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Two major DNA double-strand break repair pathways exist in all
eukaryotes, nonhomologous DNA end joining (NHEJ) and homolo-
gous recombination (HR). Although both pathways can function
throughout the cell cycle, NHEJ predominates in G0�G1 (when a
replicated sister chromatid is unavailable), whereas HR makes a more
substantial contribution in S and G2. How a cell chooses between
these two important DNA repair pathways is largely unknown.
DNA-dependent protein kinase (DNA-PK) is critical for NHEJ. Here, we
describe two conserved splice variants of a catalytic subunit of
DNA-PK (DNA-PKcs) that are expressed predominately in nondividing
cells. Although both encode stable products, neither reverses the
NHEJ defects in DNA-PKcs-deficient cells. In fact, cells expressing one
of the DNA-PKcs variants are slightly more radiosensitive than cells
completely deficient in DNA-PKcs. We investigated whether cells
expressing the DNA-PKcs variants had any other DNA repair deficits
and found that these cells are considerably more sensitive to both
etoposide and mitomycin C than cells that express no DNA-PKcs at all.
Because repair of DNA damage induced by these two agents requires
intact HR, we tested whether the NHEJ-defective variants of DNA-
PKcs inhibit double-strand break-induced HR in an integrated sub-
strate. In cells expressing the NHEJ-defective variants, HR was mark-
edly reduced. Because the splice variants are expressed highly only in
nondividing cells, quiescent cells would be afforded a mechanism to
inhibit repair by means of HR when sister chromatids are not available
as templates for accurate repair with low risk of genome rearrange-
ment, thereby enhancing genome stability.

DNA repair � DNA-dependent protein kinase � nonhomologous DNA end
joining pathway

In 1985, a protein kinase activity was described that depends on
the presence of free DNA ends for activation, the DNA-

dependent protein kinase (DNA-PK) (1). Later it was demon-
strated that this nuclear, S�T protein kinase consists of two
functional subunits: the Ku heterodimer (known as the regula-
tory subunit) directs a catalytic subunit (DNA-PKcs) to DNA
ends (2, 3).

In higher eukaryotes, the nonhomologous DNA end joining
pathway (NHEJ) is thought to be the primary pathway that repairs
DNA double-strand breaks (DSBs) (reviewed in refs. 4 and 5).
However, it is clear that a second DSB repair pathway, homologous
recombination (HR), is also critical in higher eukaryotes to main-
tain DNA integrity after DSBs (6). The fact that both of these
pathways function to maintain genomic stability in higher eu-
karyotes is underscored by reports demonstrating more severe
genomic instability in animals with defects in both pathways (7, 8).
How a cell chooses between these two important DNA repair
pathways has not been completely elucidated.

Although it is clear that DNA-PK is required for both NHEJ
and V(D)J recombination, its precise role in repair is only

partially understood (9–13). Because DNA-PK’s protein kinase
activity is required for its functional role in NHEJ, it has been
suggested that DNA-PK may activate downstream repair medi-
ators (14, 15). To date, the only physiologically relevant
DNA-PK target defined is DNA-PK itself (16). There is also
evidence that DNA-PK functions as a molecular scaffold to
target other repair factors to damaged DNA (reviewed in refs.
17 and 18). An emerging consensus is that DNA-PK acts as a
‘‘gatekeeper’’ to regulate access of DNA ends to other repair
factors like XRCC4, DNA ligase IV, and Artemis (19–22).

Here, we analyze two DNA-PKcs splice variants. Splice variation
occurs within the phosphatidylinositol 3-kinase (PI3-kinase) do-
main and is achieved by the following two mechanisms: (i) exon
skipping where a single exon is differentially inserted into the
transcript (as described in ref. 23) and (ii) intron retention. The two
splice variants are only weakly expressed in cultured cell lines;
however, expression of the splice variants was similar to full-length
DNA-PKcs in all normal human tissues examined. Transfection
studies demonstrate (14, 15) that the full-length DNA-PKcs tran-
script generates an active form of the protein, which fully comple-
ments the DNA repair defects in DNA-PKcs-deficient cell lines. In
this article, we demonstrate that the two alternative isoforms lack
protein kinase enzymatic activity and thus cannot function in
NHEJ. The structure of the two alternative isoforms suggests a
possible regulatory function, and we demonstrate that one of the
alternative isoforms inhibits HR. We suggest that this DNA-PKcs
isoform functions in normal, nondividing cells to inhibit HR and
thus prevent loss of genetic material that can occur during HR in
the absence of a sister chromatid.

Methods
Cell Lines. Cell lines used in this study were as follows: Ramos B cell
lymphoma; HeLa, cervical carcinoma; LS, colon carcinoma; U937,
monocytic leukemia; SBC, pre B cell lymphoma; A431, keratino-
cyte cell line; HepG2, hepatoma; Sf19, murine severe combined
immunodeficient (SCID) fibroblasts; CHO, Chinese hamster ovary
cells; V3, CHO DSB repair mutant cell line; XR-1, CHO DSB
repair mutant cell line; and MSU1.1, normal human fibroblast cells.
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Peripheral blood T cells were isolated, cultured, and activated as
described in ref. 24.

PCR. RNA isolated from cell lines and human tissue (purchased
from Clontech) was converted to cDNA. PCR was performed by
using Elongase according to the manufacturer’s recommendations
(GIBCO�BRL). Amplified transcripts were subcloned and se-
quenced. Amplification primers used to assess relative transcript
levels were 5�-CTCTTCGAGGTCATGAAT and 5�-ATGTCT-
GTCTCCAATCCC. Total genomic DNA was isolated from the
HeLa cells. Two overlapping DNA fragments spanning this region
were amplified and sequenced.

Plasmid Construction and Transfections. Construction of the wild-type
(WT) human DNA-PKcs expression vector is described in ref. 25.
To generate the plasmid encoding isoform III, a PCR fragment that
lacked exon 80 was subcloned into the parental plasmid. To make
the plasmid encoding isoform II, an alternative oligonucleotide was
used that introduced the stop codon present at the start of intron
D just 3� of exon 82 followed by a NotI site. For transfections into
CHO cells, an N-terminal FLAG epitope was added to the expres-
sion vectors by subcloning an oligonucleotide encoding the FLAG
epitope. Murine SCID cell lines and CHO cells expressing human
DNA-PKcs were derived as described in refs. 14 and 16. V(D)J
recombination assays were performed as described in ref. 16.

DNA-PK Microfractionation and Measurement of Protein Kinase Ac-
tivity. DNA-PK activity was assessed as described in ref. 16 with the
following exception. For the experiments presented in Fig. 4, the
DNA-cellulose beads first were mixed with preswollen cellulose
beads at a ratio of 1:4. Immunoblotting was performed as described
in refs. 16 and 25.

DNA Damage Sensitivity Assays. Cells (103) were exposed to various
amounts of ionizing radiation by using a 60Co source and immedi-
ately seeded in complete medium containing 10% FBS. After 7
days, colonies were fixed with methanol, stained with crystal violet,
and counted. Mitomycin C (MMC) and etoposide sensitivities were
assayed by plating 200 cells in 100-mm dishes in complete medium.
Four hours later, MMC or etoposide was added to the indicated
concentrations, cultures were incubated for 7 days, and colonies
were stained and counted as above.

HR Assays. V3 cells harboring the HR substrate (cell strain VD7) are
described in detail in ref. 26. Expression constructs encoding WT
DNA-PKcs, isoform II, or mutant ABCDE were stably integrated
into the VD7 cell strain as described in ref. 16 except that pCDNA6
was cotransfected to provide blasticidin resistance. Assessment of
DSB-induced HR was essentially as described in ref. 26.

Results
Splice Variation Within the PI3-Kinase Domain of Human DNA-PKcs.
The PI3-kinase domain spans only the C-terminal 408 aa of the
4,126-aa protein (Fig. 1A). In our previous studies, the entire human
DNA-PKcs cDNA and �95% of the equine DNA-PKcs cDNA
were isolated by RT-PCR (25, 27). Splice variation was only
consistently observed within the region encoding the PI3-kinase
domain. A variety of different human transcripts were cloned that
could be explained by two variably inserted sequences between
nucleotides 11,298 and 11,780. The genomic organization of the
human and murine DNA-PKcs genes shows that this region is
encoded by five exons separated by four introns (designated A, B,
C, and D; Fig. 1B). The murine DNA-PKcs gene has been studied
previously (28); for consistency, we designated the exons here
as 79–83.

One splice variant (transcript III) lacks exon 80 (isoform III; Fig.
1A). In fact, exon 80 is absent in the first reported DNA-PKcs
sequence (29). This exon encodes a 31-aa insertion at position 3797

within the PI3-kinase domain of DNA-PKcs. Transcript I (which
includes exon 80, referred to hereafter as full-length or WT
DNA-PKcs) is the predominant form expressed in cell lines, and
this form encodes an active protein kinase that is fully functional in
NHEJ (14, 15). The second major splice variant (transcript II)
retains intron D (isoform II) inserting an additional 67 nt into the
DNA-PKcs transcript. The first codon of intron D is a termination
codon that would truncate the protein at amino acid 3883 (deleting
the conserved protein kinase motifs). DNA-PKcs splice variation
also was studied in other species (see Supporting Text, Table 2, and
Fig. 7, which are published as supporting information on the PNAS
web site). In summary, transcript II was observed in all species
tested. In contrast, transcript III was detected in human and horse
but was absent in mouse and rat in agreement with the findings of
Blunt et al. (30). The fact that transcript II has been evolutionarily
conserved suggests that it may be functionally relevant.

All Three DNA-PKcs Transcripts Are Present in Normal Human Tissues.
Expression patterns of the three transcripts are markedly different
when comparing normal tissues with transformed cell lines (Fig.
1C). Whereas all three transcripts are abundantly expressed in all
normal human tissues, transcripts II and III are only weakly
expressed in cultured cell lines. The predicted molecular weights of

Fig. 1. Splice variants of DNA-PKcs. (A) The top portion is a representation of
the DNA-PKcs transcript. Approximate positions of the leucine zipper motif
(LLLLLL), themajorautophosphorylationsitecluster (ABCDE),a secondautophos-
phorylation site cluster (PQR), the caspase cleavage site (DEVD), and the PI3-
kinase domain are shown. The region between nucleotides 11,298 and 11,780 is
encoded by five exons, 79–83, separated by four introns, A–D. Positions of PCR
amplification primers are indicated with arrows. Structures of the three splice
variants also are depicted. Exon 80 spans nucleotides 11,394–11,486; exon 81
spans nucleotides 11,487–11,577; and exon 82 spans nucleotides 11,578–11,660.
(B) The genomic organization of this portion of human and murine DNA-PKcs. (C)
Expression of DNA-PKcs splice variants was assessed by RT-PCR using RNA from
human cells and tissues. Arrows denote the three major transcripts and the
G3PDH amplified fragment. (D) DNA-PKcs expression was assessed in human
tissue and cell extracts by immunoblotting. Extracts are loaded as follows: lane 1,
5 �g of MSU1.1; lanes 2 and 3, 50 �g of testis.
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the three polypeptides encoded by the three DNA-PKcs transcripts
are 469, 441, and 465 kDa. Because transcripts II and III are only
expressed to a significant extent in normal tissues, we assessed
DNA-PKcs protein expression in human tissue extracts (Fig. 1D).
Moll et al. (31) examined DNA-PKcs expression in human tissues
and malignancies and documented differential DNA-PKcs protein
expression in certain tissues even though mRNA levels were
generally similar. They concluded that the differential tissue ex-
pression was the result of posttranscriptional regulation. We as-
sessed DNA-PKcs expression in normal human testis [shown by
Moll et al. (31) to express abundant DNA-PKcs protein] and
compared expression with that in a human fibroblast cell line (Fig.
1D). As can be seen, DNA-PKcs is readily detectable by using 50
�g of testis extract, although the signal is approximately one-fifth
that observed in just 5 �g of MSU1.1 extract. In testis, two distinctly
migrating species of DNA-PKcs could be detected: one with the
same mobility as full-length DNA-PKcs and one with a faster
mobility consistent with the predicted mass of isoform II. Our data
are consistent with those of Moll et al. (31) in that we found much
lower DNA-PKcs levels in normal human tissues as compared with
cultured cell lines. We found no evidence of distinct 469- and
465-kDa species (the predicted mass of full-length and isoform III)
in tissues, although it is unlikely that such large polypeptides with
such similar mass could be discriminated by SDS�PAGE.

Expression of DNA-PKcs Splice Variants Is Altered by Ionizing Radia-
tion and Cell Proliferation. We next assessed transcript expression in
cells exposed to ionizing radiation and found that isoforms II and
III are induced after ionizing radiation (Fig. 2). Transcript expres-
sion was not altered by UV irradiation, MMC, or etoposide in the

cultured cell lines tested (data not shown). The altered ratios of
full-length DNA-PKcs to transcripts II and III after irradiation
mimics those found in normal tissues. We considered that the
change induced by irradiation might reflect a difference in dividing
vs. nondividing cells. Thus, we next assessed splice variation in
peripheral blood T lymphocytes that were unstimulated or stimu-
lated (and thus actively dividing) with phytohemagglutinin, anti-
CD28, and phorbol 12-myristate 13-acetate. All three transcripts
were detected in unstimulated peripheral blood T cells, which are
largely nonproliferating as assessed by thymidine incorporation
(Fig. 2B). In contrast, in activated, proliferating cells (either 24 or
48 h after stimulation), only full-length DNA-PKcs was detected.
These data suggest that isoforms II and III are primarily expressed
in nondividing cells. This conclusion is supported by the observation
that in fetal tissues and thymus (tissues with high numbers of
dividing cells), levels of transcripts II and III were decreased
compared with other adult tissues (Fig. 1C).

DNA-PKcs Isoforms II and III Do Not Complement the NHEJ Deficits in
Murine SCID Cells. To assess the function of transcripts II and III,
expression vectors encoding each were transfected into a murine
SCID fibroblast cell line. The proteins encoded by transcripts II and
III were stably expressed in Sf19 cells, and DNA cellulose binding
of cell extracts demonstrated that isoforms II and III fractionate
(with Ku, data not shown) onto DNA cellulose as efficiently as
full-length DNA-PKcs (Fig. 3). However, neither isoform II that
lacks the protein kinase motifs nor isoform III that contains
conserved PI3-kinase motifs, had detectable DNA-PK activity (Fig.
3B). Consistent with previous reports (14, 15), complementation of
the radiosensitivity of murine SCID cells was only observed in
transfectants expressing the kinase competent form of DNA-PKcs
(Fig. 3C). In fact, cells expressing isoform II consistently were
slightly more radiosensitive than cells expressing no DNA-PKcs at
all. Neither isoform II or III reverse the V(D)J recombination
defects in Sf19 cells (Table 1). Whereas full-length DNA-PKcs
efficiently complements both the coding joint and more modest
signal joint deficit of the V3 cell line, neither isoform II nor III
supported either coding or signal end joining. DNA-PKcs indepen-
dent subpathway(s) of NHEJ have been reported (20). Residual
signal end joining in DNA-PKcs deficient cells (dependent on Ku,
XRCC4, and DNA ligase IV) may represent such a pathway.
However isoforms II and III do not inhibit signal end joining. In
sum, we conclude that isoforms II and III (when expressed in the
absence of full-length DNA-PKcs) do not positively or negatively
affect NHEJ.

Coexpression of Isoform II with Full-Length DNA-PKcs Weakly Inhibits
DNA-PK Kinase Activity. Transcripts II and III were never observed
in the absence of full-length DNA-PKcs (Fig. 1C). If isoforms II and

Fig. 2. DNA-PKcs splice variation is associated with cell proliferation. (A) Ramos
cells were treated with 0–5 Gy, harvested 6 or 48 h later, and subjected to RT-PCR
of DNA-PKcs. (B Left) Splice variation was analyzed in resting (unstimulated)
peripheral blood T cells or T cells activated with a combination of phytohemag-
glutinin, anti-CD28 mAb, and phorbol 12-myristate 13-acetate for the times
indicated. (Right) 3H thymidine and uridine incorporation of duplicate T cell
cultures.

Fig. 3. DNA-PKcs isoforms II and III encode stable proteins that bind to DNA cellulose but lack protein kinase activity. (A) Immunoblot analyses of 250 �g of whole-cell
extract (WCE; lanes 1–4) or DNA cellulose fractions (lanes 5–8) from Sf19 cells stably transfected with full-length DNA-PKcs, untransfected control, or isoform III or II.
(B) WCE prepared from Sf19 cells transfected with full-length DNA-PKcs, vector, isoform II, or III were assayed for DNA-PK activity. Each cell extract was tested in
duplicate, and at least three extracts were tested for each cell line. (Bars indicate SD.) (C) Radiation resistance of Sf19 fibroblasts stably transfected with full-length
DNA-PKcs, vector, or isoform II or III was assessed. Data are presented as percent survival of unirradiated controls. (Bars represent SEM.)

Convery et al. PNAS � February 1, 2005 � vol. 102 � no. 5 � 1347

BI
O

CH
EM

IS
TR

Y



III have a functional role in living organisms, it is likely that this
function would be exerted in the presence of full-length DNA-PKcs.
To test the capacity of isoform II to inhibit NHEJ in cells expressing
full-length DNA-PKcs, FLAG-tagged isoform II was stably ex-
pressed in WT CHO cells.

We first tested DNA-PK activity in two clones expressing roughly
equivalent levels of isoform II and endogenous DNA-PKcs (Fig.
4A) with a standard DNA-PK pulldown assay, but the results were
inconsistent. We reasoned that because the number of Ku mole-
cules in most cells vastly outnumbered DNA-PKcs molecules and if
isoform II competes with full-length DNA-PKcs, then detecting
that inhibition would require either limiting Ku or limiting DNA
ends. We modified the DNA-PK pulldown assay to reduce free
DNA ends by diluting the DNA cellulose with uncoupled cellulose
beads. Under these conditions, a modest reduction of DNA-PK
activity was detected in both clones coexpressing isoform II as
compared with the control clones (Fig. 4B). However, expression of
isoform II only modestly radiosensitized the transfected cells (Fig.
4C). These data suggest that isoform II only weakly competes with
WT DNA-PKcs. In cultured mammalian cell lines, ionizing radia-
tion-induced breaks are repaired predominately by NHEJ, with a
minor contribution by HR (reviewed in ref. 32). Thus, if NHEJ were
significantly reduced in these transfectants, one might expect more
significant radiosensitivity. Modest radiosensitivity is more consis-
tent with a deficiency in HR (see below).

NHEJ-Defective Forms of DNA-PKcs Sensitize Cells to MMC and Eto-
poside. Cells with HR defects are hypersensitive to agents that
induce interstrand crosslinks (reviewed in ref. 32). Thus, to appraise
the integrity of HR, we first assessed MMC sensitivity.

The modestly increased radiosensitivity of SCID fibroblasts
expressing isoform II as compared with no DNA-PKcs at all (Fig.
2C) was similar to our studies of DNA-PKcs autophosphorylation
site mutants that are nonfunctional in NHEJ because of an appar-
ent block in DNA end processing (16). The prior studies were
performed in the DNA-PKcs-deficient cell line V3, and, to com-
plement those studies, we generated V3 transfectants expressing
isoforms II and III as well as Sf19 transfectants expressing the
DNA-PKcs autophosphorylation site mutant. Although we present
data for only single clones, in most cases two or more clones (of each
transfectant type) were tested and gave comparable results. Ex-
pression of WT DNA-PKcs rendered both V3 cells and Sf19 cells
slightly more sensitive to MMC as compared with the vector only
controls (Fig. 5B). This phenomenon has been observed by other
investigators studying other DNA-PKcs-deficient cells (7) and likely
relates to inefficient kinase activation by DNA-PK bound to
interstrand crosslinks (ref. 33 and see Discussion). However, V3 and
Sf19 transfectants expressing isoform II or III or the ABCDE
mutant were considerably more sensitive to MMC than are cells
expressing either full-length DNA-PKcs or no DNA-PKcs at all.
These data suggest that NHEJ-defective variants of DNA-PK
inhibit repair of interstrand crosslinks.

Repair of DNA damage induced by topoisomerase poisons is
thought to be resolved by either HR or NHEJ (34). It has been
reported previously that mouse SCID fibroblasts are as sensitive to
etoposide as WT controls (35), whereas V3 cells are more sensitive
to etoposide than the parental strain (36). We found that both the
Sf19 transfectants and V3 transfectants expressing WT DNA-PKcs
were more resistant to etoposide than are vector controls, support-

Table 1. Isoforms II and III do not complement the V(D)J recombination deficit of DNA-PKcs-deficient cells

Exp.

pJH290 (coding) pJH201 (signal)

amp cam %R* amp cam %R*

No RAGS 1 111,128 1 0.0009 88,044 0 0
2 40,368 1 0.002 85,840 0 0
3 14,927 0 0 15,281 0 0

RAGS 1 51,968 0 0 61,016 31 0.05
2 79,576 0 0 22,736 40 0.176
3 708 0 0 5,546 6 0.108

RAGS plus full length 1 58,348 402 0.69 31,436 496 1.58
2 49,300 345 0.7 9,976 230 2.306
3 6,903 60 0.87 3,009 129 4.3

RAGS plus form II 1 125,976 1 0.0008 78,068 70 0.09
2 70,064 0 0 17,632 46 0.261
3 21,594 2 0.009 4,720 5 0.106

RAGS plus form III 1 109,272 0 0 66,816 10 0.015
2 25,984 0 0 38,048 43 0.113
3 11,682 0 0 6,844 11 0.161

Transient V(D)J assays were performed as described in ref. 16. Briefly, RAG expression initiates recombination in V3 cells as assessed by plasmid substrates
pJH290 (coding end joining) or pJH201 (signal end joining). RAGS, recombination-activating genes; Exp., experiment; amp, ampicillin; cam, chloramphenicol;
form II, isoform II; form III, isoform III.
*%R is calculated as the number of cam-resistant colonies divided by amp-resistant colonies � 100.

Fig. 4. DNA-PKcs isoform II modestly inhibits DNA-PK
activity and modestly radiosensitizes WT CHO cells. (A)
Immunoblot analyses of WCE or DNA cellulose fractions
from CHO cells stably transfected with vector or isoform
II as indicated. (B) WCE (300 �g) prepared from CHO cells
transfected with vector or isoform II were assayed for
DNA-PK activity. Each cell extract was tested in dupli-
cate, and six extracts were tested for each cell line. (Bars
indicate SD of six experiments.) (C) Radiation resistance
was assessed of CHO cells stably transfected with vector
and isoform II. Data are presented as percent survival of
unirradiated controls. (Bars represent SEM from four
experiments.)
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ing previous conclusions that both NHEJ and HR can facilitate
repair of etoposide damage. However, V3 and Sf19 transfectants
expressing either isoform II or the ABCDE mutant were markedly
more sensitive to etoposide than were cells expressing either WT
DNA-PKcs or no DNA-PKcs at all, suggesting that these NHEJ-
defective variants may inhibit HR (Fig. 5C).

Surprisingly, expression of isoform III in either V3 cells or Sf19
fibroblasts did not induce sensitivity to etoposide. In fact, in both
cell strains, transfectants expressing isoform III were more resistant
to etoposide than cells expressing no DNA-PKcs. These data
suggest a possible functional role for isoform III in facilitating repair
of etoposide-induced DNA damage.

To determine whether the NHEJ-defective variants could inhibit
alternative DNA repair pathways in the presence of full-length

DNA-PK, we assessed MMC or etoposide sensitivity of the WT
CHO transfectants (Fig. 5D). For this experiment, we generated a
CHO transfectant expressing FLAG tagged full-length DNA-PKcs,
to rule out the possibility that our results might be an artifact of
DNA-PKcs overexpression; additionally, we generated a CHO cell
transfectant expressing FLAG tagged mutant ABCDE. We first
tested MMC sensitivity and found all cell strains to be similarly
sensitive to the crosslinking agent (data not shown). However, cells
coexpressing either isoform II or ABCDE were considerably more
sensitive to etoposide than were either untransfected CHO cells or
CHO cells expressing flag-tagged WT human DNA-PKcs. This
effect was more dramatic in the cells expressing ABCDE, probably
reflecting the considerably higher expression level of ABCDE
compared with isoform II (Fig. 5A). Thus, we conclude that isoform
II and mutant ABCDE can inhibit the repair of etoposide damage,
even in the presence of WT DNA-PKcs.

DNA-PKcs Isoform II and ABCDE Mutant Inhibit HR. The data pre-
sented thus far are consistent with a model whereby binding of
functionally defective DNA-PKcs inhibits repair of DSBs by HR.
However, because this conclusion is based entirely on cell survival
after genotoxic stress, it is possible that the decreased cell survival
reflects indirect effects (i.e., on checkpoint pathways) or effects on
other DNA repair pathways. To test whether isoform II and the
ABCDE mutant directly inhibit HR, we generated another panel
of DNA-PKcs transfectants by using a V3-derived clone that
harbors one copy of an integrated HR substrate (26). This substrate
(diagramed in Fig. 6A) contains two nonfunctional neomycin
resistance genes. The first is nonfunctional because of a frameshift
mutation that is coincident with the restriction site for the homing
endonuclease, I-SceI. The second is nonfunctional because it lacks
a promoter. A DSB can be introduced in the first neo gene by
transient expression of I-SceI. It has been shown previously that
I-Sce-induced DSBs of this substrate are repaired by HR. In most
instances, repair occurs by gene conversion in which both copies of
the neo gene are retained (26). Production of G418-resistant
colonies is a direct measure of successful DSB repair by HR. I-SceI
was transiently expressed in the clonal transfectants, and G418-
resistant clones were selected (Fig. 6C). Consistent with previous
reports, repair by means of HR is much more robust in cells
completely deficient in DNA-PKcs (vector controls) as compared
with cells expressing DNA-PKcs (26). However, HR was markedly
reduced in cells expressing either isoform II or the ABCDE mutant.
Thus, we conclude that NHEJ-defective variants of DNA-PKcs
directly inhibit HR.

Discussion
Several recent reports suggest that DNA-PKcs may inhibit
alternative DNA repair pathways by regulating access of DNA
ends to repair factors. Dynan and colleagues (20) and Iliakis and
colleagues (37) used in vitro end joining systems to demonstrate

Fig. 5. Expression of NHEJ-defective DNA-PKcs induces sensitivity to MMC
and etoposide. (A) Immunoblot analyses of WCE from V3 or Sf19 cells stably
transfected WT DNA-PKcs, vector, DNA-PKcs autophosphorylation site mutant
ABCDE, or isoform II or III as indicated. (B) MMC sensitivity of V3 (Left) or Sf19
cells (Right) transfected with WT DNA-PKcs, vector, isoform II or III, or mutant
ABCDE. (C) Etoposide sensitivity of V3 (Left) or Sf19 (Right) cells transfected
with WT DNA-PKcs, vector alone, isoform II or III, or mutant ABCDE. (D Left)
Immunoblot analyses of WCE from untransfected CHO cells (CHO) or CHO cells
stably transfected with mutant ABCDE, WT DNA-PKcs, or isoform II. Anti-Flag,
or anti-DNA-PKcs antibodies were used to detect DNA-PKcs. (D Right) Etopo-
side sensitivity of untransfected CHO cells (CHO) or CHO cells stably trans-
fected with WT Flag-tagged DNA-PKcs, Flag-tagged isoform II, or ABCDE
mutant. In B–D, data are presented as percent survival of untreated controls.
(Error bars represent SEM of three experiments.)

Fig. 6. Isoform II and mutant ABCDE inhibit DSB repair by HR. (A) Schematic
of HR substrate utilized. (B) DSB-induced HR is shown. (C) Immunoblot anal-
yses of WCE from VD7 cells stably transfected with vector only, WT DNA-PKcs,
mutant ABCDE, or isoform II.
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that kinase inactive DNA-PKcs can inhibit DNA-PKcs-
independent subpathway(s) of NHEJ. Additionally, several re-
ports using cellular systems have shown that inactivating DNA-
PKcs (by kinase inhibitors) blocks other DNA repair and
metabolism pathways. Thus, blocking DNA-PK’s kinase activity
inhibits both DSB-induced and spontaneous HR (26); inhibits
telomere maintenance (38); and inhibits the repair of damage
from topoisomerase II poisons (39). Emerging data suggest that
DNA-PK that cannot undergo autophosphorylation (either by
abrogating its kinase activity or by abrogating its autophosphor-
ylation sites) may remain associated with DNA ends, thus
preventing access to other repair factors (16, 18, 19, 40, 41). This
hypothesis is a plausible explanation for how inactive DNA-PK
inhibits other repair pathways. The genetic approach used here
substantiates the idea that DNA-PK that cannot autophospho-
rylate inhibits alternative DNA repair pathways. However,
DNA-PK can bind a variety of DNA discontinuities; thus, it is
possible that DNA-PK’s inhibitory capacity may vary depending
on the DNA lesion involved.

MMC introduces DNA interstrand crosslinks. Turchi et al. (33)
have demonstrated that although DNA-PK is able to efficiently
bind crosslinked DNA, DNA-PK’s enzymatic activity is only weakly
induced. Thus, it is possible that once DNA-PK is bound to
crosslinked DNA, it may be trapped. This mechanism has been
proposed as the explanation for how cis-platinum (another agent
that causes interstrand crosslinks) induces radiosensitization (33);
furthermore, this mechanism likely explains why cells expressing
DNA-PKcs are more sensitive to MMC than are cells lacking
DNA-PKcs (Fig. 3B and ref. 7). NHEJ-defective DNA-PKcs vari-
ants render cells even more sensitive to MMC than WT DNA-PKcs.
Thus, it seems likely that mutant DNA-PKcs is released substan-
tially slower from DNA crosslinks than WT DNA-PKcs, either
because of a lack of kinase activity and subsequent autophosphor-
ylation (with isoform II and III) or because of the lack of auto-
phosphorylation sites (with the ABCDE mutant); in either case,
defective DNA-PKcs would block access to DNA crosslinks to other
repair factors.

Etoposide inhibits the reversion of topoisomerase II DNA co-
valent intermediates. Repair of this damage occurs by conversion
of the lesion to a DSB; either NHEJ or HR can repair these DSBs
(reviewed in ref. 34). Mutant ABCDE and isoform II substantially
potentiate etoposide sensitivity presumably because they inhibit

repair of etoposide damage. We considered that phosphorylation of
DNA-PK targets might inhibit the activity of proteins that facilitate
the repair of etoposide damage. However, because isoform II
(which lacks protein kinase activity) sensitizes cells as effectively as
mutant ABCDE (which maintains catalytic activity), this hypoth-
esis seems unlikely. Our current model is that both isoform II and
ABCDE physically block access to the etoposide-induced lesions or
repair intermediates. To date, it is not known whether DNA-PK
binds to covalent topoisomerase II�DNA intermediates. However,
it has recently been demonstrated that DNA-PK binds Holliday
junctions (42). Thus, it is possible that the NHEJ-defective
DNA-PK variants inhibit repair by means of several mechanisms:
(i) by binding to the blocked intermediate, (ii) by binding to the
converted DSB, or (iii) by binding directly to Holliday junctions
during HR. Inhibition of I-SceI-induced DSBs could result either
from direct binding to DNA ends, by binding Holliday junctions
during HR, or both. Deciphering how NHEJ-defective DNA-PKcs
variants inhibit other DNA repair pathways will be of considerable
interest.

In haploid yeast, NHEJ is up-regulated and HR is down-
regulated, and the opposite is true in diploid yeast (43). Similarly,
in mammalian cells, HR is down-regulated in G1 and up-regulated
during S�G2 phases (44). These forms of regulation ensure that HR
is maximal when appropriate homologous templates (especially
sister chromatids) are available for repair and that NHEJ is
maximal when such templates are not available. The fact that splice
variation leading to the expression of DNA-PKcs isoform II has
been conserved in all species analyzed to date suggests that its
expression is functionally relevant. Clearly, neither isoform II nor
isoform III functions in NHEJ, and neither isoform substantially
inhibits NHEJ in the presence of WT DNA-PKcs, but the inhibition
of HR by isoform II suggests a possible negative regulatory role. We
propose that the high-level expression of isoform II in nondividing
cells would afford quiescent cells a mechanism to inhibit repair by
HR and thus reduce the potential for loss of genetic information or
rearrangements by HR when sister chromatids are not available as
repair templates.
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