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ABSTRACT

The fibroblast culture 1SOBR,established from a patient showing an
adverse response to radiotherapy, has been shown previously to be hy

persensitive to ionizing radiation and to be defective in the repair of DNA
double-strand breaks. We demonstrate here that the products of the
catalytic subunit of DNA-dependent protein kinase (DNA-PKcs) and its
regulatory subunits (Ku 70 and Ku 80) are present at normal levels and
possess functional activity. The product of the gene mutated in the human
genetic disorder ataxia-telangiectasia was also detected in these cells.
Apoptosis was detected after high-dose ionizing radiation exposure, and
this process was accompanied by specific degradation of DNA-PKcs,
ATM, and poly(ADP-ribose) polymerase. Activation of CPP32, an inter
leukin 113 convertIng enzyme-like pretense Implicated in apoptosis, was

also observed in 1SOBR cells in response to radiation damage. The radi
osensitivity observed in 18OBR cells can be accounted for, at least in part,
by radiation-induced apoptosis, and the defect in these cells is not a gross
one in DNA-PKcs or ATM.

INTRODUCTION

Hypersensitivity to ionizing radiation is a hallmark in cells from
patients with the human genetic disorder Aâ€”T3(1â€”3),and it now
seems likely that the defect in Aâ€”Tcells is due to a failure to detect
and respond to DNA damage, so that a fraction of double-strand

breaks remain unrepaired (4, 5). The product of the gene defective in
Aâ€”T,ATM, is a member of the phosphatidylinositol 3'-kinase family,
some members of which are involved in detecting damage in DNA
and controlling the passage of cells through the cell cycle in response

to cellular damage (6â€”8).One member of this family is DNA-PKcs,
which is involved in the repair of DNA double-strand breaks and
V(D)J recombination(9). Rodentmutantsin this protein are hyper
sensitive to ionizing radiation and fail to repair double-strand breaks
in DNA (10). Distinct complementation groups for radiosensitivity
have been described in rodents, some of which correspond to the
regulatory and catalytic subunits of DNA-PK (10â€”13).

Whereas mutations in ATM and DNA-PK increase sensitivity to
radiation as a consequence of failure to sense damage in DNA,
another human mutant cell line, 18OBR, is hypersensitive to radiation
because of a major defect in the repair of double-strand breaks in
DNA (14). This fibroblast cell line was established from a patient with
acute lymphoblastic leukemia who died from radiation morbidity and
represents the first case of a human mutant with defective double
strand break repair. 18OBR cells showed a similar level of radiosen
sitivity to Aâ€”Tcells, being approximately four times more sensitive

Received 4/9/97; accepted 10/24/97.
The costs of publication of this article were defrayed in part by the payment of page

charges. This article must therefore be hereby marked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this fact.

1 This work was supported by grants from the Australian National Health and Medical

Research Council and the Queensland Cancer Fund. H. L. was supported by a studentship
from the Tzu Chi Foundation. H. L. and Q. S. contributed equally to this work.

2 To whom requests for reprints should be addressed, at The Queensland Institute of

Medical Research, The Bancroft Centre, 300 Herston Road, Herston, Brisbane, Queens
land 4029, Australia.

3 The abbreviations used are: Aâ€”T, ataxia-telangiectasia; DNA-PK, DNA-dependent

protein kinase; DNA-PKcs, catalytic subunit of DNA-PK; PARP, poly(ADP-ribose)
polymerase.

than controls but did not exhibit radioresistant DNA synthesis that is
characteristic of Aâ€”T(15, 16).

We have extended studies on 18OBR to investigate the nature of the
radiosensitivity and the status of DNA-PK and ATM in these cells.
Our results reveal that DNA-PK and ATM, although apparently
normal in 18OBR cells, are degraded after irradiation.

MATERIALS AND METHODS

Cell Lines and Culture Conditions. Fibroblastcultures I8OBRand 1BR
(normal) were established by Cohn F. Arleu. The cells were maintained in
MEM (Life Technologies, Inc.) containing 15% heat-inactivated FCS at 37Â°C
in a humidified atmosphere of 5% CO2. Cells were exposed to â€˜y-raysfrom a
â€˜â€œCssource (4 Gy/min).

Detection of Apoptosis. Cell morphology was evaluated using fluores
cence microscopy. At each time point postirradiation, cells were pelleted at
200 X g for 5 ruin and resuspended in fresh MEM containing 15% FCS. The
cells were stained with 4',6-diamidino-2-phenylindole-dihydrochloride (1 @xg/â€¢
ml) and observed using a Zeiss Axioskop-20 model fluorescence microscope.

DNA-PK Activity. Whole cell extracts were preparedfrom 1BR and
18OBR treated with 6 or 15 Gy of â€˜y-radiation(at different time points
posttreatment) and assayed with a synthetic peptide (PESQEAFADLWKK) at
0.25 mi@i,as described previously (17). Each sample was also assayed in the
presence of a nonsubstrate peptide, EPPLSEQFADLWKK. The incorporation
of phosphate into this peptide was <5% of that for the substrate peptide, and
values were subtracted from the appropriate samples.

Antibodies. The following antibodies were used for the immunoblotting:

DPK1, a polyclonal antibody against amino acid region 2018â€”2136of DNA
PKcs; C2â€”lO,a mouse monoclonal antibody that detects PARP, as described
previously (18); ATM-3BA, a polyclonal antibody against amino acid region
2581â€”2599 of ATM (19); and a mouse polyclonal antibody that detects both

Ku 70 and Ku 80, as described previously (20).
Immunoblotting. After irradiation, cells were pelleted at 200 X g, fol

lowed by two washes in ice-cold PBS (pH 7.2). They were then resuspended
in extraction buffer [50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 2 mM EDTA,

2 nmi EGTA, 25 mM NaF, and 25 m@s f3-glycerolphosphate], 0.2% Triton

x-100, 0.3% NP4O,0.1 mr@isodium vanadate, 0.1 mrviphenylmethylsulfonyl
fluoride, leupeptin (5 xg/ml), and aprotinin (5 xg/ml) and left on ice for 10
mm. After centrifugation at 10,000 X g for 10 mm at 4Â°C,the supernatant was
collected, and protein was determined using the Bio-Rad microassay. Protein

loading was monitored by staining the membranes with Poinceau S. A total of
0.20 ofa volume of5 X concentrated sample buffer [0.25 M Tris-HCI (pH 6.8),

0.4 MDTT, 5% SDS, 0.5% bromphenol blue, and 50% glycerol] was added to
each sample and boiled for 5 mm before storage at â€”80Â°C.Electrophoresis

was performed on 20 xg of protein sample on 8% SDS-polyacrylamide gels.
Proteins were then transferred to polyvinylidine difluoride membranes, and
immunoblotting was performed with the appropriate antibody using an

enhanced chemiluminescence kit (Amersham). In some cases, blots were

reprobed with different antibodies after stripping in 6.25 m@tTris-HC1 (pH
6.7), 100 mM 2-f3-mercaptoethanol, and 2% SDS.

RESULTS AND DISCUSSION

To investigate the nature of the radiosensitivity and the double
strand break repair defect in 18OBR fibroblasts, we used immunoblot

ting to screen for the presence of proteins implicated in the detection
of DNA strand breaks. The results show that DNA-PKcs (Fig. la), Ku
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Fig. 1. Western blot analysis of DNA-PKcs, Ku, and ATM protein in 1BR and I8OBR
cells after exposure to 6 Gy of â€˜y-rays.Proteins were extracted at 0, 2, 4, and 8 h
postirradiation. a, DNA-PKcs; b, Ku; c, ATM. Lanes 1â€”4.IBR cells; Lanes 5â€”8,I8OBR
cells.

70 and Ku 80 (Fig. lb), and ATM (Fig. lc) are all detectable in 18OBR
cells, and the levels are comparable with those in a control fibroblast
cell line, 1BR. There was no alteration in the level of any of these
proteins in either cell type up to 8 h postirradiation (6 Gy). In addition,
radiation doses over the range 0â€”10Gy did not cause a change in the
amount of DNA-PKcs (Fig. 2a), Ku 70 and Ku 80 (Fig. 2b), or ATM
(Fig. 2c). Activity of DNA-PK was also measured in both cell types
using a synthetic peptide, as described previously (17). The amount of
activity was the same in both cell types and was not influenced by
radiation exposure (6 Gy) for up to 8 h posttreatment (data not
shown). It was not possible to determine ATM activity in cell extracts,
because no specific assay has yet been developed, although it would
be predictedto act as a protein kinase because of its homologyto
DNA-PK(21).

To investigate further the nature of the cell death in irradiated
18OBRcells, we determinedwhetherapoptosismightbe a contribu
tory mechanism. Under these conditions, cell death by apoptosis was
evident in 18OBR cells at 24, 48, and 72 h after 15 Gy of radiation
(Fig. 3). By 72 h, up to 50% of cells were apoptotic as determined by
morphological and nuclear changes (data not shown). No radiation
induced apoptosis occurred in the control cells at this dose (Fig. 3). At
an equitoxic dose in 18OBR cells (4 Gy), approximately 10% apop
tosis was observed by 72 h postirradiation (data not shown). At the
lower dose, approximately 10% of 1BR cells and 0.1% of 18OBR cells
survive, as determined by clonogemc assay (22). Cleavage of PARP,
an enzyme implicated in the detection and repair of strand breaks in
DNA, seems to be a good indicator of apoptosis (23). Accordingly, we
assayed for the degradation of this protein in 18OBR cells. It is evident
from the results in Fig. 4a that PARP is progressively cleaved with
time in irradiated (15 Gy) 18OBR cells, and the extent of degradation
parallels the extent of apoptosis in these cells (Fig. 3). As expected,

RADIOSENSITIVITYIN 18OBRCELLS

there was no degradation of PARP in IBR cells, because this dose of
radiation did not induce apoptosis in these cells (Fig. 4a).

We have previously shown that DNA-PKcs is also degraded in
different cell types in response to a variety of agents that cause
apoptosis (24, 25). The results in Fig. 4b reveal a pattern of degrada
tion of DNA-PKcs rather similar to that of PARP in 18OBR cells
exposed to radiation. As observed with PARP, there was no degra
dation of DNA-PKcs in the control cell line (Fig. 4b). However, as
was the case in other cell types undergoing apoptosis, the regulatory
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Fig. 2. Immunoblot analysis of DNA-PKcs, Ku, and ATM protein in IBR and I8OBR
cells after exposure to different doses of â€˜y-rays.Cells were irradiated with 0, 5, and 10Gy
of â€˜y-rays,and proteins were extracted at 2 h postirradiation. a, DNA-PKcs; b, Ku; c,
ATM. Lanes 1â€”3,1BR cells; Lanes 4â€”6,18OBRcells.
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Fig. 3. Apoptosis in 18OBRand IBR cells treated with 15Gy of rny-rays.Apoptosis was
determined by fluorescence microscopy using 4',6-diamidino-2-phenylindole staining.
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the control cells (Fig. 4d). There was some evidence of a slightly
lower molecular weight intermediate at the 48- and 72-h time points
that did not correspond to a cross-reacting lower molecular weight
band in undergraded samples (Fig. 44

Recent evidence has demonstrated that CPP32, a member of the
interleukin 1 /3 converting enzyme/CED-3 cysteine protease (caspase)
family, plays a key role in apoptosis (26â€”28).We have previously
shown that the caspase CPP32 cleaves purified DNA-PKcs at two
specific sites that correspond to the cleavage sites observed in cells
undergoing apoptosis (24). It is also well established that a proenzyme
form of CPP32 is cleaved to yield two subunits, p17 and p12, which
represents the active form of this protease in apoptosis (29). To
determine whether CPP32 was being activated in 18OBR cells under
going apoptosis, we carried out immunoblotting with anti-CPP32
antibody. At 48 h postirradiation, a protein corresponding to p17 was
detected in extracts from 18OBR cells but not in those from the control
line 1BR, demonstrating that CPP32 was being activated only in the
cells undergoing apoptosis (Fig. 6).

The fibroblast cell line 18OBR represents the first human mutant
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Fig. 5. DNA-PK activity in I8OBR and 1BR cells after exposure to 15 Gy of â€˜y-rays.
DNA-PK activity was determined with a synthetic peptide, as described previously (17).

Fig. 4. Cleavage of PARP, DNA-PKcs, and ATM during apoptosis in IBR and 18OBR
cells induced by ionizing radiation. Cells were irradiated with 15 Gy of â€˜y-rays,and
proteins were extracted at 0, 24, 48, and 72 h postirradiation. Immunoblotting was carried
out as described in â€œMaterialsand Methodsâ€•using antibodies specific for the different
substrates. a, PARP; b, DNA-PKcs; c, Ku; d, ATM. For PARP, DNA-PKcs, and Ku:
Lanes 1â€”4,IBR cells; Lanes 5â€”8,18OBR cells. For ATM: Lanes 1â€”3,1BR cells; Lanes
4â€”6,18OBRcells.

subunits of DNA-PK, Ku 70, and Ku 80 were resistant to degradation
in irradiated 18OBR cells (Fig. 4c). The activity of DNA-PK also
declined in 18OBR cells in parallel to the degradation of protein, with
a value of 50% of that in untreated cells by 72 h postirradiation (Fig.
5), by which time approximately 50% of the protein was degraded
(Fig. 4b). No decrease in DNA-PK activity was observed in 1BR cells
up to 72 h postirradiation. Because ATM seems to have a role similar
to that of DNA-PK in detecting damage in DNA, although the nature
of the lesion recognized would be expected to be different, it was of
interest to determine whether this protein is also degraded during
apoptosis. A decrease in amount of this 350-kDa protein was evident
with time after irradiation in 18OBR cells, but no change occurred in
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Fig. 6. Activation of the interleukin 1(3converting enzyme-like enzyme CPP32 during
apoptosis in I8OBRcells. Cells were irradiated with 15 Gy of â€˜y-rays,and proteins were
extracted at 0 and 48 h postirradiation. Lanes I and 2, 18OBR cells; Lanes 3 and 4, 1BR
cells.
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cell line in which hypersensitivity to ionizing radiation can be ac
counted for by a defect in the rate of repair of double-strand breaks in
DNA (14). In other studies with human cells, residual DNA double
strand breaks remaining after exposure to radiation, rather than the
rate of break rejoining, have been shown to be predictive of radio
sensitivity (4, 5, 30â€”32).This is also the case in radiosensitive (xrs)
Chinese hamster cell mutants in which the kinetics of double-strand
break repair are not different from the wild type, but a greater number
of nonrepairable breaks remain (33).

The double-strand break repair defect in 18OBR is unlikely to be
contributed to by a defect in DNA-PK itself, because we have shown
that normal-size protein is expressed in these cells and the protein
kinase activity is comparable to that in a normal control. Furthermore,
in the mouse, severe combined immunodeficiency syndrome-defec
tive V(D)J recombination is observed as well as hypersensitivity to
ionizing radiation (12), but no such recombination defect was appar
ent in the radiosensitive patient from which 18OBR was derived (14,
22). In addition, full-length ATM protein was detected in this cell line,
indicating that at least one functional allele existed for the gene
defective in Aâ€”T.However, whereas in the majority of Aâ€”Tcases, an
unstable ATM protein is predicted to be produced, in a few cases,
short in-frame deletions give rise to nearly full-length protein that
cannot be distinguished from the wild type by immunoblotting (19).
This is in agreement with previous observations that 18OBR cells
show a normal biphasic pattern of inhibition of DNA synthesis po
stirradiation (14, 22), in contrast to Aâ€”Tcells that are characterized by
radioresistant DNA synthesis ( 15, 16). In addition, the clinical radi
ation morbidity and the cellular radiosensitivity for the leukemia
patient are not associated with Aâ€”T(22). Although residual chromo
somal breaks have been described in Aâ€”Tcells after irradiation,
determined by premature chromosome condensation (4) or by the
fraction of activity released (5), these represent only about 10% of the
total breaks. This is clearly different in 18OBR cells, in which ap
proximately 70% of breaks are still unrepaired by 6 h postirradiation,
whereas the corresponding value for Aâ€”Tand controls is approxi
mately 20% at this time. The very inefficient repair of double-strand
breaks in DNA in I8OBR cells may be explained by a defect in one of
several proteins involved in DNA repair. The identity of the gene
involved remains unknown, but it is evident that mutations in genes
such as XRCC2 and XRCC4 are responsible for defective double
strand break repair, and a variety of other mutant cell lines charac
terized by hypersensitivity to ionizing radiation also exist (34). Alter
natively, the product of the gene defective in 18OBR may be part of
a functional compex with known proteins such as DNA-PK and, when
mutated, would be expected to result in defective strand-break repair.
This level of complexity is compatible with recent observations that
DNA-PKcs can bind DNA independently of the Ku heterodimer (35).

The increased killing of 18OBR cells by ionizing radiation seems to
be attributed to apoptotic and nonapoptotic mechanisms. It should be
pointed out that the radiation dose used here (15 Gy) was considerably
higher than the range used elsewhere for cell survival experiments
(0â€”6Gy). However,it is possibleto detectapoptosisin 18OBRcells
at 72 h (approximately 12%) after a radiation dose of 5 Gy.4 These
results demonstrate that 18OBR cells are being killed largely by
nonapoptotic mechanisms at moderate radiation doses, but as the dose
increases, apoptosis becomes more prominent. In the present study,
apoptosis was demonstrated not only by nuclear changes but by the
degradation of a number of key substrates previously shown to be
targets for caspases in apoptosis (24â€”28).Whereas DNA-PKcs and
ATMproteinswere intactand functionalin untreated18OBRcells, it

is also evident that they are specifically degraded at a radiation dose
that causes apoptosis in these cells. As outlined above, the defect in
repair in 18OBR does not seem to be due to defects in DNA-PKcs or
ATM, but it is likely that their cleavage during apoptosis favors the
fragmentation of DNA that is characteristic of this process (36).
DNA-PKcs was recently added to a short list of substrates that are
specifically degraded during apoptosis (28, 37). These include PARP
(26, 38), lamins (39), the 70-kDa component of Ui small nuclear
ribonucleoprotein (40), heteronuclear ribonucleoproteins Cl and C2
(41), protein kinase C6 (42), and fodrin (43). In the present study, we
have shown that PARP and DNA-PKcs are cleaved during apoptosis
in 18OBR cells, apparently by the caspase CPP32, because it is
activated in response to radiation exposure concomitantly with the
appearance of apoptosis. In support of this, both of these substrates
have been previously shown to be cleaved by CPP32 (24, 44). How
ever, during radiation-induced signal transduction, it is likely that
CPP32 is downstream in a proteolytic cascade that involves Mch4,
FLICE (FADD-like ICE)/caspase 8, and membrane-associated pro
teins similar to those reported for Fas- and tumor necrosis factor
initiated apoptosis (29, 45, 46). Inactivation of PARP and DNA-PKcs,
which are involved in the repair of DNA double-strand breaks, would
be expected to facilitate fragmentation of DNA and would conserve
energy for the process of apoptosis. We have also demonstrated that
the ATM protein is degraded at radiation doses causing apoptosis in
18OBR cells. No degradation products were obvious by immunoblot
ting, but rather a gradual loss of protein with increasing apoptosis was
seen.

In summary, we have shown that the hypersensitivity to radiation in
18OBR cells is not due to a defect in the DNA-PKcs or ATM proteins
that monitor breaks in DNA. This hypersensitivity might be explained
by a greater propensity to undergo apoptosis, particularly at higher
radiation doses, and this process is accompanied by the specific
degradation of a number of key substrates, including DNA-PKcs and
ATM,most likelyby the caspaseCPP32.
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