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The ATM protein has been implicated in pathways controlling cell cycle checkpoints, radiosensitivity, genetic
instability, and aging. Expression of ATM fragments containing a leucine zipper motif in a human tumor cell
line abrogated the S-phase checkpoint after ionizing irradiation and enhanced radiosensitivity and chromo-
somal breakage. These fragments did not abrogate irradiation-induced G1 or G2 checkpoints, suggesting that
cell cycle checkpoint defects alone cannot account for chromosomal instability in ataxia telangiectasia (AT)
cells. Expression of the carboxy-terminal portion of ATM, which contains the PI-3 kinase domain, comple-
mented radiosensitivity and the S-phase checkpoint and reduced chromosomal breakage after irradiation in
AT cells. These observations suggest that ATM function is dependent on interactions with itself or other
proteins through the leucine zipper region and that the PI-3 kinase domain contains much of the significant
activity of ATM.

Ataxia telangiectasia (AT) is a rare human autosomal reces-
sive disorder with a wide variety of phenotypic manifestations.
AT patients exhibit progressive cerebellar ataxia with degen-
eration of Purkinje cells, oculocutaneous telangiectases, hyper-
sensitivity to ionizing radiation (IR) and radiomimetic drugs,
thymic hypoplasia with variable cellular and humoral immune
dysfunction, hypogonadism, growth retardation, and prema-
ture aging (20, 55). AT homozygotes have an approximately
fivefold increased risk of developing leukemia or lymphoblastic
lymphomas and usually die by the second or third decade of
life (22, 59). Epidemiologic studies have suggested that AT
heterozygotes (approximately 1% of the population) may be at
a three- to fivefold increased risk of developing cancer (58, 59),
although this has not yet been confirmed by population-based
studies of AT carriers.
Cells derived from AT patients, such as fibroblasts and lym-

phoblasts, exhibit a variety of abnormalities in culture such as
cytoskeletal defects, hypersensitivity to IR, higher require-
ments for serum growth factors, and a reduced life span in
culture (12, 36, 42). AT cells have elevated frequencies of
spontaneous and induced chromosomal aberrations, including
defects in immune gene rearrangements and abnormally high
spontaneous rates of intrachromosomal recombinations (30,
34, 37, 44, 47). AT cells also appear to have suboptimal G1, S,
and G2 cell cycle checkpoints induced by DNA damage. The
lack of an S-phase checkpoint in AT cells was noted by Painter
and colleagues as the continued synthesis of DNA in AT cells
at early time points following irradiation (known as radioresis-
tant DNA synthesis [RDS]) (26, 43). Abnormalities in the
irradiation-induced G1 checkpoint response are manifested as
suboptimal induction of p53 protein and the p53-dependent
gene products, p21WAF1/cip1, mdm2, and gadd45, after IR of
AT cells (6, 27, 29, 31). A defective G2 checkpoint is evident

when AT cells irradiated in G2 continue to progress into mi-
tosis while normal cells arrest in G2 (3).
The gene responsible for AT was recently identified by po-

sitional cloning and was designated ATM (for AT mutated)
(53, 54). The ATM gene is approximately 150 kb in length and
encodes a 13-kb mRNA transcript that is expressed in a wide
variety of tissues. The open reading frame (ORF) of the ATM
transcript encodes a protein of 3,056 amino acids with a pre-
dicted molecular mass of 350 kDa (53, 54). ATM belongs to an
expanding family of large eukaryotic proteins involved in cell
cycle control and DNA repair and recombination. This family
of proteins has been grouped together with ATM primarily
due to the homology of their carboxy termini to the 100-kDa
catalytic subunit of the mammalian signal transduction medi-
ator, phosphatidylinositol 3-kinase (PI-3 kinase).
PI-3 kinases have been widely studied and appear to partic-

ipate in many cellular processes including insulin-dependent
glucose transport, growth factor responses, and cellular differ-
entiation (9, 11, 18, 25, 61). Members of this family include the
yeast TOR1 and TOR2 proteins as well as the mouse and
human homologs mTOR (RAFT1) and FRAP, respectively, all
of which are involved in the G1/S cell cycle progression (4, 23,
24, 32, 49, 50, 56). Other members of this family include the
yeast Tel1p protein, which is involved in telomere length main-
tenance (17, 41), and the yeast and Drosophila cell cycle check-
point-DNA recombination and repair proteins, Mec1p (Esr1/
Sad3) (2, 28, 63), Rad3 (1, 10), and Mei-41 (19). In addition,
DNA-dependent protein kinase (DNA-PK) is a family mem-
ber which has documented serine/threonine protein kinase ac-
tivity. DNA-PK is activated by DNA double-strand breaks and
is suggested to play a role in DNA damage detection and/or
DNA repair and V(D)J recombination (15, 21, 60, 62). The
similarities between ATM and this family of PI-3 kinase-like
proteins suggest involvement of ATM in signal transduction,
cellular responses to DNA damage, and cell cycle control. The
observation that the PI-3 kinase domain is affected by either
truncation or point mutations in virtually all AT patients sug-
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gests that this catalytic domain may play an essential role in
ATM function (5, 14).
One possible approach to investigating cell-type-specific ef-

fects of ATM dysfunction in physiological processes such as
growth factor responses, cell cycle control, radiosensitivity, or
apoptosis is to generate a variety of different cell types with
altered ATM function. We have attempted to accomplish this
by generating dominant-negative fragments of the ATM pro-
tein which can be expressed in cell lines and inhibit ATM
function. ATM fragments containing the putative leucine zip-
per (LZ) motif were chosen for these studies since proteins
containing LZ regions typically form homo- or heterodimers.
Overexpression of such truncated proteins has previously been
shown to result in dominant-negative inhibition of protein
function (8, 16). We demonstrate that expression of ATM
protein fragments containing the LZ motif in a human tumor
cell line resulted in a dominant-negative inhibition of ATM
function as revealed by decreased clonogenic survival after
irradiation, enhanced chromosomal instability following irra-
diation, and development of RDS.
The role of the PI-3 kinase domain of ATM was also inves-

tigated by generating and expressing a PI-3 kinase-containing
ATM protein fragment in simian virus 40 (SV40)-transformed
AT fibroblasts and assessing the ability of this truncated pro-
tein to complement the AT phenotype. Expression of the PI-3
kinase domain in AT cells resulted in the restoration of the
irradiation-induced S-phase arrest, enhanced clonogenic sur-
vival, and reduced chromosomal breakage after irradiation.
This suggests that many of the functions of ATM may reside in
this catalytic domain. Taken together, these studies provide a
novel means by which ATM protein function can be manipu-
lated and characterized, such that cell-type-specific signalling
pathways involving ATM can be addressed.

MATERIALS AND METHODS

Cell culture and irradiation treatment. Epstein-Barr virus (EBV)-immortal-
ized lymphoblastoid cell lines from normal individuals (GM2184) and AT ho-
mozygotes (GM1526) were cultured in RPMI-1640 supplemented with 15% fetal
calf serum (FCS). SV40-transformed fibroblast cell lines from normal individuals
(GM637) and AT homozygotes (GM5849) were cultured in Dulbecco’s modified
eagle medium (DMEM) supplemented with 15% FCS. All cell lines were ob-
tained from the Human Genetic Mutant Cell Repository (Camden, N.J.). The
RKO colorectal carcinoma cell line (31) and the retroviral packaging cell line
PA317 (American Type Culture Collection [ATCC], Rockville, Md.) were main-
tained in DMEM with 10% FCS. All cell lines were grown at 378C in a humid-
ified 5% CO2 atmosphere. Cells were irradiated with a 137Cs source at a dose
rate of approximately 100 rad/min.
Generation and expression of ATM cDNA fragments in a retroviral packaging

cell line. Three human ATM cDNA fragments (ENA/FB2F, FB2F, and PI3K)
were PCR amplified with ATM cDNA clones as templates. These constructs were
generated by using the following reaction conditions. FB2F and PI3K ATM
cDNA templates (1 mg) were added to a 100-ml total volume containing 13 PCR
buffer (10 mM Tris-HCl [pH 8.3], 50 mM KCl, 2.5 mM MgCl2, 0.01% gelatin)
and 200 mM (each) dCTP, dATP, dGTP, and dTTP. To the mixture were added
50 pmol each of two synthetic oligonucleotides. Pfu DNA polymerase (2.5 U;
Stratagene) was added to the PCR mixture, and DNA amplification was per-
formed for 20 cycles in a DNA thermal cycler (MJ Research, Inc.; denaturation
at 958C for 45 s, annealing at 508C for 1 min, and extension at 728C for 4 min for
each cycle). After amplification, 10 ml of each PCR mixture was fractionated by
electrophoresis to confirm the size of the amplification products. A 1.4-kb FB2F
cDNA fragment was amplified with the forward primer 59-CGTGGGATCCGC
CATG AATGACATTGCAGAT-39 (ATM ORF nucleotides [nt] 2433 to 2451),
which contains a Kozak consensus translation initiation sequence and a BamHI
restriction site, and the reverse primer 59-ACGCGTCGACTCAGTA GTTTA
ATAAAATAAAAGG-39 (ATM ORF nt 3703 to 3724), which contains a SalI
restriction site. A 1.2-kb PI3K cDNA fragment was amplified with the forward
primer 59-GATGAATTCGCCACCA TGGAAATTAAGGTGGACC-39 (ATM
ORF nt 7998 to 8017 nt), which contains a Kozak consensus sequence and an
EcoRI restriction site, and the reverse primer 59-ACCGCTCGAGTACT GAA
GATCACACCCAAG-39 (ATM ORF nt 9199 to 9179), which contains a XhoI
restriction site.
The ENA/FB2F ATM cDNA was generated by using the PCR overlap exten-

sion technique. PCR amplification of each half of the ENA/FB2F cDNA was

performed separately, followed by joining of the halves in a third PCR. The ENA
cDNA half was generated with the forward primer 59-CGTGGGATCCACCA
TGAGTCTAGTACTT-39 (leucine 1) (ATM ORF nt 1 to 15), which contains a
BamHI restriction site, and the reverse primer 59-ATGGATGACTG ATCCTC
CAC-39 (leucine 2) (ATM ORF nt 2545 to 2565). The FB2F cDNA half was
generated with the forward primer 59-GTGGAGGATCAGTCATCCAT-39
(leucine 3) (ATM ORF nt 2545 to 2565) and the reverse primer 59-ACGCGTC
GACTCAGTAGTTT AATAAAATAAAAGG-39 (leucine 4) (ATM ORF nt
3703 to 3724), which contains a SalI restriction site. Primer leucine 2 contains at
its 59 end 20 nt complementary to the leucine 3 primer. Conditions for PCR
amplification were as described above. The two separate PCR-amplified DNA
fragments containing the overlapping, complementary sequences were gel puri-
fied (b-agarase, N.E. Biolabs), mixed together (1 mg each), and subjected to a
second PCR amplification with a pair of external oligonucleotides, leucine 1 and
leucine 4. Following amplification the sizes of the products were confirmed by
agarose gel electrophoresis. The two sets of primers, leucine 1-leucine 2 and
leucine 3-leucine 4, constructed a 3.6-kb cDNA fragment which encodes the
ENA/FB2F protein.
The PCR-generated ATM products (10 mg) and the retroviral expression

vectors pBABE and LXSN (20 mg; obtained from Alan Friedman, Johns Hop-
kins Oncology Center) (39, 40) were digested sequentially with the appropriate
restriction endonucleases (5 U/mg, 378C, 3 h). Digestion products were fraction-
ated by electrophoresis and gel purified, and the ATM cDNA fragments were
ligated separately into a similarly cleaved pBABE or LXSN retroviral expression
vector. Following ligation, competent DH5-a Escherichia coli cells (Gibco BRL)
were transformed with one-tenth of the ligation reaction. Ampicillin-resistant
bacterial colonies resulting from the transformation were randomly chosen and
used for plasmid DNA isolation (Wizard Minipreps DNA purification system;
Promega Madison, Wis.). The identities of the subcloned ATM cDNAs were
confirmed by plasmid DNA digestion and DNA sequencing (51).
The pBABE-FB2F, pBABE-ENA/FB2F, LXSN-PI3K, and vector-alone DNA

constructs were introduced into the amphotropic packaging cell line PA317
(ATCC) by CaPO4-mediated transfection (5). Forty-eight hours posttransfec-
tion, the PA317 cells transfected with pBABE-LZ constructs were placed in
puromycin selection medium (4 mg/ml, final concentration) while the PA317 cells
transfected with the LXSN-PI3K constructs were placed in neomycin selection
medium (800 mg/ml, final concentration). After drug-resistant colony formation
(7 to 14 days of selection), polyclonal pools were tested for the production of a
high viral titer by using NIH 3T3 fibroblasts as a target cell line.
Generation of ATM fragment-expressing clonal populations. Infectious super-

natant from these stable pBABE-LZ or LXSN-PI3K retrovirus-producing PA317
cell lines was used to infect the RKO colorectal carcinoma cell line, normal
GM637 or AT GM5849 SV40-transformed fibroblasts as described by Miller et
al. (39). Fresh viral supernatant derived from logarithmically growing transfected
PA317 cells was mixed with Polybrene (2 mg/ml, final concentration) and used to
infect the target cells (4 h, 378C) for 3 consecutive days. Forty-eight hours
following the last viral infection, the cells were placed in selection medium. After
drug-resistant colony formation (7 to 14 days), monoclonal populations contain-
ing FB2F, ENA/FB2F, PI3K, or vector-alone constructs were isolated.
RT-PCR analysis. Total RNA was extracted from parental and infected mono-

clonal cell lines (Trizol reagent; Gibco BRL) and used as substrate for reverse
transcription (RT)-PCR according to the manufacturer’s instructions (Gibco
BRL). Briefly, 5 mg of total RNA was reverse transcribed in a 20-ml reaction
mixture containing 5 pmol of an oligonucleotide primer complementary to the 39
end of the transcribed strand of either the retroviral SV40 promoter sequence
(59-GGGACTATGGTTGCTGAC TAATTG-39), the FB2F ATM cDNA se-
quence (ATM ORF 3703 to 3724 nt, described above), or the PI3K ATM cDNA
sequence (ATM ORF 9179 to 9199 nt, described above) and 50 mM Tris (pH
8.3), 75 mM KCl, 15 mM MgCl2, 0.1 mM dithiothreitol, 0.5 mM each de-
oxynucleoside triphosphate, and 200 U of Superscript RT. The reaction was
incubated at 428C for 50 min, terminated at 708C for 15 min, and then incubated
with RNaseH (10 U, 378C, 20 min). The cDNA products derived from the RT
reactions were used as templates (2 ml of the RT mixture) for PCR amplification
with the appropriate primer pairs and conditions as described above. After
amplification, 10 ml of each reaction mixture was fractionated by agarose gel
electrophoresis to confirm the size of the RT-PCR products.
RDS analysis. Inhibition of DNA synthesis following IR was assessed by a

method similar to that described by Painter and Young (43). Briefly, logarith-
mically growing cells (5 3 104 cells per dish) were incubated with DMEM
containing 10 nCi of [14C]thymidine per ml (specific activity, 50 mCi/mmol) for
approximately 48 h to control for total DNA content between samples. The
medium was replaced with nonradioactive DMEM and incubated for 24 h, and
the cells were then treated with 0 or 4 Gy of IR, incubated at 378C for 30 min,
and then pulse-labeled (15 min) with 2.5 mCi/ml of [3H]thymidine. The cells were
harvested, washed twice with phosphate-buffered saline (PBS; pH 7.4), and fixed
in 70% methanol. The cell suspension was filtered through GF/C (Whatman)
filters, which were rinsed sequentially with 70 and 95% methanol, air dried, and
assayed for radioactivity in a liquid scintillation counter. The resulting ratios of
3H/14C, corrected for channel crossover of the isotopes, were measures of DNA
synthesis activity.
Immunoblots. Cells were harvested, counted, and solubilized in Laemmli

sample buffer for immunoblot analysis as previously described (6). Thirty micro-
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grams of protein lysate was loaded into each lane, and equal loading was con-
firmed by fast green staining of the membrane. Immunoblots for p53 and p21
proteins were done with anti-p53 antibody Ab-6 (diluted 1:500 in blocking so-
lution; Oncogene Science, Uniondale, N.Y.) or anti-p21 antibody (diluted 1:300
in blocking solution; Pharmingen, San Diego, Calif.).
Assay for G2 checkpoint and chromosomal gaps and breaks. The G2 cell cycle

checkpoint and chromosomal aberrations in mitosis were assessed by evaluating
the number of metaphase chromosome spreads or the number of breaks and
gaps per metaphase in logarithmically growing cell lines following exposure to 0
or 1 Gy of IR. Following treatment with 0 or 1 Gy of IR, cells were incubated at
378C and treated with colcemid (0.1 mg/ml; Gibco BRL) for 30 to 60 min prior
to each cell harvest. Cells were harvested at either 30, 90, or 150 min after IR
(2,800 3 g, 10 min, 48C). Cell pellets were washed with PBS, incubated in
Zenon’s hypotonic buffer (40 mM KCl, 20 mM HEPES, 0.5 mM EGTA, pH 7.4)
for 20 min at 378C, and fixed in a 3:1 ratio of methanol to acetic acid. Slides were
made and stained by using standard conditions (13).
Clonogenic assays. Cell lines were plated in triplicate at limiting dilutions into

6-well plates, incubated for 17 h, and then exposed to a range of doses of IR (0
to 6 Gy) followed by incubation for 1 to 2 weeks at 378C. Prior to counting
colonies, the culture medium was decanted from each well, and the cells were
fixed in 95% methanol and stained with crystal violet. The mean colony counts6
standard errors (SE) appear in the figures.
Chromosome studies. (i) Interphase chromosomes. Premature chromosome

condensation was used to visualize interphase chromosome damage immediately
after irradiation in G1-phase cells. Plateau-phase cells were placed on ice for 20
min before irradiation, irradiated with 137Cs g-irradiator at the dose rate of 1.0
Gy/min, trypsinized, and fused with the mitotic HeLa cells. Detailed procedures
for HeLa cell accumulation, cell fusion, chromosome preparation, differential
staining, and chromosome breakage analysis have been previously described
(46).
(ii) Metaphase chromosomes. Plateau-phase cells were irradiated as described

above, incubated for 24 h postirradiation, and then trypsinized and plated.
Metaphase chromosomes were prepared by a procedure described earlier (45).
Giemsa-stained metaphase chromosomes were analyzed for chromosomal aber-
rations from first cycle metaphases only.

RESULTS

Construction and expression of ATM cDNA fragments. ATM
fragments containing either the LZ motif (FB2F), the LZ
motif along with the entire 59 ATM coding region (ENA/
FB2F), or the carboxy-terminal PI-3 kinase domain (Fig. 1A)
were generated by PCR. Each gel-purified, PCR-generated
cDNA, after sequential restriction enzyme digestion, was sub-
cloned into either the LXSN or pBABE retroviral expression
vector. Expression of the ATM cDNA fragments is under con-
trol of the long terminal repeat promoter, while expression of
the puromycin gene is under the control of the SV40 promoter
(Fig. 1B). Sequencing of the ATM cDNAs confirmed that no
PCR-induced mutations were generated in any of these frag-
ments.
RKO colorectal tumor cells were infected with either recom-

binant control pBABE, pBABE-FB2F, or pBABE-ENAFB2F
retroviruses by a method described by Miller et al. (39). Puro-
mycin-resistant clones were isolated and screened for the ex-
pression of the desired ATM cDNA fragment by RT-PCR. To
differentiate between the expression of endogenous ATM and
recombinant pBABE-ATM fragments, an oligonucleotide
primer was used in the RT reaction which is complementary
only to the pBABE-SV40 vector sequence (Fig. 1B, primer 1).
The use of primer 1 in the RT-PCR resulted in the selective
amplification of pBABE-FB2F or -ENA/FB2F cDNAs but not
of endogenous ATM sequences. To detect endogenous ATM
expression in the parental RKO cell line, an oligonucleotide
primer was used in a RT reaction which is complementary to
the 39 end of the transcribed strand of the ATM FB2F RNA
sequence (Fig. 1B, primer 3).
The cDNA products derived from the RT reactions were

used as templates for PCR amplification. RT-PCR resulted in
amplifications of approximately 1.5-kb or 1.4-kb cDNA prod-
ucts in pBABE-FB2F clones 3 and 12 (Fig. 1C, lanes h and i
and lanes k and l). The size of the 1.4-kb product was in
agreement with the amplified FB2F plasmid DNA and the

amplified, endogenous ATM FB2F cDNA (Fig. 1C, lanes a and
b, respectively). RT-PCR of pBABE-ENA/FB2F clone 18 re-
sulted in amplification of an approximately 3.7-kb cDNA prod-
uct (Fig. 1C, lane n). The size of this product was similar to the
PCR-amplified ENA/FB2F plasmid DNA (Fig. 1C, lane p). No
detectable PCR amplification was found in the RT reactions
with parental RKO or RKO-pBABE (vector alone) RNA after
priming with oligonucleotide 1 (Fig. 1C, lanes d to g; data not
shown for PCR primer pairs 4 and 1 and 4 and 3). These results
demonstrate that these clones express either FB2F or ENA/
FB2F ATM fragments and that the expression of pBABE-ATM
fragments can be selectively distinguished from endogenous
ATM expression (expression data not shown for RKO FB2F
clone 9). No amplification was detectable in RT-PCRs lacking
reverse transcriptase, demonstrating the absence of DNA con-
tamination in the total RNA preparations (Fig. 1C, lanes c, j,
m, and o). Due to the lack of ATM antibodies which specifi-
cally recognize protein fragments corresponding to the ENA
and FB2F regions of ATM, protein expression of these frag-
ments could not be determined. Western blots of full-length
ATM protein revealed no significant changes in endogenous
ATM protein levels in any of these clones (data not shown).
ATM-LZ fragment expression causes RDS. Cell lines de-

rived from AT patients normally exhibit a defect in S-phase
arrest known as RDS in response to IR (26, 43). The effects of
FB2F and ENA/FB2F fragment expression on S-phase arrest
following IR in RKO cells were assessed as the initial test of
whether LZ expression affects ATM function. Inhibition of
DNA synthesis is manifested as a decrease in thymidine incor-
poration in irradiated cells relative to unirradiated cells at early
time points after IR. Following exposure to 4 Gy of IR, the
parental RKO cells and control transfectant exhibited an ap-
proximately 50% decrease in DNA synthesis. In contrast, the
AT fibroblast cell line GM5849 exhibited a lack of inhibition of
DNA synthesis in response to IR (Fig. 2). Similar to the AT
GM5849 cell line, RKO-LZ clones FB2F3, -9, and -12 and
ENA/FB2F18 exhibited AT-like RDS (Fig. 2; data not shown
for clone 9). These results indicate that S-phase arrest in re-
sponse to IR can be abrogated in a tumor cell line expressing
these LZ motif-containing ATM fragments.
ATM-LZ fragment expression decreases cell survival and

enhances chromosomal aberrations after IR. Radiation sensi-
tivity of ATM FB2F and ENA/FB2F fragment-expressing
clones was assessed by a clonogenic survival assay. Consistent
with previously published reports of hypersensitivity of AT
cells to IR, the GM5849 AT fibroblast cell line was significantly
more sensitive to IR than the parental RKO or control trans-
fectant (Fig. 3). However, the ATM-LZ-expressing RKO
clones, FB2F12 and ENA/FB2F18, were sensitive to IR, with
survival rates comparable to that of the AT cell line. The RKO
clone FB2F3 exhibited an intermediate sensitivity to IR (Fig.
3). These data demonstrate that expression of the ATM FB2F
or ENA/FB2F fragments in RKO cells can lead to enhanced
radiosensitivity, characteristic of cells derived from AT pa-
tients.
ATM-LZ clones, along with isogenic and nonisogenic con-

trols, were synchronized in G1 and then treated with gamma
rays to determine induction of chromosomal breaks in G1 and
residual damage at metaphase. Chromosome aberrations in G1
phase were analyzed by using the premature chromosome con-
densation technique (46). An increase in chromosomal breaks
in G1 phase is apparent with an increasing dose of IR (Fig.
4A). The number of chromosomal breaks per cell in RKO
clones FB2F3 (data not shown), FB2F12, and ENA/FB2F18 at
2 and 4 Gy of IR were greater than the number of aberrations
in control cells and were similar to those seen in the AT
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homozygote-derived cell line (GM5849). To determine the
residual damage, cells were allowed to repair the damage and
then allowed to go to metaphase. When chromosome aberra-
tions were analyzed at metaphase 24 h after irradiation, RKO
FB2F12 cells, in particular, revealed significantly higher levels
(P , 0.001, Student’s t test) of chromosomal damage (includ-
ing both chromatid and chromosome types of aberrations),
exhibiting an approximately fourfold increase in total chromo-
somal aberrations at 2 and 4 Gy of IR (Fig. 4B). Interestingly,
all of the ATM dominant-negative clones showed statistically
higher levels (P , 0.05) of chromatid type of damage at both
2 and 4 Gy, suggesting the presence of a repair defect. The
ATM-LZ-expressing RKO cells did not appear to be as defec-
tive as cells from AT patients, since the GM5849 SV40-trans-
formed AT fibroblasts exhibited an even greater number of

chromosomal aberrations than the FB2F12 clone following IR
treatment in this assay (data not shown).
To examine chromosomal aberrations induced in the G2/M

phase of the cell cycle, metaphase chromosome spreads were
isolated at early time points following 1 Gy of IR and examined
for chromosomal gaps and breaks. An increased number of
chromosomal gaps and breaks per metaphase was noted for all
cell lines within 30 min following IR treatment compared to
the unirradiated cells (Fig. 4C). At all time points following IR,
however, the number of gaps and breaks per metaphase of
RKO FB2F and ENA/FB2F clones was significantly higher
than the RKO parental cell line. The number of gaps and
breaks per metaphase of the RKO clones FB2F12 and FB2F9
changed little between 30 and 150 min following IR treatment,
whereas the number of gaps and breaks per metaphase of the

FIG. 1. Expression of the ATM LZ fragments in a RKO colorectal tumor cell line. (A) Diagram of ATM cDNA fragments encoding segments of the full-length
ATM protein. The ATM protein is denoted as a thick black line representing approximately 3,000 amino acids (a.a.). The LZ and PI3-kinase domains are represented
by a rectangle and an oval, respectively. All clones were drawn to approximate scale. (B) Diagram of the pBABE retroviral vector subcloned with either the FB2F or
ENA/FB2F cDNA fragments. Oligonucleotides used for RT-PCR analysis are shown as primers 1 to 4. (C) RT-PCR analysis of RKO clones infected with pBABE-FB2F
or -ENAFB2F retroviruses. Either primer 1 or 3 was used for RT in the absence or presence of Superscript RT. Primer pairs 2 and 3, 2 and 1, 4 and 1, or 4 and 3 were
used for cDNA amplification as indicated. The PCR products were electrophoresed on an ethidium bromide-stained agarose gel.
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parental RKO cell line steadily decreased over time following
IR treatment. The number of aberrations in the cells express-
ing the ATM-LZ fragments approached that seen in fibroblasts
from AT patients by this assay (see Fig. 9 below).
Effects of ATM-LZ fragment expression on p53-induction

and G1 and G2 arrests. In addition to the S-phase checkpoint
defect (RDS) in AT cells, G1 and G2 checkpoint defects have

been reported. Cells derived from AT patients exhibit defec-
tive and/or delayed increases in p53 protein and in p53-depen-
dent gene products such as the G1 cdk inhibitor, p21, following
IR (6). To determine whether RKO cells expressing FB2F or
ENA/FB2F fragments also fail to induce the p53-dependent
pathway, levels of p53 and p21 protein were assessed by im-
munoblotting. Increased levels of p53 and p21 protein in re-
sponse to IR were apparent in the normal GM2184 lympho-
blastoid cell line and parental RKO cells, whereas minimal
levels of p53 and p21 induction were evident in the AT cell line
GM1526 (Fig. 5). RKO clones expressing either FB2F or
ENA/FB2F fragments exhibited an increase in both p53 and
p21 protein levels in response to IR comparable to the control
cell lines. In addition to normal p53 and p21 induction re-
sponses, these same clones also exhibited an arrest in the G1
phase of the cell cycle following IR treatment as assessed by
flow cytometric analysis (data not shown). Therefore, in con-
trast to a loss of the p53-independent S-phase cell cycle arrest
induced by IR (Fig. 2), these results suggest that expression of
ATM-LZ fragments in RKO cells does not appear to signifi-
cantly abrogate the IR-induced, p53-dependent signal trans-
duction pathway that leads to a G1 arrest.
RKO cells expressing FB2F or ENA/FB2F fragments were

also assessed for G2 checkpoint abnormalities in response to
IR. Normally, there is a decrease in the number of cells enter-
ing mitosis 30 to 90 min after IR treatment, thus decreasing the
mitotic index. In contrast, AT cells irradiated in the G2 phase
of the cell cycle will continue to enter into mitosis at these early
time points following irradiation. The G2/M checkpoint was
thus determined by evaluating the number of mitotic indices at
various time points after IR. Parental RKO cells and RKO-
LZ-expressing cells exhibited similar decreases in the number
of cells entering mitosis after IR. At 150 min following 1 Gy of
IR, the mitotic index decreased from a mean of 19 mitoses per
1,000 cells to a mean of 2 mitoses per 1,000 cells in all of these
RKO cells and clones examined. Thus, the RKO-LZ-express-
ing cells were not significantly different than the parental cells
in their ability to arrest in G2 after IR.
Expression of the PI3K ATM fragment in AT cells. The

functional role of the ATM PI3K domain (Fig. 1A) was as-
sessed by expressing the PI3K homology sequence in AT cells
and determining whether expression of this fragment function-
ally complements the phenotypic defects of AT cells. Neomy-
cin-resistant, normal (GM637) or AT (GM5849) SV40-trans-
formed fibroblast clones, infected with either recombinant
LXSN or LXSN-PI3K retroviruses, were isolated and screened
for the expression of the PI3K cDNA fragment by RT-PCR.
To differentiate between the expression of endogenous ATM
and recombinant LXSN-PI3K ATM fragments in the 637
clonal populations, an oligonucleotide primer was used in the
RT reaction which is complementary only to the LXSN-SV40
sequence (Fig. 6A, primer 1). To detect endogenous ATM
expression in the GM637 normal cell line, an oligonucleotide
primer was used in a RT reaction which is complementary to
the transcribed strand of the ATM PI3K RNA sequence (Fig.
6A, primer 3). RT-PCR of 637 PI3K clone 1 and 5849 PI3K
clones 4 and 10 resulted in the selective amplification of an
approximately 1.3-kb or 1.2-kb cDNA product (Fig. 6B, lanes
h, i, k, l, n, and o). The size of the 1.2-kb product was in
agreement with the amplified PI3K plasmid DNA and the
amplified endogenous ATM PI3K cDNA (Fig. 6B, lanes a and
b, respectively). No endogenous ATM PI3K cDNA was detect-
able in parental GM5849 cells when primer 3 was used in the
RT reaction (data not shown). No PCR amplification was
detectable when primer 1 was used in the RT reaction of
parental GM637 or 5849-LXSN RNA (vector alone) (Fig. 6B,

FIG. 2. ATM LZ fragment expression causes RDS. AT cells (GM5849),
RKO parental cells, or RKO clones expressing either vector alone, FB2F, or
ENAFB2F fragments were assessed for DNA synthesis 30 min following treat-
ment with 0 (solid bars) or 4 (hatched bars) Gy of IR. S-phase arrest is manifest
as a decrease in thymidine incorporation in irradiated cells relative to unirradi-
ated cells. Experiments were performed in triplicate; error bars represent SE.

FIG. 3. Expression of ATM LZ fragments enhances radiosensitivity. AT
cells, parental RKO cells, and RKO clones were exposed to 0, 2, 4, and 6 Gy of
IR and then incubated for 8 days prior to fixation, staining, and assessment of
colony formation. Clonogenic survival assays were performed in triplicate; mean
colony numbers relative to unirradiated colony numbers are plotted, and the SE
are shown as error bars.
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lanes d to g). These results demonstrate that 637 and 5849
clones express LXSN-PI3K fragments (expression data not
shown for 5849 PI3K clone 2). No amplification was detectable
in RT-PCRs lacking reverse transcriptase (Fig. 6B, lanes c, j,
m, and p).
PI3K ATM fragment expression restores irradiation-in-

duced S-phase arrest. PI3K fragments were assessed for their
ability to complement RDS in an AT fibroblast cell line. The
parental GM637 and 637 PI3K1 normal cell lines exhibited an
approximately 50% decrease in DNA synthesis after irradia-

tion. In contrast, the AT fibroblast cell lines GM5849 and
5849-LXSNneo failed to inhibit DNA synthesis in response to
IR (Fig. 7). Similar to the normal GM637 cell line, however,
AT 5849 PI3K clones exhibited an approximately 45 to 50%
decrease in DNA synthesis after IR (Fig. 7). These results
demonstrate restoration of the S-phase arrest in response to
IR in these AT cells.
ATM PI3K fragment expression rescues radiosensitivity

and chromosomal breakage. A clonogenic survival assay was
performed to determine whether PI3K fragment expression in
an AT cell line can rescue the radiation sensitivity phenotype.
The clonal AT cell line, 5849 PI3K10, no longer showed radi-
ation sensitivity as the survival curves were comparable to the
normal GM637 and 637 PI3K1 cell lines (Fig. 8). The 5849
PI3K4 clone exhibited an intermediate restoration of radiosen-
sitivity (data not shown). These data demonstrate that expres-
sion of the PI3K domain in an AT cell line leads to enhanced
clonogenic survival after irradiation.
To determine whether the expression of PI3K fragments in

an AT cell line rescues IR-induced chromosomal abnormali-
ties, the number of chromosomal aberrations in 637 and 5849
clones expressing the PI3K domain was assessed in the G2
phase of the cell cycle. An increasing number of chromosomal
gaps and breaks per metaphase was noted for all cell lines
within 30 min following IR treatment compared to the un-

FIG. 4. Expression of ATM LZ fragments enhances IR-induced chromo-
somal aberrations. (A) Initial levels of chromosome damage as a function of dose
in G1-phase cells as determined by premature chromosome condensation tech-
nique. Chromosome damage is expressed as the extra number of chromosome
fragments per cell determined by subtracting the number of chromosome frag-
ments per cell in the unirradiated cells from that found in the irradiated cells.
The means of 25 cells are plotted and the SE between two independent exper-
iments are shown as error bars. (B) These same synchronized clones were
analyzed for residual damage at metaphase 24 h after irradiation. Chromosomal
aberrations are represented as chromatid type (breaks, gaps, or exchanges) (solid
bars) or chromosome type (deletions and dicentric and centric rings) (hatched
bars). (C) Metaphase chromosome spreads were prepared from parental RKO
cells and RKO clones harvested in log-phase growth with no irradiation (un-
treated) or harvested at 30, 90, or 150 min following 1 Gy of ionizing radiation
and examined for chromosomal breaks and gaps.
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treated cells (Fig. 9). The number of gaps and breaks per
metaphase of the parental AT GM5849 and 5849-LXSNneo
cells, assessed at 30, 90, and 150 min after IR treatment, was
significantly higher than those of the normal GM637 and 637
PI3K-expressing cells. The AT 5849 cells expressing the PI3K
fragment exhibited a significant decrease in the number of gaps
and breaks per metaphase at 90 and 150 min relative to the
control 5849 cell lines. However, these clones still contained a
higher number of chromosomal aberrations than the normal
GM637 cell line. These data demonstrate that while expression
of the ATM PI3K fragment in AT cells results in fewer irra-
diation-induced gaps and breaks than the parental GM5849
AT cell line, the PI3K domain only partially complements
IR-induced chromosomal breakage in these cells. Complemen-
tation of the G1 and G2 checkpoints could not be adequately
evaluated because these checkpoints are abnormal even in the
control cells due to the SV40 transformation.

DISCUSSION
A human tumor cell line expressing ATM LZ-containing

fragments has been created which largely recapitulates the AT

phenotype. These sequences serve as dominant-negative frag-
ments in a human tumor cell line as revealed by RDS, de-
creased clonogenic survival, and enhanced chromosomal aber-
rations following gamma irradiation. The creation of
dominant-negative fragments of ATM provides a mechanism
by which many of the functions of ATM can be inhibited in any
transfectable cell type and thus provides an advantage over the
use of restricted AT cell types, such as EBV-immortalized
lymphoblasts or SV40-transformed fibroblasts, for physiologi-
cal studies. In addition, the creation of a variety of cell types
with defective ATM function will enable investigation of cell-
type-specific effects of ATM function in many cellular pro-
cesses, such as cell cycle control, radiosensitivity, or growth
factor responses. For example, a cell line of neural crest origin
with defective ATM function could be used to evaluate the role
of ATM in neurotrophin signalling pathways. AT patients ex-
hibit particular sensitivity to cell death in cerebellar Purkinje
cells, but it has been difficult to clearly demonstrate whether
this cell death is due to abnormal responses to oxidative stress
or to abnormal responses to growth factor signalling pathways
(cell death induced by limiting cytokine amounts). Now that
other cell types with dysfunctional ATM can be created, one
can better evaluate the role ATM may play in radiation-in-
duced apoptosis versus apoptosis caused by limiting growth
factor signalling.
While the expression of ATM-LZ fragments in a human

tumor cell line enhanced radiosensitivity and chromosomal
breakage, and abrogated the S-phase checkpoint following IR
treatment, these same fragments did not block p53 induction
or the G1 or G2 checkpoints in response to DNA damage.
Abrogation of some ATM-dependent functions, but not oth-
ers, has the advantage of allowing the study of distinct cellular
pathways and the roles that certain proteins may play in one
cellular process versus another. Generation of human tumor
cell lines containing intact p53 function, but exhibiting radio-
sensitivity and lack of DNA-damage-inducible S-phase arrest,
suggests that these deficits are not dependent on disruption of

FIG. 5. Expression of ATM LZ fragments does not abrogate IR-induced p53
or p21 induction. Normal (GM2184) or AT (GM1526) lymphoblasts, control
RKO cells, and RKO cells expressing LZ fragments were irradiated at 0 (2) or
4 (1) Gy and harvested for immunoblot analysis for either p53 or p21 3 h
following IR.

FIG. 6. Expression of the ATM PI3-kinase fragment in AT cells. (A) Diagram of the LXSN retroviral vector subcloned with the ATM PI3K cDNA fragment.
Oligonucleotides used for RT-PCR analysis are shown as primers 1 to 3. (B) RT-PCR analysis of parental cells and normal (637) and AT (5849) clones infected with
LXSN alone or LXSN-PI3K retroviruses. cDNA synthesis was performed using primer 1 or 3 in the absence or presence of Superscript RT. Primer pairs 2 and 3 or
2 and 1 were used for cDNA amplification. The PCR products were electrophoresed on an ethidium bromide-stained agarose gel.
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the p53 pathway. It has previously been reported that a DNA-
damage-inducible S-phase arrest is independent of p53 status
(33); however, the role that p53 plays in radiosensitivity in AT
is not entirely clear. In order to more definitively assess the
role of p53 in ATM-modulated radiosensitivity, the effects of
ATM dysfunction in p53 null cells are currently being investi-
gated.
The observation that expression of ATM-LZ fragments en-

hances chromosomal instability, but does not significantly alter
the ability of these cells to arrest in G1 or G2 after IR, suggests
that defective G1 or G2 checkpoints in AT cells are not re-
sponsible for the enhanced IR-induced chromosomal breakage
and radiosensitivity in AT cells. Since the IR-induced G2
checkpoint was not complete in these RKO cells and small
numbers of mitotic cells from both parental and ATM-LZ
clones could be evaluated after irradiation, chromosomal ab-
errations could still be assessed. Since there was no significant
alteration in the G2 arrest capabilities in these cell types, the
increased chromosomal breakage in the RKO-LZ clones must
be attributable to some other factor, such as problems with
DNA lesion processing or DNA repair. The S-phase check-
point defect could not be responsible for this difference since
clones which never entered S-phase exhibited increased chro-
mosomal breakage (Fig. 4A) and since increased chromosomal
breakage was evident in cells which were already in G2 at the
time of irradiation (early time points) (Fig. 4C). Interestingly,
recent studies in yeasts have suggested that abnormalities in
the processing of DNA lesions could contribute to cell cycle
checkpoint abnormalities and/or radiosensitivity (35).
While expression of ATM LZ-containing fragments creates

an “AT-like” phenotype in the RKO cells, it remains to be
demonstrated whether these fragments affect cellular function
in an ATM-dependent manner. These fragments were initially
chosen for ATM manipulation studies due to the homology of
a core sequence within the ATM cDNA to a LZ motif. Al-
though it is unknown whether this motif can be expressed as a
true LZ fragment, one could hypothesize that these fragments

form dimers with ATM or heterodimers with other protein
targets integral to ATM function, thereby resulting in a dom-
inant-negative inhibition of ATM activity. Studies are in
progress assessing in vitro and in vivo protein-protein interac-
tions among LZ-containing ATM fragments, ATM, and other
proteins implicated in the ATM-dependent signal transduction
pathways.
Expression of the ATM PI3K domain in AT SV40-trans-

formed fibroblasts resulted in the functional complementation
of some phenotypic AT defects, including restoration of IR-
induced S-phase arrest, radiosensitivity, and partial reduction
of chromosomal instability. The observation that no endoge-
nous ATMmRNA or truncated protein in the AT GM5849 cell
line was detectable by RT-PCR or Western blot analysis (data
not shown) argues against the possibility of intragenic comple-
mentation as the mechanism by which the PI3K domain is
complementing phenotypic defects of AT. Complementation
of p53 induction and G1 arrest in response to IR in AT cells
expressing the PI3K fragment could not be assessed due to the
fact that these fibroblasts are T-antigen-expressing SV40-trans-
formed cells. In addition, consistent with the results of Paules
et al. (48), we found an abnormal G2 checkpoint in these
SV40-transformed cells; thus, complementation of the G2
checkpoint defect in AT could not be assessed in the trans-
fected clones. To circumvent these problems, it will be useful
to introduce the PI3K fragment into AT cells with intact G1
and G2 checkpoints, such as EBV-immortalized AT lympho-
blasts or primary fibroblasts.
Complementation of RDS, radiosensitivity, and reduction in

chromosomal instability by AT cells expressing the PI3K frag-
ment suggests that this PI3K domain of ATM (and possibly of
ATM homologs) is critical for function. Although it has not yet
been determined whether the PI3K domain in ATM exhibits
lipid or protein kinase activity, some ATM homologs shown to
have protein kinase activity include the catalytic subunit of
DNA-PK (21) and the yeast proteins Tel1p and Mec1P (52,

FIG. 7. Expression of PI3K fragment restores IR-induced S-phase arrest in
AT cells. Control cells and normal (637) and AT (5849) SV40-transformed
fibroblasts expressing the PI3K fragment were measured for RDS following
treatment with 0 (solid bars) or 4 (hatched bars) Gy of IR as described in the
legend for Fig. 2. Experiments were performed in triplicate; error bars represent
SE.

FIG. 8. Expression of ATM PI3K fragment in AT cells reduces radiosensi-
tivity. Parental and control cells and AT (5849) and normal (637) clones express-
ing the PI3K domain were exposed to 0, 2, 4, and 6 Gy of IR and then incubated
for 2 weeks prior to fixation, staining, and assessment of colony formation.
Clonogenic survival assays were performed in triplicate; SE are shown as error
bars.
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57). Tel1p and Mec1p were recently found to phosphorylate a
downstream target, Rad53p, one of several proteins necessary
for regulating the rate of progression through S phase in re-
sponse to DNA damage. It is possible that the mechanism by
which ATM PI3K fragment expression restores S-phase arrest
in AT cells occurs through interaction of the PI3K domain with
downstream human Rad53 homologs.
The rescue of radiosensitivity in AT SV40-transformed fi-

broblasts by expression of the PI3K domain may be due in part
to PI-3 kinases serving as “survival factors.” Indeed, PI-3 ki-
nase was shown to be required for the inhibition of apoptotic
cell death in a rat pheochromocytoma cell line by nerve growth
factor (64). The hypersensitivity of AT cells to IR and radio-
mimetic drugs could be due to a defective response to growth
factor-induced signalling pathways requiring ATM kinase ac-
tivity. Although previous studies suggest that other foreign
cDNAs can also rescue the radiosensitivity of AT cells (7, 38,
65), our observations that the ATM PI3K domain comple-
ments not only radiosensitivity but also RDS and IR-induced
chromosomal breakage support the conclusion that this do-
main may be specifically serving an important function of
ATM. To more accurately determine the role of the PI-3
kinase domain in our complementation studies, however, we
are in the process of expressing mutant PI-3 kinase domains in
AT cells and assessing the effects of these mutated domains in
cell cycle control, radiosensitivity, and chromosomal instability.
Though functional complementation of many of the AT

defects appears to be occurring with expression of the PI3K
domain alone, this does not suggest that the remainder of this
large protein is unimportant for ATM function. In fact, the
dominant-negative effects of the ATM-LZ fragments suggest
that ATM interacts with itself or other proteins for optimal

function. However, since this small PI-3 kinase domain en-
hances survival and reduces RDS in AT cells, it could be a
potentially useful reagent for complementation of the ATM
defect in AT patients.
In summary, two functional domains of ATM which provide

new insights into its mechanism of action have been identified.
The ability to manipulate ATM activity in cell lines provides a
means by which specific pathways using ATM can be better
characterized and understood. Targeting essential domains
within the ATM gene, such as the PI3K and LZ domains, could
potentially be exploited to render cells more susceptible to IR
and certain radiomimetic chemicals. Observed increases in ra-
diosensitivity at a clinically relevant dose of 2 Gy makes tar-
geting of ATM function particularly attractive for therapeutic
enhancement.
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