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useful in aborting latent KSHV infection and 
in preventing or treating KSHV-associated 
diseases. 

Note added in proof. The Z6 cis-acting 
element has been further localized to three 
copies of the terminal repeat and up to —600 
nucleotides of unique sequence. 
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tion, the pathways responsible and the mecha
nism by which repair is accomplished have not 
been identified. 

In mammalian cells, repair of double-
stranded DNA breaks by nonhomologous end 
joining (NHEJ) is mediated by DNA-dependent 
protein kinase (DNA-PK). DNA-PK is com
posed of a DNA-binding Ku70/Ku86 het-
erodimer and a large catalytic subunit, DNA-
PKcs (4). DNA-PK also functions in V(D)J 
recombination, and the underlying genetic de
fect in the V(D)J recombination- deficient, se
vere combined immunodeficiency (scid) mouse 
(5) is a truncation mutation of DNA-PKcs (6). 
Thus, scid cell lines and primary cells are defi
cient in DNA-PK activity (7). 

To investigate whether DNA-PK has a role 
in the repair process that completes retroviral 
integration, we infected scid cells with retrovi
rus vectors, scid pre-B cell lines S7, S29, and 
S3 3 and a control, normal cell line, N2 (8), were 
first infected with an avian retrovirus vector, 
encoding an amphotropic envelope protein that 
allows infection of a wide variety of mammalian 
cells [RCASBP-M(4070A), hereafter abbreviat
ed R/M] (9). The results (Fig. 1 A) were striking; 

A Role for DNA-PK in Retroviral 
DNA Integration 
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Retroviral DNA integration is catalyzed by the viral protein integrase. Here, it 
is shown that DNA-dependent protein kinase (DNA-PK), a host cell protein, also 
participates in the reaction. DNA-PK-deficient murine scid cells infected with 
three different retroviruses showed a substantial reduction in retroviral DNA 
integration and died by apoptosis. Scid cell killing was not observed after 
infection with an integrase-defective virus, suggesting that abortive integration 
is the trigger for death in these DNA repair-deficient cells. These results suggest 
that the initial events in retroviral integration are detected as DNA damage by 
the host cell and that completion of the integration process requires the 
DNA-PK-mediated repair pathway. 
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after infection with the vector at a multiplicity of 
-2 infectious units (i.u.) per cell, viability (10) 
of the scid cells dropped to 40 to 50%. M-hereas 
the xiability of the N2 cells remained >90%. 
Cell death was dependent on the virus concen- 
tration. and it was first obse~~ied 12 hours after 
infection. indicating that an early event in the 
retroviral replication cycle was responsible. 

To investigate this phenomenon further. M-e 
constructed matched derivatives of the original 
avian retrovil-us vector (11). One vims was 
integration-competent ( I N 1 - ) ;  the other was in- 
tegration-defective (IN), as it encoded a Asp6' 
+ Glu (D64E) substitution in the consen-ed 
D,D35,E motif. ~vhich makes up the cataly-tic 
center of a\-ian sarcoma v i m  (ASV) integrase. 
All other early steps. including synthesis of 
viral DNA and its entry into the nucleus. were 
norinal in the I N  mutant (12). Death of the 
scid cells occuned after infection with the m+ 
virus, but not the I b  virus (Fig. 1B). suggest- 
ing that this response was dependent on retro- 
viral IN activity and was not merely an antiviral 
response induced by uptake of vu-us. 

scid cells are highly sensitive to DNA dam- 
age. x~hich appears to trigger apoptosis (13). 
Retroviral infection seemed to elicit a similar 
response. Application of the TdT-mediated 

deoxyuridine hiphosphate nick end labeling 
(TLJEL)  assay confinned that infection of scirl 
cells with the avian v in~s  vector induced apo- 
ptosis in about 33 to 45% of infected cells at 12 
and 16 hours after infection. respectively (Fig. 
1C) (14). In contrast, no increase in apoptosis 
was detected after infection of the N2 cells. 
Similar results were obtained when apoptosis 
M-as evaluated by detection of cytoplasmic his- 
tone-associated DNA fiagrnents and increase in 
caspase-3 activity, a marker for early events in 
apoptosis (12, 15). Thus, we conclude that the 
retrovirus-infected scid cells die by apoptosis. 

RTe considered the possibility that the scid 
cell lines may have distinct phenotypes due to 
their lymphoblastoid lineage, i~nmortalization, 
or passage history. Therefore. the efficiency of 
stable retrovirus integration Lvas tested in scid 
mouse embryo fibroblasts (16) with the IN- 
vector that carries a neomycin resistance gene 
(neo') (11). The number of stable G418-resistant 
colonies was 10-fold lower in the infected ~ c i d  
iibroblasts than in matched nornlal priman 
mouse elnbryo fibroblasts (Table 1). RTe also 
tested the ability of the same vector to integrate 
in cell lines that are deficient in other compo- 
nents of the DNA-PK pathway, Ku, and the 
XRCC4 protein believed to be important for 

recruiting ligase I\: (17). Similar reductions 
xere obse~~:ed in infected Ku86(-) and 
XRCC4(-) Chinese hamster ovary (CHO) cells 
%-lien compared with control CHO cells (Table 
1). Such reductions are expected if the majority 
of the scitl. Ku(-). and XRCC4(-) cells die 
because they cannot repair the integration inter- 
mediate. Increased production of cytoplasmic 
histone-associated DNA fragments in the infect- 
ed scid fibroblasts suggested that they also die 
by apoptosis (12). Thus, M-e conclude that scid 
fibroblasts and pre-B cells respond to retrovil-us 
infection similarly and that the efficiency of 
integration is reduced substantially in the ab- 
sence of the thee  components of the DNA-PK 
pathway that are missing or deficient in the 
mutant cell lines (1 7). 

We then examined whether another retrovi- 
rus could induce cell death in ~ c i d  cells. For 
these experiments, we used a vesicular stoma- 
titis virus G protein-pseudotyped 11~1inan im- 
  nu no deficiency virus type-1 (HI\'-1) vector in 
which the viral genes were replaced with a IucZ 
reporter gene under control of a cytomegalovi- 
ms promoter: P-galactosidase (@-Gal) was ex- 
pressed efficiently only after vector integration 
(18). Infection wit11 this vector also ind~~ced cell 
death in scid cells (Fig. 24 ) ,  and P-Gal expres- 

Fig. 1. Viability of in- 
fected scid cells. (A) Vi- s 
ability of scid cells after g 
infection wi th RIM. ,g 
Cells were infected ; 6o 

wi th RIM ( a )  at a mul- 
5o 

tiplicity of -2 i.u. per 
cell or wi th an equal 
amount o f  heat-inacti- 9 

vated RIM (A) as a e 
control. An equal vol- 2 70 

ume of conditioned 5 60 

medium (mock-infect- 5 50 

ed; 80) from uninfected 
cells was also used as a 0 5 10 15 20 25 0 5 10 15 20 25 P 

control. The virus stock Time (hours) Time (hours) 

was also diluted 1:2 
(multiplicity of -1; 0) 
or 1 : l o  (multiplicity of 
-0.2; A), and the via- 
bility of cells infected 
with these dilutions was 
monitored. Cells were COI+C (NZ I nej 

40 
harvested at the indicat- 
ed time points, and via- 
bility was measured by 
trypan blue exclusion. 
An average of t w o  in- 
dependent counts is Fluorescence intensity 
shown; the experi- sc~d (S33 11ne) 

40 
ment  was repeated o 5 10 15 20 25 30 35 40 o 5 10 15 20 25 30 35 40 
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~r;or bars represent SD. (B) Viability of scid cells after infection wi th an normal (N) 

%of  scld cells (533 line) Time (hours) Time (hours) five times wi th virtu- 

98 97 98 ( 98 66 51 

% o f  control cells (N2 I~ne) 

allv identical results. mock 12 hrs 16 hrs 

2 33 45 integrase-defective virus. Cells were infected wi th integrase-defective apoptot~c (A) 

mock 12 hrs 16 hrs 

virus (IN-; 0) and integration-competent virus (INt; A )  at a multiplicity 
of about 2 i.u. per cell. In addition, cells were infected wi th an equal 
amount of the parent, RIM virus ( a ) .  Cells were harvested at the MOI o f  -4 i.u. per cell. Cells were harvested 12 and 16 hours later, fixed, 
indicated t ime points, and viability was measured by trypan blue exclu- permeabilized, labeled w i th  the TUNEL reaction mixture (14), and ana- 
sion. (C )  Apoptosis in infected normal and scid cells. Control (N2) and scid lyzed by f low cytometry. The percentage of cells in each fraction was 
(533) cells were mock-infected or infected w i th  the R/M virus at an determined w i th  the CellQuest program. 

2 3 2 
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sion (19) was reduced substantially in these 
cells (Fig. 2B) Thus, ~ c l d  cells also appear 
to undergo apoptosis in the absence of re- 
pair of the HIV-1 D N 4  integration inter- 
mediate. Finally, similar scid cell killing 
was also observed after infection with 
Moloney murine leukemia virus (12). 

To determine if DNA-PK activity increases 
as a consequence of retroviral integration, we 
studied HeLa cells, in which DNA-PK activity 
can be detected readily upon stimulation by 
addition of damaged (sheared) DNA (20) (Fig. 
3A). HeLa cell cultures were infected with the 
IN+ or IN- viruses, and samples were collected 
every 4 hours (Fig. 3B). Nuclear lysates were 
then tested for DNA-PK activity in the absence 
of added sheared DNA. A twofold to threefold 
increase in DNA-PK activity in IN+ virus-in- 
fected cells occurred 8 to 16 hours after infec- 
tion (Fig. 3B), whereas a negligible difference in 
activity was seen in IW-infected cells. Thus, 
DNA-PK activity is stimulated by an early event 
in retroviral replication that depends on N and 
appears to be sensed as DNA damage. It seems 
likely that the critical event is formation of the 
integration intermediate. - 

These results indicate a role for the DNA- 
PK-mediated repair pathway in retroviral inte- 
gration, but the requirement is not absolute. 
Although the efficiency is greatly reduced, 
some stable integration is observed in 
Ku86(-), XRCC4(-), and DNA-PKcs(-) 
scid cells (Table 1). At least two interpretations 
of these results are possible; residual function of 
the DNA-PK pathway could account for the 
residual integration activity, or an alternative 
pathway may compensate partially for defects 
in the DNA-PK pathway. We note that our 
results do not exclude a role for viral proteins in 

Although we favor the hypothesis that another 
pathway or pathways may compensate for de- 
ficiencies in DNA-PK, nre note that of the cell 
lines tested, only the XRCC4(-) line is enet-  
ically null (1 7). 

In the initial steps of V(D)J recombination, 
signal sequences direct cleavage by RAG-1 and 
RAG-2 proteins. In vitro shtdies have revealed 
that the RAG proteins catalyze reactions that are 
mechanistically similar to those carried out by 
retroviral IN (21). In V(D)J recombination. 
DNA-PK is required for joining of the cleaved 
nonhomologous DNA coding ends and is 
thought to interact with RAG proteins (22). The 
data presented here indicate that cellular DNA- 
PK-dependent DNA repair is also required to 
complete retroviral DNA integration. These re- 
sults and the obsen~atioi~ that both RAG and IN 
reactions are stimulated by HMG DNA-binding 
proteins (23) strengthen the case for evolution- 
ary relatedness of V(D)J recombination and ret- 
roviral integration (24). 

Although the DNA-PK pathway has been 

studied mainly in the context of double-strand 
break repair through NHEJ, our results indicate 
that this pathway may play a role in repairing 
other types of DNA lesions. In the current 
model for retroviral integration. the joining re- 
action proceeds through a concerted cleavage 
and ligation mechanism whereby double-strand 
breaks in host DNA are avoided. This may 
reflect evolutionary selection for minimal dam- 
age to host DNA during integration. However, 
the N-catalyzed reaction forms an intermediate 
in which both ends of the viral DNA are 
flanked by short gaps in host DNA. It is possi- 
ble that this structure is detected as DNA dam- 
age, as in vitro studies indicate that DNA-PK 
can be activated by gaps (25). Alternatively, a 
true double-strand break or some other structur- 
al feature might be responsible for triggering 
DNA-PK activity during integration. Whether 
DNA-PK plays a direct or indirect role in mo- 
bilizing the enzymatic activities that are re- 
quired to complete retroviral DNA integration 
remains to be investigated. However, the find- 

50t scid (57 line) ' 
40 I I 1 I 

either the primary or compensatory pathways. Time (hours) Time (hours) 

Table 1. Retroviral DNA integration in cells defective 
in DNA-PK components. The Ku86(-) (xrs-6) and 
XRCC4(-) cell lines have been described (12, 15). 
These and the normal CHO cell line were obtained 
from D. B. Roth. All cells were plated at l o 5  per 
60-mm dish and infected for 2 hours with the virus. 
G418 (1 mglml) was added 24 hours after infection, 
and colonies were counted 7 t o  14 days later. Num- 
bers represent the average of colonies counted on 
two plates for each assay. G418', G418 resistant. 

Number of G418' colonies in 
Virus CHO cell lines 

dilution 
Normal Ku86(-) XRCC4(-) 

Number of G418' colonies in 
Virus mouse embryo fibroblasts 

dilution 
Normal scid 

cells 

Fig. 2. Infection of scid cells w i th  an HIV-I-based virus vector. (A) Viability of scid cells after 
infection w i th  the HIV-1-based vector. Cells were infected under the conditions described (78). A t  
the indicated t ime points, cells were harvested, and viability was measured by trypan blue 
exclusion. a, infection w i t h  the HIV-1 vector; 0, infection w i th  heat-inactivated HIV-1 vector; A, 
mock-infected cells. (B) P-Gal activi ty in  HIV vector-infected scid and control cells. Cells were 
harvested 48 hours after infection, and P-Gal assays were performed on equal numbers of viable, 
trypan blue-excluding cells w i th  o-nitrophenyl-P-D-galactopyranoside as a substrate (19). 

Fig. 3. DNA-PK activi- 
t y  in  uninfected HeLa 
cells and avian virus 
vector-infected HeLa 
cells. (A) Nuclear ex- 
tracts of uninfected 
HeLa cells were as- 
sayed for DNA-PK ac- 
t iv i ty  (20) a t  30°C or 
4"C, in  the presence or 
absence of sheared 
salmon sperm DNA, D~~ - + . + . + - + 0 4 8 1 2  

y32P-Labeled ATP, and peptide + + . . + + + + Time (hours) 
a p53 peptide sub- rysate + + + . + - - + + 
strate. (B) DNA-PK ac- 30°C 4°C 
t iv i tv  in  HeLa cells in- 
fec t id  w i th  IN+  (solid 
bars) or I N  (open bars) viruses a t  a mult ipl ici ty of -2 i.u. per cell. DNA-PK activi ty in 
lysates was measured as in  (A) except that  no  exogenous DNA was added. 

16 

nuclear 
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ing that a cellular repair protein or proteins are 
required for this reaction may have practical 
ramifications. Such proteins represent a previ
ously unrecognized set of targets for inhibition 
of this early step in virus replication. 
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harm neurons by promoting excitotoxic in
jury (2). This detrimental effect of tPA may 
be mediated by plasmin, the main product 
of tPA action in thrombolysis, because not 
only tPA-null but also plasminogen-null 
mice are resistant to excitotoxic injury (3). 

Although excitotoxicity is a key mech
anism of pathologic neuronal death in many 
cases (4), neurotoxicity mediated by en
dogenous zinc translocation has recently 
been shown to be another major mechanism 
of selective neuronal death in global isch-
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Human recombinant tissue plasminogen activator (tPA) may benefit ischemic 
stroke patients by dissolving clots. However, independent of thrombolysis, tPA 
may also have deleterious effects on neurons by promoting excitotoxicity. Zinc 
neurotoxicity has been shown to be an additional key mechanism in brain 
injuries. Hence, if tPA affects zinc neurotoxicity, this may provide additional 
insights into its effect on neuronal death. Independent of its proteolytic action, 
tPA markedly attenuated zinc-induced cell death in cortical culture, and, when 
injected into cerebrospinal fluid, also reduced kainate seizure-induced hip-
pocampal neuronal death in adult rats. 
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