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Retroviral infection induces integrase-dependent apoptosis in DNA-PK-deficient murine scid lymphocytes.
Furthermore, the efficiency of stable transduction of reporter genes is reduced in adherent cell lines that are
deficient in cellular DNA-repair proteins known to mediate nonhomologous end joining (NHEJ), such as
DNA-PK and XRCC4 (R. Daniel, R. A. Katz, and A. M. Skalka, Science 284:644–647, 1999). Here we report that
wortmannin, an irreversible inhibitor of phosphatidylinositol 3-kinase (PI-3K)-related PKs, including the
catalytic subunit of DNA-dependent protein kinase (DNA-PKCS) and ATM, sensitizes normal murine lympho-
cytes to retrovirus-mediated cell killing. We also show that the efficiency of stable transduction of reporter
genes in human (HeLa) cells, mediated by either an avian sarcoma virus or a human immune deficiency virus
type 1 vector, is reduced in the presence of wortmannin. The dose dependence of such reduction correlates with
that for inhibition of PI-3K-related protein kinase activity in these cells. Results from wortmannin treatment
of a panel of cell lines confirms that formation and/or survival of transductants is dependent on components
of the NHEJ pathway. However, stable transduction is virtually abolished by wortmannin treatment of cells
that lack ATM. These results suggest that ATM activity is required for the residual transduction observed in
the NHEJ-deficient cells. Our studies support the hypothesis that DNA repair proteins of the NHEJ pathway
and, in their absence, ATM are required to avoid integrase-mediated 2killing and allow stable retroviral DNA
transduction. The studies also suggest that cells can be sensitized to such killing and stable retroviral DNA
integration blocked by drugs that inhibit cellular DNA repair pathways.

The catalytic subunit of DNA-PK, DNA-PKCS, is a member
of a family of large, presumably multifunctional, phosphatidyl-
inositol 3-kinase (PI-3K)-related protein kinases (19, 25).
DNA-PKCS is a component of the cellular, nonhomologous
end-joining pathway (NHEJ) and plays an important role in
monitoring and repairing DNA damage (23, 40). A second
member of this family, the ATM kinase, is also involved in
monitoring and repair of DNA damage (24). ATM is the gene
mutated in patients with ataxia teleangiectasia (A-T), a disor-
der characterized by cerebellar degeneration with resulting
ataxia, oculocutaneous teleangiectasia, immunodeficiency, pre-
mature aging, and increased sensitivity to ionizing radiation.
A-T patients also have a high risk of cancer, particularly lym-
phoid malignancies (22, 24). Cell lines derived from A-T pa-
tients are hypersensitive to ionizing radiation and show high
radioresistant DNA synthesis, a high level of chromosomal
instability, and defects in DNA repair (22, 24).

PI-3K-related protein kinases are inhibited irreversibly by
the small sterol-like fungal metabolite wortmannin (21, 32, 33,
34). Wortmannin binds covalently to a critical lysine residue in
the conserved C-terminal kinase domains of these proteins
(41). Treatment with wortmannin renders cells hypersensitive
to ionizing radiation and certain DNA-damaging drugs. Such
effects have been attributed primarily to inhibition of DNA-
PKCS and ATM kinase activities which exhibit similar 50%
inhibitory concentration (IC50) values for this drug in vivo (21,

34). However, the specific concentration of wortmannin re-
quired to sensitize cells to DNA damage differs among cell
types, ranging from 1 to 50 mM (8, 21, 32, 33, 34).

The joining of retroviral DNA 39 ends to host DNA is cat-
alyzed by the retroviral integrase protein (IN). This reaction
forms an integration intermediate in which the 59 ends of each
strand are not joined (cf. Fig. 6 and reference 16). We have
reported that DNA-PKCS-deficient mouse pre-B scid cells un-
dergo apoptotic cell death in response to retroviral infection
and that this response is dependent on IN activity (12). Our
initial studies also measured the ability of retroviral vectors to
stably transduce a selectable marker. In our studies, stable
transduction is defined as complete covalent integration of
viral DNA, followed by continued cell division of the infected
cells. The observed 80 to 90% reduction in stable transduction
in NHEJ-deficient cells was interpreted to be the result either
of cell death prior to the first division, triggered by unrepaired
integration intermediates (DNA damage), or of some other
effect of DNA integration (12). It was reported subsequently
that Ty1 retrotransposition is reduced to a similar degree in
Ku2 yeast cells (14), suggesting a similar requirement in this
system. We have hypothesized that the residual, 10 to 20%
stable transduction observed in NHEJ-deficient cells could be
mediated by the compensating activity of another cellular
DNA repair pathway. Alternatively, such residual transduction
could be due to the residual activity of the NHEJ pathway.

In this report we make use of the inhibitor wortmannin to
verify that DNA-PKCS activity is required to spare cells from
integrase-mediated death and to allow efficient retrovirus-me-
diated transduction. We also investigate whether ATM activity
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allows the residual transduction observed in cells that are de-
fective in NHEJ.

MATERIALS AND METHODS

Cell lines and retroviruses. Cells were maintained in a humidified incubator at
37°C and 5% CO2. HeLa cells were grown in Dulbecco modified Eagle medium
(DMEM) medium supplemented with 10% fetal bovine serum (FBS) and pen-
icillin-streptomycin. CHO-K1 and XR-1 cells were grown in DMEM medium
supplemented with 23 concentrations of amino acids and vitamins, 10% FBS,
and penicillin-streptomycin. AT2SF and AT5BI cell lines were grown in DMEM
supplemented with 10% FBS and penicillin-streptomycin. The scid pre-B cell
line, S33, and a DNA-PK-proficient control pre-B line, N2 (35), were grown in
RPMI supplemented with 10% FBS, penicillin-streptomycin, and 5 3 1026 M
2-mercaptoethanol. AT22IJE-T cells were grown in DMEM supplemented with
10% FBS, penicillin-streptomycin, and 100 mg of hygromycin per ml.

IN1 virus is an avian sarcoma-leukosis virus (ASV) with an amphotropic
envelope, which was described previously (12). The human immunodeficiency
virus type 1 (HIV-1)-based vector was also described previously (31) and either
was prepared in our laboratory or was obtained as a gift from Muhammad
Mukhtar in R. Pomerantz’s laboratory at The Thomas Jefferson University
School of Medicine. For HIV-1 vector preparation, 293T cells were transfected
using the Profection Kit (Promega E1200), with the three plasmids that contrib-
ute distinct viral components, at a ratio of 50 mg of transfer vector to 50 mg of
packaging construct to 5 mg of vesicular stomatitis virus (VSV) G-expressing
plasmid per 100-mm dish. Virus was harvested at 48 h posttransfection.

Infections and drug treatment. In the viability assays, nonadherent pre-B S33
and N2 cell lines were infected as previously described (12). Briefly, cells were
plated at 5 3 105 cells per ml per well in 24-well plates. Virus (IN1) (12) was
added to a multiplicity of infection (MOI) of 4 infectious units/cell and DEAE-
dextran at 5 mg/ml. Wortmannin was added at the time of infection, and viability
was measured by trypan-blue dye exclusion, with two plates counted for each
time point. To determine the effect of the drug on retroviral DNA integration in
HeLa cells and other adherent cell lines (CHO-K1, XR-1, MO59J, MO59K,
AT5BI, AT2SF, and AT22IJE-T), cells were plated at a concentration 105 per
60-mm dish, and the indicated concentration of wortmannin was added at the
time of plating. Virus (1 ml of a 1023 dilution of IN1 virus per dish) was added
the following day, along with 10 mg of DEAE-dextran per ml and the appropriate
concentration of wortmannin. After 2 h, the virus-containing medium was re-
moved and fresh medium with the same concentration of wortmannin was added.
After 16 h, wortmannin-containing medium was removed and replaced with
medium containing 1 mg of G418 per ml to select resistant cells.

For HIV-1 infections, adherent cells were treated as above. The cells were
stained 7 days postinfection using a b-galactosidase assay according to the Trans-
fection MBS Mammalian Transfection Kit protocol (Stratagene) to detect ex-
pression of the virally transduced reporter gene in individual colonies.

Treatment with antisense oligonucleotides. Antisense oligonucleotides were
complementary to codons 2 to 7 of mouse ATM and the first exons of DNA-PK.
The ATM antisense sequence was 59-ATC ATT GAG TGC TAG ACT-39/ and
that of the control sense oligonucleotide was 59-AGT CTA GCA CTC AAT
GAT-39. The sequence of the DNA-PK antisense oligonucleotide was 59-GCC
GGT TCC CTC CTC CGC-39, and that of the control sense oligonucleotide was
59-GCG GAG GAG GGA ACC GGC-39. The pre-B cells were infected at an
MOI of 4 as described above (Fig. 1), except that the oligonucleotides (final
concentration, 10 mM) were added in place of wortmannin.

DNA-dependent protein kinase assay. HeLa cell nuclei were isolated and lysed
in 30 ml of nuclear lysis buffer per sample as described elsewhere (3). The
p53-related peptide Glu-Pro-Pro-Leu-Ser-Gln-Glu-Ala-Phe-Ala-Asp-Leu-Trp-
Lys-Lys (Promega) was used as a substrate. The kinase assay was performed as
described previously (3), except that 1 ml of nuclear lysate was used per 30 ml of
reaction volume instead of purified DNA-PK. Sheared salmon sperm DNA (100
ng per sample) was added to activate DNA-dependent kinase. The reactions
were incubated for 30 min at 30°C.

Immunoblot analysis. Clarified whole-cell lysates from approximately 106

cells/sample were incubated with anti-AT1.8 (antibody 1 from reference 17) at an
8-mg/ml final dilution, and the resulting immunoprecipitates were then analyzed
by immunoblotting using the same antibody.

RESULTS

Wortmannin sensitizes normal murine pre-B lymphocytes
to retrovirus-mediated cell killing. We have shown that DNA-

PKCS-deficient pre-B lymphocyte lines derived from severe
combined immune-deficient (scid) mice undergo apoptosis af-
ter infection with retroviruses (12). This response is indepen-
dent of the expression of any viral genes, as the vectors used
are either defective in viral gene expression in mammalian cells
(an amphotropic ASV vector [5]) or carry no viral genes
(HIV-1 vector [31]). However, the response is dependent on an
active integrase brought into the cell with the infecting vector.
If scid cell killing is due to DNA-PK deficiency, then treatment
of a matched normal cell line (N2) with a drug that inhibits
DNA-PKCS should render these cells sensitive to retroviral
killing. To test this prediction, we infected N2 cells with the
amphotropic ASV vector (denoted IN1) at a MOI of 4 infec-
tious units/cell in the presence of wortmannin. The results
showed rapid cell killing in the infected cultures in the pres-
ence of 1.0 mM wortmannin (Fig. 1). The time course of cell
death was similar to that observed after infection of DNA-

FIG. 1. Effect of infection on the viability of wortmannin-treated,
DNA repair-competent pre-B N2 cells. (A) Viability of N2 cells after
infection with the IN1 ASV vector. Cells were infected at an MOI of
4 transducing units/cell in the absence of wortmannin (h), in the
presence of 0.5 mM wortmannin (ƒ), or in the presence of 1 mM
wortmannin ( ). As a control, cells were mock infected in the absence
of wortmannin (F), in the presence of 0.5 mM wortmannin (Œ), or in
the presence of 1 mM wortmannin (}). Cells were harvested at the
indicated time points, and viability was measured by trypan blue dye
exclusion. An average of two independent counts is shown. (B) Via-
bility of wortmannin-treated N2 cells after infection with the integrase-
defective (IN2) virus. Cells were infected with the IN2 ASV vector at
an MOI of 4 in the absence of wortmannin (F), in the presence of 0.5
mM wortmannin (Œ), or in the presence of 1 mM wortmannin (}). As
a positive control, cells were also infected with the IN1 virus (condi-
tions and symbols as in Fig. 1A). Viability was again measured by
trypan blue dye exclusion; two independent counts were made at each
time point.
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PKCS-deficient scid pre-B cell lines (12). A slight loss in the
viability of infected cells was also detected in the presence of
0.5 mM wortmannin. In contrast, neither 0.5 nor 1.0 mM wort-
mannin had any effect on the viability of uninfected N2 cells.

To determine if sensitization of wortmannin-treated N2 cells
to retroviral infection is dependent on an active integrase, cells
were infected with an integrase-defective (IN2) virus that dif-
fers from the ASV IN1 vector by a single D64E substitution in
the active site of this enzyme. As we have reported previously
(12), this mutant virus is competent for all of the early steps in
infection (viral DNA is synthesized and enters the cell nucleus
as normal), but its DNA cannot be integrated. The results
showed that infection with the IN2 virus had no effect on the
viability of the wortmannin-treated N2 cells (Fig. 1B). There-
fore, as reported previously for scid cells, active integrase is
required for retrovirus-mediated killing of the wortmannin-
treated N2 cells. These data indicate that wortmannin sensi-
tizes N2 cells to killing in a manner similar to that observed
with scid cells and is consistent with the interpretation that
such sensitization is a consequence of DNA-PKCS inhibition.

Wortmannin enhances retrovirus-mediated killing of DNA-
PK-deficient murine scid cells. We hypothesized that incom-
plete scid cell killing might be due to residual DNA-PKCS

activity or another wortmannin-sensitive enzyme. Therefore,
we sought to determine if wortmannin could enhance killing of
scid cells. For these experiments, scid (S33) cells were infected
with the IN1 virus in the absence or presence of 1 or 2 mM
wortmannin. The expected decrease in viability of IN1 virus-
infected scid cells was observed in the absence of the drug, with
only ;50% viability at 24 h after infection (Fig. 2). However,
when infected scid cells were treated with 2 mM wortmannin,
their viability was further reduced to only ;30% after 24 h. In
contrast, the addition of 1 or 2 mM wortmannin had no effect
on the viability of uninfected scid cells. These results suggest
either that an additional wortmannin-sensitive enzyme(s) or
residual DNA-PK activity can contribute to the survival of scid
cells after viral infection. As with the N2 cells, no reduction in
viability of wortmannin-treated cells was observed after infec-
tion with the IN2 virus (Fig. 2B). Therefore, active retroviral
integrase is required for the reduced survival of the scid cells
infected in the presence of this drug. As DNA-PK-deficient
cells can express ATM (2, 10), these results suggested that the
activity of this protein kinase may be required for the residual
survival of infected scid cells. To test this hypothesis, we used
antisense oligonucleotides to block ATM expression in these
scid cells.

Antisense oligonucleotides against ATM potentiate retrovi-
rus-mediated scid cell killing. In the experiment summarized
in Fig. 3, scid S33 and control N2 cells were treated with sense
or antisense oligonucleotides against DNA-PKCS or ATM and
then either mock infected or infected with the IN1 virus. Con-
sistent with previous results, viability of untreated scid cells was
reduced approximately 25% at 18 h postinfection (compare
bars 1 and 6 in Fig. 3A). As scid cells may still possess some
DNA-PKCS activity (13), we next investigated whether residual
DNA-PKCS activity might account for the incomplete cell kill-
ing. The results showed that neither sense nor antisense
DNA-PK oligonucleotides had a significant effect on cell kill-
ing postinfection (compare bars 1 to 3 with bars 6 to 8 in Fig.
3A). Thus, residual DNA-PKCS activity is unlikely to account

for the incomplete killing of scid cells. In contrast to the results
with DNA-PKCS antisense oligonucleotides, we observed an
augmentation of cell killing to approximately 44% by treat-
ment of infected scid cells with ATM antisense but not ATM
sense oligonucleotides (Fig. 3A, bars 9 and 10). These results
suggest that ATM contributes to the survival of scid cells after
retroviral infection. As additional controls, we tested oligonu-
cleotides in which the ATM sense or antisense sequence was
scrambled, and we observed no additional killing of infected
scid cells. We also tested another ATM oligonucleotide se-
quence and found the expected augmentation of infected cell
killing with the antisense but not the sense oligonucleotide
(data not included).

We next wanted to confirm that the DNA-PKCS antisense
oligonucleotides were biologically active and to determine in-
dependently if normal cells can be sensitized to cell killing by
inhibition of DNA-PKCS or ATM. Accordingly, the control N2
cells were treated with DNA-PKCS antisense oligonucleotides

FIG. 2. Effect of infection on viability of wortmannin-treated scid
(S33) cells. (A) Viability of scid cells after infection with the IN1 virus.
Cells were infected at an MOI of 4 in the absence of wortmannin (h),
in the presence of 1 mM wortmannin (‚), or in the presence of 2 mM
wortmannin ( ). As a control, cells were mock infected in the absence
of wortmannin (F), in the presence of 1 mM wortmannin (Œ), or in the
presence of 2 mM wortmannin (}). Cells were harvested at the indi-
cated times, and viability was measured by trypan blue dye exclusion.
An average of two independent counts is shown. (B) Viability of
wortmannin-treated S33 cells after infection with the integrase-defec-
tive, IN2 virus. Cells were infected with the IN2 virus at an MOI of 4
in the absence of wortmannin (F), in the presence of 1 mM wortman-
nin (Œ), or in the presence of 2 mM wortmannin (}). In addition, cells
were infected with the IN1 virus (controls and symbols as in Fig. 2A).
Viability was again measured by trypan blue dye exclusion; two inde-
pendent counts were made at each time point.
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and infected with the retroviral vector. Figure 3B (bar 7) shows
a ;45% reduction in viability after 24 h with such a treatment.
This result is consistent with the data in Fig. 1, 2, and 3A and
indicates that these oligonucleotides are effective inhibitors of
DNA-PKCS expression. The control DNA-PKCS sense oligo-
nucleotide (Fig. 3B, bar 8) had no detectable effect. ATM
antisense oligonucleotides also had no detectable effect on the
viability of N2 cells after infection (Fig. 3B, bar 9). The latter
result can be interpreted in at least two ways. Either the ATM
pathway is active only in the absence of DNA-PKCS or the

contribution of ATM is small and cannot be measured in the
presence of DNA-PKCS activity.

The results in Fig. 3 are relevant to our interpretation of the
experiments with wortmannin as follows. If the sensitization of
normal cells to killing is a direct effect of wortmannin inhibi-
tion of both DNA-PK and ATM, similar sensitization should
be observed using ATM and DNA-PKCS antisense oligonucle-
otides. The results show that sensitization can, indeed, be
achieved with both ATM and DNA-PKCS antisense oligonu-
cleotides. In particular, further sensitization of scid cells using
ATM antisense oligonucleotides is consistent with the ability to
further sensitize scid cells with wortmannin. These results are
consistent with our interpretation that the relevant targets of
wortmannin in the viability assays are DNA-PKCS and ATM
and that the results do not reflect wortmannin inhibition of
PI-3K or interference with other cellular functions.

Wortmannin reduces the efficiency of retroviral transduc-
tion in human (HeLa) cells. An effect of deficiency in compo-
nents of the NHEJ repair pathway can also be observed using
a colony-forming assay for stable transduction. In this assay,
the survival of adherent cells is dependent on the stable ret-
roviral transduction of the Neor marker. We have shown pre-
viously that the efficiency of such colony formation is only
;10% of control values in murine scid fibroblasts, or in Ku2

and XRCC4-null hamster cell lines (12). In the studies sum-
marized here, we used the colony assay to determine if wort-
mannin can reduce the efficiency of retrovirus-mediated trans-
duction of human (HeLa) cells that express both DNA-PKCS

and ATM (17). The cells were infected with the same dilution
of the IN1 vector in the presence of increasing concentrations
of wortmannin. The following day, wortmannin-containing me-
dium was removed and G418-containing medium was added to
select for Neor colonies. The results (Fig. 4A) showed a dose-
dependent reduction in the number of G418-resistant colonies,
with only 10% remaining after treatment with 10 mM wort-
mannin. A PCR-based assay verified that the wortmannin did
not inhibit synthesis or nuclear import of the viral DNA (data
not shown). The IC50 calculated for wortmannin in this trans-
duction assay was 3.6 mM. In a separate experiment (Fig. 4B),
we analyzed DNA-dependent protein kinase activity in nuclear
extracts of uninfected HeLa cells treated with increasing con-
centrations of wortmannin. This assay, which measures the
DNA-dependent transfer of 32P from ATP to a p53-related
peptide substrate, is used routinely to quantitate DNA-PKCS

activity. However, the assay also detects ATM activity, as ATM
can also phosphorylate the relevant p53 residue in vitro (4, 9,
26). We observed a dose-dependent reduction of DNA-depen-
dent phosphorylation of the p53 peptide in lysates from the
wortmannin-treated HeLa cells that correlated closely with the
reduction in G418-resistant colony formation (compare Fig.
4A and B), with an IC50 calculated to be 4 mM. In control
experiments, we observed no adverse effect of wortmannin on
the growth rate (not shown) or colony formation (Table 1) by
uninfected HeLa cells at up to a 10 mM concentration. At 20
mM, colony formation was reduced by 30%, with a similar
reduction in growth rate.

To determine if wortmannin affected stable transduction by
another retrovirus, HeLa cells were infected with a VSV G
protein-pseudotyped HIV-1 retrovirus vector (31) in the ab-
sence or presence of wortmannin. The vector genome encodes

FIG. 3. Effect of antisense oligonucleotides on viability of control
N2 and scid S33 cells infected with IN1 virus. Cells were mock infected
or infected at an MOI of 4 and simultaneously treated with antisense
oligonucleotides (final concentration, 10 mM) as indicated. Cells were
then counted at 18 h postinfection. (A) Effect of antisense oligonucle-
otides on the viability of S33 cells. (B) Effect of antisense oligonucle-
otides on the viability of N2 cells. Open bars, mock-infected cells;
shaded bars, IN1 virus-infected cells.
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no viral proteins and DNA integration is detected by expres-
sion of the b-galactosidase reporter protein that is encoded in
its genome. We again observed an approximately 10-fold re-
duction in stable transduction with 10 mM wortmannin (Fig.
4C). Thus, we conclude that treatment with wortmannin can
reduce the efficiency of transduction by both ASV- and HIV-
1-derived vectors.

Wortmannin reduces the efficiency of retrovirus-mediated
transduction in mutant human and hamster cell lines deficient in
DNA-PK or ATM. To distinguish between the contributions of
the DNA-PKCS and ATM kinases to retrovirus-mediated
transduction, we compared the effects of wortmannin on a

panel of mutant adherent cell lines that lack either components
of the NHEJ pathway or ATM (Table 2). In these experiments,
cells were infected with the same dilution of the ASV IN1

virus, and stable transduction was again detected using the
colony assay (Neor transduction). All cell lines except AT2SF
express ATM, and AT5BI expresses a very low level of mu-
tated ATM (Fig. 5 and references 17 and 18). Both AT2SF and
AT5BI are compound heterozygotes carrying a different mu-
tation in each allele of ATM (18). One cell line, MO59J, is
DNA-PKCS null, and another, XR-1, is XRCC4 null; both are
defective in NHEJ (27, 28). We observed the expected 80 to
90% reduction in the number of G418-resistant colonies with

FIG. 4. (A) Retrovirus-mediated transduction in wortmannin-treated HeLa cells. HeLa cells were treated with 0 to 20 mM wortmannin (two
dishes with 105 cells/dish for each point) and infected with a dilution of the IN1 virus to an MOI of ;0.01. On the following day, wortmannin was
removed and medium containing G418 at final concentration of 1 mg/ml was added. Resistant colonies were counted 2 weeks postinfection. The
colony numbers were 329.5 6 39 per dish in the absence of wortmannin, 110 6 25 per dish at 5 mM wortmannin, 38 6 6 per dish at 10 mM, and
6 6 1 per dish at 20 mwortmannin. The results were plotted as a percentage of the number of colonies in the absence of wortmannin. (B)
DNA-dependent protein kinase activity in wortmannin-treated HeLa cells. Cells were treated overnight with 0 to 10 mM wortmannin; nuclei were
then isolated and lysed, and the DNA-dependent kinase activity was measured in the nuclear extracts as described (see Materials and Methods).
The kinase activity was stimulated with sheared salmon sperm DNA, and the activity in the absence of salmon sperm DNA was subtracted from
each datum point. The results were plotted as a percentage of the activity in the absence of wortmannin which was taken as 100%. (C) Transduction
mediated by the HIV-1-based virus. HeLa cells (at 105 per dish) were treated with 0, 10, or 20 mM wortmannin and infected with the HIV-1-based
virus vector. Cells were stained for b-galactosidase activity at 1 week postinfection, and stained (blue) colonies were counted on two dishes for each
point.
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the MO59J cell line, compared to the HeLa cell control, and
76% reduction compared to MO59K, which is a widely used
matched control cell line (Table 2). We attribute this smaller
reduction to the slower growth rate of MO59K cells; the
growth rate of HeLa cells is close to that of MO59J cells.
Treatment of MO59J cells with 1 and 5 mM wortmannin re-
sulted in a further reduction in G418-resistant colony forma-
tion. At 5 mM wortmannin, which is close to the IC50 for colony
formation with HeLa cells (Fig. 4), residual colony formation
with MO59J cells was 53% of that seen in the absence of drug
(Table 2). As with the analyses of scid-cell killing (Fig. 2), these
results indicate that a wortmannin-sensitive pathway other
than DNA-PKCS is responsible for the residual retrovirus-me-
diated transduction observed with these cells. Furthermore, as
MO59J cells lack any detectable DNA-PKCS, this wortmannin-
sensitive residual colony formation cannot be the result of
residual DNA-PKCS activity. Because similar results were ob-
served after treatment of the XRCC4-null rodent XR-1 cells
with wortmannin, we conclude that these components of the
NHEJ DNA repair pathway are not included in the residual,
wortmannin-sensitive pathway (Table 2).

In contrast to results with the DNA-PKCS- and XRCC4-
deficient cells, in the absence of wortmannin the number of
G418-resistant colonies formed by the two A-T-null cell lines
(AT2SF and AT5BI) was very similar to that seen with control
HeLa cells. Thus, when a functioning NHEJ pathway is
present, ATM appears to contribute little to the efficiency of
retrovirus-mediated transduction. This is consistent with re-
sults described in Fig. 3B. However, the number of G418-
resistant colonies was reduced dramatically when these A-T

cells were treated with as little as 1 mM wortmannin (Table 2).
In the presence of 5 mM wortmannin, colony formation by the
AT2SF and AT5BI cells was almost obliterated (Table 2).
Similar results were obtained with the HIV-1 vector (Table 3).
As shown in Table 1, wortmannin at 1 to 5 mM had no signif-
icant effect on colony formation by uninfected control, NHEJ-
deficient, or ATM-deficient cells. Thus, the effects observed
with infected cells cannot be due to the nonspecific inhibition
of colony formation by wortmannin.

Expression of ATM rescues stable retrovirus-mediated
transduction in A-T cells in the presence of wortmannin. To
verify that the observed hypersensitivity of retrovirus-mediated
transduction in A-T cells in the presence of wortmannin is due
to a lack of ATM and not some other deficiency of A-T cell
lines, A-T cells (line A-T 22IJE) that have been complemented
with a vector that expresses ATM cDNA (11) were infected
with the ASV IN1 virus (Table 4). Such cells exhibited sensi-
tivity similar to that observed with the ATM-positive cell lines
shown in Table 2. In contrast, colony formation was dramati-
cally reduced in infected, wortmannin-treated A-T cells that
express the empty vector. From these results we conclude that
ATM contributes significantly to the efficiency of retrovirus-
mediated transduction in the absence of DNA-PK.

DISCUSSION

In this report we show that wortmannin, an irreversible
inhibitor of ATM and DNA-PKCS protein kinases, sensitizes a
normal murine pre-B lymphocyte cell line to integrase-depen-
dent retroviral killing (Fig. 1). The kinetics of such killing are
similar to those observed with DNA-PKCS-deficient pre-B lym-
phocyte lines derived from scid mice. These results are consis-
tent with the interpretation that the viability of infected normal

FIG. 5. ATM expression in human and hamster (CHO) lines. Cells
were lysed, and either whole-cell lysates (human cells) or immunopre-
cipitates obtained with ATM antibodies (CHO lines) were probed for
ATM expression as described (see Materials and Methods). Cell line
names are indicated.

TABLE 1. Colony formation by uninfected cells in the presence
of wortmannin

Cell line
% Colonies formed with a wortmannin concn (mM) of:

0 1 5 10

HeLa 100 (79)b 95 100 96
AT2SF 100 (58) 107 106 105
M059K 100 (98) 90 105 67
M059J 100 (54) 90 102 53

a Cells were plated at a density 300 cells per 60-mm dish, two dishes for each
point, in the presence of wortmannin. Wortmannin was kept on cells for 48 h
with and then removed. Colonies were counted 9 to 14 days after plating.

b The numbers in parentheses are average colony counts in the absence of
wortmannin.

TABLE 2. Infection of cell lines deficient in NHEJ or ATMa

Cell line

Relative % G418-resistant colonies at a
wortmannin concn (mM) of:

0 1 5

HeLa 100 (304) 56 45
AT2SF (ATM2) 100 (288) 11 5
ATSBI (ATM2) 100 (293) 4 1
M059J (DNA-PKCS

2) 100 (155) 80 50
M059J (DNA-PKCS

2) 100 (38) 80 53
CHO-K1 100 (235) 75 32
XR-1 (XRCC42) 100 (24) 69 29

a Cells were infected as described in Materials and Methods. Colony numbers
are in parentheses; numbers from two plates were averaged for each datum
point.

TABLE 3. Infection of wortmannin-treated cells with the
HIV-1-based vectora

Cell line Wortmannin
(1 mM)b

No. of colonies
per dish

HeLa 2 136
1 103

AT2SF 2 165
1 21

a Cells were infected as described in Materials and Methods. At 1 week
postinfection, cells were stained for b-galactosidase activity, and positive colonies
were averaged from two dishes for each datum point.

b Absence (2) or presence (1) of wortmannin at 1 mM.
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lymphocytes is partially dependent on the activity of DNA-
PKCS. We show further that wortmannin can also increase the
sensitivity of scid pre-B cells to integrase-dependent retroviral
killing, suggesting that an additional wortmannin-sensitive pro-
tein(s) contributes to survival of these cells (Fig. 2). As a
similar increase in sensitivity was observed after treatment of
scid cells with ATM antisense oligonucleotides (Fig. 3), we
propose that ATM can compensate partially for the loss of
DNA-PKCS in such cells.

Using a colony assay in which cell survival is dependent on
the expression of a stably transduced, virus-encoded reporter
(Neor) gene, we showed previously that the efficiency of such
transduction is reduced by 80 to 90% in scid cells compared to
normal murine fibroblasts (12). Here we describe a similar loss
in retrovirus-mediated transduction of human (HeLa) cells
that are treated with wortmannin (Fig. 4). We observed a
dose-dependent reduction in the number of ASV-transduced
colonies, with an IC50 value virtually identical to that deter-
mined for inhibition of DNA-dependent protein kinase activity
in these cells (3.6 versus 4.0 mM). These decreases were ob-
served at concentrations of the drug that had no effect on
HeLa cell viability or colony-forming ability. Similar results
were obtained with an HIV-1 vector in which transduction was
monitored by an independent method, the expression of b-ga-
lactosidase activity in individual cells (Fig. 4). These results
suggest that some function(s) of the cellular protein targets of
wortmannin is required to avoid integrase-dependent cell kill-
ing and to allow stable retroviral DNA transduction. The sim-
plest interpretation of these data is that the reduced efficiency
of stable transduction is a consequence of IN-mediated cell
killing. However, other possibilities, such as reduced growth
rate or cell cycle arrest of these adherent cells, cannot be
excluded.

The colony assay was also used to determine the effect of
wortmannin on the efficiency of retroviral transduction with a
panel of mutant human and rodent cell lines that lack either
ATM or components of the NHEJ pathway (Table 2). In the
absence of wortmannin, we observed the expected low level of
transduction in cells that lacked the NHEJ components, DNA-
PKCS or XRCC4. As these cells are null for expression of these
two components, this low level of transduction cannot be due
to residual NHEJ activity. However, this transduction was re-
duced even further in the presence of wortmannin. These re-
sults are consistent with our observation of increased scid cell
killing in the presence of the drug. The results also indicate
that the activity of a second wortmannin-sensitive protein,
likely ATM, contributes to the residual transduction observed
in these cells. This was confirmed by analyses of two A-T cell

lines and the demonstration that the observed hypersensitivity
of A-T cells was reversed by expression of ATM cDNA (Table
4). We also observed that although there was no significant
reduction in colony formation in A-T cells in the absence of
wortmannin, transduction was reduced by ca. 90 to 95% with
only 1 mM wortmannin, and it was virtually abolished with 5
mM wortmannin (Table 2). In the absence of infection, the
viability of the A-T cell lines was unaffected by these concen-
trations of drug. As these A-T cells have no ATM kinase, the
relevant target in this case is likely DNA-PKCS. Thus, these
results suggest that DNA-PK is essential for the survival of
stably transduced cells that lack ATM.

Retrovirus-mediated killing of lymphocyte lines is observed
as early as 12 h postinfection (12) (Fig. 1). Therefore, an early
event in retroviral life cycle or the proteins mediating this
event seems to be inducing scid cell death. However, the inte-
grase-inactivated virus (IN2) does not kill scid cells (Fig. 1).
Because the IN2 virus can perform all early steps of the ret-
roviral life cycle except integration, none of these steps can
account for the scid cell death. Likewise, the expression of viral
proteins cannot be responsible for cell killing because the ASV
vector is defective for such expression in mammalian cells, and
scid cells are also killed by an HIV-based vector that expresses
no viral proteins but only a b-galactosidase reporter (12).
Thus, we conclude that scid cell killing is dependent on the
presence of an active integrase.

Integration into the host cell genome is an essential step in
the replication cycle of retroviruses and retrotransposons. In
the first two steps of integration, denoted processing and join-
ing, two nucleotides are removed from the 39 ends of the viral
DNA, and these newly created 39 ends are then joined to
staggered phosphates in the complementary strands of host
cell DNA (Fig. 6) (16). In the resulting integration intermedi-
ate, 59 ends of the viral DNA are separated by single-strand
gaps of four to six nucleotides from the 39 ends of the flanking
host DNA. The processing and joining reactions have been
reconstituted in vitro with purified integrase and model DNA
substrates. In vivo, repair of the gaps in the host DNA results
in the generation of 4- to 6-bp repeats of host DNA flanking
each proviral end, and the final covalent joining of the 59 ends
of the viral DNA to the host DNA. The proteins that catalyze
this final step in integration have not yet been identified, but
host cell repair enzymes are generally assumed to contribute to
the reaction.

Our results indicate that the activities of NHEJ pathway or,
in their absence, ATM are required for the formation or sur-
vival of stable retroviral transductants. As these cellular func-
tions are implicated in DNA damage monitoring and repair, a
plausible explanation for our findings is that the integration of
viral DNA into the host genome is sensed as DNA damage in
infected cells (Fig. 6). If NHEJ components are absent or
inhibited, apoptotic cell death or growth arrest may occur due
to the inability to repair such damage. As predicted from our
previous studies (12), the inhibition of DNA-PKCS by wort-
mannin sensitizes normal cells to retrovirus-mediated cell kill-
ing. ATM appears to compensate partially for absence of the
NHEJ pathway. However, the exact nature of the DNA dam-
age produced by retroviral infection is unknown. In addition to
the short gaps in host DNA introduced during IN-mediated
joining of viral and host sequences, the viral DNA itself may

TABLE 4. Infection of A-T cells transduced with a vector encoding
ATMa

Cell type

No. of G418-resistant colonies at a
wortmannin concn (mM) of:

0 1 5

AT22IJE/empty vector 225 9 2
AT22IJE-T/ATM 224 97 22

a Cells were infected with the IN1 virus as described in Materials and Meth-
ods; colony counts from two plates were averaged for each datum point.
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contain single-strand interruptions. It seems possible that these
discontinuities (30), or double-strand breaks produced when
these regions are replicated, are the relevant signals of DNA
damage. Other possible signals are changes in host DNA con-
formation and/or chromatin structure that may occur as a
consequence of viral DNA integration. For example, there is
evidence that other components of the NHEJ pathway are
involved in chromatin silencing (7). Finally, the lymphocytic
cell killing and transduced colony reduction we observed in
wortmannin-treated (and repair-deficient cells) could be due
to DNA-damaging activity of free integrase rather than to the
integration reaction per se. The latter interpretation seems
unlikely, as integrase presumably remains associated with the
viral DNA until host target DNA is encountered. It is also
inconsistent with the results of our computational analyses of
retrovirus-induced scid cell death (R. Daniel, S. Litwin, R. A.
Katz, and A. M. Skalka, unpublished data). However, further
studies will be required to address this issue.

The exact manner in which the NHEJ pathway mediates
repair of DNA damage is still unknown. A direct role has been

proposed, in which the DNA-binding Ku heterodimer subunits
attach the DNA-PK complex to the site of damage and allow
the recruitment of other necessary components (40). The pro-
tein kinase activity of DNA-PK may be needed for signaling to
other proteins or for modification of those recruited to site of
damage. In V(D)J recombination, DNA-PK is also thought to
interact with the RAG proteins to complete the joining of
immunoglobulin coding strands (6, 39). As the mechanism of
V(D)J recombination and retroviral integration seem to be
related evolutionarily (1, 20), it is possible that DNA-PK also
interacts with the viral integrase or other viral proteins during
integration.

The hypersensitivity of A-T cells to DNA damage is due to
a dual defect in DNA repair and checkpoint control (24).
Either one or both of these activities could be relevant to the
establishment of a stably integrated provirus. The ATM kinase
is required for phosphorylation and activation of p53 and Chk2
proteins, which are implicated in cell cycle arrest and apoptosis
(4, 9, 15, 26, 29). A-T cells are unable to arrest at the G1/S and
G2/M checkpoints in response to DNA damage, and they also
exhibit radiation-resistant DNA synthesis. It is possible that, in
the absence of DNA-PK, ATM-mediated growth arrest allows
cells to repair the potentially lethal damage introduced by
retroviral DNA integration via an alternative, DNA-PK-inde-
pendent pathway(s). It is also possible that ATM participates
directly in the repair of such DNA damage (11, 36–38).

The finding that NHEJ and, in its absence, ATM are re-
quired for stable retrovirus-mediated transduction lends fur-
ther credence to our proposal that the integration intermediate
is sensed as DNA damage by the cell (12). This type of “dam-
age” can be titrated, and its molecular aspects can be studied
using the viral sequences as a probe. Further experiments with
this system should help us to determine which activities of
DNA-PK and ATM are critical and to identify other cellular
proteins that may play a role in integration damage repair. An
understanding of the mechanisms by which cellular repair pro-
teins contribute to this process could have a practical applica-
tion. We show here that a drug which blocks cellular repair
pathways can inhibit stable transduction by HIV-1, most likely
because infected cells cannot survive IN-mediated DNA dam-
age. These results suggest a strategy for antiretroviral (AIDS)
therapy that targets cellular proteins rather than viral proteins.
Such a strategy would have the advantage of minimizing the
potential of selecting for viral escape mutants.
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