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The DNA-dependent protein kinase (DNA-PK) complex is a serine/threonine protein kinase comprised of a
469-kDa catalytic subunit (DNA-PKcs) and the DNA binding regulatory heterodimeric (Ku70/Ku86) complex
Ku. DNA-PK functions in the nonhomologous end-joining pathway for the repair of DNA double-stranded
breaks (DSBs) introduced by either exogenous DNA damage or endogenous processes, such as lymphoid V(D)J
recombination. Not surprisingly, mutations in Ku70, Ku86, or DNA-PKcs result in animals that are sensitive
to agents that cause DSBs and that are also immune deficient. While these phenotypes have been validated in
several model systems, an extension of them to humans has been missing due to the lack of patients with
mutations in any one of the three DNA-PK subunits. The worldwide lack of patients suggests that during
mammalian evolution this complex has become uniquely essential in primates. This hypothesis was substan-
tiated by the demonstration that functional inactivation of either Ku70 or Ku86 in human somatic cell lines
is lethal. Here we report on the functional inactivation of DNA-PKcs in human somatic cells. Surprisingly,
DNA-PKcs does not appear to be essential, although the cell line lacking this gene has profound proliferation
and genomic stability deficits not observed for other mammalian systems.

The repair of DNA double-stranded breaks (DSBs) is cru-
cial for cell survival, the maintenance of genomic integrity, and
the prevention of tumorigenesis (48). DSBs can be caused by
exposure to a variety of exogenous agents, including ionizing
radiation (IR) and chemotherapeutic agents (reviewed in ref-
erences 31 and 47), as well as being generated by endogenous
cellular mechanisms such as variable (diversity) joining
[V(D)J] and class switch recombination, processes required for
the maturation of B and T lymphocytes (reviewed in reference
71). Moreover, the terminus of every linear chromosome pre-
sents the cell with a naturally occurring double-stranded DNA
(dsDNA) end, i.e., a telomere, and this must be specifically
regulated in order to ensure the stable maintenance of the
genome (reviewed in reference 19). Because of the importance
of DNA repair, immune function, and genomic stability for
organismal well-being, eukaryotes have evolved at least two
major mechanisms for the repair of DSBs: homologous recom-
bination (HR) (reviewed in references 46 and 77) and nonho-
mologous end joining (NHEJ) (reviewed in reference 47).

In lower eukaryotes, HR, in which large stretches of homol-
ogy between the donor and the recipient DNAs are required,
appears to be the major—and often virtually exclusive—path-
way for general DNA DSB repair. In higher eukaryotes, HR
also plays very important, if not essential, roles in meiosis,
sister chromatid exchange, and the repair of stalled or col-

lapsed DNA replication forks (reviewed in references 46 and
77). Moreover, HR is the mechanism that permits gene tar-
geting, a technology used extensively in research and clinical
settings (reviewed in reference 32).

Despite the importance of HR in higher eukaryotes and
especially in mammals, the process of NHEJ in which two
DNA ends are joined together irrespective of their DNA se-
quence homology nonetheless predominates. At least seven
proteins are required for NHEJ: Ku70, Ku86, DNA-PKcs,
LIGIV, XRCC-4, Cernunnos/XLF, and Artemis. The het-
erodimeric Ku proteins Ku70 and Ku86 (reviewed in reference
33) and DNA-PKcs (the DNA-dependent protein kinase com-
plex catalytic subunit) form a trimer that constitutes the
DNA-PK (DNA-dependent protein kinase) complex, whose
serine/threonine kinase activity is important for NHEJ (re-
viewed in reference 52). In addition, the LIGIV complex is
composed of LIGIV (DNA ligase IV), XRCC4 (X-ray cross
complementing 4), and Cernunnos/XLF (XRCC4-like factor)
and is required to seal virtually all DSBs generated during
NHEJ (reviewed in reference 67). The seventh factor, the
nuclease Artemis, plays a crucial, albeit poorly defined, role in
many aspects of NHEJ (56). The importance of the NHEJ
genes for human health is emphatically demonstrated by the
existence of patients who have mutations of LIGIV (60, 65),
Artemis (56), or XLF (10) and who, without exception, present
with IR sensitivity, immune deficiency, and/or cancer predis-
position.

Given the existence of other NHEJ-deficient patients, it is
surprising that patients with mutations for XRCC4, Ku70,
Ku86, and DNA-PKcs have yet to be identified or described. In
mice, the functional inactivation of XRCC4 results in lethality
(24), and if the essential feature of this gene is conserved in
humans, this would perforce explain its absence in patients.
Similarly, although Ku70 and Ku86 knockout mice are viable
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(reviewed in reference 33) and a plethora of Ku-null cell lines
have been described previously (81), no spontaneous whole
animal models defective in either Ku subunit have ever been
reported. Moreover, functional inactivation via gene targeting
of Ku70 (17) or Ku86 (44) results in nonviable human somatic
cell lines. Extrapolation of these observations concerning Ku
to humans suggests that the human Ku subunits are essential,
and this explains the absence of Ku-deficient patients.

The reason for the lack of DNA-PKcs-deficient patients,
however, is not so obvious. Mice made functionally null for
DNA-PKcs via gene targeting are viable (8, 23, 72). Moreover,
spontaneous mutation of the DNA-PKcs gene has occurred at
least four times in three different mammalian species—twice in
mice (9, 35), once in a dog (53), and once in a horse (51)—and
each time this has resulted in viable animals. Thus, the absence
of DNA-PKcs is clearly still compatible with proper develop-
ment in most mammals. Moreover, a human somatic cell line,
MO59J, which harbors a nonsense frameshift mutation in the
DNA-PKcs gene and is thus functionally null (5, 43), has been
described previously (3). In addition, numerous investigators
have attempted to phenocopy the DNA-PKcs-null condition in
a variety of human somatic cell lines with pharmacological
inhibitors and molecular (e.g., RNA interference, antisense
oligonucleotides, etc.) approaches and have generally achieved
significant inhibition (reviewed in reference 12). The latter
technologies, however, invariably failed to achieve a complete
knockdown of DNA-PKcs expression. Moreover, MO59J,
which has been used extensively by researchers in the field for
the past decade and a half (reviewed in reference 52), is an
abnormal cell line. First, since the patient and the tumor from
which MO59J was derived were wild type (WT) for DNA-PKcs,
the mutation was generated spontaneously during propagation
of the glioma in cell culture (3, 43). Second, in addition to
being defective for DNA-PKcs, MO59J has defective p53 (4)
and diminished ataxia telangiectasia mutated (ATM) (74) ex-
pression. Third, these specific DNA repair gene defects are
superimposed on an aneuploid (nearly pentaploid) karyotype
(5). Consequently, whether the mutation in DNA-PKcs caused
these additional abnormalities or whether DNA-PKcs-deficient
human somatic cells are viable only under these highly aber-
rant karyotypic conditions is unknown.

To explore the requirement for DNA-PKcs expression in
humans/human somatic cells in more detail, we attempted to
disrupt via gene targeting the DNA-PKcs gene in the human
adenocarcinoma somatic tissue culture cell line HCT116.
While HCT116 is an immortalized and transformed cell line, it
is diploid, has a stable karyotype, and is wild type for most
DNA repair, DNA checkpoint, and chromosome stability
genes (reviewed in reference 32). We describe here the isola-
tion and characterization of HCT116 cell lines that are het-
erozygous and null for DNA-PKcs expression. These experi-
ments demonstrate that DNA-PKcs is not an essential gene in
human somatic cells, and they provide a clear demonstration
for a separation of function between Ku and DNA-PKcs.
Moreover, the phenotypes of the DNA-PKcs-null cell line, such
as profound growth retardation, IR sensitivity, shortened telo-
meres, and increased genetic instability, collectively shed light
on the role of DNA-PKcs in human cells. Last, but nonetheless
importantly, these cell lines should provide the field with pow-
erful tools for the characterization of DNA-PK and NHEJ.

MATERIALS AND METHODS

Cell culture. Human wild-type HCT116 cells were cultured in McCoy’s 5A
medium containing 10% fetal calf serum, 100 U/ml penicillin, and 50 U/ml
streptomycin and supplemented with 2 mM L-glutamine. The cells were incu-
bated at 37°C in a humidified incubator with 5% CO2. All cell lines derived from
correct targeting were grown in the presence of 1 mg/ml G418.

Targeting vector construction. The targeting vectors were constructed utilizing
a system described by Kohli et al. (39). Briefly, the left and right homology arms
(left HA and right HA, respectively) for the DNA-PKcs exon 81 to 83 targeting
vector were constructed by PCR from HCT116 genomic DNA. The primers used
to construct the left HA for DNA-PKcs were CS8183P1, 5�-ATACATACGCG
GCCGCGTGGCGGGCGCCTGTAATCC-3�, and CS8183P2, 5�-GCTCCAGC
TTTTGTTCCCTTTAGGGCAAAGATCACCAAGAATTC-3�. The right HA
was constructed using the primers CS8183P3, 5�-CGCCCTATAGTGAGTCGT
ATTACGCTGTGCTCTCGTGATCCTGGGC-3�, and CS8183P4, 5�-ATACAT
ACGCGGCCGCCAAGCAGACAATCCTAAATAC-3�. The arms were used in
a fusion PCR, together with a 4-kb PvuI restriction enzyme fragment containing
the drug selection marker. The fusion PCR product was gel purified and ligated
to the pAAV backbone by use of NotI restriction enzyme sites to construct the
final targeting vector.

Packaging and isolating virus. The targeting vector (8 �g) was mixed with
pAAV-RC and pHelper plasmids (8 �g of each) from an adeno-associated virus
(AAV) helper-free system (Stratagene) and was transfected into AAV 293 cells
(Invitrogen) by use of Lipofectamine 2000 (Invitrogen). Virus was isolated from
the AAV 293 cells 48 h after transfection by use of a freeze-thaw method (39).

Infections. HCT116 and NALM-6 cells were grown to �70 to 80% confluence
in six-well tissue culture plates. Fresh medium (1.5 ml) was added to the cells 3 h
prior to addition of the virus. The required volume of the virus was added
dropwise to the plates. After a 2-h incubation at 37°C, another 1.5 ml of medium
was added to the plates. After a further 48-h incubation, the cells were trans-
ferred to 96-well plates at dilutions designed to obtain single colonies and placed
under selection (1 mg/ml G418).

Isolation of genomic DNA and genomic PCR. Genomic DNA for PCR screen-
ing was isolated using a Puregene DNA purification kit (Gentra Systems). Cells
were harvested from confluent wells from a 24-well culture dish. DNA was
dissolved in a final volume of 50 �l, 1 �l of which was used in each PCR. For
DNA-PKcs

�/� targeting events, PCR was carried out at both the 5� and 3� sides
of the targeted locus. For the 5� end, a control PCR was performed using the
primer set LArmR, 5�-GCTCCAGCTTTTGTTCCCTTTAG-3�, and CS8183P1,
5�-ATACATACGCGGCCGCGTGGCGGGCGCCTGTAATCC-3� (Fig. 1D).
Correct targeting was determined using LArmR and PKcs81-83F1, 5�-CTCAT
ACTTACTATGGATTGTGTGTATATCTACC-3� (Fig. 1D). For the 3� end,
the control PCR was carried out using the primer set RArmF, 5�-CGCCCTAT
AGTGAGTCGTATTAC-3�, and CS8183P4, 5�-ATACATACGCGGCCGCCA
AGCAGACAATCCTAAATAC-3� (Fig. 1D). PCR to screen for correctly tar-
geted clones was performed using RArmF and PKcs81-83R1, 5�-CCTCAGCA
GTCCCCTTATTTCTCCAA-3� (Fig. 1D). For the second round of targeting for
DNA-PKcs

�/� targeting events, PCR was carried out at the 3� side of the
targeted locus. Since the LoxP sites used to remove the neomycin (Neo) cassette
from the DNA-PKcs

�/� cell line are located upstream and downstream of the
vector sequences, a vector-specific primer, pNeDaKOF2, 5�-GTGGCCGAGGA
GCAGGACTGAATAAC-3�, as opposed to RArmF, was used (Fig. 1E). For
confirmation of DNA-PKcs

�/� targeting events, PCR primers that span the
targeted locus were used. These include 8183F1, 5�-CTATTTTTCAATGAATT
CTTGGTGATCTTTGCC-3�; 8183F2, 5�-TCCTAATTCCAATTCCCCTTTTC
TCACTC-3�; 8183R1, 5�-AACGCATGCCCAAAGTCGATCCCG-3�; and
8183R2, 5�-CCTTGCCCAGGATCACGAGAGCACAGC-3�.

Isolation of genomic DNA and Southern hybridizations. Chromosomal DNA
was prepared, digested, subjected to electrophoresis, and then transferred to a
nitrocellulose membrane as described previously (42). The membrane was hy-
bridized with a 5� probe, a 3� probe, or an internal Zeomycin (Zeo) probe (Fig.
1C) to detect correct targeting of the PKcs81-83 targeting vector. The 5� probe
corresponded to 634 bp of a region 5� of the targeting vector and was made by
PCR with the primers PKcs81-83.5SF1, 5�-CAATTAACATGTACATTTTAAC
CACAAGGTTTT-3�, and PKcs81-83.5SR1, 5�-GGGTATTGGAAGTGCCCT
GTAAAAAGGCAG-3�, while the 3� probe corresponded to 644 bp of a region
3� of the targeting vector and was made by PCR with the primers PKcs81-
83.3SF1, 5�-GATTGTATATACCATTATGATCAGCCGGG-3�, and PKcs81-
83.3SR1, 5�-CAAGAGAAAACTTTAAGGCTAACCTAAAAGCC-3�. The
Zeo probe was obtained from the pNeDaKO Neo vector as a 416-bp AflIII-plus-
ApaLI restriction fragment, which includes the entire Zeo coding region. The
PCR products were electrophoresed on a 1% agarose gel and gel purified prior
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to use. A Prime-It II kit (Stratagene) was used to radiolabel the Southern probe
with [�-32P]dATP. For the 5� Southern analysis, genomic DNA was digested with
SpeI to generate a parental band of 6,430 bp and a targeted band of 2,883 bp. For
the 3� and internal Southern analyses, genomic DNA was digested with HindIII,
which yielded a parental band of 8,631 bp and a targeted band of 10,136 bp.

Whole-cell-extract preparation. Cells were trypsinized and washed twice with
phosphate-buffered saline (PBS). For whole-cell extraction, cells were boiled in
DNase buffer (Gibco) for 10 min. The samples were then digested with DNase
I (0.1 U/�l; Gibco) for 10 min at 37°C. The samples were finally boiled in 5�
sodium dodecyl sulfate buffer (0.225 M Tris-HCl, pH 6.8, 50% [vol/vol] glyc-
erol, 5% sodium dodecyl sulfate, 0.05% bromophenol blue, 0.14 M �-mer-
captoethanol).

Nuclear-extract preparation. Nuclear extracts were prepared according to the
protocol supplied with a CelLytic NuCLEAR extraction kit (Sigma). Briefly, cells
were collected and washed with cold PBS. The cells were then resuspended in
lysis buffer (50 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 15 mM CaCl2, 1.5 M
sucrose) and kept on ice for 15 min, followed by mixing by inversion. Centrifu-
gation was carried out to obtain a pellet that was then resuspended in extraction
buffer (20 mM HEPES, pH 7.9, 1.5 mM MgCl2, 0.42 M NaCl, 0.2 M EDTA, 25%
[vol/vol] glycerol). The suspension was agitated for 30 min at 4°C and centri-
fuged. The supernatant from the final centrifugation step was collected as the
nuclear extract.

Immunoblotting. For immunoblot detection, proteins were subjected to elec-
trophoresis on a 4 to 20% gradient gel (Bio-Rad), electroblotted onto a nitro-
cellulose membrane, and detected as described previously (28).

DNA end binding assay. Ku DNA end binding activity was measured by a gel
mobility shift assay as described previously (29), with some modifications. A
43-bp dsDNA obtained by annealing two single-stranded oligonucleotides was
radiolabeled with [	-32P]ATP by use of T4 polynucleotide kinase. Radiolabeled
DNA (�4 ng) was incubated with 1 �g of nuclear protein in 15 �l of binding
buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA, 10% glycerol, 200 mM NaCl),

with 1 �g of circular TA plasmid (Invitrogen) as the competitor, on ice for 5 min.
Electrophoresis was then carried out using a 5% native polyacrylamide gel for 3 h
at 130 V. The gel was dried and exposed to X-ray film for �15 to 30 min at
�80°C.

DNA-PK assay. Nuclear extracts were incubated on ice for 15 min with pre-
swollen dsDNA-cellulose (Sigma). Nuclear extract (100 �g) was used with each
sample. Following incubation on ice, the samples were washed twice in Z� 0.05
buffer (25 mM HEPES-KOH, 50 mM KCl, 10 mM MgCl2, 20% glycerol, 0.1%
Igepal, 1 mM dithiothreitol). After the washing steps, the samples were centri-
fuged and the precipitate was resuspended in 100 �l Z� 0.05 buffer. The sample
was then incubated at 30°C for 15 min with either a good DNA-PK substrate
peptide (EPPLSQEAFADLLKK) or a mutant peptide (EPPLSEQAFADL
LKK) and [	-32P]ATP. The wild-type peptide can be phosphorylated by
DNA-PK at the serine residue, while the mutant peptide is not recognized by
DNA-PK. Following incubation, polyacrylamide gel electrophoresis was carried
out. The gel was vacuum dried and exposed to X-ray film. The amount of
phosphorylated peptide was quantified using a phosphorimager.

Cell proliferation assay. To obtain a growth curve, 4 � 103 HCT116 cells were
plated out in each well of a six-well plate in duplicate. Cell numbers were
determined using a hemocytometer every day thereafter starting at day 4, utiliz-
ing growth media without selection.

Plating efficiency assay. Parental HCT116, DNA-PKcs
�/�, and DNA-PKcs

�/�

cells were plated at increasing concentrations on six-well plates in triplicate. For
each cell line, 100, 200, 300, and 400 cells per well were used. In addition, for
DNA-PKcs

�/� cells, 1,000 and 2,000 cells per well were included. Cells were
allowed to grow for 12 days before the colonies were fixed, stained, and counted
and plating efficiency was calculated as follows: (number of colonies/number of
cells plated) � 100. Additionally, because of their slow-growth phenotype, 100,
200, 300, and 400 DNA-PKcs

�/� cells were plated in triplicate and allowed to
grow for 3 weeks.

FIG. 1. Scheme for functional inactivation of the human DNA-PKcs locus. (A) Partial DNA-PKcs genomic locus. Sites for the restriction
enzymes HindIII and SpeI are shown. (B) Cartoon of the targeting vector. L-ITR and R-ITR, left and right inverted terminal repeats, respectively;
triangles, LoxP sites; PGK, phosphoglycerate kinase eukaryotic promoter; EM7, EM7 prokaryotic promoter; Zeo, Zeo resistance gene; Neo, Neo
resistance gene; and left HA and right HA, left and right homology arms, respectively, used to facilitate targeting by HR. (C) Cartoon of a
first-round targeted allele. Exons 81 to 83 on one chromosome have been replaced by the targeting vector. a, b, and Zeo are the external probes
that were used for Southern blot analysis. A unique SpeI restriction site in the targeting construct is shown. The left HA and right HA are now
drawn as checkered rectangles, and L-ITR and R-ITR are lost upon vector integration. (D) Primers used for the diagnostic PCR screening for
DNA-PKcs

�/� clones. (E) Primers used for the diagnostic second round of targeting PCR screening.
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X-ray survival assay. For the parental HCT116 and DNA-PKcs
�/� cell lines,

300 cells were seeded into each well of a six-well tissue culture plate about 10 to
12 h before irradiation. For the DNA-PKcs

�/� cell line, 3,000 cells were plated.
Cells were then X irradiated using a 137Cs source at doses of 0, 0.2, 0.5, 1.0, 2.5,
and 5.0 Gy. After irradiation, cells were allowed to grow for �10 days before the
colonies were fixed, stained, and counted and cell survival percentage was cal-
culated (42).

Telomeric TRF analysis. Terminal restriction fragment (TRF) analysis was
performed as described previously (58, 76), utilizing the restriction enzymes AluI
and MboI (New England Biolabs). The probe was the telomere-specific oligo-
nucleotide (Operon) (C3TA2)4.

Cytogenetic analysis and telomere FISH. G-banding cytogenetic and telomeric
fluorescent in situ hybridization (FISH) analyses were performed in the Cyto-
genetics Core Laboratory at the University of Minnesota as described previously
(58).

FACS analysis. Fluorescence-activated cell sorter (FACS) analyses were per-
formed in the Flow Cytometry Core Facility at the University of Minnesota.
Briefly, 1 � 106 cells were incubated with 20 �g/ml of propidium iodide in 1�
PBS containing 0.1% Triton X-100 and DNA content was determined with a
FACSCalibur (Becton Dickinson) instrument. Data were plotted using FlowJo
8.5.2 software; 25,000 events were analyzed per sample.

RT-PCR. Total RNA was isolated from cells by use of an RNeasy mini kit
(Qiagen). Reverse transcription PCRs (RT-PCRs) were performed using a Qia-
gen LongRange two-step RT-PCR kit. Briefly, 2 �g of total RNA was used as a
template for the first-strand cDNA synthesis primed by a DNA-PKcs-specific
reverse primer (PKcs84cDNAR, 5�-TCAAAATTTTTCCAATCAAAGGA-3�).
The resulting cDNAs were then used in a PCR with PKcs80F (5�-TGAACACC
ATGTCCCAAGAG-3�) and PKcs84R (5�-GGGCTCCTTGACAAACACATC-
3�). The expected size for a DNA-PKcs-specific product that includes exons 81 to
83 is 578 bp, while the deletion of exons 81 to 83 results in a product 214 bp long.

RESULTS

Generation of heterozygous DNA-PKcs
�/� HCT116 and

NALM-6 cell lines. A recombinant AAV (rAAV) was used for
the delivery of the targeting vector into the desired cell line
(39; also reviewed in references 32 and 78). The targeting
vectors contained �900-bp-long left and right HAs flanking a
Neo resistance selection cassette (Fig. 1B). DNA-PKcs (which
is also designated Prkdc, or protein kinase DNA-activated
catalytic subunit [55]) is a 469-kDa protein encoded by 87
exons that span an �250-kb region (q11) on chromosome 8
(21). Initially, we attempted to disrupt exon 1; however, no
correctly targeted clones were recovered from 372 G418-resis-
tant, control-PCR-positive clones analyzed (Table 1 and data
not shown). An additional attempt was then made to disrupt
exon 10. A total of 421 G418-resistant, control-PCR-positive

clones were analyzed, again without identifying a correctly
targeted clone (Table 1 and data not shown). Finally, we at-
tempted to disrupt a region at the 3� end of the locus that
contains three tightly clustered exons (81 to 83) (Fig. 1A). The
left HA for the DNA-PKcs targeting vector contained se-
quences 5� of exon 81, while the right HA contained sequences
3� of exon 83 (Fig. 1B). The selection cassette was an �2.8-kb
restriction fragment that contained the phosphoglycerate ki-
nase promoter, the Neo gene, the EM7 promoter, and the Zeo
resistance gene (Fig. 1B). The selection cassette was also
flanked on either end by LoxP sites. Correct targeting of the
endogenous genomic DNA-PKcs locus (Fig. 1A) removes ex-
ons 81, 82, and 83 (Fig. 1C) and is predicted to result in a
catalytically inactive DNA-PKcs since these exons encode the
kinase catalytic domain of DNA-PKcs. All rAAV integration
events resulted in the generation of G418-resistant colonies. In
order to screen these colonies for correct targeting events,
genomic DNA was isolated and diagnostic PCR analyses were
performed. Control PCRs were carried out using two sets of
primers. RArmF and CS8183P4 (Fig. 1D) were used to con-
firm the presence of the vector sequence in all G418-resistant
clones (Fig. 2, Vector Control), while CS8183P3 and PKcs81-
83R1 (Fig. 1D) were used to check for the quality of the
isolated DNA and to confirm the presence of DNA in the
parental cell line (Fig. 2, DNA Quality). Experimental screen-
ing PCR was also carried out, using the following two sets of
PCR primers: PKcs81-83F1 and LArmR for the 5� PCR and
RArmF and PKcs81-83R1 for the 3� PCR. LArmR and

FIG. 2. Identification of DNA-PKcs
�/� cell lines. Four diagnostic

PCRs were carried out: an experimental 5� PCR to confirm correct
targeting events on the 5� side, using the primers PKcs81-83F1 and
LArmR; an experimental 3� PCR to confirm correct targeting events
from the 3� side, using the primers RArmF and PKcs81-83R1; a vector
control PCR to confirm the presence of the targeting vector in the cell
lines, using the primers RArmF and CS8183P4; and a DNA quality
PCR to confirm the quality of the genomic DNA preparation, using
primers CS8183P3 and PKcs81-83R1. An ethidium bromide-stained
agarose gel picture is shown, with a 1-kb marker ladder on the far right.
Genomic DNA was isolated from two heterozygous clones (3B6 and
3C10), two randomly targeted clones (3D4 and 3F6), and the WT
HCT116 cell line.

TABLE 1. Summary of gene targeting experiments

Cell line Gene Exon(s)
No. of

colonies
screeneda

No. of
correctly
targeted
clonesb

Targeting
frequency

(%)c

NALM-6
(WT)

DNA-PKcs 81 to 83 432 1 0.2

HCT116
(WT)

DNA-PKcs 1 372 0 0.0

HCT116
(WT)

DNA-PKcs 10 421 0 0.0

HCT116
(WT)

DNA-PKcs 81 to 83 238 3 1.3

DNA-PKcs
�/� DNA-PKcs 81 to 83 638 17 2.7

a Drug-resistant clones that were also positive for the internal-control PCR.
b Drug-resistant clones that showed correct targeting by PCR.
c The targeting frequency is the number of correctly targeted colonies per 100

drug-resistant colonies screened.
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RArmF correspond to sequences unique to the targeting vec-
tor, while PKcs81-83F1 and PKcs81-83R1 reside externally in
the 5� and 3� flanking regions, respectively (Fig. 1D). A total of
238 HCT116 clones were screened in this manner, and correct
targeting events were observed for three independent clones,
for a targeting frequency of 1.3% (Table 1). The correct tar-
geting events in two of the clones (3B6 and 3C10) were con-
firmed by the 5� flanking PCR strategy, where both clones
showed the expected 1,148-bp PCR band (Fig. 2, 5�-PCR), and
by the 3� flanking PCR strategy, where the correct targeting
events resulted in the production of a 1,307-bp band (Fig. 2,
3�-PCR). The PCR bands resulting from correct targeting
events were absent from two randomly targeted clones (3D4
and 3F6) as well as the parental HCT116 cell line (Fig. 2).

Southern hybridization was used to confirm the targeting
events. Genomic DNA was isolated and digested with the
restriction enzyme SpeI or HindIII. Southern blot analysis was
then performed using a 5� probe (Fig. 1C, probe a), a 3� probe
(Fig. 1C, probe b), or a probe corresponding to the vector (Fig.
1C, probe Zeo). For the 5� Southern analysis, the appearance
of a novel �2.8-kb band, caused by the presence of an SpeI
restriction enzyme site introduced from the targeting vector,
confirmed that a correct targeting event had occurred in 3B6
and 3C10 (see Fig. S1A in the supplemental material). The
band was absent, as expected, from DNA isolated from the
parental HCT116 cell line and the randomly targeted clones
3D4 and 3F6 (see Fig. S1A in the supplemental material). For
the 3� Southern analysis, a novel �10.1-kb HindIII restriction
fragment, caused by replacing the 703-bp region containing
exons 81 to 83 with 2,208 bp from the targeting vector, con-
firmed that correct targeting events had occurred on one allele
in 3B6 and 3C10 (see Fig. S1B in the supplemental material).
This 10.1-kb fragment was absent, as expected, from the pa-
rental HCT116 cell line (WT) and the randomly targeted
clones 3D4 and 3F6, where only the endogenous 8.6-kb band
was observed (see Fig. S1B in the supplemental material).
Last, when genomic DNA from the indicated lines was cleaved
with HindIII and probed with Zeo, a single band of the pre-
dicted size (�10.1 kb) was observed in the presumptive tar-
geted clones and this band was absent from the parental line
(WT) and from the randomly targeted clones (3D4 and 3F6),
confirming that only a single viral integration event had oc-
curred in these lines. In summary, PCR and Southern analyses
confirmed the isolation of at least two independent DNA-
PKcs

�/� HCT116 cell lines.
An identical experimental protocol was utilized to disrupt

exons 81 to 83 of the DNA-PKcs gene in the B-cell line
NALM-6. A single correctly targeted clone (S137) from 432
G418-resistant, internal-control-PCR-positive clones was iden-
tified and characterized as described above (Table 1 and data
not shown).

Generation of a homozygous DNA-PKcs
�/� HCT116 cell

line. In order to construct a DNA-PKcs
�/� HCT116 cell line,

the DNA-PKcs
�/� cell line 3B6-3 (3B6 cells, subclone no. 3)

was transiently exposed to Cre recombinase. Cre should excise
the internal Neo cassette, which is flanked by LoxP sites, within
the integrated targeting vector (Fig. 1B). Eighteen single-cell
clones were picked and duplicated into medium containing or
lacking G418, and G418-sensitive clones were identified. Cor-
rect excision of the neomycin gene was confirmed by the gen-

eration of a diagnostic PCR product (data not shown). One
(3B6-3 Cre13.1) of several such clones obtained in this fashion
was used for a second round of gene targeting with the original
targeting vector containing the Neo cassette. Productive infec-
tion of 3B6-3 Cre13.1 cells should produce one of three po-
tential outcomes: (i) random targeting (the vast majority of the
events); (ii) correct targeting, but of the already inactivated
allele from the first round of targeting (i.e., “retargeting”); or
(iii) correct targeting of the remaining functional allele to
generate the desired null clone. Initially, 17 correctly targeted
clones from 638 G418-resistant, internal-control-PCR-positive
clones (targeting frequency of 2.7%) were identified using the

FIG. 3. Identification of a DNA-PKcs
�/� cell line. (A) Two diag-

nostic PCRs were carried out to confirm the loss of exon 81 to 83
sequences. One primer pair consisted of 8183F2 and 8183R1, and the
other primer pair consisted of 8183F2 and 8183R2. Clones no. 21, 23,
and 103 represent retargeted clones with one remaining wild-type
allele, whereas clone no. 52 represents the null cell line. An ethidium
bromide-stained agarose gel picture is shown, with a 1-kb-plus marker
ladder on the far right. A cartoon of the PCR strategy is shown below
the figure. (B) An RT-PCR analysis was carried out to demonstrate the
lack of full-length mRNA in the DNA-PKcs

�/� cell line. Total mRNA
from the indicated cell lines was reverse transcribed using the primer
PKcs84cDNAR or not reverse transcribed (WT �RT). This first-
strand cDNA was then used in a PCR with primers PKcs80F and
PKcs84R, and the products were identified on an ethidium bromide-
stained agarose gel. The predicted full-length product is 578 bp, and a
product derived from skipping from exon 80 to 84 should yield a
214-bp product. A cartoon of the RT-PCR strategy is shown below the
figure.
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primers pNeDaKOF2 and PKcs81-83R1 (Fig. 1E, Table 1, and
data not shown). A diagnostic PCR strategy was then utilized
to distinguish retargeting from null events (Fig. 3A). Strikingly,
16 of the 17 clones were retargeted. This conclusion was sub-
stantiated by the fact that although these 16 clones were cor-
rectly targeted (data not shown), they still retained exon 81, 82,
and 83 sequences (e.g., clones no. 21, 23, and 103) (Fig. 3A and
data not shown). A single clone (3B6-3 Cre13.1 no. 52, herein
referred to as DNA-PKcs-null or DNA-PKcs

�/� cells) lacked
exon 81, 82, and 83 sequences (Fig. 3A).

To confirm that no full-length DNA-PKcs mRNA was being
produced in the DNA-PKcs-null cells, poly(A)� mRNA was
isolated and first-strand cDNA was generated using a primer
(PKcs84cDNAR) that spanned exon 84 and 85 sequences, en-
suring that only mRNA, and not genomic DNA, would be
amplified (Fig. 3B). This cDNA was then subjected to PCR
using primers (PKcs80F and PKcs84R) complementary to se-
quences located in exons 80 and 84, respectively (Fig. 3B). A
578-bp PCR product corresponding to the region encompass-
ing exons 80 to 84 was produced from mRNA isolated from the
parental cell line (WT), a randomly targeted clone (3D4), and
a DNA-PKcs

�/� cell line (3B6-3) but was absent from the
DNA-PKcs

�/� cells (Fig. 3B), demonstrating that the DNA-

PKcs-null cell line did not produce detectable full-length DNA-
PKcs mRNA. A truncated 214-bp product that corresponded to
a cDNA template in which exons 81, 82, and 83 had been
skipped was detected in the DNA-PKcs

�/� and DNA-PKcs
�/�

cell lines. Since skipping from exon 80 to 84 generates a frame-
shift within the DNA-PKcs open reading frame that quickly
results in a stop codon, this analysis predicted that no func-
tional full-length DNA-PKcs protein would be produced in
DNA-PKcs

�/� cells.
Primary characterizations. The removal of exons 81 to 83

(which encode amino acids 3831 to 3950) (Fig. 4B) in the C
terminus of DNA-PKcs should result in the production of a
truncated 435-kDa protein due to the introduction of a pre-
mature stop codon regardless of whether exon 80 splices to
exon 84 (e.g., Fig. 3B) or whether intron 80 is incorporated into
the mature mRNA. The expression levels of the wild-type and
the putative truncated DNA-PKcs proteins in the DNA-
PKcs

�/� and DNA-PKcs
�/� cell lines were determined by im-

munoblot analysis using either a mouse monoclonal antibody
generated against the N-terminal 2,713 amino acids of DNA-
PKcs or a rabbit polyclonal antibody directed against the C
terminus of DNA-PKcs (amino acids 3965 to 4127) (Fig. 4C).
The DNA-PKcs

�/� clones expressed DNA-PKcs at a level of

FIG. 4. DNA-PKcs
�/� cells have diminished levels and DNA-PKcs

�/� cells have nondetectable levels of DNA-PKcs protein. (A) Whole-cell
extract was prepared from wild-type HCT116 (WT), clone 3B6-3 no. 23 (DNA-PKcs

�/�), and clone no. 52 (DNA-PKcs
�/�) cells. The extracts were

analyzed by immunoblotting for DNA-PKcs using either a C-terminal or an N-terminal DNA-PKcs antibody. An �-tubulin antibody was used as
a loading control. In each panel, single blots that were probed sequentially with the two different antibodies are shown. Phosphorimager
quantitation of the DNA-PKcs portion of the blot is shown below the gels. The approximate predicted position of the putative truncated DNA-PKcs
protein is shown on the far left (marked with an asterisk). Molecular size markers are shown on the far right. (B) Cartoon of the DNA-PKcs protein
and the amino acids that should be missing due to the targeting event (amino acids 3831 to 3950). Note that since the targeting event should
generate a nonsense mutation, amino acids 3951 to 4127 should also be missing in the putative truncated protein. (C) Cartoon of the regions of
DNA-PKcs that were used in generating the antibodies (Ab).
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�50% (with �-tubulin as a loading control) of that observed
for the parental cells (Fig. 4A), while the DNA-PKcs

�/� cells
contained no detectable wild-type or truncated protein (Fig.
4A). The complete absence of DNA-PKcs protein in the DNA-
PKcs

�/� cell line suggested that the expected 435-kDa C-ter-
minally truncated DNA-PKcs protein was highly unstable, a
conclusion for which there is ample precedent (38, 53, 62, 79).

To confirm that the loss of DNA-PKcs protein resulted in the
loss of functional activity in the DNA-PKcs

�/� cell line,
DNA-PK assays were performed. Nuclear extract was pre-
pared from the cell lines indicated in Fig. 5 and incubated
either with a peptide derived from p53 with a consensus phos-
phorylation site for DNA-PK or with a control peptide in
which that site had been mutated (20). The HCT116 DNA-
PKcs

�/� cell line had diminished (19.3% 
 13.0%, n � 2)
DNA-PK activity compared to that of the parental cell line,
while the DNA-PKcs

�/� cell line had no detectable DNA-PK
activity whatsoever (Fig. 5). Extracts from two human glioma
cell lines, M059K and M059J, which are known to be positive
and negative, respectively, for DNA-PK activity, were used as
controls. The activity detected with the control cell lines agreed

with published results (43), confirming that the assay was de-
tecting only DNA-PK activity.

Finally, to examine whether the loss of DNA PK activity was
due to a defect in the Ku heterodimer, the activity of Ku in this
cell line was quantitated based upon Ku’s ability to bind to
dsDNA by use of an electrophoretic mobility shift assay (64).
By use of a radioactive dsDNA probe of 43 bp in length and
nuclear extracts prepared from parental (WT), DNA-PKcs

�/�,
and DNA-PKcs

�/� cells, the binding of Ku to the ends of the
dsDNA can be quantitated. The DNA-PKcs

�/� and the DNA-
PKcs

�/� cell lines had no obvious defects in Ku DNA end
binding activity and, if anything, exhibited an increase in ac-
tivity respective to that of the wild type (see Fig. S2 in the
supplemental material). As expected, extracts prepared from
cell lines with reduced Ku70 (clone no. 53 [18]) or Ku86 (clone
no. 70-32 [44]) expression showed lower DNA end binding
activity. From this experiment, we concluded that the loss of
DNA-PK activity in the DNA-PKcs

�/� cell line was due to the
loss of DNA-PKcs, and not Ku, expression.

In summary, based upon the molecular characterizations
(Fig. 2 and 3), the immunoblot and RT-PCR analyses (Fig. 4),
and the DNA-PK activity assays (Fig. 5), we concluded that the
DNA-PKcs

�/� cell line was indeed null for DNA-PKcs expres-
sion and activity.

Biological endpoints. Human HCT116 cells heterozygous
for Ku70 (18) and Ku86 (44) display a haploinsufficient growth
defect. Moreover, after undergoing a second successful gene
targeting event, Ku86-null cell lines grew extremely slowly for
8 to 10 cell divisions before ultimately succumbing. Since Ku
functions with DNA-PKcs in the DNA-PK complex, we hypoth-
esized that human cells reduced or deficient for DNA-PKcs

might also have a growth defect. This seemed to be a partic-
ularly important issue, since this phenotype is not observed
with rodents, as only Ku-deficient (45, 59, 61, 82) and not
DNA-PKcs-null (8, 23, 35, 72) mice show growth defects. To
experimentally quantitate this property, equal numbers of cells
for all of the cell lines were plated out in duplicate on day 0 and
then the cell number was determined beginning 4 days there-
after for 9 days. Both the DNA-PKcs

�/� (clone 3B6-3) and
DNA-PKcs

�/� cell lines showed a significantly reduced rate of
growth compared to that of the parental HCT116 cells (Fig. 6).
The doubling time of the 3B6-3 DNA-PKcs

�/� cell line was
24.1 (
0.1) h, which was slightly slower than that of the pa-
rental line, at 22.8 (
0.4) h. The DNA-PKcs

�/� cell line, in
contrast, showed a remarkably severe growth defect, with a
doubling time of 39.8 (
2.4) h.

The growth deficit in the DNA-PK-null cell line seemed
empirically to be most severe when the cells were subcultured
at a low cell density (data not shown). To quantitate this effect,
the plating efficiencies for HCT116 WT, DNA-PKcs

�/�, and
DNA-PKcs

�/� cells were determined. HCT116 WT cells had a
plating efficiency of 58.6% (
9.5%) (n � 12), while DNA-
PKcs

�/� and DNA-PKcs
�/� cells had efficiencies of 35.4%

(
3.9%) (n � 12) and 2.3% (
1.6%) (n � 12), respectively.
Thus, DNA-PKcs

�/� cell lines are haploinsufficient and DNA-
PKcs

�/� cell lines are profoundly defective for cell prolifera-
tion and survival at a low cell density.

DNA damage sensitivity. A universal role for DNA-PKcs is
in DNA DSB repair, and lowered levels of DNA-PKcs would
be expected to sensitize cells to DNA-damaging agents. In-

FIG. 5. DNA-PKcs
�/� cells have diminished levels and DNA-

PKcs
�/� cells have undetectable levels of DNA-PK activity. (Top)

DNA-PK activity was assessed by incubating nuclear extracts from the
indicated cell lines with [	-32P]ATP and peptides that either can (�) or
cannot (�) be phosphorylated by DNA-PK. After incubation, polyac-
rylamide gel electrophoresis was performed and the radioactivity in-
corporated in the peptides was quantitated. The positions of the free
probe and the phosphorylated peptides are shown. (Bottom) Phos-
phorimager quantitation of the kinase assays. Blots similar to that
shown in the top panel were quantitated using a phosphorimager. The
graph represents the average relative DNA-PK activity levels (
stan-
dard deviations) from two experiments.
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deed, DNA-PKcs
�/� cells were slightly sensitive to etoposide

(Fig. 7A), a topoisomerase II poison and a potent inducer of
DNA DSBs (54). The DNA-PKcs

�/� cells were as sensitive as
HCT116 Ku70�/� cells, a cell line known to be sensitive to
agents causing DSBs (18). In contrast to these heterozygous
cell lines, the DNA-PKcs

�/� cells (even when plated at a 10-
fold-higher concentration to accommodate the plating effi-
ciency issue described above) were more than an order of
magnitude more sensitive to etoposide than the parental cells
(Fig. 7A). To confirm these studies, the sensitivity of the cell
lines to IR was determined. The D37 (the dose required to
reduce survival to 37%) for the parental cell line was 3.0 Gy,
the D37 for the DNA-PKcs

�/� line was 1.8 Gy, and the D37 for
the DNA-PKcs

�/� line was 0.2 Gy (Fig. 7B). Thus, DNA-PKcs-
reduced and -deficient cells had slight and profound sensitivi-
ties, respectively, to agents that cause DNA DSBs.

To extend this analysis, the effect of IR on cell cycle pro-
gression and checkpoint function in the mutant cell lines was
examined. Asynchronous populations of the parental (WT),
DNA-PKcs

�/�, and DNA-PKcs
�/� cells were either left un-

treated or exposed to 5 Gy of IR and then analyzed by FACS
analysis at various times postirradiation (Fig. 8). Untreated
populations of the three cell lines were virtually indistinguish-
able by FACS, with the exception of a slightly higher fraction
of apoptotic cells in the DNA-PKcs

�/� population. The re-
sponses of WT and DNA-PKcs

�/� cells to IR were the same.
Both cell lines showed a strong G2 arrest at 12 h postirradia-
tion and then appeared to resume cell cycle progression such
that by 72 h postirradiation the only obvious change from the
untreated profiles was a higher fraction of apoptotic cells and
a corresponding reduction in the G2 population. In contrast,
DNA-PKcs

�/� cells, although they also showed an initial G2

arrest, never appeared to recover from the IR exposure. In

particular, a significant fraction of the cells appeared to be-
come aneuploid within 48 h postirradiation, and by 72 h 45%
of the total population had become either apoptotic or aneu-
ploid (Fig. 8). From these experiments, we concluded that all
of the cell lines initially respond normally to IR exposure. This
conclusion was supported by the observation that all three cell
lines showed robust phosphorylation of p53 at serine 15 fol-
lowing IR exposure (see Fig. S3 in the supplemental material),
suggesting that the upstream checkpoint kinases were intact.
We also concluded that although DNA-PKcs

�/� cells initially
respond normally to IR, they are severely impaired in exiting

FIG. 6. Growth defects of human somatic cells with reduced and
no DNA-PKcs expression. Wild-type (WT), DNA-PKcs

�/�, and DNA-
PKcs

�/� HCT116 cells were seeded on tissue culture plates (4 � 103),
and the increase in cell number was determined by counting trypan
blue-excluding cells with a hemocytometer at daily intervals. The av-
erages (
standard deviations) of two experiments, each done in du-
plicate, are shown.

µ

FIG. 7. DNA-PK-deficient cells are sensitive to DNA-damaging
agents. (A) Etoposide sensitivity. For the parental HCT116 (WT) and
Ku70�/� cells, 300 cells were seeded on tissue culture plates in dupli-
cate and exposed to the indicated levels of etoposide. For DNA-
PKcs

�/� and DNA-PKcs
�/� cells, 1,000 and 3,000 cells were used,

respectively. Cells surviving to form colonies of at least 50 cells after 10
or 15 (DNA-PKcs

�/� cells) days were scored. (B) IR sensitivity. For
HCT116 WT and DNA-PKcs

�/� cells, 300 cells were seeded on tissue
culture plates in duplicate and X irradiated at the indicated doses. For
DNA-PKcs

�/� cells, 3,000 cells were treated similarly. Cells surviving
to form colonies of at least 50 cells after �10 days were scored. Both
profiles show the averages (
standard deviations) of at least two
experiments.
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from a G2 arrest and instead engage either a cell death (apop-
tosis) or an aberrant mitotic (aneuploidy) program.

Telomeric defects. In humans, the inactivation of even one
allele of either Ku70 or Ku86 generally leads to shortened
telomeres (18, 34, 58), although this is not observed for all
human cell lines (18, 75). To test whether this observation was
also true for the HCT116 DNA-PKcs

�/� and DNA-PKcs
�/�

cell lines, a TRF assay (50) was performed. Telomeric DNA,
which is made up of only a T2AG3 repetitive sequence, is
impervious to digestion by any restriction enzyme. Therefore,
when genomic DNA is completely digested with frequent cut-
ting restriction enzymes like AluI and MboI, the telomeric
DNA remains largely intact while the remaining chromosomal
DNA is reduced to small fragments. The telomeric DNA can
then be detected with a radioactive d(C3TA2)3 probe in a
Southern blotting procedure.

TRF analysis of DNA-PKcs
�/� and DNA-PKcs

�/� cells re-
vealed a severe shortening of their telomeres similar to that
observed for Ku70�/� and Ku86�/� cells, cell lines with doc-
umented telomere shortening (58). The wild-type HCT116
cells and the randomly targeted clone 3F6 showed telomeres
ranging from �3 to 8 kb in length, with average sizes of 6.2 kb
(
0.4 kb) (n � 2) and 5.7 kb (
0.3 kb) (n � 2), respectively.
In contrast, the DNA-PKcs

�/� clones 3B6 and 3C10 and the
DNA-PKcs

�/� cells had TRFs ranging from only 1 to 4 kb, with
averages of 3.0 kb (
0.5 kb) (n � 2), 2.6 kb (
0.3 kb) (n � 2),
and 2.6 kb (
0.1 kb) (n � 2), respectively (Fig. 9A). This
profound telomeric shortening is likely causally linked to the
reduction in DNA-PKcs expression, since when randomly tar-
geted HCT116 clones were expanded from single cells, only �1
in 10 clones showed spontaneously shortened telomeres
whereas the other �90% of the clones had telomeres that were
either of the parental size or larger (see Fig. S4 in the supple-
mental material).

Mutations in Ku affect the length of the G-strand telomeric
overhang in Saccharomyces cerevisiae (7, 27) and Arabidopsis
thaliana (66). Moreover, we have demonstrated previously that
reduced Ku86 expression in HCT116 cells leads to slightly
elongated G-strand overhangs (18, 58). To assess the length of
the G-strand overhang in human DNA-PKcs mutant cells, we
utilized a TRF analysis combined with nondenaturing gel elec-
trophoresis (50). In a native (nondenaturing) gel, the single-

stranded G overhang is the only substrate capable of hy-
bridizing to the probe (Fig. 9B, “�” ExoI lanes). This
interpretation was confirmed by prior treatment of the samples
with exonuclease I (50), a single-stranded exonuclease, which
removed the overhangs and eliminated the hybridization signal
(Fig. 9B, “�” ExoI lanes). The total amount of telomeric DNA
in each lane was quantitated by subsequently denaturing the
gel and rehybridizing it with the probe (Fig. 9B). The ratio of
the signal obtained from the native gel (i.e., a function of the
length of the G overhang only) versus that obtained from the
denatured gel (i.e., a function of the total telomere length) was
arbitrarily set to 1.0 for the HCT116 cell line. Experimentally,
the ratio for the 3B6 DNA-PKcs heterozygous clone was 2.9
(
0.3) (n � 2) while that for the DNA-PKcs-null clone was 1.5
(
0.3) (n � 2). Together, these experiments suggest that a
deficiency in DNA-PKcs, like that of Ku86 (58), while causing
overall telomere shortening, results in more telomeres with
G-strand overhangs and/or telomeres with slightly longer G-
strand overhangs.

To independently confirm the telomere defect observed by
TRF analysis, the parental HCT116, DNA-PKcs

�/�, and DNA-
PKcs

�/� cell lines were arrested in metaphase, hybridized with
a protein:nucleic acid telomere probe, and analyzed by FISH.
Sixty-seven of the 7,168 chromatid ends examined in the pa-
rental HCT116 cells failed to hybridize to the probe (0.93%
signal-free ends). In DNA-PKcs

�/� cells, 82 of 3,684 telomeric
ends examined were completely devoid of any telomeric signal
(2.23% signal-free ends). Thus, an additional 1.30% of the
telomeres in DNA-PKcs

�/� cells were either entirely missing
or so short that they could no longer be detected by this probe.
This phenotype was exacerbated in the DNA-PKcs-null cell
line, where 410 signal-free ends were detected from 11,020
chromatid ends analyzed (3.72%) (Fig. 10A). Thus, although
the DNA-PKcs-null cell line had a TRF pattern indistinguish-
able from that of the DNA-PKcs

�/� cell line, it appeared to
have a more severe telomere length maintenance-defective
phenotype.

Genomic (in)stability. Defects in telomere length mainte-
nance have been shown to correlate with defects in genomic
stability (reviewed in reference 48), although the majority of
these studies have been carried out with nonhuman systems. In
the few human somatic cell lines characterized to date for

FIG. 8. Cell cycle profiles of DNA-PKcs
�/� and DNA-PKcs

�/� cells following IR exposure. Parental HCT116 (WT), DNA-PKcs
�/� (�/�), and

DNA-PKcs
�/� (�/�) cells were either left untreated or exposed to 5 Gy of IR and then analyzed for cell cycle distribution by propidium iodide

staining and FACS analysis at the indicated times postirradiation. Error bars represent standard deviations. 8N, aneuploid.
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these two phenotypes, this correlation seems less absolute (18).
To see whether the short/signalless telomere phenotype in the
DNA-PK-defective cell lines correlated with genomic instabil-
ity, the lines were cytogenetically analyzed by G banding. In
these studies, the HCT116 parental cells had a slightly higher
level of genetic instability than we (58) or others (1, 49) have
previously reported, with 11.8% (14/120) of all metaphases
examined containing some aberrant gross chromosomal rear-
rangements (GCRs), including translocations, duplications, or
deletions. Nonetheless, the HCT116 DNA-PKcs

�/� cell line
showed a higher level of instability, as 30.0% (12/40) of the
metaphases contained GCRs. Strikingly, the instability of the
DNA-PKcs

�/� cell line was extremely elevated, with 15/20

(75.0%) of the metaphases containing GCRs, including several
with a high frequency of fragmented chromosomes (Fig. 10B;
also see Fig. S5 in the supplemental material). Thus, the loss of
one allele of DNA-PKcs appeared to result in increases in
telomere shortening/uncapping and genomic instability, and
these phenotypes were greatly accentuated by the loss of the
second DNA-PKcs allele.

DISCUSSION

There has never been a human patient with a mutation in
the catalytic subunit of the DNA-PK complex described, a
surprising finding since the gene is not essential in many other

FIG. 9. Telomere shortening in human DNA-PKcs
�/� and DNA-PKcs

�/� cell lines. (A) Genomic DNA was purified from the indicated cell
lines, digested to completion with AluI and MboI, and then subjected to TRF Southern blot analysis under denaturing conditions with a (C3TA2)3
5�-end-radiolabeled oligonucleotide probe. Approximate molecular size markers are shown on the far left. (B) DNA-PKcs mutant cell lines have
slightly elongated G overhangs. A modified TRF analysis in which one-half of each indicated sample was first exposed to exonuclease I (�ExoI)
to remove any telomeric G overhangs was carried out. The samples were subsequently electrophoresed onto an agarose gel under nondenaturing
conditions (Native) and subjected to an in-gel hybridization procedure with the (C3TA2)3 5�-end-radiolabeled oligonucleotide probe. This gel was
subsequently denatured (Denatured) and rehybridized with the telomeric (C3TA2)3 5�-end-radiolabeled oligonucleotide probe. Molecular size
markers are indicated on the far right.
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vertebrate model systems (reviewed in reference 52). To ex-
perimentally cope with this dearth, researchers have relied
upon inhibitors (some more specific than others) or RNA
interference or have turned to a single human cell line, M059J.
This cell line was isolated and characterized in 1993 (3). In the
intervening 15 years, M059J has been a useful tool in numer-
ous DNA repair studies. Despite this success, M059J and,
correspondingly, its utility have been limited by the aberrant
genetic constellation of the line. In addition to the mutation in
DNA-PKcs, the cell line has mutations in p53 (4) and ATM
(74) and has a highly aneuploid karyotype (5). Moreover, be-
cause of the spontaneous nature of the mutation it has been
unclear whether the loss of DNA-PKcs was responsible for
and/or whether the absence of DNA-PKcs could be tolerated
only in such an aberrant genetic background. Given that both
Ku subunits, which constitute the DNA binding portion of the
DNA-PK complex, are essential in diploid human somatic cell
lines (17, 44), it seemed likely that DNA-PKcs would also prove
to be essential. Much to our surprise, we report here the

isolation of a new human somatic cell line that appears to be
null for DNA-PKcs.

The null status of this line was confirmed at the DNA (Fig.
2 and 3), protein and mRNA (Fig. 4), and functional (Fig. 5 to
8) levels. Importantly, because a graded series of isogenic lines
progressing from WT to heterozygous to null now exists, a
number of important conclusions can safely be drawn. First,
the loss of even one allele of DNA-PKcs results in growth
retardation, and the loss of both DNA-PKcs alleles results in a
severe proliferation deficit. This is identical to the phenotype
of human somatic cell lines heterozygous (18, 44) or null (44)
for Ku. This is an important conclusion because, in the mouse,
mutations only in Ku70 or in Ku86 (reviewed in reference 33)
and not in DNA-PKcs (8, 9, 23, 35, 72) result in growth deficits.
Thus, in this regard, human somatic cell lines are different
from mice. Second, the loss of DNA-PKcs alleles appears to
correlate with telomere shortening and genomic instability.
TRF analysis demonstrated that the DNA-PKcs

�/� and DNA-
PKcs

�/� cell lines had shortened telomeres with slightly elon-
gated G overhangs, comparable to those observed for human
Ku heterozygous cell lines (18, 58). Although it was anticipated
that the DNA-PKcs

�/� cell line would have even shorter telo-
meres than the DNA-PKcs

�/� cell lines, this was not the case
as judged by the TRF analysis (Fig. 9). This may be misleading,
however, as the length observed for these cell lines appears to
define a minimum telomere length for HCT116 cell lines that
is compatible with viability (unpublished data). Consistent with
this interpretation, FISH analysis using a telomere-specific
probe to identify signal-free ends suggested that the telomere
length maintenance defect was indeed significantly worse for
the DNA-PKcs

�/� cell line than for the DNA-PKcs
�/� lines

(Fig. 10A). Although the relationship between telomere short-
ening and genomic instability with regard to mutations of the
Ku subunits is confusing (18), in the case of DNA-PKcs there
appears to be a strong correlation. Thus, DNA-PKcs

�/� lines
had more signal-free telomeric ends than the parental HCT116
cell line and they were less stable. Similarly, the DNA-PKcs

�/�

cell line had even more signal-free telomeric ends than the
DNA-PKcs

�/� lines and they were correspondingly more un-
stable. Again, in this regard, human somatic cell lines are
different from mice, as telomeres from DNA-PKcs-null mice
have been reported to be slightly shorter (16), unchanged (15,
25, 26), or even longer (30) and to play a more important role
in regulating telomeric fusions (6, 26). Third, we conclude that
the regulation of p53 and cell cycle arrests are essentially
normal and intact, respectively, in DNA-PKcs-deficient cell
lines. Human cell lines heterozygous for either Ku70 (18) or
Ku86 (44) show spontaneously elevated levels of the DNA
damage regulator p53. Similarly, the DNA-PKcs

�/� and DNA-
PKcs

�/� cell lines also have spontaneously elevated levels of
activated p53 (see Fig. S3 in the supplemental material, non-
irradiated lanes). We hypothesize that these DNA-PK-re-
duced/deficient cell lines have activated p53 due to telomere
dysfunction and/or increased spontaneous DSB formation. Im-
portantly, however, the cell lines nonetheless showed robust
activation of p53 at serine 15 and initial normal checkpoint
responses following IR exposure: the number of cells actively
replicating decreased within 12 h and a large portion of the
cells arrested in G2 within 24 h (Fig. 8). At this juncture,
however, the fates of the cell lines diverged. The DNA-

FIG. 10. Signal-free telomere ends and genomic instability in
DNA-PKcs

�/� cell lines. (A) FISH analysis with a telomere-specific
Cy3-(C3TA2)3 protein-nucleic acid probe. Telomeres are seen as red
dots, and metaphase chromosomes are stained blue. The arrows point
to some of the chromosome ends where no discernible hybridization
was detected. (B) G-band karyotype. The red arrows show instances of
obvious aberrant chromosomal abnormalities. The translocations on
chromosomes 16 and 18 originate from the parental cell line. M is a
“Mars” or marker chromosome and is presumed to represent a chro-
mosome fragment.
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PKcs
�/� line appeared to recover and the majority of the

population again became asynchronous within 48 to 72 h (Fig.
8). In contrast, the DNA-PKcs-null cells became either
polyploid or apoptotic. Thus, while DNA-PK activity is not
required for a G2 checkpoint (2), it does appear to be required
for cells to exit from G2 arrest. This is consistent with a bevy of
previous reports (2, 13, 40, 41, 57, 59). In summary, in at least
three regards—growth, telomere maintenance/genomic stabil-
ity, and p53 activation/cell cycle checkpoints—the DNA-PKcs-
reduced/deficient cell lines described here provide powerful
tools to gain insight into how human cells cope with DNA
damage.

Although we by no means wish to downplay the potential
utility of the DNA-PKcs

�/� cell line, it should still be stressed
that there is nonetheless a strong selective bias against being
null for DNA-PKcs. This is empirically evident in the vastly
reduced doubling time of the DNA-PKcs

�/� cell line (Fig. 6)
and its extremely low plating efficiency. Such characteristics
would mean that in a mixed population, DNA-PKcs

�/� cells
would quickly become outcompeted by either the DNA-
PKcs

�/� lines or the parental cells. Furthermore, the great
asymmetry observed in the second round of gene targeting, in
which 16 of 17 events were retargetings and only a single null
event occurred, also speaks to this point. There is overwhelm-
ing evidence to support the view that targeting vectors inte-
grate at the paternal and maternal alleles without bias. In an
experiment designed to disrupt �-catenin, 11 second-round
targeting events occurred on the functional allele and 15 on the
inactive allele (36). Similarly, in two independent studies in-
volving Ki-ras, four of seven (70) and 9 of 15 (37) targeting
events occurred on the functional allele. Moreover, in rAAV-
mediated targeting studies, 10 of 19 targeting events for
COL1A1 occurred on the wild-type allele and 9 of 19 on the
mutant allele (11). Because of this lack of bias in the targeting
methodology, the striking disequilibrium of 16 out of 17 retar-
geting events is strong evidence that many DNA-PKcs

�/� cell
clones died or grew so slowly that they were not recovered in
the experimental time frame. Nonetheless, the isolation of the
DNA-PKcs

�/� cell clone reported here demonstrates that hu-
man somatic cells can tolerate the loss of DNA-PKcs better
than they can tolerate the loss of Ku. We presume this is
because Ku contains a dsDNA end binding activity (see Fig. S2
in the supplemental material) that appears to be unique in
mammals whereas DNA-PKcs is one of six members of a re-
lated family of phosphatidylinositol 3-kinase-related protein
kinases (PIKKs). Presumably, one of the other PIKK family
members can substitute, at low efficiency, for the absence of
DNA-PKcs in our DNA-PKcs-null cell line.

It is worth noting that our initial knockout attempts, in which
N-terminally located exons were targeted, were uniformly un-
successful. The fact that exon 1 could not be targeted can
perhaps be explained by the close proximity of DNA-PKcs exon
1 to the promoter for MCM4, an essential DNA replication
factor (68). It is less clear why attempts to target exon 10 were
unsuccessful. Although some of the mouse knockouts involved
functional inactivation of N-terminally located exons (23, 35),
almost all of the naturally occurring spontaneous mutations in
DNA-PKcs occur exclusively in the C-terminal half of the pro-
tein and generally in the extreme C terminus (9, 14, 22, 63, 69,
80). This circumstantial evidence suggests that the N-terminal

portion of DNA-PKcs may actually encode the essential region
of the protein and that perhaps small, generally undetectable
amounts of a C-terminally truncated protein may keep the
cells/animals alive. Intriguingly, TEL2 (hClk2/TELO2), an es-
sential gene, was recently shown to regulate the stability of all
six PIKKs and to interact with the HEAT (huntingtin, elonga-
tion factor 3, alpha regulatory subunit of protein phosphatase
2A, and target of rapamycin 1) repeats found in the N-terminal
region of DNA-PKcs and the other five PIKKs (73). If the
stability between DNA-PKcs and TEL2 were reciprocal, this
might explain a requirement for the N terminus of DNA-PKcs.
With this hypothesis in mind, we have searched hard for even
hints of N-terminally truncated DNA-PKcs protein, but these
attempts have been uniformly unsuccessful.

In conclusion, we have demonstrated that human adenocar-
cinoma HCT116 cell lines heterozygous for DNA-PKcs are
haploinsufficient and that, under cell culture conditions, DNA-
PKcs is nonessential. Because not all cell types may have the
same requirements for NHEJ, we are currently performing the
same targeting strategy with NALM-6 and BJ cells immortal-
ized with telomerase to determine whether they are viable as
well when null for DNA-PKcs.
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