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Efficient genetic modification of herpesviruses such as Kaposi’s sarcoma-associated herpesvirus (KSHV) has come to rely on bac-
terial artificial chromosome (BAC) technology. In order to facilitate this approach, we generated a new KSHV BAC clone, called
BACI16, derived from the rKSHV.219 virus, which stems from KSHV and Epstein-Barr virus-coinfected JSC1 primary effusion
lymphoma (PEL) cells. Restriction enzyme and complete sequencing data demonstrate that the KSHV of JSC1 PEL cells showed a
minimal level of sequence variation across the entire viral genome compared to the complete genomic sequence of other KSHV
strains. BAC16 not only stably propagated in both Escherichia coli and mammalian cells without apparent genetic rearrange-
ments, but also was capable of robustly producing infectious virions (~5 X 10’/ml). We also demonstrated the utility of BAC16
by generating deletion mutants of either the K3 or K5 genes, whose products are E3 ligases of the membrane-associated
RING-CH (MARCH) family. While previous studies have shown that individual expression of either K3 or K5 results in efficient
downregulation of the surface expression of major histocompatibility complex class I (MHC-I) molecules, we found that K5, but
not K3, was the primary factor critical for the downregulation of MHC-I surface expression during KSHYV lytic reactivation or
following de novo infection. The data presented here demonstrate the utility of BAC16 for the generation and characterization of
KSHYV knockout and mutant recombinants and further emphasize the importance of functional analysis of viral genes in the
context of the KSHV genome besides the study of individual gene expression.

aposi’s sarcoma-associated herpesvirus (KSHV) is the etio-

logic agent of Kaposi’s sarcoma (KS), a vascular neoplasm of
endothelial cell origin (9, 25, 46). KSHYV infection is also associ-
ated with two rare lymphoproliferative disorders of B-cell origin:
primary effusion lymphoma (PEL), and multicentric Castleman’s
disease (MCD) (9, 20, 70). KSHV-associated pathogenesis is facil-
itated by an immunocompromised state, particularly in the devel-
opment of KS, which is the most common AIDS-associated ma-
lignancy (10). Compared to the general population, incidence
rates of KS are more than 600-fold higher in people with HIV/
AIDS (10, 15). KS development is tightly correlated with the level
of KSHV-specific CD8 T cells (37). Moreover, both AIDS-related
and iatrogenic (transplant-related) KS show tumor regression fol-
lowing immune restoration by highly active antiretroviral therapy
(HAART) or cessation of immunosuppression, respectively (2, 7).
Thus, cell-mediated immune responses are strongly implicated in
the control of KSHV-driven pathogenesis.

Much progress has been made in the development of both cell
culture and animal models to study KSHV (14, 32, 45, 48, 52, 71).
However, reverse genetics approaches have not been utilized to
their full potential to characterize KSHV gene function in these
biologically relevant settings. Herpesvirus mutagenesis has come
to rely on bacterial artificial chromosome (BAC) and “recom-
bineering” technology to generate recombinant virus (69). As the
basis for this technique, a BAC-containing clone of the complete
viral genome has to be generated, enabling propagation of the viral
genome in Escherichia coli and avoiding the need for cumbersome
cloning techniques (47). The successful generation of such a clone
often requires optimization to minimize genomic disruption by
the BAC sequence and ensure accurate recapitulation of the viral

9708 jvi.asm.org

Journal of Virology p. 9708-9720

life cycle in mammalian cells. Previously, a full-length BAC clone
of the KSHV genome called BAC36 was generated, and it has been
used to analyze the function of a number of viral genes (60, 75).
However, recent evidence shows that BAC36 contains a duplica-
tion spanning a 9-kb region of the KSHV genome, including 6
complete KSHV open reading frames (ORFs): K5, K6, K7, ORF16,
ORF17, ORF18, and part of ORF19 (72). This second copy is lo-
cated within the terminal repeat (TR) region of the genome. A
further complication is that the BAC vector backbone of BAC36
was engineered to integrate between ORF18 and ORF19 within
the long unique region (LUR) of the KSHV genome. Indeed, a
single copy of the BAC vector was detected between ORF18 and
ORF19, but it is situated within the TR-localized copy of this
genomic fragment and not within the LUR, as originally intended.
This duplication, coupled with the location of the BAC vector
within the unstable TR region, could explain why BAC36 has been
observed to undergo frequent unwanted homologous recombina-
tion events that result in the deletion of large portions of the LUR
(72).

KSHYV can establish latent infection in host cells, during which
arestricted gene expression program is thought to limit the avail-
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ability of viral proteins for proteolytic degradation and entry into
the major histocompatibility complex class I (MHC-I) pathway.
In addition, the KSHV genome encodes an array of immune mod-
ulatory gene products that are thought to be particularly impor-
tant during the more vulnerable stages of the viral life cycle, such
as the period immediately following de novo infection or lytic re-
activation (17, 40). Two such genes, coding for the K3 and K5
proteins, also known as modulator of immune recognition 1 and 2
(MIR1 and MIR?2), respectively, are each able to selectively mod-
ulate the localization and/or stability of certain plasma membrane
proteins as part of a strategy to interfere with a variety of host cell
events, including cell-to-cell interactions, such as those involved
in the mobilization of adaptive immune responses (38). For ex-
ample, MHC-I molecules are targeted for endocytosis and degra-
dation in the presence of either K3 or K5 (18, 28, 31). Interestingly,
compared with K5, overexpressed K3 is much more efficient at
reducing MHC-I surface expression in either BJAB B lymphoblas-
toid cells or primary endothelial cells of the human microvascular
endothelial cell (HMVEC) line (31, 41). In addition, many K5-
specific substrates have been identified, including proteins in-
volved in costimulation, such as ICAM-I and B7-2 (19, 30).

Both K3 and K5 are homologues of the membrane-associated
RING-CH (MARCH) E3 ubiquitin ligase family and share similar
structural features: a cytosolic amino-terminal RING-CH do-
main, two transmembrane domains linked by a short stretch of
amino acids, and a cytosolic carboxyl-terminal domain (3, 12, 21,
56). This two-transmembrane-type structure is also predicted for
most other MARCH proteins, including mouse hepatitis virus 68
(MHV-68) K3 (mK3), RFHV-K3 (rfK3), and M153R, as well as
cellular MARCH proteins 1, 2, 3, 4, 8, 9, and 11 (24, 29, 50).
Interestingly, this family of proteins has also been shown to pri-
marily target type I plasma membrane proteins involved in im-
mune responses and share many of the same substrates (50). The
RING-CH domain is critical for the ability of K3 and K5 to ubiq-
uitinate cytosolic residues of substrates, while the carboxy-termi-
nal region immediately distal to the second transmembrane do-
main is involved in the subsequent sorting and degradation of
substrates (30, 31, 56).

Relatively less is known about the functional contribution of
K3 and K5 in the context of KSHV infection. Both K3 and K5
transcripts are induced as part of the lytic replication gene expres-
sion program (27, 61). Although its mRNA is not evident within
the virion particle, K5 can be transiently expressed shortly after de
novo KSHYV infection (5, 35, 74). In addition, the K5 gene is in-
ducible by Notch signaling and can be expressed independently of
RTA, the master regulator of lytic replication (13, 51). K3 expres-
sion occurs from multiple transcripts, including a constitutively
expressed transcript in PEL cells as well as immediate-early and
early transcripts (55, 61). Small interfering RNA (siRNA)-medi-
ated knockdown of K5 following de novo KSHV infection of en-
dothelial cells showed that K5 is important for KSHV-mediated
downregulation of MHC-I and ICAM-I during this early stage of
infection (1). However, the additional contribution of other
KSHYV genes is difficult to analyze without the use of complete
gene knockout viruses. Moreover, the role of K3 or K5 in MHC-I
or ICAM-I downregulation has not been examined during other
stages of the KSHV life cycle. Given the complications associated
with BAC36, a new KSHV BAC clone generated using an alter-
native cloning strategy could provide a better foundation for
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reverse genetics studies of KSHV genes such as those coding for
K3 and K5.

In this study, we generated an rKSHV.219-derived BAC clone
of the full-length KSHV genome, called BAC16. Our results indi-
cate that BAC16 is stable in E. coli and can produce infectious
viruses upon reconstitution in mammalian cells. To demonstrate
its utility, we generated deletion mutants of the K3 or K5 gene. We
also engineered revertant and point mutant viruses derived from
each deletion. While wild-type (WT) BAC16 can efficiently re-
move MHC-I and ICAM-I from the cell surface following induc-
tion of lytic replication, deletion or point mutants of K5 com-
pletely lost this ability. Downregulation activity was restored in
the K5 revertant virus. Surprisingly, deletion of K3 did not result
in any detectable defect in KSHV-mediated reduction of MHC-I
surface expression during lytic reactivation.

MATERIALS AND METHODS

Virus and cells. Vero, Vero-rKSHV.219, HEK293A, iSLK, and iSLK-
BACI6 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum and 1% penicillin-
streptomycin. iSLK cells were cultured in the presence of 1 wg/ml puro-
mycin and 250 pg/ml G418. BAC16 and its derivatives were introduced
into iSLK cells via Fugene HD transfection. In brief, BAC DNA was iso-
lated from a 5-ml bacterial culture and resuspended in a 40 p.l of distilled
water. iSLK cells were seeded at 2 X 10° cells/well of a 6-well plate or
~70% confluence. On the following day, the medium was changed to
optiMEM 30 min prior to addition of the transfection complexes (fetal
bovine serum [FBS] and penicillin-streptomycin were excluded from the
medium). Transfection complexes were prepared by combining approx-
imately 25% (10 wl) of the total miniprepped BAC DNA and 90 pl of
optiMEM, followed by the addition of 5 .l of Fugene HD. After 10 min of
incubation at room temperature, the complexes were added to the cells.
Three hours after the transfection complexes were added, FBS was added
to the optiMEM to a final concentration of 10%. On following day, trans-
fected cells were trypsinized and transferred to 10-cm dishes and cultured
in the presence of DMEM supplemented with 10% FBS and 1% penicillin-
streptomycin but in the absence of other antibiotics. Two days after trans-
fection, iSLK-BAC cell lines were established and maintained in the pres-
ence of 1 pg/ml puromycin, 250 pg/ml G418, and 1,200 wg/ml
hygromycin B.

Plasmids. pBelo45 was constructed by replacing the fragment of
pBeloBAC11 (NEB) with an EFla-driven (pTracer; Invitrogen) green flu-
orescent protein-internal ribosome entry site-hygromycin (GFP-IRES-
HYG) cassette (pL_UGIH; Signaling-Gateway) and KSHV genomic se-
quences positioned on either side of a unique Pmel site. KSHV genomic
DNA on the left-hand side of the insertion site was PCR amplified from
rKSHV.219 using the ORF57 primer set containing the indicated restric-
tion enzyme sites for cloning purposes and a loxP site (Table 1). This PCR
product was cloned into pSP72 via unique Xhol and EcoRI sites, resulting
in pSP72A. Similarly, KSHV genomic DNA from the right-hand side of
the insertion site was PCR amplified using the K9 primer set, and the
product was introduced into pSP72A via Pmel and Clal, resulting in
pSP72B. The GFP-IRES-HYG cassette was PCR amplified from pL_UGIH
using the GFP-HYG primer set. In order to place these coding sequences
under the control of the EFla promoter, the GFP-IRES-HYG PCR prod-
uct was digested with Spel and Hpal and ligated with Spel- and Pmel-
digested pTracer. The resulting plasmid, pTracer-GFP-IRES-HYG, con-
tains the GFP-IRES-HYG coding sequence positioned downstream of the
EFla promoter. The EF1a-GFP-HYG-pA primer set was used to PCR
amplify the complete selection cassette from pTracer-GFP-IRES-HYG.
This PCR product was cloned into pSP72B using the unique Clal and
Hpal sites, resulting in pSP72C. The selection cassette and adjacent KSHV
genomic targeting DNA were subcloned into pBeloBAC11, released from
pSP72C by Fspl and Hpal digestion, and ligated into pBeloBAC11 using
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TABLE 1 Primers and plasmids used in this study

Primer name

Sequence”

Template (reference)

Resulting plasmid name(s)

Generation of pBelo45
ORF57-1

CCGCTCGAGx,,CGGTGCGCA, , ATAACTTCGTATAATGTATGCTAT
ACGAAGTTAT, ,,pctggtggcggtctggty

rKSHV.219 (68)

rKSHV.219 (68)

pSP72A

pSP72B

pL_UGIH (Cell
Signaling)

pTracer-GFP-IRES-HYG

ORF57-2 GAATTCyoriCCGGCGCGCCGTTTAAAC,,, jatgataattgacggtgagagcccccge
K9-1 AGCTTTGTTTAAAC,,jatggacccaggccaaagaccgaacccttttgggacgec

K9-2 ATCGAT -, gtggcacccaacatccattatggaaaaaccccgegecaccttecgec

GFP-HYG-1 GGACTAGT,,,GCCACCy,, . atggtgagcaagggcgaggaget

GFP-HYG-2 GTTAAC,y,, ctattectttgeccteggacgagtgetggggegt

EFla-GFP-HYG-pA-1

CCATCGAT |, ATAACTTCGTATAATGTATGCTATACGAAGTTAT, , pgc

pTracer-GFP-IRES-HYG ~ pSP72C

tceggtgecegtcagtgggeagageg
EF1a-GFP-HYG-pA-2

Generation of BAC16

GTTAAC,,catagagcccaccgeatecccageatgectgctattgtcttee

(this study)

pEPCMV-in (65) pTracer-K3-in,

pTracer-K3-RINGmut-in
pEPCMV-in (65) pTracer-K5-in,
pTracer-K5-RINGmut-in
pEPkan-S (65) BAC16-AK3, BAC16-AK3
AK5

pEPkan-S$ (65) BAC16-AK5, BAC16-AK3

AK5

BACI16-K3-RING-C—S,
BACI16-K3rev

pTracer-K3-in, pTracer-
K3-RINGmut-in (this
study)

BACI16-K5-RING-C—S,
BAC16-K5rev

pTracer-K5-in, pTracer-
K5-RINGmut-in (this

mutants

Kan-in-K3-1 ATCCTTCCACAGGGTTTGCCTGGGGGTGGCTATGGTTCCATGGG
CGTGATTAGGAAACGTtagggataacagggtaatcgatttattc

Kan-in-K3-2 tgctagccagtgttacaaccaattaacc

Kan-in-K5-1 CCCTCTAGA,,, ACCGTTGTTTTTTGGATGATTTTTCCGCACCGGC
TTTTTTGTGGGCGCGCAtagtgctagccagtgttacaaccaattaac

Kan-in-K5-2 GGTTCTAGA,,, tagggataacagggtaatcgatttattc

DELK3-1 GGGTTAATGCCATGTTTTATTGTGGGTTCTCTCTCAGGATAAG
TATATAAGAGCACACTGaggatgacgacgataagtaggg

DELK3-2 GGTAAACACCACCAACCACACAGTGTGCTCTTATATACTTATCCT
GAGAGAGAACCCACAcaaccaattaaccaattctgattag

DELKS5-1 GGGCGTCACGTCACATATCTCTGTGCACCCAAGTGGTTGTCTICTG
CAGCTGGGGTGGAAGaggatgacgacgataagtaggg

DELK5-2 TCCCCTTTCCCTTTTTCAGACTTCCACCCCAGCTGCAGAGACAACCACTT
GGGTGCACAGcaaccaattaaccaattctgattag

K3in-1 CGAGGGTATAGGTAAACACCACCAACCACACAGTGTGCTCTTATATACTT
tcaatggtgatggtgatgatgaccggtacgcgtag

K3in-2 CACTTGTTGCAGGGGTTAATGCCATGTTTTATTGTGGGTT
CTCTCTCAGGATatggaagatgaggatgttcctgtctg

K5in-1 GGTGCATAACACCCAGGGCGTCACGTCACATATCTCTG
TGCACCCAAGTGGTTGTtcaatggtgatggtgatgatgaccggtac

K5in-2 CACTCTGCTCACCTCCCCTTTCCCTTTTTCAGACTTCCACC

CCAGCTGCAGAGatggcgtctaaggacgtagaagagg

study)

“ Enzyme recognition sequences are underlined and followed by a subscript indicating the cognate enzyme/site name. Sequences homologous to the template are shown in
lowercase. Sequences that are absent from BAC16 are shown in italics and for cloning purposes only. Sequence duplications introduced for “scarless” elimination of the KanR

cassette are shown in boldface.

the unique Srfl and Hpal sites, resulting in pBelo45. Proper orientation of
all ligation products was verified by restriction enzyme digestion, and
primer walking was used to completely sequence pBelo45. The sequence
of the non-KSHV portion of the pBelo45 vector backbone is available in
Fig. S1 in the supplemental material.

In order to introduce K3 or K5 coding sequences (either WT or RING-
C—S versions) into the KSHV genome, we generated universal transfer
constructs derived from plasmids harboring V5-His-tagged K3 or K5 cod-
ing sequences within the pTracer vector (39) using a strategy described
previously (65). In brief, a positive selection marker and an adjacent I-Scel
recognition site were cloned into a unique restriction site within the de-
sired insertion sequence. A duplication of at least 40 bp immediately ad-
jacent to the restriction site is included, enabling “scarless” removal of the
Kan cassette following I-Scel-mediated cleavage. For our purposes, the
Kan-in-K3 primer set was used to PCR amplify a DNA fragment contain-
ing a Kan selection cassette and an adjacent I-Scel site from pEPkan-S
(65). This DNA fragment was introduced into either the pTracer K3 WT
or RINGmut vector using blunt ligation via a unique EcoRV site occurring
within the K3 coding sequence. A 60-bp duplication of the K3 coding
sequence immediately downstream of the EcoRV site was included on the
5" end of the Kan-in-K3-1 primer. An Nhel digestion was used to identify
clones with a correctly oriented ligation product such that the duplication
flanks the intervening Kan and I-Scel sequences. A similar procedure was
used to generate pTracer-K5-in and pTracer-K5-RING-C—S-in by uti-
lizing a unique Xbal site within the parental pTracer-K5 WT and RING-
C—S constructs.

219BAC construction. 219BAC virus was generated by spontaneous
homologous recombination following transfection of pBelo45 linearized
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with Pmel into Vero cells stably carrying rKSHV.219 (68). Two days fol-
lowing transfection, recombinant BAC virus was selected using 400 .g/ml
of hygromycin. To enrich for infectious 219-BAC, hygromycin-resistant
cells were treated with 75 nM trichostatin A (TSA) and the virus-contain-
ing supernatant was used to infect naive Vero cells and establish a new
hygromycin-resistant cell line. A total of three rounds of serial propaga-
tion to naive Vero cells were carried out to ensure that BAC clones recov-
ered from Vero cells were infectious.

BAC DNA isolation and analysis. Circular viral DNA was extracted
from Vero cells using a genomic DNA isolation kit (Qiagen). One hun-
dred nanograms of genomic DNA (gDNA) was used to electroporate E.
coli DH10B (2.0 kV, 200 (), and 25 wF). BAC DNA was purified from
chloramphenicol-resistant colonies using an alkaline lysis procedure fol-
lowed by isopropanol precipitation. Purified BAC DNA was digested with
Kpnl, Cpol, or Sbfl and separated on 0.8% agarose gels or using pulsed-
field gel electrophoresis (PFGE) (CHEF-DR II; Bio-Rad) under the fol-
lowing conditions: 1% PFGE-grade agarose; 6 V/cm for 15 h; initial and
final switch times of 1 and 5 s, respectively; and 14°C. For Southern blot
hybridization, resolved BAC DNA fragments were transferred to a nylon
membrane and hybridized with **P-labeled probes. Complete sequencing
of BAC16 and BAC25 was performed using a Solexa sequencer, and gaps
were sequenced using the Sanger method.

Production of BAC16 virus stock. BAC16 stocks were prepared from
stable iSLK cells as previously described, but using a puromycin-resistant
version of these cells in order to allow selection of hygromycin-resistant
BACI16-containing cells (49). Briefly, BAC16 DNA was introduced into
iSLK-puro cells and selected with 1,200 pwg/ml of hygromycin B. Stable
iSLK-BACI16 cells were induced in the presence of both doxycycline (1
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pg/ml) and sodium butyrate (1 mM) and the absence of hygromycin,
puromycin, and G418. Four days later, supernatant was collected and
cleared of cells and debris by centrifugation (950 g for 10 min at 4°C) and
filtration (0.45 wm). Virus particles were pelleted by ultracentrifugation
(25,000 g for 3 h at 4°C) using an SW32 Ti rotor.

Mutagenesis of BAC16 in GS1783. To modify the KSHV genome,
BACI16 was introduced into the GS1783 E. coli strain (a kind gift from
Greg Smith) by electroporation (0.1-cm cuvette, 1.8 kV, 200 (), 25 nF).
Gene deletions were introduced as previously described (64). Briefly, PCR
amplification was used to generate a linear DNA fragment containing a
kanamycin resistance expression cassette, an I-Scel restriction enzyme
site, and flanking sequences derived from KSHV genomic DNA, each of
which includes an ~40-bp copy of a duplication shown in boldface in
Table 1. This fragment was then electroporated into GS1783 cells harbor-
ing BACI16 and transiently expressing gam, bet, and exo. These three
proteins are required for homologous recombination of linear DNA frag-
ments with a target sequence and can be expressed in a temperature-
inducible manner from the lambda Red operon engineered within the
endogenous GS1783 chromosome. Integration of the Kan"/I-Scel cassette
was verified by PCR and restriction enzyme digestion of the purified BAC
DNA. The GS1783 strain is also equipped with an arabinose-inducible
gene encoding the I-Scel enzyme. Upon treatment with 1% L-arabinose,
the integrated Kan'/I-Scel cassette is cleaved, resulting in a transiently
linearized BAC16. A second Red-mediated recombination between the
duplicated sequences results in recircularization of the BAC DNA and
“scarless” loss of the Kan"/I-Scel cassette. Kanamycin-sensitive colonies
were screened via replica plating. The amino acid coding sequences of the
K3 or K5 gene from BAC16-WT were used along with the DELK3 and
DELKS5 primer sets, respectively, to yield BAC16-AK3 and BAC16AK5
(Table 1). Similarly, the K5 coding sequence was removed from BAC16-
AK3 to generate BAC16-AK3AKS5 lacking both coding sequences. The
K3in primer set was used to amplify from the K3 and Kan portions of the
pTracer-K3in and pTracer-k3-RING-C—S-in plasmids. These PCR
products were introduced into BAC16-AK3 to yield revertant or RING-
C—S mutant BACI6. Similarly, the K5in primer set was used to generate
BACI16-K5rev and BAC16-K5-RING-C—S.

Quantification of infectious virus and KSHV DNA levels in cells.
Various amounts of cell-free virus supernatant were diluted in fresh me-
dium (1-ml final volume/well) and used to inoculate 293A cells that were
seeded at approximately 2 X 10°cells/well in 12-well plates 12 h prior to
infection. Following inoculation, plates were immediately centrifuged
(2,000 X g for 45 min at 30°C) and then placed back into the CO, incu-
bator. One hour later, the inoculum was removed and replaced with fresh
medium. Cells were collected 24 h later and washed once with cold phos-
phate-buffered saline (PBS). The percentage of GFP-positive cells was
determined using the Cantoll fluorescence-activated cell sorter (FACS)
(BD Bioscience, San Jose, CA). Infectious units (IU) are expressed as the
number of GFP-positive cells in each well at the time of analysis. Purifi-
cation of genomic DNA from infected cells and the quantification of
KSHV DNA level were described previously in reference 66. KSHV
ORF11-specfic primers were used to quantify the amount of KSHV DNA
in BAC16-transfected stable iSLK cell lines. The KSHV DNA amount was
normalized to the amount of purified host cellular DNA.

Immunoblotting. iSLK-BAC16 stable cell lines were harvested with
radioimmunoprecipitation assay (RIPA) buffer supplemented with com-
plete protease inhibitor cocktail (Roche). For immunoblotting, 30 pg of
each protein sample was resolved by SDS-PAGE and transferred onto a
polyvinylidene difluoride membrane (Bio-Rad). The membranes were
blocked using 5% nonfat milk and then probed with antibodies diluted in
PBS-Tween (PBS-T). The following primary antibodies were used: rabbit
anti-K2 (ABI 13-214-050), rabbit anti-K3 (16), mouse anti-K8 (Abcam
ab36617), rat anti-LANA (ABI 11-007), and mouse anti--tubulin (Santa
Cruz SC-5274). Mouse anti-RTA and mouse anti-K5 antibodies were
kind gifts from Koichi Yamanishi (Osaka University, Japan). Secondary
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horseradish peroxidase-conjugated anti-mouse and anti-rabbit antibod-
ies were purchased from Cell Signaling.

Flow cytometry. 293A and iSLK cells were detached from the plate
with 0.25% trypsin at the indicated time points postinfection for 293A or
post-doxycycline treatment for iSLK and washed once with PBS. All sub-
sequent steps were carried out at 4°C. Approximately 5 X 10° cells per
sample were incubated in ice-cold FACS blocking buffer (PBS with 3%
FBS) for 20 min. Cells were incubated in antibody solution (PBS plus
antibody) for 20 min. MHC-I surface expression was probed using mouse
anti-HLA-A, -B, and -C (BD Pharmingen, no. 555551) and either goat
anti-mouse IgG-allophycocyanin (APC) (BD 550826) or goat anti-mouse
IgG-APC-Cy7 (Biolegend, no. 405316). ICAM-I was probed using mouse
anti-CD54 (BD, no. 559771). Isotype control samples were stained with
anti-mouse IgG1, k-APC (BD 555751) (ICAM-I), or anti-mouse IgG1, k,
and goat anti-mouse [gG-APC-Cy7 (Biolegend 405316). Relative surface
staining of ~20,000 cells/sample was quantified on a Cantoll FACS. Data
were analyzed using Flow]Jo v.6.4.7.

Nucleotide sequence accession number. The sequence of BAC16, not
including the BAC insertion, has been submitted to GenBank (accession
no. GQ994935).

RESULTS

Generation of an rKSHV.219-derived BAC clone. To facilitate
the study of KSHV gene function, we constructed an rKSHV.219-
derived, infectious BAC clone of the full-length KSHV genome
(Fig. 1A). As previously reported, rKSHV.219 was generated by
the insertion of an RFP-GFP-Puro’ cassette at nucleotide (nt)
83527 (GQ994935), which lies within an intergenic region of the
KSHYV derived from JSC1 PEL cells (68). In order to introduce
BAC vector elements into the rKSHV.219 genome, we replaced
the RFP-GFP-Puro’ cassette with a loxP-flanked mini-F-GFP-
Hygro® vector. For this purpose, we generated a modified
pBeloBACI11 plasmid, pBelo45, which includes KSHV genomic
sequences immediately upstream and downstream of nt 83527
(GQ994935) (Fig. 1A) (see Materials and Methods).

Following linearization at a unique Pmel site engineered be-
tween the homology arms, pBelo45 was transfected into Vero cells
stably harboring rKSHV.219. Recombinant BAC virus was se-
lected in the presence of hygromycin B and the absence of puro-
mycin. In order to enrich for infectious, full-length rKSHV.219-
BAC, hygromycin-resistant cells were treated with a histone
deacetylase (HDAC) inhibitor, trichostatin A (TSA), to induce
Iytic replication. The virus-containing supernatants were used to
infect naive Vero cells and establish a new hygromycin-resistant
cell line. Two additional rounds of serial propagation to naive
Vero cells resulted in the loss of TSA-induced RFP expression,
presumably due to enrichment of hygromycin-resistant 219BAC
virus. Circular KSHV DNA was extracted from the final round of
infected, hygromycin-selected Vero cells and then introduced into
E. coli DH10B by electroporation.

Genetic analysis of candidate clones. Restriction endonu-
clease and Southern blotting analyses were used to identify bacte-
rial clones harboring a pBelo45 cassette that had correctly recom-
bined with the full-length KSHV genome. Of the 32 total clones
analyzed, BAC16 and BAC25 were among 14 clones that appeared
to harbor a complete KSHV genome. Digestion of BAC16 and
BAC25 with Kpnl revealed KSHV DNA fragments of various sizes,
which matched well with the predicted digestion pattern based on
published genomic sequence data (NC_009333) and migrated
comparably to most of the fragments from BAC36, a previously
characterized full-length BAC clone of KSHV (Fig. 1A and B).
Southern blot hybridization with a labeled Z2 probe spanning the

jviasm.org 9711


http://www.ncbi.nlm.nih.gov/nuccore?term=GQ994935
http://jvi.asm.org

Brulois et al.

C. D. E.

M + 1625 + 1625 + 1625 + 1625
10 H ' . '
=M 1 -
bl R 4 . |
o "
i o .
5 Gl ? bl
4 g _——- || T
veyclingz KSHV episome 3 E™ - - ——
VFLIP 2 -
miRNAS R
kapos\ﬂg . *
2
Kpnl Z2 Z8 pBelo45
PANp
EF-1a GFP pApA RFP
oris loxP.
pBelods: B os S oo 1 ops Jeop Ones |
—KSHV.219— <¢ pL_UGIH pBeloBAC11 P> -rKSHV.219-
pTracer *
GD* | G2 | |
Kpnl Kpnl Kpnl

Tn1000

TS )
@*

@>*|

Kpnl

ORF

FIG 1 Construction and analysis of rKSHV.219-derived BAC clones. (A) Schematic diagram of the KSHV genome, the rKSHV.219 and 219-BAC insertion site
(GQ994935), the REP-GFP-Puro” cassette, and the pBelo45 targeting construct containing the BAC vector, GFP-Hygro" cassette, flanking loxP sites, and flanking
sequences for homologous recombination (dashed lines). A majority of 219BAC clones also contain a Tn1000 insertion immediately following the TAA codon
of the cam gene, as depicted. Kpnl recognition sites are indicated by inward tick marks or below the diagrammed sequence features. Kpnl fragment sizes (in
kilobase pairs) are indicated as ovals and are based on the GK18 sequence (NC_009333) and the pBelo45 sequence. Fragment sizes marked with an asterisk result
from the depicted integration events. (B) Gel electrophoresis of KpnI-digested BAC DNA. Two different clones of 219BAC, BAC16, and BAC25, were analyzed.
BAC36 DNA was used as a positive control (+) (75). M, 1-kb marker. (C to E) Southern blot hybridization using a **P-labeled probe from Z2 (C), Z8 (D), and
pBelo45 (E) to detect KSHV and 219BAC-specific sequences. The 2.4- and 9.0-kb fragments in panel E are the result of a Tn1000 insertion.

right-hand side of the KSHV genome detected the expected frag-
ment sizes of 4.2-kb and 9.5-kb as well as a high-molecular-weight
fragment predicted to contain the TR region. An extra fragment of
~13 kb detected in BAC36 likely correlates with the presence of a
duplicated sequence that was recently shown to be present in the
TRregion (72). Fragments of 5.9-kb and 3.8-kb predicted to result
from proper BAC integration within the KSHV genome were ev-
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ident in both BAC16 and BAC25 and also detectable by Southern
blot analysis using either a KSHV-specific probe (Z8) or a
pBelo45-specific probe (Fig. 1D and E). In addition, a fragment of
1.2 kb derived exclusively from the BAC cassette was apparent in
both BAC16 and BAC25 clones and detected only by the pBelo45
probe (data not shown). However, a 5.4-kb fragment, also con-
sisting exclusively of BAC vector DNA, while detected in BAC25
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was absent in BAC16, and instead, fragments of ~2.4 kb and ~9.0
kb appeared only in BAC16 (Fig. 1E). Sequencing of the ~9.0-kb
fragment and direct sequencing of the BAC16 vector backbone
revealed that the additional DNA fragments resulted from inser-
tion of a Tn1000 transposon between the chloramphenicol and
hygromicin resistance genes (Fig. 1A) (data not shown).

Stable propagation of BAC16 in E. coli DH10B. Besides
BAC25, only one additional clone showed the predicted Kpnl re-
striction pattern for 219BAC lacking a Tn1000 (data not shown).
On the other hand, most clones appeared identical to BAC16, with
the addition of Kpnl fragments corresponding to a Tn1000 inser-
tion located at the diagramed position (Fig. 1A). Given the perva-
siveness of the TnI1000 sequence among the clones that we ana-
lyzed, we decided to perform additional Southern blot analysis to
determine if Tn1000 had inserted elsewhere in either the BAC16
or BAC25 genomes. BAC16 and BAC25 DNAs were digested with
either Cpol or Sbfl, followed by Southern blot hybridization of the
resolved fragments with a Tn1000-specific probe. Indeed, Tn1000
was only detected at the expected site of BAC16 and was com-
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pletely absent from BAC25 (Fig. 2A, B, C, and D). Next, we com-
pared the stability of BAC16 and BAC25 after serial passage in
DHI10B, an E. coli strain carrying a recA mutation. Following 5
days of daily passaging in liquid culture, single colonies were re-
covered on LB agar plates and purified BAC DNA was analyzed by
Cpol digestion (Fig. 2E and F). DNA fragments derived exclu-
sively from the long unique region (LUR) did not undergo signif-
icant changes compared to single-passage BAC DNA. However, as
seen in two representative gels, the ~48-kb and ~54-kb fragments
containing the TR region from BAC16 and BAC25, respectively,
were significantly shorter in several long-term-cultured clones
(Fig. 2E and F). Although instability of the TR region was observed
in both BAC16 and BAC25, we found that only 15 out of 32 long-
term-cultured clones from BACI16 had a shortened TR-contain-
ing fragment compared to 28 out of 32 such clones from BAC25
(Fig. 2G). Given that TR deletions were observed less frequently in
long-term-cultured BAC16 clones, we chose to use BAC16 for
further characterization and mutagenesis.

Complete sequencing analysis of the KSHV BAC16. BAC16
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FIG 3 Infectious BAC16 virus production. A BAC16 virus stock was generated as described in Materials and Methods. Four 15-cm plates containing iSLK cells harboring
BAC16 were seeded at ~70% confluence and treated with 1 pg/ml of doxycycline and 1 mM sodium butyrate for 96 h. Approximately 40 ml of virus-containing
supernatants were concentrated via centrifugation using a SW32 rotor. Virus pellets were then resuspended in the residual medium (~300 pl). Then 293A cells were
infected with 0.008, 0.04, or 0.2 .l of this BAC16 virus stock and analyzed by fluorescence microscopy and flow cytometry at 24 h postinfection.

was completely sequenced via the Solexa sequencing method, and
the sequence was deposited into GenBank. Importantly, sequence
reads were represented equally across the LUR portion of BAC16,
indicating a lack of a large-scale duplication. In previous work,
several loci of the KSHV genome were sequenced via PCR ampli-
fication directly from JSC-1 cells, including the ORF26 region,
ORF75-E, gB, gH, gL, gM, gN, K8.1, and ORF68 (53, 58). Com-
parison of these locus sequences with the BAC16 sequence showed
100% identity, with the exception of a synonymous point muta-
tion at A242 of ORF75 (data not shown). This indicates that the
genomic sequence of JSC-1-derived KSHV had not undergone
any significant changes during its propagation as rKSHV.219 and
BAC16 and that this sequence likely reflects the actual JSC-1 viral
genome sequence. Moreover, with the exception of the K1 se-
quence, we found very low levels of sequence variations across the
entire BAC16 genome compared to other complete genomic se-
quences of KSHV (BCBL-1, HQ404500; BC-1, U75698; and KS-
derived, U93872, NC_009993).

Production of high-titer BAC-derived virus stock. Inefficient
production of cell-free infectious KSHV has limited the range of
experimental systems utilized by researchers in the field. The com-
bined use of exogenous RTA expression and sodium butyrate
treatment was shown to synergistically activate the lytic cycle,
yielding substantial quantities of rKSHV.219 from Vero cells (68).
Furthermore, the use of spin infection is capable of increasing the
infection levels approximately up to 70-fold (68, 73). Recently, the
production of infectious cell-free KSHV was further refined by
Myoung et al., who reported the utility of newly generated doxy-
cycline-inducible RTA cell lines (called iVero and iSLK) for pro-
duction of high-titer virus stocks, including BAC-derived stocks
(49). Indeed, we were also able to produce such a virus stock with
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a titer of ~5 X 107 from iSLK cells carrying WT BAC16 based on
GFP-positive cells (see Materials and Methods). Using different
volumes of virus stock, we were able to infect 293A cells and obtain
various percentages of GFP-positive cells (Fig. 3). In addition,
telomerase-immortalized endothelial (TIVE) cells and HMVECs,
which are less susceptible to KSHV infection, were successfully
infected with BAC16 (data not shown). Thus, BAC16 appears
suitable for experiments requiring a high virus titer.

Generation of K3- and K5-deleted recombinant KSHV. In
order to demonstrate the feasibility of BAC16 for the study of
KSHV gene function, we generated a set of K3 and K5 deletion
mutants. The entire coding sequence of either the K3 or K5 gene
was removed from BAC16 using “scarless” mutagenesis (64, 65).
Then, V5-His-tagged K3 and K5 coding sequences were inserted
into their endogenous loci within the AK3 and AK5 genomes,
respectively, to generate tagged revertant viruses. Likewise, a cat-
alytically dead RING-C—S mutant coding sequence of either K3
or K5 was introduced into the AK3 and AK5 BACs, respectively.
Each mutant genome was analyzed by PCR, restriction enzyme
digestion, and direct sequencing analysis (Fig. 4A and B) (data not
shown). The K3 and K5 genes reside on Cpol fragments of 9.3 and
7.9 kb, respectively (Fig. 4A). These fragments were predictably
reduced to 8.3 kb and 7.1 kb following the targeted deletion of
either the K3 or K5 gene, respectively, and restored to their WT
sizes in the V5-His-tagged BACs: K3rev, K3-RING-C—S, K5rev,
and K5-RING-C—S$ (Fig. 4B). Importantly, Cpol fragments of
other parts of the BAC16 genome did not show any detectable size
changes following genetic manipulation (Fig. 4B).

Characterization of BAC-derived WT and mutant viruses.
WT, null, point mutant, and revertant viruses were reconstituted
in iSLK cells, which contain a doxycycline-inducible RTA expres-
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FIG 4 Characterization of WT and mutant BAC16 virus. (A) Schematic diagram of Cpol digestion of BAC16 (including TnI000 sequence) (B) Pulsed-field gel
analysis of Cpol-digested WT and mutant BAC16 DNAs. Triangles denote the 9.3-kb and 7.9-kb fragments predicted to harbor the K3 and K5 coding sequences,
respectively. (C) iSLK cells stably transfected with WT or mutant BAC16 were analyzed by qPCR to determine relative DNA copy number. (D) The same set of
cells was analyzed by Western blot analysis using the indicated antibodies (a-K3, a-K5, etc). long expo, long exposure. (E) Infectious units were quantified from
viral supernatants harvested from the indicated iSLK-BAC16 cell lines following 4 days of treatment with both doxycycline and sodium butyrate (see Materials
and Methods). Note, the viral supernatants from this experiment were not concentrated by centrifugation and thus had a lower titer than those in Fig. 3.

sion system stably integrated in the cellular chromosome (49).
Upon doxycycline treatment, RTA expression is sufficient to ini-
tiate the lytic replication phase that results in the induction of K3
and K5 gene expression and culminates in the release of infectious
virion particles from the cells. GFP expression from BAC16 ap-
peared stable, and full-length BAC genomes were readily recov-
ered from infected cells, indicating stable propagation of BAC16
and BAC16 mutants in eukaryotic cells (data not shown). Follow-
ing the hygromycin selection of BAC16-transfected cells, compa-
rable amounts of viral DNA were found in iSLK cells harboring
the different KSHV-BACs (Fig. 4C). Viral gene expression was
analyzed by Western blotting in the absence and presence of doxy-
cycline treatment (Fig. 4D). As expected, the deletion mutants
showed no detectable protein expression from their respective
deleted genes. Moreover, the expression level of K3 did not appear
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to be affected by the absence of K5 and vice versa. Protein expres-
sion was restored in the respective revertant and enzymatically
dead RING-C—S mutant BACs, albeit at lower levels. LANA or
K8 protein levels were comparable in all cell lines. As expected,
since iSLK cells have been engineered to express RTA in a doxy-
cycline-inducible manner via an expression cassette integrated
within the cellular DNA, RTA expression was detected in all the
doxycycline-treated iSLK cells, including uninfected cells (49).
Next, we determined whether the absence of K3 or K5 had an
effect on the efficiency of infectious virus production from iSLK
cells. Following 2 days of doxycycline treatment, serial dilutions of
cell-free supernatants was transferred to 293A cells and infectious
virus was quantified by FACS analysis of GFP expression at 24 h
postinfection (Fig. 4E). The levels of infectious viruses were com-
parable between the WT and derivative viruses, indicating that
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FIG 5 Flow cytometry analysis of ICAM-I and MHC-I surface expression of iSLK-BAC16 cell lines during latency (A) or reactivation after 24 h of doxycycline
treatment (B). Each iSLK-BAC16 stable cell line sample was stained with both MHC-I (W6/32) and ICAM-I antibodies. iSLK cells lacking KSHV were also stained
with the indicated antibodies or with isotype control antibodies (see Materials and Methods). Live cells were gated via forward scatter (FSC) and side scatter (SSC)
profiling and analyzed for GFP, APC (ICAM-I), and APC-Cy7 (MHC-I) fluorescence. All BAC16 cell lines were ~100% GFP positive (data not shown).

neither K3 deletion nor K5 deletion significantly affects virus pro-
duction. This is in contrast to published data that showed that the
siRNA-mediated depletion of K5 in KSHV-infected HeLa cells
significantly reduced infectious virus release (44). The reason for
this discrepancy is unknown but perhaps reflects differences in
tetherin expression levels between HeLa and iSLK cells as it was
shown previously that knockdown of the tetherin in K5-depleted
cells restores infectious virus release from Hela cells (44).

K5 but not K3 is required for KSHV-mediated reduction of
MHC-I surface expression during viral reactivation in iSLK
cells. MHC-I and ICAM-I surface expression levels were com-
pared between iSLK cells harboring WT, AK3, AK5, K3rev, K5rev,
K3-RING-C—S§, K5-RING-C—C, and AK3 AK5 BACI16 viruses
(Fig. 5A and B). Without treatment, there was no significant dif-
ference in the levels of MHC-I surface expression of iSLK cells
harboring WT and recombinant BAC16 compared to that of naive
iSLK cells. However, ICAM-I surface expression was slightly re-
duced in small percentages of WT BACI16 cells relative to unin-
fected iSLK cells (Fig. 5A). This phenotype was dependent on the
expression of WT K5 as a deletion mutant of K5 lacked the ability
to downregulate ICAM-I. This phenotype was restored in cells
harboring the K5 revertant but not in those carrying the K5-
RING-C—S mutant, confirming the previous reports that an in-
tact RING-CH domain is required for K5-mediated downregula-
tion of ICAM-I (30). Furthermore, this indicates that K5 is
functionally active in a small percentage of cells under nonlytic
replicating conditions. Finally, our data confirm the previous
report that K5 downregulates ICAM-I more efficiently than
MHC-I (1).
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Upon doxycycline treatment, we found that both MHC-I and
ICAM-I were efficiently removed from the cell surface in the ma-
jority of WT BACI16 stable cells (Fig. 5B). K5-deficient viruses
showed the complete abrogation of downregulation of both
ICAM-I and MHC-I surface expression compared to WT (Fig.
5B). A K5 revertant virus was nearly as effective as the WT at
reducing MHC-I and ICAM-I surface expression. However, a vi-
rus engineered to express the K5 gene harboring point mutations
(C—S) in the RING domain was not able to restore KSHV-medi-
ated reduction of MHC-I or ICAM-I surface expression (Fig. 5B).
On the other hand, deletion of the K3 gene showed no significant
defect in MHC-I downregulation, nor did the K3 RING-C—S$
virus (Fig. 5B). Thus, K5 appears to be the major viral protein
required for MHC-I downregulation during KSHV reactivation in
iSLK cells.

K5, but not K3, is required for the reduction of MHC-I sur-
face expression following de novo infection. Previous work has
demonstrated a critical role of K5 in MHC-I and ICAM-I down-
regulation following de novo infection of human umbilical vein
endothelial cells (HUVECs) by using siRNA-mediated knock-
down of K5 (1). However, due to the imperfect efficiency of siRNA
approaches, it remains unclear whether other KSHV genes can
also modulate surface expression of MHC-I molecules during this
stage of infection. Thus, we measured MHC-I surface expression
following infection of 293A cells with WT, AK3, AKS5, K3rev,
K5rev, K3-RING-C—S, and K5-RING-C—S viruses (Fig. 6).
293A cells infected with WT BAC16 showed a significant popula-
tion of cells with reduced MHC-I surface expression. On the other
hand, the AK5 virus showed a complete lack of KSHV-mediated
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FIG 6 MHC-I surface expressions of 293A cells upon infection with WT or mutant BAC16 virus. At 36 h postinfection with WT or mutant BAC16 virus
(multiplicity of infection [MOI] of 0.5), GFP-positive 293A cells were gated and examined for MHC-I surface expression.

reduction of MHC-I at 36 h postinfection of 293A cells, indicating
that K5 is the primary gene that appears to play a role in MHC-I
downregulation at this stage of infection (Fig. 6). Moreover, this
ability could be restored in the K5 revertant virus, confirming that
loss of MHC-I downregulation in the deletion virus was indeed
due to the lack of the K5 gene (Fig. 6). In contrast, BAC16-AK3
could downregulate MHC-I surface expression comparably to
WT BACI16 following de novo infection (Fig. 6). This indicates that
K5, but not K3, is required for the reduction of MHC-I surface
expression following de novo infection.

DISCUSSION

In this study, we report the construction of a new infectious re-
combinant KSHV bacmid called BAC16 and demonstrate its util-
ity in studying gene function during the course of KSHV infection.
Previous reverse genetics studies have relied on BAC36 for the
genetic manipulation of KSHV. However, recent evidence sug-
gests that this clone may present unnecessary complications for
reverse genetics studies, especially those involving genes that re-
side within the duplicated region of the BAC36 genome, which
may be a reason for a low level of viral production (72). Besides
lacking genomic duplications or other rearrangements of the
LUR, BACI16 differs from BAC36 in several aspects. First, the BAC
vector and selection cassette were inserted within the intergenic
region between ORF57 and K9, whereas the BAC insertion of
BAC36 is located at a Pmel site between ORF18 and ORF19 (75).
A BAC cassette was inserted into an analogous location within the
rhesus monkey rhadinovirus (RRV) genome (between ORF57
and RY), resulting in its successful cloning (23). Second, BAC16 is
a clone of rKSHV.219, a JSC-1-derived recombinant virus, while
BAC36 is derived from BCBL-1 cells. While both BAC16 and
BAC36 harbor the predominant (P) allele of K15, their sequences
belong to different subtypes: C3 and A3, respectively (53, 76).
Subtype sequence variation can be found throughout the genome
and is particularly evident within two variable regions of the K1
coding sequence (76). However, the consequence of this sequence
variation is unclear. The pBelo45 construct may prove useful for
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the cloning and characterization of other strains of KSHV. Finally,
BAC16 was constructed using a GFP-IRES-HYG cassette rather
than the dual promoters used with BAC36. Based on FACS anal-
ysis, GFP expression was stably maintained in close to 100% of
hygromycin-resistant iSLK-BAC16 stable cell lines for the dura-
tion of their propagation (~3 months) (data not shown). In con-
trast, GFP-negative, hygromycin-resistant cells have been fre-
quently observed in BAC36 stable cell lines (11).

One peculiar aspect of this study is the unexpected presence of
TnI000 in the majority of clones we analyzed. Furthermore, the
Tn1000 insertion sites were identical in all of the Tn1000-contain-
ing clones: the site is located adjacent to the pA signal for the BAC
vector cam and Hygro" genes, an AT-rich locus. Although the
target sequence specificity of Tn1000 has not been well studied,
related transposons such as Tn3 and Tn1456 show a strong pref-
erence for insertion into AT-rich target sequences (34, 67). We
also observed enhanced stability of BAC16, a Tn1000-containing
clone, compared to the BAC25, which does not contain a Tn1000
insertion. Interestingly, the presence of Tn1000 in a pBR322-de-
rived plasmid has been shown to stabilize that plasmid (6). It is
possible that the presence of Tn1000 in BAC16 may contribute to
its stability compared to BAC25. Finally, we did not observe any
unwanted transposition events in BAC16, even after long-term
culturing.

K3 and K5 have been well characterized as posttranslational
regulators of several plasma membrane proteins, notably MHC-1.
In addition, several other KSHV gene products have been impli-
cated in the potential modulation of MHC-I gene expression at
the transcription level, including a global suppressor of cellular
gene expression, shutoff and exonuclease (SOX), encoded by
ORF37; a p300 transcription modulator, viral interferon regula-
tory factor-1 (VIRF-1); and an NF-kB inducer, viral FLICE inhib-
itory protein (VFLIP) (26, 36). Our data suggest that only one of
these genes, coding for K5, is critical for downregulating MHC-I
surface expression during KSHV reactivation in endothelial cells
or de novo infection of 293A cells. Without K5, MHC-I surface
expression levels in KSHV-reactivating cells and de novo-infected
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293A cells were identical to that of uninfected cells. This is in
contrast to another gammaherpesvirus, MHV-68, which encodes
one homologue of the KSHV K3 and K5 proteins, called mK3 (8).
While MHC-I surface expression was significantly increased in
AmK3-infected cells compared with WT-infected cells, it was not
restored to the level found uninfected cells, suggesting that an
MHYV-68 gene or genes other than mK3 also reduce MHC-I sur-
face expression (59).

Overexpression of either K3 or K5 in KSHV-negative cells has
revealed a variety of substrates; K3 has been shown to target all
HLA allotypes, CD1d, IFNGR1, PECAM (CD31), and ALCAM
(CD166), while K5 substrates include HLA-A and -B, CDId,
ICAM-I1, B7-2, IENGRI1, MICA/B, AICL, PECAM, ALCAM, and
BST-2 (tetherin) (4, 18, 19, 27, 28, 30, 31, 39, 41, 42, 44, 57, 62).
More recent evidence suggests a broad role for K5 in various as-
pects of cellular physiology and homeostasis, including remodel-
ing of endothelial cell junctions through downregulation of VE-
cadherins, modulation of iron import and export via HFE
degradation, inhibition of BMPRII signaling, and increase of
monocyte metabolism and proliferation via modulation of the
localization-dependent activity of certain receptor tyrosine ki-
nases (22, 33, 43, 54). Interestingly, the latter function can be
mediated by K5 mutants lacking an intact RING-CH domain,
suggesting E3 ligase activity is not required for certain K5 func-
tions. Analysis of these additional functions using the BAC16 mu-
tant K3 and K5 viruses may provide a better understanding of how
these functions are important for the KSHV life cycle.

Individual expression of either K3 or K5 is sufficient to reduce
MHC-I surface expression, and this effect is more dramatic in cells
overexpressing K3 compared to K5 (18, 31). However, the ability
of KSHV to reduce MHC-I surface expression in iSLK cells was
not affected by the absence of K3. Moreover, deletion of the K3
gene from the AK5 virus did not produce any changes in MHC-I
surface expression compared to single deletion of the K5 gene
(data not shown). Our data suggest that K3 does not appear to
significantly contribute to KSHV-mediated reduction of MHC-I
surface expression during reactivation in SLK cells. Interestingly,
we observed a lower level of K3 protein compared with that of K5,
as assessed by Western blotting of the V5-tagged revertant viruses.
However, additional work is needed to clarify whether this is due
to a generally low level of K3 expression in all reactivating cells or
whether K3 expression is limited to a very small fraction of these
cells. If the latter is true, the K3-expressing cell population may be
too small to detect a significant population of MHC-I-reduced
cells by flow cytometry but nonetheless show detectable K3 ex-
pression via Western blotting.

Another possibility is the presence of a KSHV-specific factor
that can posttranslationally inactivate K3. Thus, the regulatory
mechanism or mechanisms that determine whether K3 is ex-
pressed or active may be the key to understanding its role in the
context of KSHV infection. In this study, we examined the K3
function in endothelial cells. However, K3 may be active or ex-
pressed more robustly in other cell types, such as the B cells, the
other major target cell of KSHV and the major latent reservoir of
KSHV. In addition, our study was limited to 12, 24, and 48 h
postreactivation and 36 h postinfection (Fig. 5 and 6) (data not
shown). Although we did not detect any K3-specific functionality
using K3-deficient viruses, K3 may still play a role in MHC-I
downregulation during other periods of the KSHV life cycle. The
broader substrate range of K5 includes activating (MICA/B and
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AICL) and costimulatory molecules (ICAM-1 and B7-2) involved
in NK cell activation, but spares HLA-C and HLA-E (19, 62, 63).
On the other hand, indiscriminant targeting of HLA allotypes by
K3, including the NK cell inhibitory ligands of killer cell immu-
noglobulin-like receptors (KIRs), HLA-C and HLA-E, causes
slightly increased susceptibility to NK cell lysis in K3-expressing
cells (30). Thus, K3 expression may be detrimental for cells, espe-
cially in the absence of K5, suggesting a need for the tightly con-
trolled gene expression regulation of K3.

The data presented here and in the accompanying article by
Toth et al. (66a) demonstrate the utility of BAC16 for the genera-
tion and characterization of KSHV knockout and mutant viruses.
The KSHV genome encodes several gene products with seemingly
redundant function. A stable BAC provides a basis for the targeted
mutagenesis procedures necessary to tease apart these overlapping
functions and characterize viral gene function in biologically rel-
evant settings. Like the K3 and K5 genes, other KSHV immune
evasion genes have been characterized extensively in overexpres-
sion systems. Understanding how these and other genes contrib-
ute to the establishment of persistent infection and pathogenesis
requires a reverse genetics approach wherein the effects of viral
genetic deficiencies are evaluated in a relevant infection model.
Such approaches will hopefully lead to a better understanding of
KSHYV pathogenesis.
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