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The DNA-dependent protein kinase (DNA-PK) is composed of a DNA-dependent protein kinase catalytic subunit
(DNA-PKcs) and Ku70/Ku80 heterodimer. DNA-PK is thought to act as the “sensor” for DNA double-stranded
breaks (DSB), which are considered the most deleterious type of DNA damage. In particular, DNA-PKcs and Ku
are shown to be essential for DSB repair through nonhomologous end joining (NHEJ). The phenotypes of animals
and human individuals with defective DNA-PKcs or Ku functions indicate their essential roles in these
developments, especially in neuronal and immune systems. DNA-PKcs are structurally related to Ataxia—
telangiectasia mutated (ATM), which is also implicated in the cellular responses to DSBs. DNA-PKcs and ATM

constitute the phosphatidylinositol 3-kinase-like kinases (PIKKs) family with several other molecules.

DNA-dependent protein kinase (DNA-PK) DNA-dependent protein kinase catalytic subunit (DNA-PKcs)
Ku Ataxia—telangiectasia mutated (ATM) protein kinase
phosphatidylinositol 3-kinase-like kinase (PIKK) DNA double-stranded break (DSB)

DNA damage response

| 1. DNA-PKcs as a Family Member of ATM

1.1. DNA-PK and DNA-PKcs

The first observation of DNA-dependent protein kinase (DNA-PK) activity dates back to 1985. Walker et al. showed
that double-stranded DNA (dsDNA), but not single-stranded DNA or RNA, induced the phosphorylation of multiple
proteins, including Heat-shock protein 90 (Hsp90), in a wide variety of eukaryotic cells of human, rabbit, frog and
sea urchin origin [, Carter et al. and Lees-Miller et al. purified this enzymatic activity from the nuclear extract of
human cervical carcinoma Hela cells and found it to be associated with a 300—-350-kDa polypeptide, which is now
known as the DNA-dependent protein kinase catalytic subunit (DNA-PKcs) [2IE],

Lees-Miller et al. noticed that the two polypeptides that can be phosphorylated by DNA-PK were copurified in later
steps of purification and identified them as the Ku70/Ku80 heterodimer (hereafter referred to as Ku, simply). Dynan
and colleagues purified a transcription template-associated kinase, which phosphorylates heptapeptide repeats in
the C-terminal domain of the largest subunit of RNA polymerase Il, and showed that it consists of two components,
i.e., a 300-350-kDa polypeptide and Kull. Jackson and colleagues showed that DNA-PK binds to and requires the
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end of dsDNA for activity®. They demonstrated that Ku is an essential component of DNA-PK, mediating the
binding of DNA-PKcs to the dsDNA end.

The Ku protein was initially identified by Mimori et al. as the antigen of the autoantibody in a patient of an
autoimmune disease, polymyositis—scleroderma overlapl®. Subsequent studies showed that the Ku protein
consists of two polypeptides of 70 kDa and 80 kDa, which are termed Ku70 and Ku80 (also termed Ku86),
respectively, and binds to the end of double-stranded DNA without a particular preference in the nucleotide
sequencesl8. Later, X-ray crystallography revealed that Ku70 and Ku80 form a ring-shaped structure that can

encircle DNA, giving a plausible explanation for how Ku binds specifically to the DNA end!.

The nature of DNA-PK suggests its potential as a “sensor” for DSB. In 1995, Blunt et al.l29 Kirchgessner et al.
(11 and Peterson et al.12 showed that DNA-PKcs are inactivated in severe combined immunodeficiency (SCID)
mice. SCID mice were initially established by Bosma et al. in 1983128l SCID mice are defective in the V(D)J
recombination of immunoglobulin and T-cell receptor genes and, as a result, lack B-cell- and T-cell-mediated
immunity413l - Cells from SCID mice are sensitive to IR due to a reduced ability in DNA double-stranded break
(DSB) repairl2€. In addition, Lees-Miller et al. reported the absence of DNA-PKcs in M059J, which was established
from a human malignant glioma specimen, showing radiosensitivity and defective DSB repairlld. In the year
before, Taccioli et al.l8 and Smider et al.ll2 showed that Ku80 is inactivated in IR-sensitive and V(D)J
recombination-defective hamster cells, such as xrs-5, XR-V15B and sxi-3. These discoveries indicated that DNA-
PKcs and Ku are essential for DSB repair and V(D)J recombination. This historical perspectives have been

reviewed more in detail elsewherel29,
1.2. DNA-PKcs and ATM

The molecular cloning of cDNA-encoding DNA-PKcs was achieved in 1995 and revealed its extremely large size,
i.e., 4128 amino acids, which was even larger than expected beforel2ll. Another surprise was its similarity to
Ataxia—telangiectasia mutated (ATM), the gene responsible for ataxia—telangiectasia (AT), which was reported
shortly before (Figure 1a)22. AT is an autosomal recessive human genetic disorder that shows pleiotropic effects,
including defective locomotive regulation (ataxia), the enlargement of capillaries (telangiectasia),
immunodeficiency, infertility and an increased risk of cancer. Cells from AT patients exhibit a high sensitivity to IR,
showing “radioresistant DNA synthesis”, which is an indicative of defective cell cycle checkpoints (especially in the
G1/S- and S-phase checkpoints). The primary structure of ATM showed a similarity to phosphatidylinositol 3-
kinase. It raised the question of the role of lipid phosphorylation in cell cycle checkpoints, if any. Simultaneously,
several genes implicated in cell cycle checkpoint and/or telomere maintenance, i.e., Mei-4123! in Drosophila
melanogaster and TEL1[24125] and MEC1[28] in Saccharomyces cerevisiae, were found to be structurally related to
ATM. Subsequently, ATM- and Rad3-related ATR (also termed FRAP-associated protein-1, FRP1) was found in
humans2428]. ATM and ATR are human orthologs of Saccharomyces cerevisiae TEL1 and MEC1, respectively.
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Figure 1. The similarity of DNA-PKcs to ATM and other PIKKs. (a) The architecture of DNA-PKcs, ATM and other
PIKKs. FAT: FRAP-ATM-TRRAP, PRD: PIKK-regulatory and FATC: FAT C-terminal. (b) The mechanisms of the
recruitment of DNA-PKcs, ATM and ATR to DSB and ssDNA.

These molecules comprise a family of protein kinases termed phosphatidylinositol 3-kinase-related kinases
(PIKKSs). In addition to DNA-PKcs, ATM and ATR, three other members of the PIKK family have been identified in
humans (Figure 1a). Suppressor of morphological defects on genitalia-1 (SMG-1) is involved in the nonsense-
mediated decay of mRNARABY Mammalian Target of rapamycin (mTOR, also termed FKBP12-rapamycin-
associated protein, FRAP, and Rapamycin and FKBP12-target, RAFT) regulates cell growth and survival, sensing
amino acids and growth factorsBB32l83] Transformation/transcription domain-associated protein (TRRAP) is
involved in chromatin modification and remodeling and, interestingly, lacks catalytic activity. In addition to the
kinase catalytic domain, these molecules show structural similarity in the FAT (FRAP, ATM and TRRAP); PRD
(PIKK-regulatory domain) and FATC (FAT C-terminal) domains. They also have less-conserved HEAT (Huntingtin,
Elongation factor 3, Protein phosphatase 2A and TOR1) repeats.

Without the abundant knowledge on DNA-PKcs, these molecules might have been assumed to be lipid kinases
rather than protein kinases. However, since DNA-PK is known as an unambiguous protein kinase, these molecules
were presumed to be protein kinases, probably sharing similar properties with DNA-PK. It was known that DNA-PK
preferentially phosphorylates serines or threonines, followed by glutamines (SQ/TQ motif), including Serl5 of
p53E4lE3l Sybsequently, it was shown that ATM and ATR were capable of phosphorylating Serl5 of p53[38IE7],
Thus, SQ/TQ motifs are considered the consensus sequences for ATM and ATR, as well as DNA-PKcs.
Furthermore, it was shown that ATM rather than DNA-PKcs are mainly responsible for the phosphorylation of
Serl5 of p53 in cellulo in response to DNA damage. However, these studies also noted a difference in the
biochemical property: where DNA-PKcs require Mg?* for activity, ATM and ATR require Mn2*,

While DNA-PK requires Ku for DNA binding and activation, ATM requires the Mrell-Rad50-Nbsl (MRN)
complex28IEA ATR binds to ssDNA via Replication protein A (RPA) and ATR-interacting protein (ATRIP)4Y. In the
C-termini of Ku80, Nbs1 and ATRIP, there are similar amino acid sequences (EEX34DDL, where X represents any

amino acid), which are required for the recruitment of DNA-PKcs, ATM and ATR, respectively41],

DNA-PKcs and ATM were implicated in the DNA damage response, especially for DSBs. Their similarities in

structure and properties raise the question of what the overlapping function(s) and nonoverlapping function(s)
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between the two molecules is/are. As described above, the defects in DSB repair and V(D)J recombination
manifested in DNA-PKcs-deficient cells. On the other hand, the defects in cell cycle checkpoints were manifested
in cells from AT patients. Hence, it seems that DNA-PK is mainly involved in DSB repair and V(D)J recombination,

whereas ATM is mainly involved in cell cycle checkpoints.

| 2. Function and Role of DNA-PKcs

2.1. DNA-PKcs in Nonhomologous End Joining

There are two pathways to repair DSBs, which are evolutionally conserved throughout eukaryotes: homologous
recombination (HR) and nonhomologous end joining (NHEJ)“2. HR uses a homologous or identical sequence as
the template to reconstitute the DNA sequence around DSB. On the other hand, NHEJ joins two DNA ends in the
close vicinity with minimally required modifications (termed processing). Hence, NHEJ may occasionally incur
errors, such as nucleotide deletions or insertions at the junction, or ligation with an incorrect partner, leading to
chromosomal aberrations such as deletions, inversions, or translocations. Hence, HR is generally considered more
accurate than NHEJ. However, HR requires the sister chromatids in vertebrates and is, therefore, restricted in the
late S and G2 phases, whereas the majority of cells are in the GO and G1 phases. Even in the G2 phase,
approximately 80% of DSBs are thought to be repaired via NHEJ in human cells. Moreover, as only a small portion
of the genome (~1% or less) in vertebrates encodes protein, the insertion or deletion of a small number of
nucleotides can be tolerated. Thus, NHEJ is thought to have prominent importance, especially in vertebrates,

including humans. In addition, NHEJ is also involved in V(D)J recombination.

Throughout the 1970s and 1980s, a number of ionizing radiation (IR)-sensitive mutants were isolated from rodent
cells. These were classified into 11 complementation groups, and the gene complementing the IR sensitivity of
each group was named XRCC1-XRCC11, respectively, where XRCC stands for “X-ray cross-complementing”43.
The cells that were classified into groups 4, 5 and 7 showed similar characteristics, i.e., the defects in rejoining of
IR-induced DSBs and V(D)J recombination. DNA-PKcs and Ku80 correspond to XRCC7 and XRCCS5, respectively.
XRCC4, which is absent in IR-sensitive and V(D)J recombination defective cells, i.e., hamster XR-1, was identified
in 1995 by Li et al.44. Subsequently, XRCC4 was shown to be associated with DNA ligase IV (LIG4) and essential
for the function and stability of LIG4[42I48] Mutations in the LIG4 gene were found in an X-ray-sensitive mutant
derived from murine mammary carcinoma cellsiZ and in a cell line established from a radiosensitive leukemia
patient#8l. Based on these, LIG4 is thought to catalyze the ligation of two DNA ends to complete NHEJ. In 2001,
Artemis was found as the gene mutated in human radiosensitive-SCID (RS-SCID) patients2. Subsequently,
Artemis was shown to be capable of opening a hairpin structure, which appears at the coding ends, and processing
overhangs, which result from the hairpin opening2d. Moreover, DNA-PKcs were shown to form a complex with
Artemis in vitro and in vivo and, also, to regulate the above activities of Artemis through phosphorylation in vitro. In
2006, XRCCA4-like factor (XLF), which is also known as Cernunnos, was identified as an XRCC4-interacting protein
in a two-hybrid screening and, simultaneously, as the gene mutated in human RS-SCID patients with
microcephaly®B2, XLF also showed a similarity to XRCC4 in the predicted 3D structure and is thought to be a

paralog of XRCC4E3l, XLF was shown to stimulate LIG4 activity for mismatched or noncompatible ends®453 and,
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also, to form filaments with XRCC4, which may have some role in aligning or bridging two DNA ends[28IB7I58159] |
2015, Paralog of XRCC4 and XLF (PAXX, also termed XLS for XRCC4-like small molecule) was identified
simultaneously by three groups[61l62] pAXX was shown to stabilize the binding of Ku to DSBs and the assembly
of the NHEJ complex therein.

Figure 2 illustrates a simplified diagram of DSB repair through NHEJ. It should be noted that NHEJ is much more
sophisticated, involving many other processing enzymes and chromatin remodelers [20,42], but DNA-PKcs, Ku and
the other above-mentioned “core” NHEJ factors are illustrated here. DNA-PKcs are thought to be involved in the
recognition of DSBs with Ku and orchestrate the subsequent steps of NHEJ. The kinase activity of DNA-PKcs is
considered essential, because it was shown that the catalytically inactive forms of DNA-PKcs were not sufficient to
restore the normal radiosensitivity and V(D)J recombination ability in DNA-PKcs-deficient cells83164] However, the

target(s) and role(s) of phosphorylation in NHEJ remain to be clarified, as discussed elsewhere [20].

DSB

Hairpin end "\1

Overhang

Ready-to-ligate ends
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Figure 2. Simplified diagram of DSB repair through NHEJ.

2.2. Cells Deficient for DNA-PKcs: Role in DSB Repair and V(D)J Recombination
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Table 1 summarizes the DNA-PKcs-deficient cells and their characteristics. In addition to murine scid and human

MO059J, several mouse and hamster cell lines, which were isolated as IR-sensitive mutants, turned out to be

deficient in DNA-PKcs. Furthermore, several DNA-PKcs-deficient cell lines were engineered by gene targeting or,

more recently, genome editing. Almost all of them showed an increased sensitivity toward ionizing radiation and

drugs, like etoposide and bleomycin, which induce DSBs. A reduced ability in DSB repair of these cells was

demonstrated by pulse-field gel electrophoresis, mainly in the 1990s, and, thereafter, by the foci of DSB markers
like y-H2AX and 53BP1. These results indicate the essential roles of DNA-PKcs in DSB repair.

Table 1. DNA-PKcs-deficient cell lines.

Cell Species Type Mutation ! 20 anlcs Characteristics Ref.
Status
Protein very low [10]
HMZ (~1%); DNA Increased IR-sensitivity; [11]
. . c.T12138A, binding Reduced DSB repair [12]
scid Mouse Fibroblast p.Y4046X. undetectable; ability; Defective V(D)J [65]
(4128 aa) Kinase activity recombination. [66]
undetectable. [67]
Protein
CHTZ; undetectable;
c.C12070A, DNA binding Increased IR-sensitivity; [10]
V3 Hamster Ovary p.Q4024X; barely Defective V(D)J 68]
Not known in the detectable; recombination.
other.(4124 aa) Kinase activity
undetectable.
Protein
on, et
M059J Human Glioma pCT?ggfl)llD?:JS barely . Increased IR-sensitivity. [%]
(4128 aa) Fjetectabl_ez
Kinase activity
undetectable.
Protein reduced
CHTZ (~10% 2).
05%15132508}5 ' DNA binding Increased !R-sensitivity; [68]
Irs-20 Hamster Ovary ond allele nlot reduced (~25% Defective V(D)J [70]
2y. P
expressed.(4124 . ); N recombination.
aa) Kinase activity
undetectable.
SX-9 Mouse Mammary CHTZ Protein reduced  Increased IR-sensitivity; [70]
carcinoma c.T9572C, (~5% 2); Defective V(D)J (]
p.L3191P; DNA binding recombination.
Not known in the reduced (~5%
other. 2y;
(4120 aa)
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Cell Species Type Mutation ! 20 anles Characteristics Ref.
Status
Kinase activity
undetectable.
. Increased IR- and drug
Protein .
undetectable: (bleomycin and ethyl
XR-C1 Hamster Ovary Unknown. . o methane sulfonate) (22
Kinase activity L .
IR ——— sensitivity; Defective
' V(D)J recombination.
Increased IR- and drug
Protein (bleomycin, ethyl
€.G12353A, expression methane sulfonate and 73]
XR-C2 Hamster Ovary p.G4118E. normal; mitomycin C)-sensitivity; [74]
(4124 aa) Kinase activity Reduced DSB repair
undetectable. ability; Defective V(D)J
recombination.
(Generated by gene targeting or genome editing)
. B p. 2888-3012. Protein Normal proliferation; 5]
DT40 Chicken lymphocyte (4133 aa) undetectable. Increased IR-sensitivity.
Reduced proliferation;
Protein Increased IR-, drug
HCT116  Human Colon p. 3831-4127. u.ndetectal.:)lg; (etop05|de)-sen5|t|IV|ty; [z6]
cancer (4128 aa) Kinase activity Telomere shortening;
undetectable. Increased chromosomal
aberrations.
Part of exon 32
TK6 Human " replace_d with Protein Increased IR-sensitivity. el
lymphocyte drug resistance undetectable.
gene.
Fibroblast- o :
HAP1 Human [ 11 bp deletion in Protein Incr(_aased dru_g_ _ 78]
. exon 25. undetectable. (Etoposide)-sensitivity.
haploid
. €.24del88; .
mesc wawe  STOIE prowsr.  TRAENer e
(4128 aa) : piuripotency genes. .
2d using
HelLa Human Cervmal Targeting exon Protein Increased IR-sensitivity. 891 5 reported
carcinoma 36. undetectable.

rsy in the

signal joint formation. Some study reported that the frequency of the signal joint was only slightly decreased or not

affected at all, whereas others reported significant reductions. Regarding the fidelity, there have been studies

reporting only a modest reduction and those reporting profound or complete impairment. The exact reason for this

controversy is unknown, but it may have arisen from the differences in DNA-PKcs mutations and/or in cellular

backgrounds. In any case, the cording joint formation is more impaired than the signal joint formation in DNA-PKcs-

deficient cells. In Ku80- or XRCC4-deficient cells, both the signal joint formation and the coding joint formation are

significantly impaired (Table 2). Considering this, the requirement for DNA-PKcs in signal joint formation seems to
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be less than that for Ku80 or XRCC4. Coding joint formation is thought to be more difficult than signal joint
formation, as the former requires opening the hairpin and processing the overhang. Hence, DNA-PKcs might be
dispensable for the ligation of “clean” ends, such as blunt ends, but be required for the ligation of “difficult” or “dirty”

ends, such as hairpin ends, which need end processing.

Table 2. V(D)J recombination defects in DNA-PKcs-deficient cells.

Cell Signal Joint Coding Joint Ref.
Frequency Structure Frequency Structure
Mouse scid Fidelity slightly Significant . 81]
(SCGR11) Normal. decreased (~80%). decrease (~3%). Larger deletions.
V3 Mild decrease Fidelity modestly Significant Abnormally large P [10]
(~20%). decreased (~50%). decrease (~1%). elements. =
Mouse scid Substantial Significant
(SCID/St) decrease Not described. decrease Not described. [11]
(~10%). (~0.1%).
IRS-20 Sduebcsrt::St:all Fidelity slightly Significant Smaller deletions [68]
(~10%) decreased (~75%). decrease (~3%). than scid and V3. —
Substantial Fidelity profoundly Significant Slightly longer
SX-9 decrease . [71]
decreased (~10%). decrease (~3%). deletions.
(~10%).
Significant Correct joins absent Significant .
AR-CL decrease (~2%). (0%). decrease (~2%). Not described. [22]
Mild decrease . Mild decrease .
XR-C2 (~30%). Not described. (~50%). Not described. [73]
Xrs6 Significant Fidelity profoundly Significant
( Ku80) decrease (~5%). decreased (~15%). decrease (~1%). None recovered. [81]
XR-V15B Undetectable . Undetectable '
(-Ku80) (<1%). Not described. (<1%). Not described. [19]
Significant [44]
XR-1 Significant Fidelity profoundly dgcre(e:lie Larger deletions
(-XRCC4) decrease (~2%). decreased (~20%). (~0.2%) 9 '
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2.3. Animals Deficient for DNA-PKcs: Role in Development

Table 3 summarizes the DNA-PKcs-deficient animals and their characteristics. The animals show the SCID

phenotype, and the cells show increased sensitivity to IR and defective V(D)J recombinations.

Table 3. DNA-PKcs-deficient animals.

Animal Mutation DNA-PKcs Animal Cellular Ref
Status Phenotype Phenotype ! .
Increased IR-
. sensitivity;
:2 rvst(elr;;;ry Reduced
DNA bindi,ng SCID; DSB repair
Moqse c.T12138A, p.Y4046X. e Incregsed ab|I|ty;. [10.11,12,66,67,68]
scid (4128 aa) . thymic Defective
Kinase
- lymphomas. V(D)J
activity o
undetectable recombination
' (CJ but not
SJ).
mRNA
undetectable;
Mouse, Insertion of drug Protein Increased IR-
gene resistance gene in undetectable;  SCID. o [82]
- sensitivity.
knockout exon 6. Kinase
activity
undetectable.
Defective
V(D)J
recombination
Protein (CJ but not
Mouse, undetectable; SJ);
gene p. 3860-3950. Kinase SCID. Increased IR- (&3]
(4128 aa) o .
knockout activity sensitivity
undetectable. (fibroblast);
Normal IR-
sensitivity
(ES).
Mouse, 3-half of exon 3 Protein Increased IR-
gene replaced with drug SCID. o (84]
. undetectable. sensitivity.
knockout resistance gene.
A transgene |r_13erted MRNA
by > 20 copies to . SCID;
undetectable;
Mouse upstream of three Kinase Increased Not [85][86]
slip exons corresponding activit thymic described.
to 777-1010 y lymphomas.

nucleotides of mMRNA.

undetectable.
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. . DNA-PKcs Animal Cellular
Animal M ion Ref.
a utatio Status Phenotype  Phenotype * €
Increased IR-
Protein . sensitivity;
expression Embryonic Increased
Mouse c.A11765C, noFr)maI' lethal (E14.5); genomic
' p.D3922A. . ' Defective instability; (871
KD Kinase .
(4128 aa) activit neuronal Defective
y development. V(D)J
undetectable. L
recombination
(CJand SJ).
Born at normal
ratio and size,
but becomes
. smaller 2—-3
Protein weeks of age;
€.A7813/7900 expression S5 Increased
Death shortly .
Mouse, [7927G normal; after birth (75% sensitivity to [88]
3A p.T2605/2634/2643A.  Kinase within 4 w); ° IR, UV, CPT
(4128 aa) activity e and MMC.
Congenital
normal.
bone marrow
failure; Loss of
hematopoietic
stem cells.
Immunologically
normal; Normal
Protein development;
expression Increased Delay in DSB
Mouse, decreased thymocyte D
Balb/c c.Cb418T, (5-10%); apoptosis; (el
' p.R2140C/c.A11530G, i ' POPIOSIS, Increased ESESIE
C.B.17, Kinase Susceptible to
p.M3844V. . chromosome
129 activity cancer, instabilit
reduced (5— including breast Y
10%). cancer and
thymic
lymphoma.
. Increased IR-
Horse Protein sensitivity;
SCID €.9478del5, undetectable; Defective '
. p.S3160Nfs4*, Kinase SCID. (92103241
(Arabian . V(D)J
(4134 aa) activity o
foal) undetectable recombination
' (CJ and SJ).
Dog c.G10879A, Protein SCID. Increased IR- [251{06]
SCID p.E3627X. undetectable; sensitivity;
(Jack (4144 aa) DNA binding Defective
Russel barely V(D)J
Terriers) detectable; recombination
Kinase (CJand SJ).
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- - DNA-PKcs Animal Cellular
Akl e Status Phenotype  Phenotype * Ref.
activity
undetectable.
SCID; . Reduced
Defective proliferation;
Deletion in exon 1, MRNA lymphocyte Premature
Rat, gene . . undetectable;  development; [97]
causing frame-shift. . senescence;
knockout Protein Growth o
(4126 aa) o IR-sensitivity;
undetectable.  retardation; Defective _
Reduced litter re highly
. 1/2 NHEJ.
size (~1/2). 1-specific
) . scid mice
Zeb;f(fh’ Frame-shift in exon 3. Protein gfolv?/th dela Not [98] [100] _
g (4119 aa) undetectable. y described. - Murine
knockout up to 3 months. o
ninished,
Zebrafish, €.10835del8, Not sciD: Not - yrogated,
gene p.D3612VIs17. described IR-sensitivit described id i
knockout (4119 aa) ' 4 ' pid Is not
mmmmmmmmvwmm—%mmratEd by

three groups independently, were capable of signal joint formation [82,83,84]. In addition, mice with slip mutations,
which are generated incidentally by the insertion of a transgene to the DNA-PKcs gene and thought to be
functionally null, also show a ~10% ability of signal joint formation without a decrease in fidelity [85,86]. These lines

of evidence indicate that DNA-PKcs are not absolutely required for signal joint formation.

Knockin mice lacking kinase activity (D3922A substitution in the kinase domain, hereafter referred to as KD for
kinase dead) and that lack three autophosphorylation sites (T2605/2634/2643A, hereafter referred to as 3A) were
generated [87,88]. In DNA-PKcsKP’KP mice, the abundance of DNA-PKcs appeared normal, but its kinase activity
was undetectable [87]. DNA-PKcs*P/XP mice showed late embryonic lethality, dying before embryonic day 14.5
(E14.5) [87]. In the brains of DNA-PKcs*P/XP mice, extensive apoptosis was observed at a level similar to LIG4™~
or XRCC4™"~ mice (see below) [87]. In DNA-PKcs***A mice, the expression of DNA-PKcs and its kinase activity
were normal [88]. Although DNA-PKcs**3A mice were born normally in terms of ratio and size, they become
smaller within 2 to 3 weeks of age and died shortly after birth [88]. Congenital bone marrow failure and loss of
hematopoietic stem cells were observed in DNA-PKcs3*3A mice [88]. The lifespans of DNA-PKcs*V*A mice were
extended in p53+" and p53"‘ backgrounds with a concomitant alleviation in lymphocyte development defects [88].
This observation suggests that a shortened lifespan and lymphocyte development defects are at least partially due

SA3A mice show an elevated

3A/3A

to p53-mediated DNA damage responses, including apoptosis. Cells from DNA-PKcs
sensitivity to DNA crosslinking agents, as well as IR [88]. These characteristics of DNA-PKcs mice were
similar to those of Fanconi's anemia. More severe phenotypes of DNA-PKcsKP’KP mice and DNA-PKcs®A3A mice
than that of DNA-PKcs™™ mice might be related to the mechanisms of the regulation of DNA-PKcs through

phosphorylation by itself and ATM, as we will discuss below.

It might be noted that mice of several strains, including C.B.17, from which scid mice were derived, have

hypomorphic DNA-PKcs, although immunologically normal [89,90]. In the Balb/c strain, the expression of DNA-
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PKcs and DNA-PK kinase activity was 5-10% of the corresponding tissues and cells from the C57BL/6 strain
[89,90,91]. There were two nucleotide substitutions in the DNA-PKcs gene and resultant amino acid substitutions in
the protein in Balb/c compared to C57BL/6: ¢.C6418T, p.R2140C and c.A11530G and p.M3844V. The Balb/c mice
were susceptible to breast cancer and thymic lymphoma and showed increased apoptosis in the thymuses after
irradiation [90,91]. The fibroblasts from Balb/c mice showed a reduced DSB repair ability, which is an intermediate
of C57BL6 and scid mice. In crossing experiments, the Balb/c allele was associated with an increased risk of

thymic lymphoma and chromosome aberrations [90,91].

SCID in horse (Arabian foal) was found earlier than that in mice [92]. Soon after the finding in mice, SCID horses
were shown to be deficient in DNA-PKcs [93,94]. Unlike the case of scid mice, SCID horses are not reported to be
leaky and incapable of signal joint formation, as well as coding joint formation [93,94]. SCID animals was also
found in dogs (Jack Russel Terriers) and shown to harbor mutations in DNA-PKcs [95,96]. SCID dogs showed
intermediate activity in both the signal joint formation and the coding joint formation [96]. Thus, the requirement for
DNA-PKcs in V(D)J recombination may differ among species. Meek et al. noted that it may be related to an
abundance of DNA-PKcs expression and/or DNA-PK kinase activity; the kinase activity, as well as the requirement

for DNA-PKcs in V(D)J recombination is the highest in horses and the lowest in mice.

DNA-PKcs ™ rats, generated through Zinc-finger nuclease (ZFN)-mediated genome editing, showed SCID without
leakiness. In addition, DNA-PKcs™~ rats showed growth retardation, i.e., smaller body sizes than age-matched
DNA-PKcs** or DNA-PK*™ rats [97], which was not noticed in mice, horses and dogs. In agreement with this, the
fibroblasts from DNA-PKcs™~ rats showed reduced proliferation and premature senescence [97]. A reduction in
litter size was also noted in DNA-PKcs™ rats [97].

Besides mammals, DNA-PKcs™
effector nuclease (TALEN)-mediated genome editing [98,99]. DNA-PKcs™~ zebrafish also showed the SCID
phenotype and competency for xenograft experiments [98,99]. Growth retardation was noted at lower ages, i.e., up

animals were also generated in zebrafish through transcription activator-like

to 20 weeks, although it was not obvious thereafter [98].

Table 4 shows the comparison of the phenotypes of DNA-PKcs™~ mice and those of other genes, showing
similarities and dissimilarities. Ku80~~ mice mostly show a complete absence of mature B and T lymphocytes and
defects in signal joint formation and coding joint formation@l202 Ky70~~ mice showed SCID with some
leakiness; although mature B lymphocytes and serum immunoglobulins were absent, mature T lymphocytes were
present, albeit reduced1831l204] Mouse embryonic fibroblasts (MEF) from Ku80~~ mice and Ku70~~ mice were
defective in both coding joint formation and signal joint formation in V(D)J recombination. The reason for the
different impact of the loss of Ku80 and Ku70 on the T lymphocytes is not known. It may be noted that Ku70~/~
mice, but not Ku80™”~ mice, showed an increased frequency of thymic lymphomall9sl. Both Ku80~~ mice and
Ku70~~ mice showed a reduction in body sizes, i.e., 40—-60% of the control and litter sizes [101,102,103], which
were not in evident in scid mice and DNA-PKcs™™ mice. In conjunction with this, MEF from Ku80~~ mice and

Ku70~~ mice showed reduced proliferation and premature senescence [102,103,104]. Increased cell death in
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neuronal development was also observed in Ku70~~ mice and Ku80™~ micell%, although it was less severe than

that observed in LIG4~/~ mice and XRCC4~~ mice (see next).

Table 4. Gene knockout mice of DNA-PKcs and other NHEJ genes.

Mice Viability Growth Neurogenesis Immunity ! Ref.
SCID (leaky); SJ: normal
DNA- . Normal . A
PKes—- Viable. body size. Normal. or modestly impaired; CJ: 84,85,86,106

impaired.

Defective (milder
Reduced than XRCC4~~ and
body size. LIG477); Increased
cell death.

Kus0™~  Viable. SCID; SJ & CJ: defective.  [101,102,106]

Defective (milder
Reduced than XRCC47~and  SCID (leaky); SJ & CJ:

_/_ .
Ku70 N body size. LIG47"): Increased defective. [103,104,106]
cell death.
Late
- embryonic Reducgd Severely defective; ] ] . 10717108
LIG4 . body size . SCID; SJ & CJ: defective.
lethality . Massive cell death.
(>E13.5) in uterus.
Late
- . Reduced .
NS Gl body size  cverelydetecive; oo . o3 8 ¢J: defective. 100
lethality . Massive cell death.
(>E13.5) in uterus.
Artemis™ Normal SCID (leaky); SJ: normal; 110
- Rkl body size. M, CJ: impaired.

Mostly normal; Slight
N Normal decrease in the number "
XLF Viable. body size Normal. of lymphocytes; Normal (1]
' lymphocyte distribution;
Mild defect in CSR.

Normal Mostly normal; Modest
PAXX™™  Viable. . Normal. decrease in the number
body size.
of lymphocytes.

112][113

LIG4™~ mice and XRCC4~~ mice exhibited late embryonic lethality [107,108,109]. MEF from LIG4~~ mice and
XRCC4™~ mice showed reduced proliferation and premature senescence, as well as an increased sensitivity to IR
[107,108,109]. Mature B and T lymphocytes were absent in these mice, and the fibroblasts were defective in both
coding joint formation and signal joint formation in V(D)J recombination. In addition, the defective neuronal

development associated with greatly increased cell death was manifested in LIG4™~ mice and XRCC4~~ mice
(108,109].
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Artemis™~ mice grew normally but were deficient in lymphocyte development [110]. Artemis™~ MEF showed
increased IR sensitivity [110]. While coding joint formation in Artemis™~ MEF was greatly impaired, signal joint
formation was indistinguishable from the wild-type in rate and fidelity [110]. Since DNA-PKcs™~ MEF showed mildly

reduced fidelity, DNA-PKcs might have an Artemis-independent function in signal joint formation.

XLF~~ mice did not exhibit overt defects in growth and development [111]. There was a slight decrease in the
number of lymphocytes, but the distribution of mature lymphocytes was normal, although a mild defect in the class
switch recombination (CSR) was evident [111]. However, ES cells or MEFs showed increased IR sensitivity and
V(D)J recombination defects in both signal joint formation and coding joint formation [111]. These results
suggested the presence of a lymphocyte-specific mechanism to compensate for a XLF deficiency. XLF is shown to
have functional redundancy with ATM114l DNA-PKcsl13l and PAXX (see next). Of note, DNA-PKcs™~; XLF~~ mice
showed a reduction in birth ratio and body size at birth [115]. Additionally, signal joint formation in V(D)J
recombination was compromised in DNA-PKcs™~; XLF~~ mice, although it was mostly normal in Artemis™~, XLF™/~
mice [114,115]. This observation further supports the Artemis-independent function of DNA-PKcs in signal joint

formation.

PAXX™~ mice also showed normal growth and development, although they showed a slightly reduced survival after
y-ray irradiation [112,113]. PAXX™"; XLF~ mice were embryonic lethal, dying between E14.5 and E18.5. A
reduced body size became evident at around E10.5 [112,113], suggesting possible redundant functions between
PAXX and XLF.

These lines of evidence indicate that NHEJ is essential in growth and development. We can also see that the
requirement for DNA-PKcs is less pronounced than that of Ku70, Ku80, XRCC4 and LIG4.

2.4. Human Patient and Cells Deficient in DNA-PKcs: Manifested Importance in Human

To date, six human individuals have been reported to harbor homozygous or compound heterozygous mutations in
DNA-PKcs, as shown in Table 5. Five patients (P1 and P3-P5) are of Turkish origin and have a common
homozygotic mutation. Of two mutations, i.e., one deletion and one substitution of amino acid in each allele, the
latter is considered responsible for the diseasell8. |t is noteworthy that the expression of DNA-PKcs, its
autophosphorylation on Ser2056 and kinase activity appeared normal in the fibroblast derived from P1[116].
Moreover, when exogenously expressed in V3 cells, the mutated gene could accumulate on DNA damage induced
by laser micro-irradiation and recruit Artemis there as well[116]. These lines of evidence indicate that this mutation
is hypomorphic, retaining a substantial part of the DNA-PKcs functions. Nevertheless, this mutation increased the
length of the P-nucleotide in the coding joint, as in the case of patients with mutations in Artemis, indicating that this
mutant might be defective in the activation of Artemis[116]. Other patients with the same mutations showed

granuloma and/or autoimmunity, as well as SCIDLL7118],

Table 5. Human patients deficient in DNA-PKcs.
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. Ethnic Mutation ! and Clinical Cellular
G Origin DNA-PK Status Characteristics Characteristics G
HMZ
€.6338del3,
p.G2113del/
€.T9185G
' Increased IR-
PL F Turkish p.LBOG?R. SCID. sensitivity; Delay in [116]
(ID177) Protein _
. DSB repar.
expression
normal;
Kinase activity
normal.
SCID; Growth
CHTZ; failure;
C. exonle6; Microcephaly;
c.C10721T, Facial Increased IR-
P2 M British p.A3574V. stmorphlsm; sensitivity; Delay in 119
(NM720) Protein very low Seizures; Bilateral .
o1, ; DSB repair.
(~5% “); sensorineural
Kinase activity hearing loss; Visual
undetectable. impairment; Died at
31 months.
HMZ
€.6338del3, ) )
P3 M Turkish p.G2113del/ Sill?{o icr’:f]‘q”u”r:ﬁma’ Not described. [117]
c.T9185G, 4
p.L3062R.
HMZ
€.6338del3, ] ]
P4 F Turkish p.G2113del/ S%)tb i(fr:z]”u“r:‘i’tma’ Not described. [117]
c.T9185G, &
p.L3062R.
HMZ
€.6338del3, ) )
PS5 F Turkish p.G2113del/ SC'DASr:‘:‘iES'Oma’ Not described. [118]
€.T9185G, '
p.L3062R.
HMZ
€.6338del3, ] ]
P6 F Turkish p.G2113del/ SC'DD’i:rrr":]r;‘;"’ma’ Not described. [118]
€.T9185G, '
p.L3062R.

One patient (P2) of British origin had a distinct compound heterozygotic mutation [119]. This patient was first given
clinical attention due to poor intrauterine growth and, after birth, showed various symptoms, including
microcephaly, facial dysmorphism, seizures and other neurological abnormalities, in addition to SCID [119]. He

died at 31 months of age because of intractable seizures [119]. Unlike the case of P1, the expression of DNA-PKcs
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in the fibroblast from P2 was very low, and the kinase activity was not detectable [119]. These observations
suggested a more severe defect in DNA-PKcs functions in P2 than in P1, causing growth and neuronal defects in
addition to immunodeficiency. Nonetheless, the DNA-PKcs in this patient might have been partially functional,
because the treatment of fibroblasts from the patient prolonged the decline of the y-H2AX foci after IR [119].
Additionally, the A3574V mutant could partially restore the coding joint proficiency, with normal sequence, to DNA-
PKcs-deficient V3 cells, suggesting that this mutant is capable of activating Artemis [119].

Thus, human individuals with null-functional DNA-PKcs have not been found so far and might not be viable at all. In
addition, the attempts to establish Ku70~~ and Ku80~~ cells from HCT116 or Nalm-6 failed, and these genes
proved indispensable for the viability of human cellsl2221211i122] The |ethality might be due to telomere deletion in
the form of telomeric circles, which should be suppressed by Ku86 [122]. Ku86 was also shown to suppress
alternative, DNA polymerase 8-mediated NHEJ (A-NHEJ, A-EJ or TMEJ), which are thought more susceptible to
errors than classical NHEJI23, The expression of DNA-PKcs and DNA-PK kinase activity in human cells were
reported to be higher than in rodent cells by one or two orders of magnitude [11,17,95]. Human colon cancer
HCT116 cells exhibit a haploinsufficiency of DNA-PKcs in terms of various functions; DNA-PKcs*- showed a
slower proliferation and higher sensitivity to IR and etoposide, as well as a shorter telomere length than DNA-
PKcs™* cells [76] (Table 1). Ku70 and Ku80 also exhibit haploinsufficiency in terms of cell proliferation, IR
sensitivity and telomere length [120][121][122][123]124], On the other hand, cells lacking XRCC4 or LIG4 were
established from several cell lines and were shown to be viable [78][79][125]12611271[128] Thyjs is in contrast to
the situation in mice, where the absence of XRCC4 and LIG4 results in more severe consequences
than the absence of Ku70 or Ku80. These lines of evidence indicate that the importance of DNA-
PKcs and Ku might be manifested in humans as compared to other mammalian species.
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