
Btk activation of sustained Ca2+ mobiliza- 
tion in response to secretory immunoglobulin 
M (19). Thus; Rlk, a distinct Tec kinase that 
functions independently of PI3K. rnay pro- 
vide a second level of regulation to antigen 
receptor signaling pathways in T cells. 

Current models suggest that immune re- 
sponses in lymphocytes are exquisitely con- 
trolled, requiring multiple finely tuned levels 
of activation (20). Thus. the Tec kinases, 
unlike the more proximally acting Lck and 
Zap-70. may not s e n e  as primaly triggers of 
the immune response but instead rnay further 
refine the strength of lymphocyte signaling 
by acting as critical modulators of PLC-y and 
downstream effectors. 
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Efficient Persistence of 
Extrachromosomal KSHV DNA 

Mediated by Latency-Associated 
Nuclear Antigen 

~ a r ~  E. Ballestas,' Pamela A. C h a t i ~ , ~ . ~  Kenneth M. Kayel* 

Primary effusion lymphoma (PEL) cells harbor Kaposi's sarcoma-associated 
herpesvirus (KSHV) episomes and express a KSHV-encoded latency-associated 
nuclear antigen (LANA). In PEL cells, LANA and KSHV DNA colocalized in dots 
in interphase nuclei and along mitotic chromosomes. In the absence of KSHV 
DNA, LANA was diffusely distributed in the nucleus or on mitotic chromosomes. 
In lymphoblasts, LANA was necessary and sufficient for the persistence of 
episomes containing a specific KSHV DNA fragment. Furthermore, LANA co- 
localized with the artificial KSHV DNA episomes in nuclei and along mitotic 
chromosomes. These results support a model in which LANA tethers KSHV DNA 
to chromosomes during mitosis to enable the efficient segregation of KSHV 
episomes to progeny cells. 

Kaposi's sarcoma (KS)-associated herpesvi- 
rus or human herpesvims-8 likely plays an 
important role in KS pathogenesis because 
KSHV seropositivity precedes KS and KSHV 
DNA is found in almost all KS lesions. 
whether or not there is a coexisting human 
immunodeficiency virus infection (1). KSHV 
is also associated with lyinphoproliferative 
disorders. including PELS and multicentric 
Castleman's disease (2, 3). 

Similar to the gamma-1 herpesvirus Ep- 
stein-Ban virus (EBV). KSHV infection in tu- 
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mor tissue or in lymphoma-derived cell lines is 
predominantly latent. Latently infected cells 
have multiple copies of circularized KSHV 
DNA maintained as episomes (2-4). The EBV 
nuclear antigen-1 (EBNAI) protein mediates 
efficient episome persistence through a cis-act- 
ing 1.8-kb EBV DNA sequence, which is 
termed the origiil of plasrnid replication (oriP) 
(5, 6). Herpesvirus saimiri (HVS) also has a 
cis-acting sequence that enables the efficient 
persistence of episomes in HVS-infected cells 
(7). However. KSHV has no obvious homolo- 
gy to the EBV or HVS cis-acting DNA, and a 
trans-acting EBNAI homolog or ai~alog has not 
been identified in HVS or in other gamma-2 
herpesviruses 

KSHV open reading frame (OW) 73 en- 
codes the latency-associated nuclear antigen 
(LANA. LNA, or LNA1). which is predicted to 
be 1162 amino acids, and lacks a known func- 

*To whom correspondence should be addressed. E- tion (1. 8, 9). A holnologous exists in 
mail: kkaye@rics.bwh.harvard.edu other gamma-2 heipesviiuses (1 0). LANA is 
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reactive with most KSHV-immune sera that 
detect LANA in KSHV-infected PEL cells and 
in KS spindle cells (9, 11, 12). 

The previously described punctate distribu- 
tion (9, 11, 12) of LANA in PEL cells was 
W e r  investigated by confocal microscopy. 
LANA was detected with immune serum, and 
KSHV DNA was detected by fluorescence in 
situ hybridization (FISH) in KSHV-infected 
BCBL-1 PEL cells (11, 13). Two-color confo- 
cal microscopy demonstrated that LANA (Fig. 
lA, green signal) and KSHV DNA (Fig. lB, 
red signal) colocalized (Fig. lC, yellow signal) 
in subnuclear dots that were multiple, small, 
and discrete. Each dot probably corresponds to 
a KSHV DNA episome because -40 dots were 
visualized in each nucleus, which is consistent 
with estimates of the KSHV genome copy 
number per cell (2, 3). LANA was highly con- 
centrated at sites of KSHV DNA. The finding 
that LANA is restricted to sites of KSHV 
DNA in interphase was previously un- 
known and is indicative of specific recog- 
nition of KSHV DNA by LANA. 

We next investigated whether the associa- 
tion of LANA and KSHV DNA persisted in 
mitosis. LANA (12) and KSHV DNA (2) asso- 
ciate with mitotic chromosomes in PEL cells. 
Colocalization of LANA and KSHV DNA on 
chromosomes would be consistent with a role 
for LANA in episome persistence. Therefore, 
we detected KSHV DNA in BCBL-1 cells with 

FISH (Fig. 2A, red signal), we detected LANA 
with immune serum (Fig. 2B, green signal), and 
we detected chromosomes with 4',6'-dia- 
midino-2-phenylindole (DAPI) (Fig. 2C, blue 
signal) (13). An overlay of the same chromo- 
some spread (Fig. 2; A through C) revealed 
LANA to be highly localized to sites of KSHV 
DNA, and both LANA and KSHV DNA were 
in dots dispersed widely over the metaphase 
chromosomes without apparent regularity (Fig. 
2D, punctate white on blue chromosomes). The 
finding that LANA colocalizes with KSHV ge- 
nomes on metaphase chromosomes is consistent 
with a model in which LANA mediates the 
segregation of KSHV episomes to progeny cells 
by linking KSHV DNA to chromosomes during 
mitosis. 

If this model were correct, LANA, indepen- 
dent of other KSHV proteins, would mediate 
KSHV episome persistence in proliferating 
cells. To directly test this hypothesis, we stably 
expressed LANA or a FLAG-tagged LANA 
(F-LANA) in KSHV- and EBV-negative BJAB 
B lymphoma cells (14). Because the HVS oriP 
is located near the start of the viral genome (7) 
and because the KSHV genome is generally 
colinear with that of HVS, we considered the 
possibility that the KSHV oriP is in a cosmid 
clone (26) (8) that contains the terminal repeats 
and the start of the KSHV genome. 26 or a 

cosmid (Z8) (8) that contains sequence from 
near the center of the KSHV genome was trans- 
fected into BJAB cells or into LANA- or F- 
LANA-expressing BJAB cells (BJABLANA 
or BJABiF-LANA, respectively). Cells were se- 
lected for G418 resistance conferred by the ws- 
mid vector (14). 26 cosmid DNA efficiently 
persisted in BJABLANA and BJABiF-LANA 
cells, and almost all (99%) microtiter wells were 
positive for G418-resistant cell outgrowth. Effi- 
cient persistence of 26 DNA was dependent on 
LANA because only 7% of the wells of LANA- 
negative BJAB cells transfected with 26 were 
positive for outgrowth. In contrast to 26, 28 
lacked a cis-acting component necessary for 
efficient LANA-mediated outgrowth, and only 
3% of wells containing Z8-transfected BJABiF- 
LANA cells were positive for G418-resistant 
outgrowth. The same low level of persistence 
was observed in Z8-transfected BJAB cells that 
were LANA negative. These results are remi- 
niscent of those obtained with EBV oriP and 
EBNAl, in which EBNAl enabled a 10- to 
100-fold increase of outgrowth for cells trans- 
f e d  with oriP DNA, in comparison with non- 
oriP DNA (5). 

The distribution of F-LANA in BJAB 
cells was investigated with immunofluores- 
cent microscopy after detection with immune 
serum or monoclonal antibody to FLAG (15). 
F-LANA was distributed diffusely in inter- 

Fig. 1. LANA colocalizes with KSHV episomes. 
(A) LANA was detected with KSHV immune 
serum (green signal), and (B) KSHV episomes 
were detected with FlSH (red signal) in the 
same BCBL-1 cells. (C) Overlay of (A) and (B) 
results in a yellow signal at sites of colocaliza- 
tion. The arrows indicate one site of colocaliza- 
tion. Confocal microscopy was performed with 
a Zeiss Axioskop, PCMZOOO hardware, and C- 
imaging software (magnification, X630). 

phase nuclei (Fig. 3A) and on chrbmosomes 
(Fig. 3C) in BJABR-LANA cells, but F- 
LANA was focally concentrated to dots in 
interphase nuclei (Fig. 3B) and along chro- 
mosomes (Fig. 3D) in BJABR-LANA cells 
that were 26 transfected and G418 resistant. 
Simultaneous detection of F-LANA and 26  

Fig 2. LANA associates with KSHV genomes on 
chromosomes. BCBL-1 cells were metaphase ar- 
rested with colcemid and swollen in hypotonic 
buffer. (A) KSHV genomes were detected with 
FlSH (red signal), (B) LANA was detected with 
KSHV-immune serum (green signal), and (C) 
chromosomes were detected with DAPI (blue sig- 
nal) (73). The same mitotic cell is shown in (A), 
(B), and (C). (D) Overlay of panels (A), (B), and (C). 
A white signal results when a KSHV genome and 
LANA colocalize on a chromosome. The arrows 
indicate one site of colocalization. "I" indicates 
adjacent interphase nuclei. Staining was detected 
with a Zeiss Axiovert 5100 microscope fitted with 
Biorad MRC102412P confocal hardware, a Mul- 
tiphoton Tsunami Laser, and Biorad Lasersharp 
3.1 software (magnification, ~ 6 3 0 ) .  

Fig 3. LANA concentrates to  dots with 26 KSHV 
DNA. (A and C) BJABIF-LANA cells and (B and 
D) BJABIF-LANA cells transfected with 26 were 
stained with propidium iodide (red signal) to  
detect interphase nuclei (A and B) or meta- 
phase chromosomes (C and D) and KSHV im- 
mune serum (green signal) to  visualize LANA. 
Colocalization of nucleic acid and LANA results 
in yellow signal. Confocal microscopy was per- 
formed as in Fig. 1 (magnification, ~ 6 3 0 ) .  
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DNA demonstrated that F-LANA concentrat- 
ed to dots at sites of Z6 DNA (15). In contrast 
to Z6-transfected cells, F-LANA remained 
diffusely distributed in the nuclei of BJABI 
F-LANA cells that were 28  transfected and 
G418 resistant (15). These data demonstrate 
that LANA specifically localizes to sites of 
26 KSHV DNA, which is consistent with the 
hypothesis that LANA serves to tether 26 
DNA to chromosomes. 

If LANA mediates the efficient segregation 
of KSHV episomes to progeny cells, then 
LANA-expressing cells that are 26 transfected 
and G418 resistant should contain extrachromo- 
soma1 26 DNA. Extrachromosomal DNA 
should rarely or never be found in G418-resis- 
tant cells that are 26 transfected and LANA 
negative or 28 transfected and LANA positive. 
Gardella gel analysis followed by Southem 
(DNA) blotting was performed to determine 
whether 26 DNA is an episome in BJABI 
LANA and BJABiF-LANA cells. In Gardella 
gels, live cells are lysed in situ in the gel-loading 
wells at the start of the gel run. Episomal DNA 
(as large as 200 kb) migrates into the gel, 
whereas chromosomal DNA is unable to 
migrate into the gel (16). As expected, 
BCBL-1- [Fig. 4, A (lane 1) and B (lane 4)] 
and KSHV-infected BC-1 PEL cells (2) 
(Fig. 4B, lane 2) had episomal KSHV DNA, 
whereas KSHV-negative Raji [Fig. 4, A 
(lane 2) and B (lane l)] and BJAB (Fig. 4B, 

lane 3) cells lacked KSHV episomes. 
BJABILANA cells (Fig. 4A, lanes 3 
through 7) or BJABIF-LANA cells (Fig. 
4A, lanes 8 through 12) that had grown out 
after transfection with 26  DNA and G418 
selection also had extrachromosomal DNA. 
In contrast, BJABIF-LANA cells that had 
grown out after transfection with Z8 DNA 
and G418 selection did not have extrachro- 
mosomalZ8 DNA (Fig. 4B, lanes 5 through 
12). Also, LANA-negative BJAB cells that 
had grown out as G418 resistant after trans- 
fection with 26  or 28  did not have episomal 
DNA (15). These latter cells had 26  or 28  
DNA, as determined by polymerase chain 
reaction, and 26  or 28  DNA was sometimes 
detected at the loading wells on long expo- 
sures of Southern blots of Gardella gels, 
which is consistent with the presence of 
integrated DNA in these cells. These exper- 
iments demonstrate that LANA acts in-trans 
on a cis-acting element present in 26  to 
efficiently mediate 26  episome persistence 
in cells. 

To more precisely localize the 26 cis-acting 
element, Hind 111 subclones of Z6 cosmid DNA 
were transfected into BJAB or BJABJF-LANA 
cells and selected for G418 resistance (14). A 
26 subclone containing the terminal repeats and 
the first -13 kb of the KSHV genome (26-13) 
efficiently persisted as an episome in G418- 
resistant BJAB/F-LANA cells (Fig. 4C, lanes 6 

4 Fig 4. LANA and F-LANA mediate episomal per- 
sistence of 26  and 2 6 1 3  but not 28 or 26-7 KSHV 
DNA BJABILANA cells or BJABIF-LANA cells were 

1 2 3 4 5 6 7 8 9 1011 12 transfected with 26. 28, 26-7, or 26-13 KSHV 
DNA, and G418-res~stant cell lines were selected. 

I3 Cells I2 X 109 were lwed in situ in wells of 
7 

Gardeb gek, el&ctropho;esls was performed, and 
0 DNA was transferred to a nylon membrane (76). 

KSHV DNA was detected with 32P-labeled [A) 26. 
(B) 28, and (C) 26-13 (lanes 1 through 9) dr ~ 6 - 7  
(lanes 10 through 13) probes. Signals were cap- 
tured with a Molecular Dynamia Phosphorlmager 
and analyzed with ImageQuant software. In (A), 
the lanes are designated as follows: lane 1, BCBL- 
1; Lane 2, Raji (KSHV negative, EBV positive); lanes * 3 through 7, Z6-transfected and G418-resistant 

1 2 3 4 5 6 7 8 9 1 0  1 1 12 BJABILANA cells; and lanes 8 through 12, Z6- 
transfected and G418-resistant BJABIF-LANA 
cells. The electrophoretic mobility of 26 episomes 

is slower than predicted by size. In (B), Lanes are designated as follows: Lane 1. Raji; Lane 2. BC-1; lane 
3, BJAB; lane 4, BCBL-1; and lanes 5 through 12,Z8-transfected and G418-resistant BJABIF-LANA cells. 
In (C), lanes are designated as follows: Lane 1. BC-I; lane 2, BJAB; Lane 3, BCBL-1; lanes 4 and 5, 
26-13-transfected and G418-resistant BJAB cells; lanes 6 through 9, Z6-13-transfected and C418- 
resistant BJABIF-LANA cells; lanes 10 and 11,Z6-7-transfected and G418-resistant BJAB cells; and lanes 
12 and 13, 26-7-transfected and G418-resistant BJABIF-LANA cells. Multiple episomal bands in lanes 
6 through 9 (C) are likely due to duplications and deletions in the terminal repeats as demonstrated by 
Southern (DNA) analysis (75). The BC-1 genome differs in size from that of BCBL-1 (7,  23). 0, well 
origins; E, episomes; *, nicked, degraded, and linear DNA 

through 9). In contrast, BJABF-LANA cells 
that had grown out as G418 resistant after trans- 
fection of Hind 111 subclones containing -7 or - 1 1 kb of downstream KSHV sequence (26-7 
and 26-1 1, respectively) did not have extrachro- 
mosomal 26-7 (Fig. 4C, lanes 12 and 13) or 
26-1 1 DNA (15). LANA-negative BJAB cells 
that had grown out as G418 resistant after trans- 
fection with 26-13 (Fig. 4C, lanes 4 and 5), 
26-7 (Fig. 4C, lanes 10 and 1 l), or 26-1 1 DNA 
(15) did not have episomal DNA. Therefore, 
LANA acts in-trans on a cis-acting element that 
is proximal to or in the tenninal repeats of Z6 to 
mediate efficient episome persistence. 

These results provide the first identification 
of a trans-acting factor that supports episome 
persistence of gamma-2 herpesvirus DNA. 
LANA acts on a cis-acting element present in a 
defined region of KSHV DNA to mediate the 
efficient persistence of episomal DNA in cells. 
Both EBV and HVS have dyad symmetry ele- 
ments within their cis-acting plasrnid mainte- 
nance sequences (5,6,17), and fine mapping of 
the cis-acting sequence in 26 may demonstrate 
that a similar element is necessary for KSHV 
episome persistence. Because HVS and other 
gamma-2 herpesviruses have LANA homologs, 
these proteins are likely candidates to mediate 
episome persistence for their respective viral 
genomes. Whether the gamma-2 herpesvirus 
LANA-type proteins also share the EBNAl 
property of transcriptional activation (18) re- 
mains to be evaluated. 

Although LANA and EBNAl share the 
property of diffuse association with chromo- 
somes in the absence of cognate viral DNA, 
LANA differs from EBNAl in highly localiz- 
ing to its cognate DNA. KSHV DNA can re- 
cruit a substantial fraction of the LANA mole- 
cules in the cell. In contrast, EBNAl is diffuse- 
ly distributed on metaphase chromosomes, 
even in the presence of EBV DNA (6, 19, 20). 
LANA and EBNAl also lack obvious sequence 
homology. However, EBNAl shares structural 
and functional characteristics with the nonho- 
mologous bovine papilloma virus (BPV) E2 
protein (17), and LANA could have similar 
structural features. 

The finding that LANA colocalizes with 
KSHV episomes on chromosomes and is suffi- 
cient for the extrachromosomal persistence of 
KSHV DNA supports a model in which 
LANA tethers KSHV episomes to chromo- 
somes during mitosis. Complexing KSHV 
DNA to chromosomes would ensure an effi- 
cient distribution of episomes to progeny cells 
and the inclusion of KSHV DNA in newly 
formed nuclei. Such a model of linking epi- 
somes to chromosomes has been proposed for 
EBNAl and the BPV E2 protein (5, 6, 21). 
Although additional work is necessary to fir- 
ther define the molecular mechanisms by 
which LANA mediates KSHV episome per- 
sistence, strategies that interfere with the 
functions of LANA described here could be 
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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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Integration is an essential step in retroviral rep­
lication (7). Processing (nicking) of the viral 
DNA 3' ends and joining of these ends to stag­
gered phosphates in the host DNA are earned 
out by the viral integrase (IN) protein (2). The 
initial linkage between viral and host DNA is a 
gapped intermediate in which the viral DNA 5' 
ends are unjoined. The processing and joining 
steps in the integration reaction have been re­
constituted in vitro, with purified retroviral in-
tegrases and model viral and host DNA sub­
strates. Repair of the gaps in vivo results in a 4 -
to 6-base pair repeat of host DNA flanking 
each proviral end, but this final step has not yet 
been reproduced in vitro. It has been reported 
that inhibition of a host DNA repair-related 
protein, poly(adenosine diphosphate-ribose) 
polymerase, blocks retroviral integration (3). Al­
though it is generally assumed that host cell 
repair enzymes complete the integration reac-
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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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