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Latency-associated nuclear antigen (LANA) of KSHV is expressed in all forms of Kaposi’s sarcoma-
associated herpesvirus (KSHV)-mediated tumors and is important for TR-mediated replication and persis-
tence of the virus. LANA does not exhibit any enzymatic activity by itself but is critical for replication and
maintenance of the viral genome. To identify LANA binding proteins, we used a LANA binding sequence 1 DNA
affinity column and determined the identities of a number of proteins associated with LANA. One of the
identified proteins was uracil DNA glycosylase 2 (UNG2). UNG2 is important for removing uracil residues
yielded after either misincorporation of dUTP during replication or deamination of cytosine. The specificity of
the '"LANA-UNG?2 interaction was confirmed by using a scrambled DNA sequence affinity column. Interaction
of LANA and UNG2 was further confirmed by in vitro binding and coimmunoprecipitation assays. Colocal-
ization of these proteins was also detected in primary effusion lymphoma (PEL) cells, as well as in a
cotransfected KSHV-negative cell line. UNG2 binds to the carboxyl terminus of LANA and retains its enzy-
matic activity in the complex. However, no major effect on TR-mediated DNA replication was observed when
a UNG2-deficient (UNG™'7) cell line was used. Infection of UNG™'~ and wild-type mouse embryonic fibro-
blasts with KSHV did not reveal any difference; however, UNG™/~ cells produced a significantly reduced
number of virion particles after induction. Interestingly, depletion of UNG2 in PEL cells with short hairpin

RNA reduced the number of viral genome copies and produced infection-deficient virus.

Kaposi’s sarcoma-associated herpesvirus (KSHV), also de-
signated human herpes virus 8§, is the biologic agent of Kaposi’s
sarcoma, primary effusion lymphoma (PEL), and multicentric
Castleman’s disease (12-14, 19, 65, 73). KSHYV persists indef-
initely in infected cells as an episome with the expression of a
limited number of genes (20, 35, 39, 66, 75). Among these
genes, the latency-associated nuclear antigen (LANA) is ex-
pressed from a polycistronic mRNA and is detected in all
forms of KSHV tumors (18, 36). Cells infected with KSHV
show anchorage-independent growth and increased telome-
rase activity, suggesting that KSHV induces cell immortaliza-
tion (22, 37, 70). Also, KSHV infection induces chromosomal
instability, an important event during tumorigenesis (52).
These functions were found to be regulated by the major latent
protein LANA (37, 64, 70). Additionally, LANA can also down
regulate apoptotic pathways, p53, and pRb and induces cell
immortalization in combination with Hras (23, 60). LANA also
modulates the distribution of GSK-38, a negative regulator of
the Wnt signaling pathway, in a cell cycle-dependent manner
and induces cells to enter S phase (10, 24).

LANA, which was initially detected by serum from a KSHV-
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infected patient in an immunofluorescence assay, is a large
nuclear protein and is typically detected in a punctate nuclear
pattern in KSHV-infected cells (34, 46, 61). The KSHV ge-
nome was detected at the sites of LANA on chromosome
spreads of KSHV-infected cells, suggesting a role for LANA in
KSHV genome tethering (4, 16). Later studies mapped the
domains of LANA important for tethering to host chromo-
somes (5, 6, 17). LANA associates with human chromatin
through the amino-terminal domain and remains attached
during all of the phases of the cell cycle (7, 54, 63). LANA
tethers the KSHV genome to host chromosomes through
binding at the terminal repeats (TRs) of the KSHV genome
(62). The TRs are 801 bp long, high-GC regions of the
KSHYV genome and are present as multicopy tandem repeats
(44, 62). Each TR copy contains two LANA binding se-
quences (LBS1 and -2, high and low affinity, respectively)
separated by a 22-bp DNA sequence (25). LANA binds to
LBS through amino acids 936 to 1139 of the carboxyl-ter-
minal domain (17, 38). Deletion mutant forms of this region
showed that amino acids 1007 to 1021 are likely to be the
DNA-contacting residues of LANA (38).

TR also supports replication of a plasmid in a LANA-de-
pendent manner (28, 32). A single copy of the TR element is
able to support replication, but the mechanism of replication is
not fully understood (25, 28, 71). Sequence analysis and dele-
tion mutation of TR mapped the minimal sequence essential
for replication to a 29- to 32-bp-long GC-rich sequence up-
stream of LBS1 and LBS2 (33). LANA is critical for replication
of TR-containing plasmids, but it does not have any enzymatic
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activity required for replication, thus suggesting the recruit-
ment of necessary cellular proteins for replication at the TR.
The mechanism of replication mediated by the TR is now
beginning to be resolved, and the involvement of a number of
cellular proteins is being investigated (67, 71). Among the
proteins identified so far are human origin recognition com-
plexes (ORCs), which interact with LANA at the TR (47, 71).
EBNALI, a functional homolog of LANA, also interacts with
ORGC:s and is essential for replication of the Epstein-Barr virus
genome (reviewed in reference 8).

Besides replication, LANA is critical for the maintenance of
KSHYV episomal DNA. LANA-depleted cells, by using either
recombinant virus (Bac36ALANA) or short hairpin RNA
(shRNA) for LANA, failed to maintain KSHV episomes for
the long term, suggesting its role in persistence and segregation
(26, 74). Therefore, to understand the role of LANA in the
process of replication and segregation, we wanted to identify
LANA-interacting proteins when LANA is bound to its cog-
nate sequence. Analysis of LANA-interacting proteins re-
vealed a number of cellular proteins important for episomal
persistence. Uracil DNA glycosylase 2 (UNG2) was identified
as one of the LANA-interacting proteins.

UNG?2 is encoded by the UDG gene, which spans approxi-
mately 13.8 kb and is located at chromosome 12q24.1 (42).
This gene encodes mitochondrial UNG1 and nuclear UNG?2,
and both have the same catalytic domain but differ in their
N-terminal amino acids (49). The major role of UNG2 is re-
moval of dUTPs from nuclear DNA yielded either after mis-
incorporation during the replication process or because of
deamination of cytosine residues (43). UNG?2 is located in the
nucleoplasm and at replication foci. The mechanism of its
translocation and association with replication foci is not well
understood (41). However, it has been proposed that UNG2
is transported along with proliferating-cell nuclear antigen
(PCNA), similar to DNA ligase I and DNA polymerase iota,
postreplicative repair enzymes (41). UNG2 also associates with
PCNA through its PCNA-interacting motif (QxxLxxFF,,)
(41). The N-terminal domain of UNG2 also interacts with
replication protein A at the replication foci (51). Interaction of
UNG?2 with PCNA and replication protein A is important for
base excision repair (BER) at the replication foci (43, 51).

In this report, we demonstrate that LANA binds to UNG2
through its carboxyl-terminal domain adjacent to the DNA
binding domain. We also show the interaction of these two
proteins in an immunofluorescence assay. The LANA-UNG?2
complex possessed glycosylase activity, suggesting the involve-
ment of UNG?2 in the removal of any uracil residues misincor-
porated during the replication process. KSHV-infected cells
with UNG?2 levels depleted by shRNA showed a reduced viral
genome copy number, suggesting that UNG2 is an important
protein for persistence of the viral genome.

MATERIALS AND METHODS

Cells, plasmids, and antibodies. BC-3 and BCBL-1, KSHV-positive primary
effusion lymphoma (PEL) cell lines, and BJAB and DG75, KSHV-negative cell
lines, were cultured in RPMI supplemented with 10% fetal bovine serum, 2 mM
L-glutamine, and penicillin-streptomycin (5 U/ml and 5 pg/ml, respectively).
Human embryonic kidney 293 (HEK293) and HEK293T cells were cultured in
Dulbecco’s modified Eagle medium supplemented with 10% fetal bovine serum,
2 mM L-glutamine, and penicillin-streptomycin (5 U/ml and 5 pg/ml, respec-
tively). Primary UNG/~ and UNG*/* mouse embryo fibroblast (MEF) cells
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(F11.1) were a gift from Hans E. Krokan (Department of Cancer Research and
Molecular Medicine, Norwegian University of Science and Technology, Trond-
heim, Norway) and were established from transformed clones arising spontane-
ously after repeated passage in culture (2). MEFs were cultured in Dulbecco’s
modified Eagle’s medium high in glucose with glutamine-Ham’s F12 with sodium
pyruvate (1:1), 10% fetal bovine serum, 1X nonessential amino acid solution,
and penicillin-streptomycin. pBSpuroTR containing an entire (801-bp) TR unit
was generated by cloning TR at the NotI site of pBS SKII+ (Stratagene, Inc., La
Jolla, CA) as described previously (71). Expression vectors for full-length and
truncated mutant LANA tagged with a myc epitope at its carboxyl terminus were
described previously (70). pDsRed-LANA was described previously (64). UNG2
fused to green fluorescent protein, pPUNG2EGFP, and rabbit UNG2-specific
antibody (PU101) was a kind gift from Hans E. Krokan (Department of Cancer
Research and Molecular Medicine, Norwegian University of Science and Tech-
nology, Trondheim, Norway). cDNA encoding the UNG2 open reading frame
was PCR amplified with pUNG2EGFP as the template and cloned into
pGEX2TK and pCDNA3.1HA to make a glutathione S-transferase (GST) fusion
protein and a hemagglutinin (HA)-tagged protein, respectively. Rabbit anti-
LANA polyclonal antibody was a kind gift from Bala Chandran (Rosalind Fran-
klin University of Medicine and Science, North Chicago, Illinois). RTA was
detected with a mouse monoclonal antibody as described previously (45).

DNA affinity column. Preparation of the DNA affinity column used was de-
scribed previously (71). Briefly, an oligonucleotide containing the LBS (17 bp, in
italics and underlined) and an additional three nucleotides at the 5" end and six
nucleotides at the 3’ end (italics) (GATCCGCCTCCCGCCCGGGCATGGGG
CCGCGG) with overlapping BamHI sites (bold) was synthesized and annealed
with its complementary strand. Multimerized double-stranded DNA was ligated
to cyanogen bromide-activated Sepharose beads and packed onto a Bio-Rad
column. Nuclear extracts (NE) from BC-3 (KSHV-positive) and BJAB (KSHV-
negative) cells were prepared as described earlier and bound to the LBS affinity
column as described previously (71). The eluted fractions were aliquoted and
frozen at —80°C.

A control DNA column was prepared by synthesizing a similar-length DNA
sequence with a scrambled (SCR) LBS (5'-GATCCGCCATCGTAGATCTGTA
CTGTACGCGG-3"). Similar amounts of total NE were bound to the DNA
columns with the multimerized LBS and the SCR LBS. Proteins eluted after
extensive washing of the column were resolved by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and subjected to either Western
blotting or sequencing of the band after gel excision.

Matrix-assisted laser desorption ionization—time of flight and liquid chroma-
tography quadrupole (LCQ) mass spectrometry (MS) analysis. Distinct protein
bands from KSHV-positive BC-3 cell NE were excised from a Coomassie G-250-
stained gel (see Fig. 1A). These bands were subjected to matrix-assisted laser
desorption ionization-time of flight and LCQ mass spectrometry proteomic
analysis at the Proteomics Core Facility at the University of Pennsylvania School
of Medicine. Proteins for each band with LCQ scores greater than 20 were
reported.

Western blot analysis. An aliquot of the fraction eluted with 500 mM NaCl-
containing elution buffer was resolved by SDS-PAGE, followed by detection with
a UNG2-specific antibody (rabbit polyclonal antibody PU101). The signals were
detected with Alexa Fluor 680 (Molecular Probes, Carlsbad, CA)- and 800
(Rockland, Gilbertsville, PA)-conjugated antibodies by Odyssey infrared scan-
ning technology (LiCor, Lincoln, NE). myc- and HA-tagged proteins were de-
tected with 9E10 and 12CAS hybridomas, respectively.

In vitro binding of UNG2 to LANA. Full-length LANA (amino acids 1 to 1162)
and different truncation mutant forms of LANA were in vitro translated by a
coupled in vitro transcription-translation system (TNT; Promega, Inc., Madison,
WI) according to the manufacturer’s instructions in the presence of [**S]methi-
onine-cysteine (Perkin-Elmer, Inc., Boston, MA). pGEX-UNG2 expressing
GST-fused UNG2 protein was expressed in Escherichia coli as described previ-
ously (71). Approximately 10 ug of GST-UNG?2 protein was used for binding
with in vitro-translated LANA and its derivatives. In vitro-translated products
were precleared with glutathione-Sepharose beads in binding buffer (1X phos-
phate-buffered saline [PBS], 0.1% NP-40, 0.5 mM dithiothreitol, 10% glycerol, 1
mM phenylmethylsulfonyl fluoride [PMSF], 2 pg of aprotinin per ml) for 30 min.
Precleared LANA was then incubated with either GST or GST-UNG?2 fusion
protein in binding buffer. Binding was performed overnight at 4°C with constant
rotation, followed by collection of the beads through centrifugation. The beads
were washed three times with 1 ml of binding buffer and then resuspended in
SDS lysis buffer and resolved by SDS-PAGE. The bound fraction was analyzed
after the gel was dried and exposed to a PhosphorImager plate (Molecular
Dynamics, Inc.).

myc-tagged LANA expressed in HEK293T cells was also tested for binding to
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GST-UNG2. HEK293T cells expressing myc-tagged LANA were lysed in RIPA
buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 0.5% NP-40, 1 mM EDTA, pH 8.0)
with protease inhibitors (1 mM PMSF, 10 wg/ml pepstatin, 10 wg/ml leupeptin,
and 10 pg/ml aprotinin) and centrifuged at 15,000 rpm and 4°C to remove cell
debris. GST-UNG?2 fusion protein was added to the cell lysate and subjected to
overnight binding in RIPA buffer. The bound complex was washed five times to
remove loosely bound proteins and resolved by SDS-PAGE. LANA was detected
with anti-myc antibody by Western blotting.

Immunolocalization of LANA and UNG2. HEK293 cells were cotransfected
with pA3M LANA and pUNG2EGFP. BC-3 cells were only transfected with
pUNG2EGFP, and endogenous LANA was detected with rabbit anti-LANA
serum. At 24 h posttransfection, cells were spread on glass slides and followed by
fixation in acetone-methanol (1:1) for 10 min at —20°C. Slides were air dried and
incubated with 20% normal goat serum in 1X PBS to block the nonspecific
binding sites. LANA was detected with rabbit anti-LANA polyclonal serum at
room temperature in a humidified chamber, followed by washing three times for
5 min in PBS. The LANA signal was detected with Alexa Fluor 594 (Molecular
Probes, Carlsbad, CA). UNG2 was visualized by fluorescence from the enhanced
green fluorescent protein fusion. Slides were then washed four times with 1X
PBS, mounted with Paramount G, and visualized with an Olympus confocal laser
scanning microscope.

Detection of UNG activity. To detect the activity of UNG2 when it is bound to
LANA, we used a previously described (11) PCR-based assay (see Fig. 4A). The
use of dUTP instead of dTTP for PCR amplification results in an amplicon which
contains uracil residues. Incubation of the amplicon with UNG2 results in the
excision of uracil residues from dU-containing PCR products. Heat treatment
and alkaline pH conditions result in degradation of the abasic polynucleotide of
the dU-containing PCR product, which is further blocked from subsequent PCR
reamplification. Any DNA fragment can be used, regardless of its origin, for the
UNG assay; the only important criterion is that it should be amplifiable by PCR.
In this assay, we used the KSHV K1 gene as template DNA and amplified it with
primers S-K1 (5'-ATGTTCCTGTATGTTGTCTGCAG-3') and AS-K1 (5'-TC
AGTACCAATCCACTGGTTGC-3") with either dUTP or dTTP in the mixtures
of deoxynucleoside triphosphates, leading to a PCR product of 870 bp, desig-
nated the dU DNA template or the dT DNA template, respectively. Subsequent
PCR amplification with the dU DNA or dT DNA template treated with UNG2-
LANA was then performed for up to 30 amplification cycles under identical
conditions. Briefly, 1 wl of either dU or dT template DNA was assayed in a final
volume of 50 pl in the presence of 1.5 mM MgCl,, 200 nM each amplification
primer, 200 nM each deoxynucleoside triphosphate, and 1.5 U of Taq polymer-
ase. PCR products were resolved on a 1% agarose gel.

UNG?2 was coimmunoprecipitated with LANA from HEK293T cells as the
source of UNG activity. LANA by itself was also used to test for any UNG
activity after immunoprecipitation.

Coimmunoprecipitation of LANA and UNG2. myc-tagged LANA and HA-
tagged UNG2 were transfected either separately or together into HEK293T
cells. Cells were harvested 36 h posttransfection and lysed in RIPA buffer (50
mM Tris, pH 7.5, 150 mM NaCl, 0.5% NP-40, 1 mM EDTA, pH 8.0) with
protease inhibitors (1 mM PMSF, 10 pg/ml pepstatin, 10 wg/ml leupeptin, and 10
pg/ml aprotinin). Lysates were centrifuged to remove cell debris and precleared.
Lysates were then incubated with anti-myc antibody (myc ascites) overnight at
4°C with rotation, followed by incubation with protein A+G-Sepharose beads at
4°C for 1 h. The resulting immunoprecipitates were collected by centrifugation
at 2,000 X g for 2 min at 4°C, and the pellets were washed four times with 1 ml
of ice-cold RIPA butter. Half of the immune complex was resuspended in 30 pl
of 2X SDS protein sample buffer (62.5 mM Tris, pH 6.8, 40 mM dithiothreitol,
2% SDS, 0.025% bromophenol blue, 10% glycerol) for Western blotting. UNG2
was detected with anti-HA antibody, and then the membrane was reprobed with
anti-myc antibody for LANA detection.

Short-term replication assay. pBSpuroA3 (three copies of TR) was co-
transfected into either UNG ™/~ or UNG*/* MEFs with a LANA expression
vector. At 96 h posttransfection, DNA was extracted by a modified form of
Hirt’s procedure as described previously (31). Extracted DNA was digested
with EcoRI (to linearize it) or EcoRI-Dpnl with sufficient enzyme overnight.
Digested DNA was resolved on a 0.8% agarose gel and transferred to a nylon
membrane. Dpnl-resistant copies of TR plasmid were detected by hybridiza-
tion with a 3?P-labeled TR probe with Phosphorlmager plates (Molecular
Dynamics, Inc.).

BrdU labeling and immunoprecipitation of replicated DNA. BrdU (5-bromo-
2-deoxyuridine, a thymidine analog) was administered at 72 h posttransfection to
MEFs and pulsed overnight to label the replicating DNA. DNA was extracted as
described previously and digested with Dpnl overnight, followed by immunopre-
cipitation of BrdU-labeled DNA from 90% of the digested product with an
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anti-BrdU mouse monoclonal antibody (Santa Cruz Biotechnology, Santa Cruz,
CA) (29). The remaining 10% of the digested DNA was used as input. One
microliter of the above-described immunoprecipitated DNA was used for detec-
tion of incorporated BrdU and Dpnl-resistant copies of pBSpuroA3 after rep-
lication with primers described previously (71).

Purification of KSHYV virions. Virions were purified and virion proteins were
fractioned and detected as described previously (45, 71). UNG2 was detected
with rabbit anti-UNG2 antibody in proteins from pelleted and gradient-purified
virions.

Infection of MEF cells with KSHV and induction for virus production.
UNG ™/~ and UNG** MEF cells grown to 50 to 70% confluence in 100-mm-
diameter tissue culture dishes were infected with the same amount of concen-
trated virus from an identical number of BCBL-1 cells. Virus obtained from
approximately 20 million BCBL-1 cells were used to infect a single 100-mm
culture dish in the presence of Polybrene (Sigma, St. Louis, MO). Two days after
infection, cells were passaged and replated after thorough washing to remove any
virion particles adhering to the cell surface. Efficiency of infection of these MEFs
by BCBL-1-derived virus was determined by immunofluorescence assay with
rabbit anti-LANA antibody.

Equal numbers of UNG ~/~ and UNG*/* MEFs (infected with BCBL-1 cell-
derived virus) were plated in a 100-mm culture dish for induction to produce
virus. Cells were induced with 20 ng of 12-O-tetradecanoylphorbol-13-acetate
(TPA) per ml and 1.5 mM sodium butyrate (Sigma, St. Louis, MO) for 5 days,
followed by supernatant collection and clearing by centrifugation at 2,000 rpm
for 15 min to remove cells and cell debris. The supernatant was then filtered
through 0.45-pm-pore-size filters, and virions were pelleted at 20,000 rpm for 2 h.
Virion DNA was isolated by disrupting the virus at 60°C for 2 h in lysis buffer (10
mM Tris, pH 8.5, 1 mM EDTA, pH 8.0, 1% Sarcosyl, 0.1 mg/ml proteinase K).
Lysates were phenol extracted and then CHCls;—indole-3-acetic acid extracted.
The relative number of virions produced was quantified by real-time quantitative
PCR (qPCR) with K1 gene amplification as described previously (72).

shRNA treatment and quantitation of KSHV episomal copies. The UNG2-
specific ShRNA used was described previously (56), and the sequence is 5'-AU
CGGCCAGAAGACGCUCUdTAT-3" (sense, corresponding to the first exon
[nucleotides 713 to 731] of the UNG genomic region). Firefly luciferase gene
shRNA was used as a control shRNA (BD Clontech, Mountain View, CA).
shRNA for UNG2 (5'-GATCCGATCGGCCAGAAGACGCTCTTTCAAGAG
AAGAGCGTCTTCTGGCCGATCTTTTTTGATATCG-3') was cloned into
pSIRENRetroP (BD Clontech) after annealing with its complementary se-
quence. Fifteen micrograms of either pSIRENRetroP UNG2 shRNA or
pSIRENRetroP Luc shRNA was transfected into 10 million BC-3 and BCBL-1
cells. Transfected cells were selected with puromycin (3 pg/ml) for 3 weeks.
Puromycin-resistant colonies were assayed for UNG2 protein in a Western blot
assay with anti-UNG2-specific antibodies.

Total DNA was extracted from these selected colonies by lysing of cells in 5
mM EDTA-1% sarcosyl, followed by proteinase K digestion (1). Relative num-
bers of KSHV episomal copies were calculated by real-time qPCR amplification
of the K1 gene.

RESULTS

Host cellular protein binds to multimerized LBS affinity col-
umn. Multiple studies have demonstrated a role for LANA in
KSHYV genome replication (28, 32, 71). However, LANA does
not have any enzymatic activity associated with DNA replica-
tion, including DNA unwinding or ATPase activity, which is
required for DNA replication. LANA is also important for
persistence of the KSHV genome and replication of TR-
containing plasmids (4, 16). Recombinant KSHV with LANA
deleted as well as LANA transcript depletion by shRNA re-
duced the number of KSHV genomic copies, demonstrating
that tethering is important for long-term persistence (26, 74).
LANA has been shown to bind to cellular proteins to support
tethering and replication of the KSHV genome (7, 16, 40, 63,
71). In order to identify cellular proteins associated with
LANA when LANA is bound to its cognate sequence, we
performed an LBS affinity binding assay (71). Fractions from
BC-3 and BJAB cells (KSHV positive and negative, respec-
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FIG. 1. LANA bound to its cognate sequence in an affinity column interacts with host cell proteins. (A) Proteins eluted with buffer containing
500 mM NaCl from an LBS affinity column were resolved by 10% SDS-PAGE and stained with Coomassie brilliant blue. Bands specific to BC-3
cells (indicated as LAPs) were excised and sequenced. LAP12 was identified as UNG2. The values on the right are molecular sizes in kilodaltons.
(B) UNG?2 elutes from the affinity column containing LBS DNA but not from the SCR LBS DNA column. Equal amounts of BC-3 NE were
incubated with either an LBS or an SCR LBS DNA affinity column, followed by thorough washing to remove any loosely bound protein. Protein
eluted at 500 mM NaCl-containing buffer was Western blotted for detection of UNG2. PCNA shows that equal amounts of NE were present in
the binding reaction mixture. (C) In vitro-translated LANA specifically binds to GST-UNG?2. [**S|methionine-labeled LANA was incubated with
either GST or GST-UNG?2, and the bound fractions were quantified. The control protein (luciferase) did not bind to GST-UNG2. (D) Lysates from
HEK293T cells expressing LANA-myc were incubated with either GST or GST-UNG?2, and the bound fraction was analyzed by Western blotting
with anti-myc antibody. LANA was precipitated with GST-UNG2 but not in the GST lane. PC, precleared with glutathione-Sepharose beads.
(E) LANA coimmunoprecipitated with UNG2 from BCBL-1 cells. The pA3MUNG?2 or pA3M vector only was transfected into BCBL-1 cells and
immunoprecipitated (IP) with myc ascites. Western immunoblot assay detection with anti-LANA antibody showed coimmunoprecipitation of
LANA from pA3SMUNG?2-transfected cells but not from cells transfected with the vector only. PC, precleared with protein A and protein G beads.

tively) eluted at 500 mM NaCl were resolved by 10% SDS-
PAGE. Coomassie staining of the gel detected unique bands in
eluates from the BC-3 LBS affinity column (Fig. 1A). There
were also a number of unique bands in BJAB NE; however, we
decided to identify the bands from BC-3 NE as the immediate
focus was to identify the LANA-associated proteins. These
unique bands from BC-3 NE were designated LAP1 to -11
(LANA-associating proteins 1 to 11).

Identification of LAPs. Coomassie-stained bands were ex-
cised from the gel and submitted for identification by liquid
chromatography-tandem MS analysis at the Proteomics Core
Facility of the University of Pennsylvania. The Mascot soft-
ware, which uses a statistical scoring algorithm for identifica-
tion of protein bands, was used (53). The MS spectra were also
manually checked to ensure that each identification was of high
confidence. Matching of the theoretical molecular weights of
the identified bands also supported the MS results and the

level of confidence. The identities of these bands are listed in
Table 1. LAP11 was identified as a UNG (accession number
NP_550433). UNG2 has been shown to remove uracil residues
from replicating DNA through a BER pathway (41).

UNG?2 preferentially binds to a DNA affinity column conju-
gated with the LBS. In order to confirm the specificity of
LANA and UNG2 binding to the LBS affinity column, we
incubated BC-3 NE with LBS and SCR LBS DNA columns
under similar condition. After thorough washing of the col-
umns, proteins were eluted from both of the columns and
resolved by 10% SDS-PAGE. Western blot analysis for detec-
tion of UNG2 in eluates from these two columns revealed that
UNG?2 predominantly associated with the LBS column rather
than the SCR LBS column, although a faint signal was seen in
the SCR eluate (Fig. 1B). LANA was not detected in the SCR
LBS column, confirming the inability of LANA to bind to the
SCR sequence (data not shown).
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TABLE 1. Identification of protein bands from NE of BC-3 cells
detected in an LBS affinity column

Band Protein identity Acc;:(s)smn
LAP1 DNA-PKcs P78527
LAP2 Spectrin, beta, nonerythrocytic 1 isoform 1~ NP_003119
LAP3 Clathrin heavy chain 1 NP_004850
LAP4 DNA topoisomerase 2-beta Q02880
LAPS Cyclin-dependent kinase-like protein 5 NP_003150
LAP6 Splicing factor 3b, subunit 1b NP_036565
LAP7 EBNAZ2 coactivator (p100) NP_055205
LAPS8 ATP-dependent DNA helicase II (Ku80) NP_066964
LAP9 Heat shock protein hsp70 NP_068814
LAP10  Actin binding protein ABP620 BAAS3821
LAP11  UNG2 NP_550433

UNG?2 forms complexes with LANA in vitro and in human
cells expressing LANA. We confirmed the above-described
findings on UNG2 binding to LANA by in vitro binding assays
with GST-UNG2 as bait. In vitro-translated LANA incubated
with GST-UNG2 fusion protein showed precipitation of
LANA (Fig. 1C, lane 3), suggesting that these proteins can
interact in vitro. GST alone showed no obvious or visible pre-
cipitation of LANA (Fig. 1C, lane 2), and GST-UNG?2 did not
show binding to the control protein, luciferase (Fig. 1C, lane
6), suggesting that the interaction of GST-UNG2 with LANA
is likely to be specific in the cells.

We also used LANA heterologously expressed in HEK293T
cells to test its ability to bind GST-UNG2. HEK293T cell lysate
containing LANA was precleared with glutathione-Sepharose
beads and incubated with either GST-UNG2 or GST (Fig.
1D). Bound LANA was detected by anti-myc antibody in the
GST-UNG?2 lane (Fig. 1D, lane 3) but not in the GST lane
(Fig. 1D, lane 6), corroborating the above-described results
showing binding of these two proteins.

KSHV-infected cells express LANA during latent infection;
therefore, we wanted to determine whether endogenous
LANA expressed from the KSHV genome is also capable of
interacting with UNG2. PEL (BCBL-1) cells transfected with
either pA3M (myc vector) or pA3SMUNG2 (myc-UNG2) were
lysed and immunoprecipitated for UNG2 with myc antibody.
Detection of LANA in pASMUNG2-transfected BCBL-1 cells
(Fig. 1E, lane 3) was due to coimmunoprecipitation of LANA
with UNG2, supporting the association of these two proteins in
KSHV-positive cells. The absence of LANA in the myc immu-
noprecipitation and pA3M transfection lane supports the spec-
ificity of the association in this assay (Fig. 1E, lane 6).

UNG2 colocalizes with LANA in transiently transfected
and KSHV-infected cells. HEK293 cells were transfected with
pDSRed-LANA and pEGFPUNG?2 and plated on glass slides.
At 12 h posttransfection, cells were stained with 4',6'-di-
amidino-2-phenylindole (DAPI) and analyzed by confocal la-
ser microscopy. Detection of LANA and UNG2 showed a
punctate nuclear pattern and that most of the UNG2 signal
was colocalized with red fluorescent protein-LANA, again cor-
roborating the above-described finding that these two proteins
interact in vivo, as they were in same nuclear compartments
(Fig. 2). We further detected colocalization of LANA and
UNG?2 in the KSHV-infected PEL cell line BC-3 (Fig. 2). We
transfected pPEGFPUNG?2 into BC-3 cells and detected LANA
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with rabbit anti-LANA antibody, followed by staining with goat
anti-rabbit Alexa Fluor 594 (red). The merged image of these
two proteins showed distinct colocalization of LANA and
UNG2 in BC-3 cells.

UNG?2 binds to the C terminus of LANA. Different domains
of LANA have been shown to be involved in various functions,
including genome tethering and transcriptional modulation
(73). Therefore, we wanted to determine the domain of LANA
important for the recruitment of UNG2. Mutant forms of
LANA with specific domains deleted were in vitro translated
and assayed for binding to GST-UNG?2 with 10% of the total
translated product as the input (Fig. 3). As indicated above,
GST did not show any significant binding to the deletion mu-
tant forms of LANA. Additionally, mutant forms of LANA
lacking the C terminus did not show any binding to GST-
UNG?2 (Fig. 3, LANA amino acids 1 to 435, 1 to 756, and 1 to
950). LANA deletion mutant forms which contained the ex-
treme C terminus (amino acids 946 to 1162) showed significant

1ls

L]
(o]

HEK293

BC-3 Cells

FIG. 2. UNG?2 colocalizes with LANA. HEK293 cells transfected
with pDSRed-LANA (red) and pEGFPUNG?2 (green) showed colo-
calization (yellow) of these two proteins detected in cotransfected cells
(merge panel). Cells stained with DAPI show nuclear staining (blue).
UNG?2 colocalizes with LANA in BC-3 cells. BC-3 cells transfected
with pPEGFPUNG?2 were stained with anti-LANA antibody, and then
detection with Alexa Fluor 594 (red) showed nuclear punctate staining
of LANA. Detection of UNG2 as a green fluorescent protein fusion
showed the colocalization of these two proteins.
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FIG. 3. UNG2 binds to the carboxyl terminus of LANA. The indicated LANA deletion mutant forms were in vitro translated with a
transcription-translation kit in the presence of [**S]methionine and analyzed for binding with either GST or GST-UNG2. LANA deletion mutant
forms containing the carboxyl terminus (amino acids 762 to 1162, 1 to 327, 929 to 1172, and 946 to 1162) bound to GST-UNG2. Bound fractions
were quantified, and the relative binding with each LANA deletion mutant form, calculated on the basis of three independent experiments, is

shown as a bar graph.

binding to UNG?2, indicating that UNG2 can bind to LANA in
close proximity to the DNA binding domain of LANA (amino
acids 936 to 1139) (38).

Cellular UNG2 retains its activity when complexed with
LANA. We wanted to determine whether UNG2, when com-
plexed with LANA, retains its enzymatic activity. We used an
indirect PCR based assay (11) to detect UNG2 activity as
described in Materials and Methods and the schematic in Fig.
4A. If the template DNA containing dU is incubated with
purified UNG2 and heated at alkaline pH, UNG?2 excises the
uracil residues from the template and thus generates nicks
throughout its entire length. This prevents reamplification of
the template DNA. In contrast to this, DNA containing dT
remains intact and can be reamplified. We used purified
UNG?2 expressed in E. coli (data not shown) and immunopre-
cipitated UNG2 expressed in HEK293 cells for the UNG assay.
Results of the UNG?2 assay of dT- and dU-containing K1 gene
amplicons are shown in Fig. 4C. Immunoprecipitates from
HEK?293 cells transfected with the vector-alone control did not
affect reamplification of the K1 gene in both the dT- and
dU-containing templates. As expected, immunoprecipitates
from HA-UNG2-expressing cells blocked the reamplification
of dU-containing templates but not dT-containing templates,
demonstrating the presence of UNG activity in the complex.

In order to assay the activity of UNG2 in a complex with
LANA, we used UNG2 coimmunoprecipitated with LANA by
anti-myc antibody from LANA-myc- and HA-UNG2-trans-
fected HEK293 cells as the source of UNG2. We confirmed
the coimmunoprecipitation of UNG2 by anti-HA Western
blotting (Fig. 4B, lanes 3 and 4). Immunoprecipitates from

cells transfected with LANA-myc and HA-UNG?2 separately
were also analyzed by Western blotting with anti-myc and
anti-HA antibodies (Fig. 4B, lanes 1 and 2 and lanes 5 and 6,
respectively). For the UNG assay, dT- and dU-containing K1
amplicons were incubated with the complex immunoprecipi-
tated from LANA-myc-, LANA-myc-HA-UNG2-, and HA-
UNG2-transfected cells. Templates from these combinations
were subjected to reamplification, and the results are shown in
Fig. 4D. Immunoprecipitates from LANA-myc-transfected
cells did not block reamplification of the target DNA, suggest-
ing that LANA by its own does not have any UNG activity (Fig.
4D, lanes 1 and 2). Incubation of dU residue-containing tem-
plate DNA with the immunoprecipitate from LANA-myc-HA-
UNG?2-transfected cells blocked reamplification, suggesting
the presence of UNG activity in the immunoprecipitated com-
plex (Fig. 4D, lanes 3 and 4). Immunoprecipitates obtained
with anti-myc antibody from HA-UNG2-transfected cells did
not block reamplification of K1 template DNA, ruling out the
possibility of nonspecific precipitation of UNG2 with anti-myc
antibody (Fig. 4D, lanes 5 and 6). This suggested that the
UNG?2 activity associated with the LANA-UNG2 complex is
mostly due to the UNG2 bound to LANA. Importantly, this
assay is not a quantitative assay but rather a qualitative assay
and detects the presence or absence of DNA glycosylase ac-
tivity. The reduction in reamplification of dU-containing tem-
plates treated with anti-myc immunoprecipitates from LANA-
myc and HA-UNG?2 could be due to the unstable nature of
DNA containing the RNA base uracil. Additionally, endoge-
nous UNG2 immunoprecipitated with LANA-myc may also
have contributed to the UNG?2 activity detected.
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FIG. 4. UNG?2 retains its glycosylase activity when complexed with LANA. (A) Schematic for detection of UNG2 activity in a PCR assay.
Amplification of any gene with a specific set of primers in the presence of dU incorporates uracil into the DNA. Treatment of this amplicon with
UNG?2 cleaves the glycosidic bond and generates AP sites, which blocks the next round of amplification. The dT-containing amplicon remains
unaffected by UNG2 and therefore serves as the template for the next round of amplification. (B) Coimmunoprecipitation of UNG2 with LANA
by anti-myc antibody. UNG2 coimmunoprecipitated with LANA (lane 4) was detected in an anti-HA Western blot (WB) assay. HA-UNG2
cotransfected with pA3M (vector only) was not detected in the myc immunoprecipitation (IP) lane, suggesting that the coimmunoprecipitation was
specific (lane 6). (C) Immunoprecipitated UNG2 blocked reamplification of target DNA. The KSHV K1 gene, amplified with specific primers in
the presence of dT or dU and treated with UNG2, blocked the reamplification of a dU-containing amplicon (lane 4). Lane 5 shows specific
amplification of the K1 gene with purified DNA as the template. (D) Immunoprecipitated LANA did not block reamplification of dU-containing
templates after UNG assay (lane 2). UNG2 coimmunoprecipitated with LANA blocked reamplification of dU-containing templates (lane 4). Lanes
5 and 6 contain the reamplification products obtained with dT- and dU-containing DNA as the template after a UNG assay with the complex
coimmunoprecipitated from the pA3M vector and HA-UNG2-transfected cells. Lanes 7 and 8 contain the reamplication products from equal
amounts of template DNA containing dT and dU used in the UNG assay. The reduced amounts of reamplification in dU-containing templates
were most probably due to the instability of DNA containing the RNA base uracil.

Replication of TR-containing plasmids was similar in

UNG ™/~ and UNG*'* (F11.1) MEFs. Since UNG2 binds to
the carboxyl terminus of LANA, which is important for repli-
cation, we wanted to determine whether UNG?2 is capable of
modulating TR-mediated replication. We performed a Dpnl
sensitivity assay to determine the replication of TR-containing
plasmids in UNG-deficient MEFs. This Dpnl assay relies on
the fact that Dpnl digests DNA only if the adenine (A) of its
recognition site (GATC) is methylated. Since eukaryotic cells
do not possess dam methylase, plasmid DNA replicated in
these cells lacks methylation at adenine and thus becomes
resistant to Dpnl digestion. We used TR-containing plasmid
DNA prepared in E. coli (dam™) for the replication assay by
transfecting it into MEFs and determining the number of
Dpnl-resistant copies by Southern blotting and by PCR.
pBSpuroA3 (a three-TR-containing plasmid) was cotrans-
fected with a LANA-expressing vector into UNG-deficient
(UNG /") and wild-type (UNG"/*) MEFs. Episomal DNA
extracted by a modified form of Hirt’s procedure was digested
with either EcoRI (to linearize) or EcoRI and Dpnl overnight
and transferred to a GeneScreen membrane, followed by de-
tection with a *?P-labeled TR probe. Dpnl-resistant bands
were quantified, and the relative density is plotted with nor-
malization of the input as 10%. Relative densities of Dpnl-
resistant bands in UNG ™/~ and UNG™'* cells did not show
much difference, suggesting that UNG2 does not directly affect
DNA replication (Fig. SA). Western blotting shows the ab-
sence of UNG2 in UNG/~ MEFs (Fig. 5B).

We further supported the above-described results by BrdU
incorporation in newly replicated DNA. UNG /~ and UNG "
cells cotransfected with pBSpuroA3 and pA3MLANA were
pulsed with BrdU for 12 h, followed by extraction of episomal
DNA. Ninety percent of the Dpnl-digested Hirt DNA was
immunoprecipitated by anti-BrdU antibody. A region of the
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FIG. 5. TR-containing plasmid pBSpuroA3 replicates in UNG ™/~
MEFs with an efficiency similar to that seen in wild-type (UNG™'*)
MEFs. (A) pBSpuroA3 containing three copies of TRs was cotrans-
fected with pABMLANA into UNG ™/~ and F11.1 (UNG*'") cells.
Plasmids extracted after 96 h posttransfection were digested with ei-
ther EcoRI or EcoRI and Dpnl, followed by Southern detection of
Dpnl-resistant copies, which indicated replication of the plasmids.
Densitometric analysis of Dpnl-resistant bands from three experi-
ments indicates the presence of similar numbers of replicated copies in
these two MEFs. (B) Western blot (WB) assay detection of UNG2 in
UNG ™/~ and UNG™* MEFs. A B-actin assay was included to show
equal protein loading. (C) Quantitation of replicated copies of TR-
containing plasmids by BrdU labeling. pBSpuroA3- and pA3MLANA-
cotransfected UNG™'~ and UNG™'™ cells were pulsed with BrdU,
followed by plasmid extraction. Ninety percent of the Dpnl-digested
Hirt DNA was immunoprecipitated (IP) by anti-BrdU antibody, fol-
lowed by purification of bound DNA. Equal volumes of the purified
DNAs from UNG ™/~ and UNG*'* cells were used as templates for
amplification of the vector backbone. Results of densitometric analysis
of amplified bands from three independent experiments are shown as
a bar diagram.
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FIG. 6. KSHV virion packages cellular UNG2. Virions obtained
from 500 million BC-3 cells were pelleted and purified by sucrose
gradient centrifugation. Different fractions of the virions were ex-
tracted as described previously (71), followed by Western blot assay
detection of UNG2.

vector backbone from the input, as well as immunoprecipitated
DNA, was amplified, and the relative densities of the ampli-
cons were determined with 10% as the input. Relative densities
of the amplicons from UNG ™/~ and UNG™'* cells did not
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show much difference, and thus supported the above-described
result (Fig. 5C).

UNG?2 is packaged into virion particles. We and others have
previously shown that virions carry cellular, as well as viral,
proteins, most probably for rapid establishment of latent in-
fection following a short burst of lytic reactivation (39, 45).
Therefore, we wanted to determine whether cellular UNG2 is
packaged into virion particles. We determined the presence of
UNG?2 in pelleted and gradient-purified virions in a Western
blot assay. A protein preparation used previously for detection
of RTA and LANA ORCs was used for detection of UNG2.
Specifically, Western blot analysis showed the presence of
UNG?2 predominantly in the core of KSHV virion particles,
although there was some signal associated with the tegument
(Fig. 6).

KSHY virions obtained from BCBL-1 cells are capable of
infecting UNG™/~ MEF cells. KSHV virions produced after
TPA and sodium butyrate induction were concentrated and
purified for infection assays. Equal amounts of virion-contain-
ing suspension were added to UNG™/~ and UNG*/* MEFs.
Infected cells were stained with anti-LANA antibody after one
passage to detect infection and establishment of latent infec-
tion. LANA staining was indistinguishable in UNG '~ and
UNG ™™ cells, and representative staining is shown in Fig. 7A.
Since UNG?2 is a base excision repair enzyme responsible for
removal of any misincorporated uracil residues, it may not
have reflected a difference in initial infection. Therefore, we

UNG-/- UNGH++

C UNG-/- Fl1.1

FIG. 7. KSHYV virions infect UNG2-deficient (UNG /) MEFs with an efficiency similar to that with which they infect wild-type (UNG*/")
MEFs. (A) Immunolocalization of LANA in KSHV-infected MEFs. (B) Quantitation of KSHV virions obtained from infected UNG ™/~ and
UNG*/* MEFs showed an approximately 30% reduction in the number of virions obtained from equal numbers of infected MEFs. (C) Detection
of RTA in KSHV-infected UNG ™'~ and UNG™'* cells after induction with TPA and sodium butyrate. (D) LANA immunostaining in HEK293

cells infected with KSHYV virions obtained from UNG

and UNG*"* cells. Infection of HEK293 cells with the viruses obtained from MEFs was

greatly reduced, with almost no LANA detection in HEK293 cells infected with virus from UNG ™/~ cells, and only a few UNG ™/ cells produced

virus.
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passaged MEFs (UNG /'~ and UNG™/*) infected with KSHV
for several rounds in order to accumulate mutations due to
misincorporation of uracil and deamination of cytosine in the
genome. If the inserted mutation occurs in any regulatory
gene, that would most likely affect the production of virions
after induction. In fact, our virion quantitation data showed an
approximately threefold reduction in the number of virions
obtained from UNG ™/~ cells versus the number of virions
obtained from UNG™'* cells (Fig. 7B).

We further wanted to determine the levels of RTA in these
MEFs, as RTA is essential in activating the expression of
KSHYV lytic genes (69). As expected, we found reduced levels
of RTA (Fig. 7C) in UNG /'~ MEFs, explaining in part the
reduction in the number of virions produced. We next exam-
ined the infectivity of the virions produced by and purified
from these UNG '~ and UNG™'* MEFs. We used equivalent
amounts of virion particles (quantified with virion DNA by
gPCR) from UNG ™/~ and UNG™* cells for infection of
HEK?293 cells. Infectivity was detected by immunostaining for
LANA in these cells. LANA staining suggested that the infec-
tivity of the virus progeny obtained from the MEFs was highly
retarded, with very little or no infectivity of virions from
UNG "/~ cells. However, few cells infected with virions from
UNG """ cells were detected by LANA staining (Fig. 7D).

PEL cells treated with UNG2 shRNA show a reduced num-
ber of episomal copies. BC-3 and BCBL-1 cells selected with
UNG?2 shRNA for 3 weeks were assayed for UNG2 expression
levels. UNG2 shRNA-treated PEL cells, BC-3 cells, and
BCBL-1 cells showed efficient depletion of UNG2, i.e., close to
an 85% reduction compared to control luciferase shRNA-
treated cells (Fig. 8A). We further determined the number of
latently persisting copies of episomal DNA in these shRNA-
treated cells by real-time qPCR assay. The relative number of
KSHV episomal copies was significantly reduced in UNG2
shRNA-treated PEL cells (Fig. 8B). Upon induction of these
cells with TPA and sodium butyrate, the number of virions
produced was further reduced, which may be a consequence of
increased accumulation of mutations in the KSHV genome
(Fig. 8C). This result corroborates the data obtained from
UNG2-deficient MEFs. In order to detect the infectivity of
virions from UNG2 shRNA-treated PEL cells, we infected
HEK?293 cells with equivalent numbers of virions as quantified
by qPCR and detected LANA expression, which is a hallmark
of latent infection. LANA staining suggested that virions from
UNG?2 shRNA-treated cells were also able to infect HEK293
cells but with significantly reduced efficiency compared to that
of control shRNA-treated cells (Fig. 8D). The bar diagrams at
the bottom of Fig. 8D represent the number of LANA-positive
cells in a total of approximately 100 cells in the optical field.
Representations of LANA-staining cells are shown in Fig. 8D.

DISCUSSION

LANA of KSHYV is critical for tethering of viral episomes
and replication (4, 16). The mechanism of LANA-mediated
replication is not fully understood, but the evidence so far
suggests that LANA can recruit components of the cellular
replication machinery at the latent replication origin, the TR
element (47, 67, 71). Our LBS affinity column data strengthen
this hypothesis that host cellular replication machinery is in-
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FIG. 8. UNG2 shRNA-treated PEL cells showed reduced numbers of
episomal copies and produced fewer virions after reactivation. (A) Detection
of UNG2 in shRNA-treated BCBL-1 and BC-3 cells showed a significant
knockdown of UNG?2 levels because of UNG2 shRNA-treated cells but not
with control luciferase sSiRNA. B-Actin blot assays show equal protein load-
ing. (B) UNG2 shRNA-treated BCBL-1 and BC-3 cells showed 40 to 70%
decreases in viral genome copy numbers during latency. Viral copies were
calculated by real-time gPCR with the K1 gene as the target for amplification.
(C) Relative numbers of virions produced after TPA and sodium butyrate
treatment of BCBL-1 and BC-3 cells selected with UNG2 and Luc shRNAs.
Virions were quantified by isolating DNA from purified virions and quanti-
fication by K1 gene amplification in a real-time qPCR. (D) Immunostaining
of LANA in HEK293 cells infected with virions obtained from UNG2 and
Luc shRNA-treated cells. Equal numbers of virions from UNG2 and Luc
shRNA-selected cells were used for infection of HEK293 cells. The average
number of LANA-positive cells per optical field was determined, and the
results are presented as a bar graph. On the basis of LANA staining, virions
obtained from UNG2 shRNA-treated PEL cells showed three- to fourfold
reduced infectivity.
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volved in the replication of KSHV episomes (71). Most of the
proteins which were identified by the affinity column contribute
to DNA replication. These proteins include the DNA-depen-
dent protein kinase catalytic subunit (DNA-PKcs), DNA to-
poisomerase 23, ATP-dependent DNA helicase II (Ku80), and
UNG2. The DNA-PKcs of ~460 kDa is a serine/threonine
kinase and belongs to the phosphatidylinositol 3-kinase (p110)
family (30). Ku80 is an ATP-dependent DNA helicase which
forms a dimeric regulatory component with K70 proteins (21,
27). DNA-PKcs, Ku80, and Ku70 form a heterotrimeric en-
zyme (DNA-PK) which was previously shown to be involved in
phosphorylation of DNA-bound proteins and transcription
factors, including Spl, p53, and the carboxy-terminal domain
of RNA polymerase II; DNA damage; and the DNA-activated
protein kinase (3). This suggests that DNA-PKcs may play a
role in regulating transcription, replication, and recombina-
tion, as well as DNA repair (50). DNA topoisomerase 2§ plays
a critical role in controlling DNA topology, which is important
for transcription, replication, and recombination (reviewed in
reference 9). Interestingly, LANA has previously been shown
to be involved in replication and KSHV episome segregation
during cell division. However, the mechanism of segregation is
not understood. Association of these proteins with LANA pro-
vides clues as to how LANA may function in replication and
genome segregation.

The role of UNG2, which specifically removes the RNA base
uracil from DNA, in the base excision repair pathway has been
well studied (41, 43). Incorporation of uracil can occur in DNA
either by misincorporation of dUTP during the replication
process or by deamination of cytosine residues. Deamination
of cytosine generates G - U mispairing, which leads toan A - T
transition unless it is repaired before the next round of repli-
cation (43). In the genomic DNA, the frequency of cytosine
deamination is on the order of 50 to 600 cytosines per genome
per day (41). Uracil misincorporation into the genome is due
to the direct incorporation of dUTP during DNA replication.
Incorporation of dUTP into DNA during replication is pre-
vented by a specific enzyme, dUTPase, which converts dUTP
into dUMP, thus lowering the ratio of dUTP to dTTP and
therefore reduces the chance of dUTP incorporation (re-
viewed in references 15 and 41). Damaged bases may be mis-
coding, cytotoxic, or both (43). To counteract these effects,
cells have several defense mechanisms either to eliminate the
defective cells or repair the damage. This damage then causes
cell cycle arrest, allowing repair to take place before cells
proceed to the next round of replication, thus maintaining the
integrity of the cellular genome (41, 43).

Large-DNA human herpesvirus encodes dUTPase and
UNG (reviewed in references 15 and 41). However, it is un-
clear why this virus produces the genes that encode these
repair enzymes if the host cells contain the genes for them
(reviewed in references 15 and 41). It has been postulated that
the virus might need these genes to prevent incorporation
and/or retention of uracil in viral DNA under certain physio-
logical conditions, including viral infection and terminal differ-
entiation, which reduce UNG2 and dUTPase activities (55, 58,
68). Viruses deficient for dUTPase and UNG2 have been re-
ported to have decreased replication and virulence (58). Vac-
cinia virus deficient for UNG2 showed impaired replication
and viability (48, 68). UNG2 encoded by herpes simplex virus
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is dispensable for viral replication in immortalized cells but has
been shown to be important for efficient viral reactivation and
latency in the murine nervous system (57, 59). Recombinant
HSV-1 lacking UNG2 has been shown to accumulate muta-
tions over time in culture (59). Cytomegalovirus also encodes
dUTPase and UNG2, and mutant forms lacking these enzymes
have been shown to have defects in DNA replication (55).
These studies have suggested that UNG?2 is an important en-
zyme for maintaining the integrity of the viral genome.

KSHYV, like other herpesviruses, encodes a dUTPase en-
zyme, but expression of the gene for this enzyme was only
detected during the lytic cycle of the virus (data not shown).
Therefore, dUTPase encoded by KSHV most likely helps in
reducing the ratio of dUTP to dTTP in reactivated cells and
thus prevents misincorporation of uracil into newly synthesized
viral DNA before it has been packaged into virion particles.

Most uracil lesions of DNA are repaired by a mechanism
called BER, which is carried out by the DNA glycosylases (41).
Uracil DNA glucosylase hydrolyzes the glycosydic bond be-
tween the target base, uracil, and deoxyribose, generating an
apurinic-apyrimidinic (AP) site in the DNA and releasing a
free base (41, 43). These AP sites are repaired by the AP
endonuclease deoxyribophosphodiesterase and filled in by
DNA polymerase B, followed by ligation with DNA ligase III
(41). Additionally, human UNG2 has been shown to interact
with replication protein A, which is important for short patch
repair pathways in association with DNA polymerase and
PCNA (41).

Detection of human UNG2 as a LAP led to the hypothesis
that LANA may also have a role in maintaining the integrity of
KSHV episomal DNA during latent infection by recruiting
UNG?2 in close proximity to replication foci. It is well estab-
lished that LANA is critical for TR-mediated plasmid replica-
tion (28, 32). It is not entirely clear how LANA facilitates TR
plasmid replication, but growing evidence suggests that LANA
binds to the ORCs at the TR (71). Binding of MCMs to TRs
was also confirmed by indirect binding assays (chromatin im-
munoprecipitation assays) (71). Since TR-containing plasmids
cannot replicate without LANA, LANA either recruits cellular
replication machinery to the TR or stabilizes the association of
these proteins at the replicator element of the TR. Under-
standing the role of LANA in KSHYV replication is an impor-
tant area of research and is ongoing in our laboratory.

Interaction of UNG?2 with the carboxyl terminus of LANA,
which is also the DNA binding domain (16, 38), suggests that
UNG?2 remains in close proximity to the TR DNA (Fig. 9).
Thus, it maybe involved in the removal of any incorporated
uracil residues postreplication. In vitro assays have previously
shown that uracil is rapidly removed from replicatively incor-
porated dUTP residues in isolated nuclei (51). That UNG2
retained its glycosylase activity when complexed with LANA
(demonstrated by PCR-based assay) indicates that LANA may
recruit UNG2 for the repair of any misincorporated uracil
residues in TR DNA postreplication.

UNG?2 is not required for latent DNA replication, as UNG2-
deficient (UNG/~) MEFs did not show any significant differ-
ences in the replication ability of TR-containing plasmids com-
pared with wild-type MEFs. LANA was not detected in the
virion tegument (71), but we detected UNG2 in purified viri-
ons, suggesting that it may be important during infection or for
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FIG. 9. Proposed model of LANA-UNG2 interaction at KSHV TRs. LANA is a large (1,162-amino-acid) nuclear protein important for
tethering of the viral genome to the host chromosome (4, 16). The three-dimensional structure of LANA, predicted with Robetta, a free protein
structure prediction server (http:/robetta.bakerlab.org/), shows distinct amino- and carboxyl-terminal domains. The amino-terminal domain of
LANA shows a distinct chromosome binding sequence (CBS, amino acids 5 to 22). The DNA binding domain (DBD) of LANA, which lies between
amino acids 996 and 1139 (38), is marked in blue (LANA-C). The interaction of LANA with UNG2 was mapped to the carboxyl terminus (amino
acids 945 to 1162). The interaction of LANA and UNG2 is most likely important for bringing UNG2 into close proximity to the TR DNA, which
is most likely important for the removal of any uracil residues incorporated during the replication process. Incorporation of uracil, if left
unrepaired, may lead to the production of defective virus. PEL cells depleted of UNG2 with shRNA showed reduced KSHV genomic copies,
possibly because of the accumulation of mutations caused by unrepaired incorporation of uracil residues during successive rounds of replication.

maintaining viral genome integrity. In order to determine its
role, we infected UNG ™/~ and UNG ™™ cells with virions from
BCBL-1 cells which showed comparable levels of infection.
However, the numbers of virions obtained from UNG2-defi-
cient MEFs after induction were significantly reduced, most
likely because of the defect in the uracil repair pathway and
generation of defective copies of latently persisting episomal
DNA. Detection of lower levels of RTA in UNG ™/~ MEFs
partly explains the lower number of virions obtained from
these KSHV-infected MEFs. Of note, a reduction in the num-
ber of latently persisting KSHV episomal copies in UNG ™/~
cells may occur just because of the lack of UNG2 and not
primarily because of the interaction with LANA. Therefore,
strategies to disrupt the interaction of UNG2 with LANA are
under development in our laboratory.

The KSHV-positive PEL cell lines BCBL-1 and BC-3, with
reduced levels of UNG2 targeted by shRNA, showed reduced
copies of the episomally persisting KSHV genome. Induction
of these UNG2 shRNA-expressing cells produced three- to
fourfold lower numbers of KSHV virions compared to cells
expressing a control shRNA. Importantly, the cells selected

with the shRNA specific for UNG2 were unable to grow for
extended periods in culture. This may be due to loss of UNG2
function, growth retardation because of a lower number of
KSHYV episomal copies, or a combination of these two effects.
Infection of HEK293 cells with virions obtained from shRNA-
treated cells was less effective, as determined on the basis of
LANA staining in HEK293 cells infected with equal numbers
of virions obtained from either UNG2 or luciferase (control)
shRNA-treated PEL cells. In conclusion, the data presented
here suggest that LANA most likely brings UNG2 in close
proximity to its episomal DNA through interaction with its
DNA binding domain (C terminus) and therefore helps in
removing any misincorporated uracils during postreplica-
tion repair. Cells lacking UNG?2 fails to remove these mis-
incorporated uracils, and the successive accumulation of
these mutations leads to the generation of defective episo-
mal copies and thus production of defective virions (Fig. 9).
Therefore, targeting of UNG?2 function could potentially be
a useful strategy for blocking KSHV persistence in infected
cells.
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