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ABSTRACT The KARP-1 (Ku86 Autoantigen Related
Protein-1) gene, which is expressed from the human Ku86
autoantigen locus, appears to play a role in mammalian DNA
double-strand break repair as a regulator of the DNA-
dependent protein kinase complex. Here we demonstrate that
KARP-1 gene expression is significantly up-regulated follow-
ing exposure of cells to DNA damage. KARP-1 mRNA induc-
tion was completely dependent on the ataxia telangiectasia
and p53 gene products, consistent with the presence of a p53
binding site within the second intron of the KARP-1 locus.
These observations link ataxia telangiectasia, p53, and
KARP-1 in a common pathway.

Ataxia telangiectasia (AT) is an autosomal recessive disorder
defined primarily by a 100-fold increase in the incidence of
cancer (reviewed in ref. 1). Cells derived from AT patients (AT
cells) are hypersensitive to DNA damaging agents that cause
DNA strand breaks, such as ionizing radiation (1). A defi-
ciency in radiation-induced cell-cycle checkpoint controls in
AT cells indicated that the AT protein likely plays a role in
arresting the cell cycle in response to x-irradiation, thus
allowing time for DNA repair to be carried out before cell
division (2). The gene (AT mutated; ATM) responsible for the
AT phenotype (3) encodes a predominately nuclear 350 kDa
polypeptide homologous to a large number of phosphatidyl-
inositol 3-kinase family members (reviewed in ref. 4). Strik-
ingly, all of these genes appear to play important roles in
maintaining genome stability, cell cycle control, and cellular
responses to DNA damage. Thus, the phenotypes of AT cells
and the homology of ATM to other genes known to be involved
in cellular responses to ionizing radiation suggest that ATM
functions in a vital DNA damage signal transduction pathway.

The observation that AT cells showed aberrant (5) or
delayed (6) induction of the tumor suppressor gene, p53, in
response to x-irradiation, suggested that p53 was a key down-
stream target of ATM (reviewed in ref. 7). This hypothesis was
recently confirmed with the demonstration that ATM-
deficient fibroblasts failed to up-regulate p53 following ioniz-
ing radiation exposure (8). p53 is a transcription factor and a
mutation of this gene is found in more than 50% of human
cancers (9), implying that p53 loss represents a fundamental
step in oncogenic progression. In addition, because most of the
naturally occurring mutations affect the p53 DNA binding
domain, it is likely that development of tumor formation in
p532/2 cells is due to the lack of appropriate p53-dependent
gene expression (10). Wild-type p53 is thought to contribute to
the inhibition of cell growth and tumorigenesis by its ability to
strongly up-regulate the cyclin kinase inhibitor, p21, which
results in cell cycle arrest (11). The cessation of cell cycling is
hypothesized to allow cells time to enact DNA repair, so that
mutagenic lesions are not fixed into the genome by DNA

synthesis. Intriguingly, however, a p53-responsive gene in-
volved in DNA strand break repair has not yet been identified.

Many of the genes involved in radiation-induced strand
break repair have been characterized. In particular, the DNA-
dependent protein kinase (DNA-PK) complex, which is com-
posed of the Ku heterodimer and a 465 kDa catalytic subunit
(DNA-PKcs) has been shown to be involved in DNA double-
strand break (DSB) repair (reviewed in ref. 12). DNA-PKcs is
the product of the severe combined immune deficiency (scid)
gene, and mice homozygously mutated at this locus are x-ray
sensitive, impaired in DNA DSB repair, and defective for
lymphoid V(D)J recombination (reviewed in ref. 13). Ku is a
heterodimeric protein of 70 and 86 kDa subunits that binds
tightly to double-stranded DNA ends. Rodent cell lines that
are mutated in the Ku86 gene are x-ray sensitive, impaired in
DNA DSB repair, and defective for V(D)J recombination
(reviewed in ref. 14). In addition, inactivation of the Ku86 (15,
16) or Ku70 (17) genes in either mice or murine embryonic
stem cells produced the predicted deficits in ionizing radiation
sensitivity, DNA DSB repair, and V(D)J recombination. Thus,
DNA-PK has been unequivocally identified as an important
mammalian DNA repair complex and mutations in any of the
three DNA-PK subunits result in severe ionizing radiation
sensitivity and V(D)J recombination defects because of im-
paired DNA DSB repair. Surprisingly, however, none of the
subunits of the DNA-PK complex appear to be induced
following x-irradiation (18).

Recently, we demonstrated that the primate Ku86 locus was
bifunctional and through the use of an upstream promoter
encoded a Ku86 isoform, KARP-1 (Ku86 Autoantigen Related
Protein-1; ref. 19). Here we show that KARP-1 expression is
strongly induced following DNA damage and that the up-
regulation of KARP-1 mRNA and protein is dependent on
functional p53 and ATM gene products. These observations
have important repercussions for mammalian DNA DSB
repair.

MATERIALS AND METHODS

Cells. The human HL-60 subclone, HCW-2 (20), and HeLa
cells and their growth conditions have been described (19).
HCT116 cells were purchased from the American Type Cul-
ture Collection and propagated as described (21). ATM2/2 cell
lines, GM08436A and GM01526E, and the ATM1/1 cell line,
GM00130C, were purchased from the NIGMS Human Ge-
netic Mutant Cell Repository at the Coriell Institute for
Medical Research.

Electrophoretic Mobility Shift Assays. Whole cell extracts
(50 mg) were prepared (19), combined with a probe spanning
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the putative KARP-1 p53 response element in the presence or
absence of the p53-specific antibody, pAb421 (22), and sub-
jected to a gel mobility shift assay as described (23). The probe
consisted of a 183 bp PCR fragment synthesized with [32P]-
end-labeled PCR primers, 59-AAGGGCTCGTGATCAAGT-
AA-39 and 59-CAGAGAAAATGGGATGCACA-39. A dou-
ble-stranded oligonucleotide in which nucleotide changes were
introduced into the putative KARP-1 p53 binding site was
made by annealing the oligonucleotide 59-CCTAGAACCTT-
CTTCTAAATTAAACACCTACTCCTCCC-39 and its com-
plement. A double-stranded oligonucleotide encoding a dimer
of the consensus p53 binding site in the p21 promoter was
made by annealing the oligonucleotide 59-TTGAACATGTC-
CCAACATGTTGGAACATGTCCCAACATGTTG-39 and
its complement. An identical double-stranded oligonucleotide
in which nucleotide changes were introduced into the consen-
sus p53 binding site was made by annealing the oligonucleotide
59-GAAACCTTCCCAAACCTTTGGAAACCTTCCCAA-
ACCTTTG-39 and its complement.

Reverse Transcription (RT)–PCR Assays. Cells were x-
irradiated, total RNA isolated, and 20 mg was used for first
strand synthesis, which was then used as a template for the
PCR reaction as described (19). The KARP-1 PCR primers
were 59-ACGGCGGAATGGAGAGAATGTGCGCATG-
C-39 and 59-AACAGCTGCCTTATTCCCCGACCGCACC-
AT-39. The b-actin PCR primers were 59-ATCTGGCACCA-
GACCTTCTACAATGAGCTGCG-39 and 59-CGTCATAC-
TCCTGCTTGCTGATCCACATCTGC-39. The Ku86 PCR
primers were 59-CTGTTGTGCTGTGTATGGACGTGG-
G-39 and 59-CCAGGAAGTCAGCCTGTTGAGAACC-39.
KARP-1 RT-PCR products were hybridized with a 328 bp
KARP-1-specific probe generated by PCR (19). Ku86 RT-
PCR products were hybridized with a 299 bp Ku86-specific
probe generated by PCR with radiolabeled Ku86 PCR primers.
b-actin RT-PCR products were either analyzed on ethidium
bromide-stained gels or were hybridized with a b-actin gene
fragment (CLONTECH).

Immunoblot Analyses. Cytoplasmic extracts were prepared
as described (23). Protein was quantitated using the Bradford
assay (Bio-Rad) and 50 mg was used for each lane in 7.5%
SDSyPAGE. Immunoblotting was performed with the en-
hanced chemiluminescence system (Amersham) by using the
following antibodies: a-KARP-1 rabbit polyclonal antibody
(19) and a-Ich-1L mouse mAb (Transduction Laboratories,
Lexington, KY).

KARP-1 Induction with DNA Damaging Agents. HCT116
cells were treated (24) with the indicated mutagen and then
subjected to an RT-PCRySouthern blot analysis as described
above for KARP-1 mRNA induction at 90 min posttreatment.

RESULTS

A Functional p53 Binding Site Resides Within the Second
Intron of KARP-1. The primate Ku86 locus is bifunctional and
through the use of an upstream promoter can encode an
isoform termed KARP-1 (Fig. 1A). Sequence analysis of the
KARP-1yKu86 genomic locus revealed a possible p53 binding
site located within the second intron of the KARP-1 gene (Fig.
1B). p53 binding sites consist of multimers of a 10 nt consensus
sequence 59-PuPuPuC(AyT)(AyT)GPyPyPy-39 with the mul-
timers separated by 0–13 nt (22, 25). The KARP-1 p53 binding
site consisted of a consensus 10-mer separated by 9 and 10 nt,
respectively, from two imperfect (8 and 7 matches, respec-
tively) sequences (Fig. 1B). The location of the putative site,
within the second intron of KARP-1 (Fig. 1B), was consistent
with the locations of known functional p53 binding sites for the
cyclin G (26), IGF-BP3 (27), and MDM2 (28) genes.

To test whether the KARP-1 site could bind p53, a 183 bp
probe containing this site was used for a mobility shift assay.
Nuclear extract prepared from unirradiated HCT116 cells (ref.
21; p531/1) contained an activity that retarded the mobility of
the fragment in a polyacrylamide gel (Fig. 2A, lane 2). This
complex was supershifted upon inclusion of the p53-specific
antibody, pAb421 (Fig. 2 A, lane 3). The intensity of this
supershifted complex increased when extracts were prepared
from HCT116 cells 30 and 60 min post x-irradiation (15 Gy;
Fig. 2 A, lanes 4 and 5, respectively). This was consistent with
the known induction of p53 in this cell line following x-
irradiation (21). To confirm that this complex was due to p53
binding, competition experiments were carried out. A 30-fold
excess of the 183 bp fragment completely competed the
binding to the probe (Fig. 2 A, lane 7), as did a double-stranded
oligonucleotide (p53 Oligo), which contained a dimer of the
consensus p53 binding site from the p21 promoter (ref. 11; Fig.
2A, lane 9). In contrast, oligonucleotides carrying mutations in
either the KARP-1 p53 binding site (Mutated KARP-1 Oligo)
or the p21 promoter consensus p53 binding site (Mutated p53
Oligo) were not effective competitors (Fig. 2 A, lanes 8 and 10,
respectively). Moreover, no complex was detected when whole
cell extracts were prepared from the p532/2 cell line (20),

FIG. 1. KARP-1 is expressed from the bifunctional Ku86 locus by the use of an upstream promoter. (A) A cartoon of the Ku86 locus. Large
arrows represent the starts of transcription for the KARP-1 and Ku86 genes, respectively. Hatched boxes represent noncoding exons and open boxes
coding exons. The initiator methionine (ATG) for KARP-1 is shown at the beginning of exon IIIa and the ATG for Ku86 is shown at the beginning
of exon IIIb. The position of the leucine zippers (L) and the basic region (1) in KARP-1 are also shown (19). The oval shows the location of the
p53 binding site in the second intron of the KARP-1 transcription unit. This site is '1,100 nt 39 of the KARP-1 promoter and '800 nt 59 of the
Ku86 promoter. (B) The putative p53 response element. The perfect (10 of 10) and the imperfect (8 of 10 and 7 of 10, respectively) p53 binding
sites are underlined and the nonconsensus nucleotides are shown in lowercase letters.
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HCW-2 (Fig. 2B, compare lanes 2 and 3), and from several
other p532/2 cell lines (data not shown). Thus, a functional p53
binding site exists within the KARP-1 second intron.

KARP-1 mRNA Is Induced Following DNA Damage. Be-
cause p53 is an important transcription factor for the cellular
response to ionizing radiation (7), we investigated whether
KARP-1 gene expression could be stimulated by x-irradiation.
The immortalized human diploid fibroblast cell line, HCT116,
was used for these experiments, because these cells have been
shown to be completely normal in their response to ionizing
radiation (21). KARP-1 message level was quantitated by an
RT-PCRySouthern blot analysis at subsequent times after
exposure of HCT116 cells to 10 Gy of x-irradiation. As
controls, b-actin and Ku86 RT-PCRySouthern reactions were
performed. Strong induction (4-fold) of KARP-1 mRNA was
observed at 90 min after x-irradiation (Fig. 3A). Therefore,
HCT116 cells were next x-irradiated using different doses, and
at 90 min after x-irradiation the KARP-1 message level was
determined (Fig. 3B). KARP-1 mRNA induction appeared to
be dose dependent with a maximum of 6-fold stimulation at the
highest dose (15 Gy) tested and a reproducible 2-fold induction
even at the lowest dose (2.5 Gy) tested. In contrast, Ku86
message levels did not increase following x-irradiation at any

dose or time tested (Fig. 2). Thus, KARP-1 expression was
inducible by x-irradiation, whereas expression of Ku86 was not.

Because p53 is induced by many DNA damaging agents and
not exclusively x-irradiation (7), we exposed HCT116 cells to
etoposide (Eto), UV-irradiation (UV), and methyl methane-
sulfonate (MMS) and determined the KARP-1 message levels
90 min later (Fig. 3C). KARP-1 mRNA levels were signifi-
cantly (4- to 7-fold) increased under all these conditions,
consistent with p53 mediating the induction.

KARP-1 mRNA Induction Is p53- and ATM-Dependent.
The status of KARP-1 mRNA induction in cell lines deficient
or defective for p53 function was next examined. HCW-2 cells
are a subclone of HL-60 cells, which are known to be deficient
in p53 because of a deletion in the gene (20). HeLa cells
contain a wild-type p53 gene, but its function, inclusive of
almost all DNA damage responses, is seriously impaired
because they have been infected with a human type-18 papil-
lomavirus (29). Strikingly, HCW-2 (Fig. 4A) and HeLa (Fig.
4B) cells showed no induction of KARP-1 message after
increasing doses of x-ray irradiation, consistent with the hy-
pothesis that the induction of KARP-1 message requires a
wild-type p53 gene product.

Because ATM is thought to lie upstream of p53 in the DNA
damage signal transduction pathway (1), we investigated the

FIG. 2. p53 can bind to the KARP-1 p53 response element. (A) Whole cell extracts were prepared from HCT116 (p531/1) cells combined with
a 183 bp probe containing the putative KARP-1 p53 response element in the absence (lanes 1 and 2) or presence (lanes 3–10) of the p53-specific
antibody, pAb421, and subjected to a gel retardation assay: the probe incubated without cellular extract (lane 1); extracts from unirradiated cells
(lanes 2 and 6); extracts from x-irradiated (15 Gy) cells prepared 0 min (lane 3), 30 min (lane 4), or 60 min (lane 5) postirradiation; addition of
30-fold excess cold 183 bp probe (lane 7); addition of 30-fold excess of a double-stranded oligonucleotide containing mutations in the KARP-1
p53 binding site (lane 8); addition of 30-fold excess of a double-stranded oligonucleotide containing a dimer of the p21 promoter consensus p53
binding site (lane 9); addition of 30-fold excess of a double-stranded oligonucleotide containing mutations in the p21 promoter consensus p53
binding site (lane 10). (B) Binding to the KARP-1 probe is not observed in p53-defective cell lines. Whole cell extracts were prepared from HCT116
(p531/1; lane 2) and HCW-2 (p532/2; lane 3) cells combined with a 183 bp probe containing the putative KARP-1 p53 response element in the
presence of the p53-specific antibody, pAb421, and subjected to a gel retardation assay.
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requirement for the ATM gene product in KARP-1 induction.
GM08436A (Fig. 4C) and GM01526E (Fig. 4D) AT cells,
which were derived from independent AT patients, exhibited
no KARP-1 induction following x-irradiation with 10 Gy.
Because these cell lines were of lymphoblastoid origin and the
original demonstration of KARP-1 inducibility was carried out
with HCT116 fibroblastic cells (Fig. 3), we also examined a
lymphoblastoid cell line (GM00130C) derived from a wild-
type individual. KARP-1 was strongly induced (6-fold) in
GM00130C cells, although the time of induction was approx-
imately 30 min faster than in HCT116 cells (Fig. 4E). Thus,
only in a wild-type ATM background was timely KARP-1
mRNA induction following DNA damage detectable.

KARP-1 Protein Accumulates Following DNA Damage. To
investigate whether the KARP-1 protein is also induced by
x-irradiation, cytoplasmic extracts were prepared from
HCT116 cells at various times after x-ray exposure and ana-
lyzed by immunoblotting. Following x-irradiation, the amount
of KARP-1 protein increased significantly over time (Fig. 5).

To show that the induction was specific for KARP-1 protein,
this blot was stripped and then reprobed with an antibody
specific for Ich-1L (caspase-2), which showed no such induction
(Fig. 5). This experiment was independently repeated two
additional times by using either Fas-ligand or Ku70 as controls,
and neither protein was induced by x-irradiation (data not
shown). In contrast, KARP-1 protein levels were always in-
creased (5.6 6 0.7-fold). Thus, KARP-1 is a protein whose
expression levels increase following DNA damage.

DISCUSSION

We have observed the induction of KARP-1 mRNA and
protein by DNA damage. To our knowledge, this is the first
demonstration of a mammalian gene presumed to be involved
in DNA DSB repair, which is inducible by DNA damage.
Importantly, the induction of KARP-1 was mediated by the
ATM and p53 genes, suggesting that it lies on a critical pathway
for controlling the cellular response to x-irradiation.

FIG. 3. (A) KARP-1 gene expression is induced following x-irradiation. (Left) HCT116 cells were x-irradiated (10 Gy) and then at the indicated
times postirradiation RT-PCR reactions followed by Southern hybridizations were performed. (Right) The fold-induction of KARP-1 mRNA was
quantitated by using b-actin levels as a reference. (B) KARP-1 induction is dose dependent. (Left) HCT116 cells were x-irradiated at the indicated
doses and at 90 min postirradiation RT-PCR reactions followed by Southern hybridizations were performed as described. For the b-actin sample,
only the ethidium bromide profile is shown. (Right) The fold-induction of KARP-1 mRNA was quantitated by using b-actin levels as a reference.
The average of two independent experiments is shown for A and B. (C) KARP-1 gene expression is induced by other types of DNA damage. (Left)
HCT116 cells were x-irradiated (X, 15 Gy) or treated with etoposide (Eto, 1 or 5 mM), UV irradiation (UV, 10 or 20 Jym2), or methyl
methanesulfonate (MMS, 1 mM) and then at the indicated times posttreatment RT-PCR reactions followed by Southern hybridizations were
performed. (Right) The fold-induction of KARP-1 mRNA was quantitated by using b-actin levels as a reference.
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KARP-1 Expression Is p53 Responsive, Whereas Ku86
Expression Is Not. Under normal cellular conditions the Ku86
and KARP-1 genes are constitutively expressed, albeit the level
of Ku86 expression is one to two orders of magnitude higher
than KARP-1 expression (19). In the presence of elevated
amounts of p53 protein, however, Ku86 transcription is rela-
tively unaltered, whereas that of KARP-1 is sharply increased
(Fig. 3). Thus, the p53 response element, which is approxi-
mately equidistant between the promoters of these two genes
(Fig. 1), appears to only positively influence KARP-1 tran-
scription. A thorough analysis of the KARP-1 and Ku86

promoters, and the transcription factors that bind to them, may
shed some light on how p53 selectively augments KARP-1
transcription.

The Timing of KARP-1 Induction Implies That It Performs
a Function Late in DNA DSB Repair. Studies of asynchro-
nously growing cells exposed to x-irradiation suggested that
DSB repair was biphasic with the bulk of the repair being
completed within 2 hr (‘‘fast’’) and the remainder being
completed in the subsequent 24–48 hr (‘‘slow’’) (30, 31). Thus,
the timing of KARP-1 protein induction, which is first ob-
served 3–4 hr after x-irradiation (Fig. 5), suggests that KARP-1
performs a function during the slow phase of DNA DSB repair.
Intriguingly, a requirement for DNA-PK during the slow phase
of repair has also been reported (32). That function may
involve the repair of specific or recalcitrant lesions. Alterna-
tively, large complexes are required for the repair of DNA
lesions (12). For example, a number of strand break repair
proteins, including hMRE11yhRAD50 (33) and hRAD51y
BRCA1 (34), are localized into independent discrete nuclear
foci, which persist many hours after x-irradiation. If the
formation of such complexes is inhibitory to subsequent
metabolic processes (e.g., DNA replication) KARP-1y
DNA-PK could be involved in their disassembly.

KARP-1 Regulation of DNA-PK Activity. Our previous
demonstration that KARP-1 regulated DNA-PK activity (19)
coupled with the current observation that KARP-1 is induced
following x-ray exposure (Fig. 3) suggests that DNA-PK ac-
tivity should increase subsequent to x-irradiation. This hypoth-
esis is inconsistent with a report which demonstrated that, in
whole cell extracts derived from either AT or wild-type cells,
DNA-PK phosphorylation activity was indistinguishable and
not inducible following x-irradiation (18). It is conceivable,
however, that these in vitro assays do not accurately reflect
DNA-PK activity in vivo, andyor that the phosphorylation
activity of DNA-PK is not required for DNA DSB repair.
Alternatively, it has been shown that DNA-PKcs can be active
in a Ku-independent manner (32, 35). Thus, in vivo, the entity
described in vitro as ‘‘DNA-PK’’ may be a complex mixture of
various Ku, KARP-1, and DNA-PKcs subunits that interact in
tissue-specific or cell cycle-specific manners. KARP-1 may
thus only regulate DNA-PK in the repair of specific lesions or
in specific phases of the cell cycle (36).

KARP-1 Regulation of DNA DSB Repair. The data pre-
sented in our earlier work (19) combined with this study
suggest that the following pathway may exist in primate cells:
x-irradiation . ATM . p53 . KARP-1 . DNA-PK . DNA
DSB repair. It should be emphasized, however, that this
pathway is specific for DNA-PK-dependent DSB repair. There
are additional complexes (including the hRAD51, hRAD52,
and BRCA2 proteins) capable of carrying out DNA DSB
repair (12). Indeed, p53 may link these pathways together in a
consistent fashion. Thus, p53 is required for induced expres-
sion of KARP-1 and, presumably, for DNA-PK activity. In
addition, p53 has been shown to directly interact with and
inhibit hRAD51 (37). Hence, a working hypothesis may be that
the exposure of cells to x-irradiation induces p53, which
simultaneously causes a G1 cell cycle arrest, activates nonho-
mologous DSB repair via DNA-PK, and inhibits homologous
repair. After nonhomologous repair has taken place, p53 levels
recede, inactivating DNA-PK and activating RAD51-
dependent pathways in either S phase (BRCA2 complex) or
G2 (RAD52 complex). In cell lines defective for p53, the
DNA-PK pathway would be impaired, but this would be
compensated for by the enhancement of the RAD51-
dependent pathways. This model is consistent with the obser-
vation that ATM2/2 and p532/2 cell lines are proficient for
DNA DSB repair (1, 7).
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FIG. 4. KARP-1 induction is dependent on functional p53 and
ATM gene products. (A) HCW-2 (p532/2) and (B) HeLa (p53-
defective) cell lines were x-irradiated at the indicated doses and at 90
min postirradiation RT-PCR reactions (b-actin) followed by Southern
hybridizations (KARP-1) were performed as described. (C)
GM08436A (ATM2/2), (D) GM01526E (ATM2/2), and (E)
GM00130C (ATM1/1) cells were x-irradiated at 10 Gy and at the
indicated times postirradiation RT-PCR reactions (b-actin) followed
by Southern hybridizations (KARP-1) were performed as described.

FIG. 5. KARP-1 protein is induced following x-irradiation.
HCT116 cells were x-irradiated at 15 Gy and at the indicated times
cytoplasmic extracts were prepared and then subjected to immunoblot
analysis using a KARP-1 polyclonal antibody. Subsequently, the blot
was stripped and probed with an antibody for Ich-1L.
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