DNA-PKcsSD/SD lymphocytes, suggesting that at least the cNHEJ 

function in DNA-PKcsPQR/PQR cells cannot be explained by compensatory phosphorylation 

via ATM. Although we did not formally exclude the contribution of ATR kinase, ATR kinase 

activity is essential for cell and embryonic viability and ATR is usually activated by RPA 

coated ssDNA, not DSBs (50). In addition, the catalysis itself might trigger conformational 

changes of DNA-PKcs independent of any specific auto-phosphorylation sites. Early 

biochemical studies suggested that binding of purified DNA-PKcs to DNA is affected by 

ATP hydrolysis, but not the resulted phosphorylation (51). Such catalysis dependent 
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allosteric changes have been reported for PARP1, which is also activated upon DNA binding 

(52). The published structure of purified DNA-PKcs adopted a few different conformations 

(32, 53), but how and which reflects the in vivo structure of DNA-PKcs remain elusive.

In summary, our findings unequivocally demonstrate an important distinction between auto-

phosphorylation and catalysis itself, indicating that auto-phosphorylation at S2056, although 

a good marker for DNA-PK activation, is largely dispensable for cNHEJ and DNA damage 

responses required for lymphocyte development. Although end-ligation in DNA-
PKcsPQR/PQR cells and mice are not hypersensitive to ATM loss, the moderate radiation 

sensitivity of DNA-PKcsPQR/PQR cells suggest the possibility that the apparently efficient 

end-ligation in DNA-PKcsPQR/PQR cells might be vulnerable to other disturbances, 

including DNA-PKcs mediated phosphorylation of other sites on DNA-PKcs and the loss of 

other non-essential cNHEJ factors (e.g., XLF, PAXX or MRI). This possibility should be 

tested in future experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key points

Radiation induces S2053 phosphorylation of murine DNA-PKcs.

S2053 phosphorylation is dispensible for V(D)J and class switch recombination.
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Figure 1. Generation of the DNA-PKcsPQR/PQR and DNA-PKcsSD/SD mouse models
(A) Diagram of the S2056 (S2053 in mouse) cluster of DNA-PKcs in human and mouse. (B) 

The targeting scheme of DNA-PKcsPQR and DNA-PKcsSD allele. Murine DNA-PKcs locus 

(top), targeting vectors (2nd row), targeted allele (3rd row), and the neo-deleted allele 

(DNA-PKcsPQR and DNA-PKcsSD, bottom). The Neo-R cassette was inserted at ~600bp 

upstream from the S2053D mutation site. Not all exons on the arm were marked. P=PstI site 

and S=SacI site. The 5’ and 3’ probes are marked as thick black lines. The exons and FRT 

sites are shown as solid boxes and open triangles, respectively. The genotyping primers are 

marked as solid black arrows. A set of representative genotyping results is shown in 
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Supplementary Figure 1C. The map is not drawn to scale. This clone contains the Neo-R 

cassette, which is subsequently deleted upon breeding with the constitutive ROSAFLIP/FLIP 

allele (JAX 003946). The open box indicates the mutated exon (A2053-PQR) and the filled-

box indicates the WT exon (S2053). (C) Southern Blot analyses of SacI-digested DNA from 

DNA-PKcs+/+ and DNA-PKcsPQR targeted ES cells, blotted with the 5’ probe. WT (7.0kb) 

and targeted (5.5 kb) clone (GL: germline). (D) Breeding frequency to obtain DNA-
PKcsPQR and DNA-PKcsSD mice from heterozygous crossing. P value was calculated based 

on the Fisher exact test. (E) The body weight of adult DNA-PKcsPQR/PQR, DNA-PKcsSD/SD 

and control mice. The bar represents the average and standard error. The p-value was 

calculated using student’s t-test. “n.s.” = not significant.
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Figure 2. DNA-PKcsPQR allele abolished irradiation induced phosphorylation at S2053 of murine 
DNA-PKcs.
(A) Western blotting analyses show that the abundance of DNA-PKcs in human cells (Hela) 

is between 10–50 fold higher than that of murine embryonic fibroblast. Anti-DNA-PKcs 

(1:200, Invitrogen). (B) The phosphorylation-specific antibody developed for S2053 of 

murine DNA-PKcs can reliably detect irradiation (20 Gy, after 1hr) induced DNA-PKcs 

phosphorylation at S2053 in murine DNA-PKcs and S2056 in human DNA-PKcs.
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Figure 3. Normal T lymphocyte development in DNA-PKcsPQR/PQR and DNA-PKcsSD/SD mice
(A) Representative flow cytometry analyses of T cell development in the thymus and spleen 

of DNA-PKcs+/+, DNA-PKcsPQR/PQR, DNA-PKcsSD/SD as well as DNA-PKcsSD/SDATM−/− 

and ATM−/− mice. (B) The ratio between the sum of CD4+ or CD8+ single T cells and 

CD4+CD8+ double positive immature T cells in the thymus from mice of different 

genotypes. The bars represent the average and standard derivation of n>=3 mice of each 

genotype. Student t-test was used to calculate the p-value. There is no significant difference 

between WT and all DNA-PKcs mutants. (C) The relative cell number of the different T cell 

population in the thymus and spleen. The data represent the cellularity as the percentage of 
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the age-matched WT controls analyzed at the same time. More than three biological repeats 

were performed for each genotype. The DNA-PKcsPQR/- mice are compound heterozygous 

for the PQR (PQR) and the null (–) alleles. The bar represents the average and standard 

error. n.s. = not significant for student’s t-test. (D) Comparison of the number of nucleotide 

deletions and insertions (including both N- and P- elements) in de novo coding joints formed 

in splenic B cells from DNA-PKcs+/+, DNA-PKcsPQR/PQR, and DNA-PKcsSD/SD mice. Each 

dot represents a unique joint (n=19 for DNA-PKcs+/+, n=16 for DNA-PKcsPQR/PQR and 

n=20 for DNA-PKcsSD/SD). The junction sequences are presented in Supplementary Table 1, 

2 and 3 (p >0.1 for both insertion and deletion, and for both genotypes).
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Figure 4. Normal B lymphocyte development and class switch recombination in DNA-
PKcsPQR/PQR and DNA-PKcsSD/SD mice
(A) Representative flow cytometry analyses of the development in the bone marrow and 

spleen and in vitro class switch recombination of B cells from DNA-PKcs+/+, DNA-
PKcsPQR/PQR, DNA-PKcsSD/SD as well as DNA-PKcsSD/SDATM−/− and ATM−/− mice. (B) 

Quantification of bone marrow PreB (B220+IgM-CD43-) vs ProB (B220+IgM-CD43+) B 

cell ratio in the bone marrow. More than three biological repeats were performed for each 

genotype. (C) The quantification of CSR kinetics in purified B cells activated in vitro. The 

Jiang et al. Page 22

J Immunol. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



bar represents the average and standard error. The p-value was calculated using student’s t-

test. n.s. = not significant, and **<0.01.
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Figure 5. Normal Class Switch Recombination junction and DNA-PKcs kinase activity in DNA-
PKcsPQR/PQR mice
(A) HTGTS analyses of CSR junctions show the micro-homology (MH) and insertion (INS) 

usage among all IgH junctions recovered from DNA-PKcsPQR/PQR (n=1559), DNA-PKcs+/+ 

(n=10465), and control DNA-PKcs−/− (n=717) mice. (B) The distribution of the Sμ-Sμ joins 

within the 10Kb region include the core Sμ region. The percentage shows the frequency of 

junctions that fall downstream of the core Sμ region. The red (in the telomere to centromere 

orientation) and the blue (in the centromere to telomere orientation) numbers on the right 

show the percentage and ratio of junctions that fall in given orientations, respectively. Since 

the IgH locus resides in the telomere to centromere orientation, the normal deletional joints 

fall in the telomere to centromere orientation (red). (C) (D) Western blotting of ATM and 
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DNA-PKcs substrate phosphorylation upon IR (10 Gy) with or without treatment with ATM 

inhibitor (KU55933, 10μM) and DNA-PK kinase inhibitor (NU7441, 10μM). Primary 

antibodies were used at the following dilutions: anti-H2AX (1:1000, Millipore), anti-gH2AX 

(1:1000, Millipore), anti-KAP1 (1:1000, Cell Signaling), anti-phospho-KAP1 (S824) 

(1:1000, Bethyl Laboratories), and anti-actin (1:5000, Sigma).
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Figure 6. DNA-PKcsPQR/PQR cells are moderately sensitive to radiation.
(A) The sensitivity to ionizing radiation (1, 2, 5 Gy) of DNA-PKcs+/+, DNA-PKcs−/−, DNA-
PKcsPQR/PQR, and DNA-PKcsSD/SD primary MEFs. The relative survival represents the 

relative cellularity at the given dose as a proportion of the un-irradiated sample of the same 

genotype. The data represent the average and standard error of at least 5 independent wells 

per genotype per dose. The radiation sensitivity of DNA-PKcsPQR/PQR MEFs is statistically 

significantly different from both DNA-PKcs+/+ and DNA-PKcs−/− MEFs at all three doses 

tested (p<0.001). (B) Relative fold of growth (by cell counts) for DNA-PKcs+/+ and DNA-
PKcsPQR/PQR splenic B cells during class switch recombination (4 days). The bars mark the 

Jiang et al. Page 26

J Immunol. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



means and standard errors. The unpaired student’s t-test p-value is 0.13. (C) The sensitivity 

to ionizing radiation (1, 2, 5 Gy) of DNA-PKcs+/+ and DNA-PKcsPQR/PQR B cells activated 

for CSR. Two independent pairs of DNA-PKcs+/+ and DNA-PKcsPQR/PQR B cells were 

assayed in two independent experiments (another is shown in Supplementary Figure 2E). 

DNA-PKcsPQR/PQR B cells are significantly more sensitive to radiation than the DNA-PKcs
+/+ controls at all three radiation doses (p<0.05).
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