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ABSTRACT The latency-associated nuclear antigen (LANA) of the Kaposi’s sarcoma-
associated herpesvirus (KSHV) performs a variety of functions to establish and main-
tain KSHV latency. During latency, LANA localizes to discrete punctate spots in the
nucleus, where it tethers viral episomes to cellular chromatin and interacts with nu-
clear components to regulate cellular and viral gene expression. Using highly sensi-
tive tyramide signal amplification, we determined that LANA localizes to the cyto-
plasm in different cell types undergoing the lytic cycle of replication after de novo
primary infection and after spontaneous, tetradecanoyl phorbol acetate-, or open
reading frame 50 (ORF50)/replication transactivator (RTA)-induced activation. We
confirmed the presence of cytoplasmic LANA in a subset of cells in lytically active
multicentric Castleman disease lesions. The induction of cellular migration by
scratch-wounding confluent cell cultures, culturing under subconfluent conditions, or
induction of cell differentiation in primary cultures upregulated the number of cells
permissive for primary lytic KSHV infection. The induction of lytic replication was
characterized by high-level expression of cytoplasmic LANA and nuclear ORF59, a
marker of lytic replication. Subcellular fractionation studies revealed the presence of
multiple isoforms of LANA in the cytoplasm of ORF50/RTA-activated Vero cells un-
dergoing primary infection. Mass spectrometry analysis demonstrated that cytoplas-
mic LANA isoforms were full length, containing the N-terminal nuclear localization
signal. These results suggest that trafficking of LANA to different subcellular loca-
tions is a regulated phenomenon, which allows LANA to interact with cellular com-
ponents in different compartments during both the latent and the replicative stages
of the KSHV life cycle.

IMPORTANCE Kaposi’s sarcoma-associated herpesvirus (KSHV) causes AIDS-related
malignancies, including lymphomas and Kaposi’s sarcoma. KSHV establishes lifelong
infections using its latency-associated nuclear antigen (LANA). During latency, LANA
localizes to the nucleus, where it connects viral and cellular DNA complexes and
regulates gene expression, allowing the virus to maintain long-term infections. Our
research shows that intact LANA traffics to the cytoplasm of cells undergoing per-
missive lytic infections and latently infected cells in which the virus is induced to
replicate. This suggests that LANA plays important roles in the cytoplasm and nu-
clear compartments of the cell during different stages of the KSHV life cycle. Deter-
mining cytoplasmic function and mechanism for regulation of the nuclear localiza-
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tion of LANA will enhance our understanding of the biology of this virus, leading to
therapeutic approaches to eliminate infection and block its pathological effects.

KEYWORDS KSHV, LANA, activation, cytoplasm, mass spectrometry, migration, viral
replication

Kaposi’s sarcoma-associated herpesvirus (KSHV) is a gammaherpesvirus that causes
several human malignancies, including Kaposi’s sarcoma (KS), primary effusion

lymphoma (PEL), and AIDS-associated multicentric Castleman disease (MCD) (1). Like all
herpesviruses, KSHV has two distinct gene expression patterns that result in either a
persistent latent infection or an active lytic infection leading to virus replication. However,
latency is considered the default pathway for KSHV infections. Initial studies showed that
tumor cells in KS lesions were latently infected as gene expression was very restricted, with
two small RNAs, i.e., T0.7 encoding K12 Kaposin and T1.1, a polyadenylated nuclear RNA
(PAN), constituting the bulk of KSHV transcripts (3, 4). Subsequent studies in KSHV-infected
PEL cell lines revealed the presence of a cluster of latency-associated transcripts down-
stream of K12 encoding open reading frame 71 (ORF71; v-FLIP), ORF72 (v-cyclin), and
ORF73, the latency-associated nuclear antigen (LANA) (5–8). Immunohistochemistry studies
showed that LANA was present in the nuclei of KSHV-infected PEL cells, as well as the vast
majority of spindled tumor cells in KS lesions (7, 9, 10). Anti-LANA antibodies gave a
characteristic punctate staining pattern in the nucleus of latently infected cells, which
became a universal marker for KSHV latency.

A wide variety of endothelial, epithelial, fibroblast, and lymphocyte cells are sus-
ceptible to KSHV infection, resulting in a typical latent infection with restricted gene
expression and accumulation of nuclear LANA (11–14). KSHV infection of endothelial
and fibroblast cells induces an early transient expression of ORF50, the replication
transactivator (RTA), which is the only viral gene that is necessary and sufficient for
KSHV replication (15, 16). This is followed by a brief burst of expression of a subset of
lytic genes with immunomodulatory and apoptotic functions, whose transcripts disap-
pear 8 to 24 h postinfection (17). It has been suggested that the transient expression
of this subset of genes is important for the establishment and maintenance of latency
but does not lead to viral replication, since genes critical for DNA replication, such as
ORF9 (the viral DNA polymerase) and ORF59 (the DNA polymerase processivity factor),
are absent from the RTA-induced transient gene expression burst. The early spike in
RTA induces LANA expression, which then shuts off RTA expression through transcrip-
tional repression of the RTA promoter (13, 18, 19). LANA autoactivates its own pro-
moter, leading to the accumulation of LANA in the nucleus and the establishment of
latency in the infected cell (20).

Very few examples of primary KSHV lytic infections have been observed previously.
Productive lytic infection has been documented in human endothelial cells and human
papillomavirus 16 (HPV16)-immortalized keratinocytes; however, this required high
titers of concentrated recombinant KSHV (21, 22). Primary tonsillar B cells grown in a
lymphoid aggregate culture were also productively infected by KSHV (23). The majority
of KSHV infection studies used chemical inducers such as the phorbol ester tetradec-
anoyl phorbol acetate (TPA) or sodium butyrate, an inhibitor of histone deacetylase, to
reactivate latent KSHV infections and induce lytic replication (24–26). In addition,
overexpression of recombinant KSHV ORF50 RTA has been shown to reactivate latent
KSHV infections in a variety of cell types (27). The switch from latent to lytic replication
after induction is initiated by the immediate-early expression of RTA, which then
activates the entire lytic replication cycle, leading to the expression of a cascade of viral
genes in an ordered progression resulting in the production of infectious virions.

Early on, it was noted that a small percentage of cells in latently infected cultures
expressed markers of lytic KSHV replication. In endothelial cells for example, �1% of
cells expressed ORF59 lytic marker 48 h after de novo infection, indicating “spontane-
ous” reactivation of the lytic program of replication (28). Lytic cycle gene expression,
including ORF59, ORF26 (major capsid protein), and ORF K2 (vIL-6), has also been
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detected in a small percentage of cells in latently infected PEL cell cultures and in KS
tumor lesions (29–32). Because this lytic gene expression is confined to a small
proportion of cells in infected cultures, it has been difficult to determine whether it is
due to an active lytic infection in specific cells or whether this represents an additional
viral transcription program that could be cell type specific or associated with particular
cellular proliferation and/or differentiation states. However, using a model of primary
lytic replication, we have shown a direct correlation between the expression of ORF59,
the induction of the lytic program of replication, and the production of infectious
virions of a primate homolog of KSHV (33). Furthermore, previous studies have shown
that an ORF59 deletion mutant of KSHV is defective in virion production, substantiating
the critical role of ORF59 in the lytic cycle of replication (34).

We have observed that cell lines showing spontaneous reactivation of KSHV after
latent infection, such as HEK293 and Vero cells, have moderate constitutive levels of
cellular transcription factors that can directly activate the RTA promoter (13). This level
of promoter activity is not sufficient to drive RTA-induced lytic gene expression and
viral replication in the majority of infected cells. However, the latently infected cells are
poised to allow reactivation of the viral genome and induction of viral replication, and
small changes in the status of the cell can induce spontaneous reactivation. Treatment
with phorbol esters or sodium butyrate increases the level of cellular transcription
factors activating the RTA promoter, resulting in increased RTA expression and induc-
tion of viral lytic replication. In contrast, cell lines such as the gastric epithelial cell line
(AGS) have minimal constitutive expression of cellular factors that can activate the RTA
promoter, and KSHV-infected AGS cells exhibit a deep latent state, with no evidence of
spontaneous reactivation (13).

Reactivation of lytic replication by cellular differentiation has been studied in oral
epithelial cells infected with the recombinant rKSHV.219 virus, which expresses green
fluorescent protein (GFP) from a constitutive cellular EF-1� promoter during typical
latent infections and red fluorescent protein (RFP) from the lytic cycle PAN promoter
after reactivation (35). Culturing of human oral keratinocytes (HOKs) latently infected
with rKSHV.219 in organotypic raft cultures induced the differentiation of infected cells
at the apical surface of the stratified epithelial layer, as evidenced by increased
expression of the differentiation antigens, involucrin, and keratins 6, 13, 14, and 19. The
differentiation of these epithelial cells induced expression of RFP and the late virion
glycoprotein K8.1, as well as the production of infectious rKSHV.219 at the epithelial
surface (36). In further studies using a submerged direct-plating model of keratinocyte
differentiation, differentiated rKSHV.219-infected primary keratinocytes expressed RFP
after plating in a suprabasal position onto a confluent epithelial cell culture (37). These
studies showed that differentiation and suprabasal positioning in an epithelial layer
were sufficient to activate KSHV lytic replication.

In contrast to the latency observed in KS lesions and PEL tumors, KSHV-associated
MCD lesions show a high percentage of infected cells expressing early-, intermediate-,
and late-stage KSHV proteins, including ORF59, K2 (vIL-6), K8 (K-bZip), K9 (vIRF-1), K10
(vIRF-4), and the K8.1 glycoprotein (30, 31, 38, 39). The elevated expression of KSHV lytic
genes suggests that MCD lesions are sites of lytic replication where differentiation
signals in a unique B cell subset activate the lytic program of KSHV transcription.

In latent KSHV infections, LANA localizes to punctate foci in the nucleus at sites
where LANA tethers viral episomes to host chromatin, ensuring partition of the KSHV
genomes to daughter nuclei during mitosis (40, 41). In addition to episome mainte-
nance, LANA regulates viral and cellular gene transcription (20, 42–45), recruits en-
zymes that affect chromatin remodeling (46–48), promotes cell survival and growth (2,
49–53), and inhibits apoptosis (54, 55). LANA also represses the expression of RTA and
other KSHV lytic genes and inhibits the KSHV replication program (18, 53, 56).

LANA is a large protein with three structural domains (57). The serine-proline-rich N
terminus contains a complex bipartite nuclear localization signal (NLS), which utilizes
both classical and nonclassical pathways for nuclear import (58, 59), a chromatin-
binding motif (60), and domains responsible for interaction with various transcription
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regulators (53, 61). The C-terminal domain is responsible for binding to the terminal
repeats of the KSHV genome and tethering the viral episome to host cell chromatin
(40). This domain also interacts with various cellular proteins that localize to the
nucleus, including p53, pRb, and MeCP2 (54, 62, 63), and nuclear localization is
observed when the LANA is expressed as a truncated C-terminal peptide (59, 64). The
central region of LANA contains several repetitive acidic regions whose heterogeneity
across different KSHV strains results in LANA proteins ranging from 1,003 to 1,162
amino acids in length. Whereas the predicted size of LANA is �100 to 120 kDa, the
protein migrates as a number of different forms in sodium dodecyl sulfate (SDS) gels
with mobilities from 130 to 234 kDa (7, 10). LANA variants have been associated with
noncanonical translation initiation (65), noncanonical polyadenylation (66), and caspase
modification (67).

In early immunohistochemical studies, LANA staining was detected in the cytoplasm
of a subset of cells in MCD lesions (38, 68). Subsequently, isoforms of LANA were
detected in cytoplasmic extracts of KSHV-infected HEK293 and BCBL-1 PEL cells (65, 69).
Induction of BCBL-1 cells with TPA increased the levels of cytoplasmic LANA isoforms
(69), and cytoplasmic forms bound to the innate immune sensor cGMP-AMP synthase
(cGAS) and to components of the MRN (Mre11-Rad50-NBS1) repair complex, suggesting
a role in antagonizing the innate immune response and thus facilitating lytic reactiva-
tion (69, 70). We previously developed ultrasensitive enhancement of fluorescent
labeling for confocal microscopy using tyramide signal amplification (TSA) (71, 72).
During these studies, we observed strong LANA fluorescence in the cytoplasm of
specific cells in different KSHV-infected cultures using a LANA-specific monoclonal
antibody. In the present study, we used TSA-enhanced confocal microscopy and other
techniques to investigate the connection between cytoplasmic LANA isoforms and
KSHV lytic replication. We confirmed the presence of cytoplasmic LANA in lytically
active MCD lesions. In addition, we observed a strong correlation between the expres-
sion of cytoplasmic LANA and nuclear ORF59 after lytic reactivation of KSHV in latently
infected cells, as well as after primary lytic infections of KSHV in differentiated and/or
migrating cells. Subcellular fractionation revealed the presence of multiple LANA
isoforms in the cytosol, and full-length isoforms containing the N-terminal nuclear
localization were detected by mass spectrometry. The presence of full-length isoforms
in the cytosol is suggestive of a regulatory process that can block or enhance nuclear
localization of LANA, thereby altering the cellular distribution of this critical viral protein
during the different lytic and latent programs of KSHV infection.

RESULTS
Cytoplasmic LANA in KSHV-associated MCD lesions. Previously, two different

staining patterns were reported for antibodies to KSHV ORF73 LANA in lymph nodes
from patients with MCD. One pattern was similar to that seen in spindled tumor cells
in KS lesions with the presence of multiple punctate dots in the nucleus. The other
pattern showed diffuse staining in both the cytoplasm and nucleus (38, 68). To confirm
this differential localization, we prepared paraffin-embedded sections from a KS skin
nodule and two MCD lymph nodes for KSHV LANA localization using monoclonal
antibody LN53 (73). In the KS lesion, LN53 specifically localized to nuclei in KS spindle
cells, where the brown diaminobenzidine chromogen formed punctate LANA dots (Fig.
1A, arrowheads). In MCD lesions, the LN53 antibody gave two different staining
patterns. In some cells, LN53 staining was confined to the nucleus with punctate
structures, like the pattern seen in KS lesions (Fig. 1B, arrowheads). In other cells, the
LN53 also localized diffusely throughout the cytoplasm (Fig. 1B, arrows). The cytoplas-
mic staining was confined to individual cells having distinct borders and thus was not
due to nonspecific chromogen diffusion. The cells with cytoplasmic LANA staining
appeared larger with more intense staining than the adjacent cells with nuclear LANA
alone. In most cases, the nuclear distribution of LN53 in cells with cytoplasmic LANA
was not in distinct punctate dots as seen in the smaller cells (Fig. 1B, arrowheads), but
appeared to be distributed throughout the nucleus (Fig. 1B, arrows). The presence of
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cytoplasmic LANA in specific cells in the MCD lesions suggests an activation of latent
KSHV, which results in altered subcellular trafficking of LANA and the potential for
interactions with different cellular components.

LANA differentially localizes to the nucleus and cytosol after de novo KSHV
infection. To investigate the bimodal distribution of LANA, we utilized TSA to enhance
the fluorescent signal obtained from the LN53 antibody in primary cultures of HOKs and
Vero monkey kidney epithelial cells infected with BCBL-1-derived KSHV. Since cellular
differentiation of epithelial cells has been shown to activate KSHV latency (36, 37), HOK
cells were plated in low-calcium medium (0.03 mM) and then shifted to high-calcium
medium (0.15 mM) for 24 h to induce differentiation. Vero cells were chosen since they
are commonly used to titer KSHV infections, and a high percentage of infected cells can
be obtained (71). The cell cultures were infected with gradient-purified BCBL-1-derived
KSHV (1,000 genomes/cell) for 24 h. LANA was localized by confocal immunofluores-
cence microscopy using the LN53 antibody with TSA, as described previously (71). The
position of the nucleus was visualized with the TO-PRO-3 fluorescent stain, which
targets the nuclear DNA. In most infected HOKs (Fig. 2A, arrowhead) and Vero cells (Fig.
2B, arrowhead), LANA fluorescence localized to the nucleus in the characteristic punc-
tate pattern, with a conspicuous absence of LANA fluorescence in TO-PRO-free nucle-
olar spots. In approximately 5% of the cells, however, high levels of LANA fluorescence
localized to the cytoplasmic compartment (Fig. 2, arrows). The punctate nuclear LANA
staining in adjacent cells is more clearly observed in a higher intensity image of Fig. 2A
(see Fig. S1 in the supplemental material). The pattern of LANA fluorescence in the
cytoplasm was not uniformly diffuse but appeared fibrillar, suggesting an interaction
with cytoskeleton components in the cytoplasm. In some cases, perinuclear LANA
staining was observed, in addition to cytoplasmic staining (Fig. 2B, arrow). The accu-
mulation of LANA in the cytoplasm of cells 24 h postinfection (hpi) suggests that
nuclear localization of newly synthesized LANA was blocked or inhibited in specific cells
during the initial stages of infection.

Cells induced to migrate and proliferate preferentially express cytoplasmic
LANA after de novo infection. In the initial infection studies described above, Vero
cells had been cultured in a 16-mm spot for confocal immunofluorescence analysis

FIG 1 Differential localization of nuclear and cytoplasmic LANA in KS and MCD lesions. Paraffin-embedded
tissue sections were prepared for immunohistochemical detection of KSHV LANA protein using anti-LANA
monoclonal antibody LN53. (A) KS lesion. The arrowheads indicate spindle-like tumor cells with punctate
LANA staining in the nucleus. (B) Montage of different cells from two MCD lesions. The arrowheads indicate
small cells with punctate LANA staining in the nucleus, similar to that seen in the KS lesion. The arrows
indicate larger cells with LANA localized to the nucleus and cytoplasm. Scale bar, 20 �m.
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prior to KSHV infection. At 24 hpi, the cultures were stained for LANA using the LN53
antibody with TSA enhancement, and a high percentage of LANA-positive cells was
observed across the entire cell culture. At the spot center where the culture was
confluent, LANA fluorescence localized only to the nucleus, with the punctate pattern
characteristic of a typical latent infection (Fig. 3B, arrowheads). At the culture edge,

FIG 2 Differential localization of nuclear and cytoplasmic LANA in KSHV-infected primary HOK and Vero cell
cultures. (A) Primary HOK cultures induced to differentiate using high calcium (0.15 mM) for 24 h and (B)
Vero monkey kidney epithelial cell cultures were infected with KSHV. At 24 hpi, the cell cultures were fixed
and stained for LANA (green) using the LN53 antibody with TSA enhancement. Cell nuclei were labeled
using TO-PRO-3 (blue). The arrowheads indicate cells with punctate nuclear LANA fluorescence, and the
arrows indicate cells with diffuse LANA fluorescence in the cytoplasm. Scale bar, 20 �m.

FIG 3 Differential localization of nuclear and cytoplasmic LANA in migrating Vero cells. (A and B) Vero
cells plated in a 16-mm “spot” culture were infected with KSHV. At 24 hpi, the cultures were fixed and
stained for LANA (green) and nuclei (blue). (A) Sparse edge of the spot culture, delineated with a dotted
white line. The arrows indicate cells with diffuse LANA fluorescence in the cytoplasm located at the edge
of the cell culture where the cells were expanding into the open area of the plate. The arrowheads
indicate adjacent cells with punctate LANA fluorescence in the nucleus. (B) Center of the confluent spot
culture. The arrowheads indicate examples of cells with punctate nuclear LANA fluorescence. (C)
Confluent Vero cell cultures were scratch-wounded to stimulate cell migration and proliferation. After a
24-h migration period, the cultures were infected with KSHV. At 24 hpi, the cultures were fixed and
stained as described above. The white line marks the edge of the confluent culture following wounding
and represents the start point of cell migration. The arrows indicate cells in the migration area with
diffuse LANA fluorescence in the cytoplasm (marked with a yellow dot in the nucleus). Adjacent cells and
cells in the confluent area had punctate LANA fluorescence in the nucleus. (D) The positions of cells with
cytoplasmic LANA relative to the wound edge are shown without the blue and green channels. Scale
bars: A and B, 20 �m; C and D, 100 �m.
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where cells were expanding onto the cell-free dish surface, we also observed cells with
punctate nuclear LANA (Fig. 3A, arrowhead), but a substantial number of edge cells
showed a diffuse cytoplasmic LANA fluorescence (Fig. 3A, arrows). These findings
indicate that KSHV infection of a high percentage of migrating/proliferating cells at the
spot edge did not result in the typical latency state where LANA would only localize to
specific compartments within the nucleus to block lytic replication and tether the viral
episome to host chromatin.

To further assess the correlation between cell migration and cytoplasmic LANA,
confluent Vero cell cultures were scratch wounded to induce cell proliferation and
migration at the wound edge in order to close the gap prior to establishment of new
cell-cell contacts (74–76). In this procedure, the cell monolayer was scraped with a
sterile pipette tip to form a gap, and the debris was removed by washing. Cells induced
to migrate undergo dramatic morphological alterations, becoming elongated and
highly motile with changes in cell surface signaling and adhesion receptors, polarity,
and metabolism (77). The Vero cell culture was incubated for 24 h after scratching to
allow cell migration and was then infected with KSHV. At 24 hpi, the cell culture was
stained for LANA using the LN53 antibody with TSA enhancement. The approximate
wound edge separating confluent cells from the newly migrated cells is shown (Fig. 3C
and D, white line). The cell density in the confluent region was 53 � 6 per 100 �m2 (n �

10) compared to 28 � 6 �m2 within the subconfluent migration zone (n � 20).
Although only 40% of the confluent cells showed evidence of KSHV infection with
positive LANA staining, 94% of the cells in the migration area were LANA positive (Fig.
3C). The infected cells in the confluent region showed low levels of typical punctate
nuclear LANA staining. In contrast, the cells in the migration area showed high levels
of punctate nuclear LANA staining, with some cells exhibiting strong cytoplasmic LANA
staining (Fig. 3C, arrows). The cells shown in Fig. 3C with cytoplasmic LANA are marked
with a yellow dot and are visualized in Fig. 3D. The LANA staining in the subconfluent
migration region was more than 3-fold stronger than in the confluent region, with 91 �

26 compared to 27 � 15 fluorescent LANA pixels per LANA-positive cell. The morpho-
logical and phenotypic changes in cells induced to migrate may have altered the nature
of the viral infection, possibly upregulating the cellular receptors that facilitate KSHV
entry. However, since the majority (84%) of cells in the migration area did not exhibit
cytoplasmic LANA, it is likely that a second activating event in a subset of the migrating
cells must play a role in the cytoplasmic accumulation of LANA.

The accumulation of cytoplasmic LANA strongly correlates with the induction
of the lytic cycle of replication. To determine whether the induction of migration
could induce a cellular phenotype permissive for KSHV lytic replication, subconfluent
Vero cell cultures were infected with BCBL-1-derived KSHV for 24 h, fixed, and then
sequentially stained for LANA and ORF59, a DNA polymerase processivity factor that
serves as a common marker of KSHV lytic replication. ORF59 is a critical component of
the KSHV replication pathway, where it interacts with the DNA polymerase to replicate
the KSHV genome (78). As seen previously, the majority of the Vero cells showed a
typical latent infection with LANA accumulating in the nucleus in punctate spots, with
no evidence of ORF59 fluorescence (Fig. 4A and B, arrowhead). However, a subset of
infected Vero cells showed distinct accumulation of LANA in the cytoplasm and ORF59
in the nucleus (Fig. 4A and B, arrows). High-resolution analysis of a cell with cytoplasmic
LANA and nuclear ORF59 fluorescence revealed patchy, sometimes fibrillar, concentra-
tions of LANA fluorescence in the cytoplasm, a finding reminiscent of intermediate
filament distributions detected by electron microscopy (79). In contrast, the ORF59
staining in the nucleus appeared globular with distinct lobes, which is consistent with
the localization of ORF59 in replication compartments during lytic reactivation (80).
Cellular DNA (blue) was clearly excluded from these lobes in the periphery of the
nucleus. Thus, the accumulation of cytoplasmic LANA in a subset of cells in subcon-
fluent Vero cultures was highly correlated with ORF59 expression and the lytic repli-
cation pathway.
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To further study this phenomenon, confluent Vero cultures were scratch wounded
as described previously, and cells were allowed to migrate into the open area for 12 h.
The wounded cultures were infected with BCBL-1-derived KSHV and, at 24 hpi, the cells
were fixed and sequentially stained for LANA and ORF59. As seen in Fig. 3C and D, cells
in the confluent region showed a typical latent infection with punctate nuclear LANA
and no visible ORF59 staining (Fig. 4D and E). However, a large number of cells with
cytoplasmic LANA and nuclear ORF59 fluorescence (Fig. 4D and E, arrows) were
observed in the migration region. Previous studies showed that ORF59 is not expressed
during a typical latent infection (17) but accumulates in the nuclei of KSHV-infected
cells that are induced to replicate KSHV after chemical reactivation (81). Therefore, the
nuclear accumulation of ORF59 24 h after infection without artificial induction is
indicative of a permissive KSHV infection with the induction of the lytic cycle of
replication in a subset of Vero cells induced to migrate. The presence of cytoplasmic
LANA suggests that blocking the transport of LANA to its typical nuclear compartments
and the accumulation of LANA in the cytoplasm with specific interactions with com-
ponents, such as the cytoskeleton, could be an integral process in KSHV lytic replication.

Since treatment of cultures undergoing long-term latent KSHV infections with
chemical inducers activates the program of lytic replication in a percentage of infected
cells, we determined whether reactivation could induce the expression of cytoplasmic
LANA. Naturally infected BCBL-1 cells carrying a long-term latent KSHV infection were
treated with 20 nM TPA to induce reactivation. After 12 h, the cells were fixed and

FIG 4 Cytoplasmic LANA correlates with the lytic cycle marker ORF59 after primary KSHV infection. (A to
C) Subconfluent Vero cell cultures were infected with KSHV and fixed at 24 hpi. Cells were sequentially
stained with mouse anti-ORF59 (red) and rat anti-LANA (LN53) (green) using TSA enhancement, as
described in Materials and Methods. The cell nuclei were stained with TO-PRO-3 (blue). (A) Overlay of
ORF59, LANA, and TO-PRO-3 fluorescence (red, green, and blue channels). The arrows point to cells with
cytoplasmic LANA. All cells with cytoplasmic LANA also expressed nuclear ORF 59. (B) ORF59 fluorescence
in panel A (red channel alone). (C) High-resolution image showing both nuclear ORF59 and cytoplasmic
LANA fluorescence. (D and E) Confluent Vero cultures were scratch wounded, and cells on the edge of
the wound migrated into the open space for 24 h. Cell cultures were infected with KSHV for 24 h, fixed,
and sequentially stained for ORF59 and LANA, as described above. (D) Overlay of ORF59, LANA, and
TO-PRO-3 fluorescence (red, green, and blue channels). The arrows point to cells with nuclear ORF59
and cytoplasmic LANA fluorescence in the cell migration area. (E) Overlay of ORF59 and TO-PRO-3
fluorescence (red and blue channels). The arrows point to cells with nuclear ORF59 fluorescence. The
line demarcating the confluent and cell migration regions is shown. Scale bars: A and B, 20 �m; C
and D, 50 �m.
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sequentially stained for LANA and ORF59. At this time point, the majority of cells still
showed typical KSHV latency with punctate LANA localized to the nucleus (Fig. 5,
arrowhead). However, numerous cells showed evidence of both ORF59 staining in the
nucleus and LANA staining in the cytoplasm (Fig. 5, arrows). A fluorescence profile was
obtained across a cell in panel A with both nuclear ORF59 and cytoplasmic LANA
staining. Although the red ORF59 and blue TO-PRO-3 fluorescence were limited to the
cell nucleus, high levels of green LANA staining were detected in the cell cytoplasm
(Fig. 5B [red � ORF59, blue � TO-PRO-3, and green � LANA]). Only low levels of LANA
were observed in the region of the nucleus.

The program of lytic replication has also been observed in a small percentage of
latently infected endothelial cell cultures. In these cells, nuclear ORF59 expression is
detected, indicative of a “spontaneous reactivation” of the latent KSHV genome (28). To
determine whether cytoplasmic LANA expression is observed in cells undergoing
spontaneous reactivation, we examined KSHV infection of E6/E7 human papillomavirus-
immortalized dermal microvascular endothelial cells (DMVECs), since these cells main-
tain the KSHV genome for extended periods (82). In these cultures, ORF59 expression
was initially detected in a low percentage (�1%) of infected cells, but this increased
with time up to 5% at 8 weeks postinfection (82). Electron microscopy analysis detected
herpesvirus-like structures within the nuclei and cytoplasmic cisternae, indicating that

FIG 5 Cytoplasmic LANA correlates with ORF59 expression after reactivation of latent KSHV infections. (A) BCBL-1
cells carrying a long-term latent KSHV infection were treated with TPA (20 ng/ml) for 48 h to reactivate KSHV. The
cells were fixed and sequentially stained for ORF59, LANA, and cell nuclei, as in Fig. 4. Cells with nuclear ORF59 and
cytoplasmic LANA fluorescence (arrows) or punctate nuclear LANA fluorescence (arrowheads) are indicated. (B)
Profile of the fluorescence staining across a BCBL-1 cell with cytoplasmic LANA (green-Ch3) and nuclear ORF59
(red-Ch2) in panel A, as well as TO-PRO-3 staining of DNA (blue-Ch1). Scale bars, 20 �m. (C) HPV-immortalized
DMVEC cells were infected with KSHV and cultured for 35 days. The cells were fixed and stained sequentially for
ORF59 (green) and LANA (orange). The ORF59 and LANA fluorescence are overlaid on a phase-contrast image. The
cell with nuclear ORF59 (large arrow, green) also expressed cytoplasmic LANA (small arrow, orange). Punctate LANA
and ORF59 fluorescence colocalized (yellow) in the nucleus of this cell. Punctate LANA fluorescence was observed
alone in cells lacking ORF59 fluorescence (arrowheads).
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the ORF59-positive cells were productively infected (82). At 35 days postinfection, the
KSHV-infected DMVECs were sequentially stained for both LANA (orange) and ORF59
(green). Most infected cells showed punctate nuclear LANA staining, consistent with a
latent infection (Fig. 5C, arrowhead). However, ORF59-positive cells with distinct LANA
staining in the cytoplasm were also observed (Fig. 5C, large arrow), typically with a
spindled morphology (small arrow).

Previous studies have shown that in vitro differentiation of latently infected epithe-
lial cells activates the program of lytic KSHV replication (36, 37). To study the effects of
differentiation on the expression of cytoplasmic LANA, primary HOK cell cultures were
prepared from gingival biopsy specimens, as described previously (83). The cells were
initially grown in low-calcium medium (0.03 mM) and then induced to differentiate in
high-calcium medium (0.15 mM) (84, 85). As observed previously, the cultures grew to
high density with multiple cell types that were morphologically different (86, 87).
Approximately 70% of the cells were small with a diameter of �23 �m, while the
remainder were noticeably larger (�65 �m in diameter) often forming an apical layer
(Fig. 6A, asterisk). These larger cells have been shown previously to be differentiated,
with expression of differentiation markers, including keratins K1, and K10, involucrin,
profilaggrin, and keratinocyte transglutaminase (86–88). The primary HOK cultures were
infected with BCBL-1-derived KSHV, fixed at 24 hpi, and sequentially stained for ORF59
and LANA. An xy projection revealed that the majority of the small cells were latently
infected, showing punctate LANA spots in the nucleus with no evidence of ORF59
expression (Fig. 6B, arrowheads). In contrast, cells with the larger size (� 5%) showed
high levels of nuclear ORF59 and cytoplasmic LANA expression, indicating that the
large cells were permissive for KSHV lytic replication (Fig. 6B, arrow). The intensity of the
green LANA fluorescence channel was decreased to not overexpose the cytoplasmic
LANA fluorescence. This diminished the intensity of the punctate LANA fluorescence in
the nucleus. The punctate nuclear LANA staining in small epithelial cells is more clearly
observed in images made using higher-intensity green LANA fluorescence (see Fig. S1
in the supplemental material). An xz projection revealed that the smaller latently

FIG 6 Cytoplasmic LANA correlates with ORF59 expression after primary infection of differentiated gingival
epithelial cells. (A) Primary HOK cultures were induced to differentiate using high calcium (0.15 mM) for
24 h. Cell nuclei were labeled with TO-PRO-3 (blue). The cell borders are indicated with dotted lines
distinguishing large-diameter cells (40 to 70 �m), which have been previously shown to express markers
of keratinocyte differentiation (labeled with an asterisk) (87) and small cells (15 to 25 �m) showing an
undifferentiated phenotype (unlabeled). (B and C) A differentiated HOK culture was infected with KSHV and,
at 24 hpi, the culture was fixed and sequentially stained for ORF59, LANA, and cell nuclei, as described in
Fig. 4. Panel B shows an xy projection. The arrow identifies a cell with diffuse LANA fluorescence (green) in
the cytoplasm and ORF59 fluorescence (red) in the nucleus. The arrowheads indicate cells with punctate
LANA fluorescence in the nuclei lacking ORF59 fluorescence. Panel C is an xz projection showing that the
cell with both ORF59 and cytoplasmic LANA fluorescence has migrated onto a basal layer of cells exhibiting
punctate nuclear LANA fluorescence. Scale bars, 20 �m.
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infected cells adhered to the dish surface, forming a basal layer of cells, while the larger
cells with nuclear ORF59 and cytoplasmic LANA expression were located in an apical
position on top of the basal layer (Fig. 6C). These results suggest that the increased
calcium levels induced epithelial differentiation, leading to an increase in cell size and
migration to the apical surface. The differentiated cells showed a cellular phenotype
that was permissive for a lytic KSHV infection, resulting in expression of the ORF59 lytic
marker and accumulation of LANA in the cytoplasm.

Overexpression of ORF50/RTA in KSHV-infected Vero cells induces the expres-
sion of cytoplasmic LANA and nuclear ORF59. High levels of KSHV replication can be
achieved in vitro by overexpressing the viral replication and transactivator (RTA),
encoded by ORF50, which is the only viral gene necessary to initiate virus replication
(15, 16). To examine the direct effect of RTA on the expression of cytoplasmic LANA,
near-confluent cultures of Vero cells were initially infected with BCBL-1-derived KSHV.
At 24 hpi, the cultures were mock infected or superinfected with a baculovirus
engineered to express KSHV ORF50/RTA (BacK50) (35). After 12 h, the cultures were
fixed and sequentially stained for ORF59 and LANA, as described above. Quantitation
of the stained cells is shown in Fig. 7E. Regardless of ORF50 expression, KSHV infection
of Vero cells was extremely efficient, with �95% of the cells expressing LANA (Fig. 7B
and D, green). In the absence of BacK50, approximately 3.4% of the infected cells
expressed ORF59 in the nucleus, indicative of a primary KSHV infection (Fig. 7A, red),
and all the ORF59-positive cells showed distinct expression of cytoplasmic LANA (Fig.
7B, green). The ORF59-positive nuclei were rendered as red spheres to more clearly
indicate these cells in the background of LANA fluorescence. In the presence of BacK50,
35.6% of the KSHV-infected Vero cells were ORF59 positive, indicating that a high-level
reactivation of lytic replication was induced by ectopic expression of RTA (Fig. 7C). In
all cases, the ORF59-positive cells showed distinct expression of cytoplasmic LANA (Fig.
7D). Occasionally, cells expressing cytoplasmic LANA were observed with no detectable
ORF59 expression (Fig. 7B and D, arrowhead). The latter observation suggests that
expression of cytoplasmic LANA precedes the nuclear accumulation of ORF59 during
activation of the program of lytic replication.

ORF50/RTA is not sufficient to induce cytoplasmic LANA expression and KSHV
replication. We have previously shown that KSHV infection of a gastric epithelial cell
line (AGS) results in a basal state of KSHV latency, in which no ORF59-positive spon-
taneous reactivation is observed (13). This basal state of latency correlates with the
absence of active cellular factors, such as SP1, which are necessary for the activation of
the ORF50/RTA promoter. Sodium butyrate treatment of AGS cells increases the level of
cellular factors responsible for OR50 promoter activity up to the constitutive level seen
in Vero and HEK293 cells, but this is not sufficient to induce KSHV replication, in either
case (13). AGS cells were infected with the recombinant KSHV strain, rKSHV.219,
carrying the puromycin resistance gene (35), and virus-harboring AGS cells were
selected using puromycin to establish a high-titer KSHV-infected AGS.219 cell line. A
culture of stably infected cells was stained to detect LANA, ORF59, and ORF50/RTA
using specific antibodies. Strong expression of LANA with the characteristic punctate
pattern was detected in the nuclei of AGS.219 (Fig. 8A); no cytoplasmic LANA was
observed, nor did cells express either ORF59 (Fig. 8B) or ORF50 (Fig. 8C). This confirms
our previous studies on primary KSHV infection of parental AGS cells and is consistent
with a basal state of latency in this cell type (13). Unlike Vero cells (Fig. 7D), when
AGS.219 cells were subjected to lytic reactivation protocols (either sodium butyrate
treatment or BacK50 transduction) and stained as described above, only punctate
nuclear LANA was observed (Fig. 8D and G). Sodium butyrate treatment of AGS.219
cells failed to induce the expression of either ORF59 or ORF50 (Fig. 8E and F).
Interestingly, overexpression of ORF50 also failed to induce the expression of ORF59
(Fig. 8H), even though a significant number of superinfected cells expressed high levels
of recombinant ORF50 protein (Fig. 8I, arrows). These studies clearly show that KSHV
infection of AGS cells is nonpermissive, resulting in a basal latency state that is not
responsive to induction by sodium butyrate or ORF50/RTA overexpression. This basal
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latency state is associated with the absence of cellular transcription factors, such as SP1,
that are required for KSHV ORF50/RTA promoter activity (13). In the absence of these
cellular factors, neither sodium butyrate nor ORF50/RTA can activate the program of
KSHV lytic replication or induce the expression of cytoplasmic LANA.

Detergent extraction of cytoplasmic LANA. To further analyze the cytoplasmic
and nuclear forms of LANA, Vero cells infected with BCBL-derived KSHV and activated
with BacK50 were left untreated or treated with 0.1% NP-40 prior to fixation to extract
cytoplasmic proteins. In untreated cultures, cells exhibiting either punctate nuclear
(arrow) or cytoplasmic (arrowhead) forms of LANA were observed (Fig. 9A), as shown

FIG 7 Overexpression of ORF50 RTA in KSHV-infected Vero cells induces cytoplasmic LANA and ORF59
expression. Vero cells were infected with KSHV for 24 h and then were either mock infected (A and B)
or superinfected with BacK50 recombinant baculovirus expressing the KSHV ORF50 RTA (6 h) to activate
KSHV replication (C and D); the cells were then cultured for an additional 24 h. The cells were fixed and
sequentially stained for ORF59, LANA, and cell nuclei, as described in Fig. 4. Panels A and C show the
TO-PRO-3 (blue) and ORF59 (red) fluorescence; panels B and D show the TO-PRO-3 (blue) and LANA
(green) fluorescence, with the ORF59-positive nuclei rendered as red spheres. The arrowheads indicate
cells with cytoplasmic LANA fluorescence and no ORF59 fluorescence. (E) Cell populations expressing
cytoplasmic LANA and nuclear ORF59 were quantitated (number of cells analyzed � 375 [KSHV] and 339
[KSHV�BacK50]). Scale bar, 50 �m.
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previously. The cells with cytoplasmic LANA also expressed nuclear ORF59 (Fig. 9B and
C, arrowhead), while cells with punctate nuclear LANA did not (Fig. 9B and C, arrow).
After NP-40 treatment, punctate LANA was still detected in the nucleus of ORF59-
negative cells (Fig. 9D to F, arrow). However, in ORF59-positive cells, the cytoplasmic
LANA was removed by NP-40 extraction (Fig. 9D to F, arrowhead). These cells still had
LANA staining in the nucleus, but this was diffuse rather than punctate (Fig. 9D,
arrowhead).

FIG 8 ORF50 RTA or sodium butyrate fails to induce cytoplasmic LANA or ORF59 expression in AGS.219
gastric epithelial cells latently infected with KSHV. The AGS.219 cell line latently infected with recombi-
nant KSHV.219 was either left untreated (A to C) or activated with sodium butyrate (D to F) or BacK50
(G to I) for 6 h. The cells were cultured for an additional 24 h, fixed, and incubated with antibodies to
LANA (A, D, and G), ORF59 (B, E, and H), or ORF50 (C, F, and I), followed by TSA enhancement. High levels
of punctate, nuclear LANA were detected in both untreated (A) and activated (D and G) cells, but no
cytoplasmic LANA was observed. No ORF59 or ORF50 fluorescence was detected in the untreated
cultures (B and C, respectively) or the butyrate-activated cultures (E and F, respectively). The BacK50-
treated cultured showed ORF50 fluorescence (I) but no ORF59 fluorescence (H). Scale bar, 20 �m.

FIG 9 Cytoplasmic LANA is sensitive to mild detergent extraction. Vero cells were infected with KSHV and
induced to lytically replicate by superinfection with BacK50 as in Fig. 7 and were either left untreated (A
to C) or briefly treated with 0.1% NP-40 (D to F), or the ProteoExtract fraction I extraction buffer (G to I)
to solubilize cytoplasmic proteins. The cells were fixed and sequentially stained for LANA, ORF59, and cell
nuclei, as in Fig. 4. In the untreated culture (A to C), the arrowheads indicate one of many cells with
cytoplasmic LANA (A) and nuclear ORF59 fluorescence (B), merged in panel C. The arrow indicates one
of many cells with punctate nuclear LANA (A) and no ORF59 fluorescence (B). After extraction with 0.1%
NP-40 or fraction I buffer, the arrowhead indicates one of many cells, in which cytoplasmic LANA was
removed (D and G), yet the nuclear ORF59 and LANA remain (E and H; merged in panels F and I). The
arrows indicate cells with punctate nuclear LANA (D and G) or no nuclear ORF59 (E and H). Scale bar,
50 �m.
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KSHV/BacK50-infected Vero cells were subsequently extracted with a validated
cytoplasmic extraction buffer (ProteoExtract subcellular proteome extraction kit, frac-
tion I [Calbiochem]). Similar to 0.1% NP-40 extraction, the fraction I buffer removed the
cytoplasmic LANA from the ORF59-positive cells (Fig. 9G to I, arrowhead) but did not
alter the punctate nuclear LANA in the ORF59-negative cells (Fig. 9G to I, arrow). Neither
buffer extracted nuclear ORF59 (Fig. 9E and H). After extraction, only nuclear LANA was
detected in ORF59-positive cells, and this was confined to the nuclear regions contain-
ing ORF59 (Fig. 8F and I, arrowhead). A comparison of the intensity of LANA fluores-
cence revealed a significantly higher level of nuclear LANA in the ORF59-positive cells
lytically reactivated by BacK50 (Fig. 9D and G, arrowhead) compared to the unactivated
cells harboring a latent infection (Fig. 9D and G, arrow).

Subcellular fractionation of LANA isoforms. Techniques to isolate proteins in
different subcellular fractions have been previously developed (89, 90) and commer-
cialized (ProteoExtract subcellular proteome extraction kit). The fractionation protocol
utilizes different detergents and salt concentrations to produce a fraction I (�35% of
total protein) enriched in cytosolic markers, a fraction II (�50% of total protein)
enriched in markers for membrane and organelle proteins, a fraction III (�5% of total
protein) enriched in nuclear proteins, and a fraction IV (�7 to 10% of total protein)
enriched in intermediate filaments, actin, cytoskeleton-associating proteins (89, 90).
Vero cells were infected with BCBL-derived KSHV for 24 h and then superinfected with
BacK50 expressing recombinant ORF50 for 12 h to induce lytic replication. Infected
cultures were then sequentially extracted using the ProteoExtract kit to generate the
four different extraction fractions described above. Equivalent amounts of the different
fractions were analyzed by Western blotting for the presence of LANA isoforms reacting
with the LN53 anti-LANA antibody that targets the internal repeat regions. In cytoplas-
mic fraction I, four distinct LANA isoforms were detected that migrated with relative
molecular masses of 118, 155, 195, and 214 kDa (Fig. 10A); the 118- and 195-kDa bands
were the predominant species. Minimal LANA-reactive proteins were detected in the
subsequent membrane/organelle fraction II. In nuclear fraction III and cytoskeletal
fraction IV, a major LANA isoform migrating with a relative molecular mass of 118 kDa
was detected.

For comparison, the four extracted fractions were analyzed by Western blotting
using an antibody for lamin �1, a nuclear protein, which localizes next to the inner
nuclear membrane. The major form of lamin �1 (�70 kDa) was clearly detected in the
cytoskeletal fraction IV (asterisk), with multiple minor isoforms in nuclear fraction III (Fig.
10C). No lamin �1 was detected in cytosolic fraction I or the subsequent membrane/
organelle fraction II, showing the specificity of the fractionation protocol. In addition,
the KSHV-infected AGS.219 cell line was superinfected with BacK50 for 12 h, as

FIG 10 LANA isoforms migrating with high and low relative molecular masses are isolated from the
cytosolic fraction of KSHV-infected Vero cells treated with BacK50. Vero cells undergoing a primary KSHV
infection (24 hpi) (A to C) and puromycin-selected AGS.219 cells undergoing a long-term latent infection
(D) were superinfected with BacK50, as described in Fig. 7. The ProteoExtract fractionation system was
used to purify subcellular fractions from the cytosol (lanes I), membrane/organelles (lanes II), nucleus
(lanes III), and cytoskeleton (lanes IV) of the infected cells. These fractions were screened by Western
blotting for LANA isoforms (A and D) and nuclear lamin �1 (C), as described in Materials and Methods.
Dots indicate multiple LANA isoforms ranging from 118- to 230-kDa relative molecular masses in the
cytosol fraction I of the induced Vero cells (A) and in the nuclear and cytoskeleton fractions III and IV of
the latent AGS.219 cells (D). An asterisk indicates nuclear lamin �1 isoforms in the nuclear and
cytoskeleton fractions III and IV of the induced Vero cells (C). (B) Proteins in the cytosol fraction I of the
infected Vero cells were further purified on a LANA affinity column for mass spectrometry analysis and
screened by Western blotting for LANA isoforms. M, molecular mass standards.
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described in Fig. 8, and sequentially extracted with the ProteoExtract kit. Equivalent
amounts of the different fractions were then analyzed by Western blotting for the
presence of LANA isoforms. In cytoplasmic fraction I, a single minor isoform migrating
with a relative molecular mass of 118 kDa was detected (Fig. 10D). No LANA was
detected in the organelle/membrane fraction II. Major isoforms migrating with relative
molecular masses of 100 to 214 kDa were detected in nuclear fraction III, whereas
smaller amounts of these isoforms were detected in cytoskeletal fraction IV. In order to
detect LANA isoforms in the AGS.219 cytoplasm, the relative amount of extract loaded
was increased substantially compared to the Vero cells. Thus, the fraction III lane, which
contained the vast majority of the AGS.219 LANA isoforms, was overloaded. Overall, the
fractionation analysis demonstrated that the vast majority of LANA in the BacK50-
treated AGS.219 cells was nuclear.

Purification and mass spectrometry analysis of cytoplasmic LANA. Depending
on the KSHV strain, the LANA sequence encoded by ORF73 contains 1,003 to 1,162
amino acids, with predicted molecular masses ranging from 103 to 130 kDa, due to the
variable presence of repeats in the central portion of the protein (91). However,
SDS-PAGE analysis has consistently shown multiple isoforms within the same strain,
with higher relative molecular masses of 130 to 250 kDa (7, 10). Originally, the different
isoforms were thought to have different molecular masses due to posttranslational
modification or proteolytic cleavage, and the higher-than-expected relative molecular
masses were believed to be due to aberrant migration in SDS gels of the highly
negatively charged stretch of amino acids in the internal repeat region. Subsequently,
it was suggested that the decreased sizes of the different LANA isoforms were due to
internal ribosome initiation, which generated N-terminally truncated LANA isoforms
lacking the NLS, and recombinant LANA isoforms with truncated N termini were shown
to accumulate in the cytosol (65).

To characterize the cytoplasmic LANA isoforms detected in KSHV-infected, BacK50-
induced Vero cells, we prepared a large quantity of infected and induced Vero cell
cultures and used the fraction I buffer of the ProteoExtract kit to obtain a cytoplasmic
fraction, as described above. The LANA isoforms were purified on an anti-LANA affinity
column, as described in Materials and Methods. Western blot analysis of the purified
cytosolic material showed a high level of each of the four LANA isoforms (Fig. 10B),
equivalent to that seen in the original extract (Fig. 10A). The purified extract was
electrophoresed in a preparative SDS gel and the LANA isoforms were excised in two
fractions (Fig. 11A, regions 1 and 2), and submitted for mass spectrometry analysis.
Region 1 contained the slowest-migrating LANA isoforms, with relative molecular
masses of 155, 195, and 214 kDa, while region 2 contained the fastest-migrating LANA
isoform with a relative molecular mass of 118 kDa. Due to the low abundance of the
155- and 214-kDa species, it was not possible to isolate or analyze them separately.
Figure 11B shows a schematic of the structure of the 1,117-amino-acid LANA produced
by the BCBL-1 KSHV strain used for infection and the position of peptides detected by
mass spectrometry analysis.

In gel region 1, containing the slowest-migrating cytoplasmic LANA isoform, pep-
tides were detected by mass spectrometry across the complete full-length LANA
sequence (Fig. 11B and C). The relative number of each detected peptide was similar,
ranging from 1 to 5. The N-terminal peptide Am (amino acids 10 to 20), immediately
upstream of the bipartite NLS (58), was detected with methylation of arginine, Arg12
(Fig. 11B and C). In addition, N-terminal peptides B (amino acids 33 to 44) and C (amino
acids 47 to 55) within and flanking the NLS were detected, as was the C-terminal
peptide M (amino acids 1096 to 1117). These results indicate that the cytoplasmic LANA
isoforms in this region of the gel were full length and contained the bipartite NLS
domain. Additional peptides were detected in the N-terminal and C-terminal regions of
LANA, confirming this conclusion (Fig. 11B and C), although the coverage across the
entire protein was low. A number of other modified peptides from the N-terminal,
central repeat, and C-terminal regions were detected containing methylation of argi-
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nines (peptides Gm, Km, and Mmp) and lysines (peptides F=m and F�m) (Fig. 11C).
Peptides Gm and Km had methylated arginines in the “epq” domain of the large central
repeat region, the only repeat region containing positively charged residues (Fig. 11B).
The N-terminal peptide Dp was phosphorylated on serines (Ser186 and Ser187), while
the C-terminal peptide Mmp was phosphorylated on threonine Thr960 in addition to
methylation on Arg956.

In gel region 2, two instances of peptide Amp, located upstream of the bipartite NLS,
were detected with methylation of arginines Arg12 and Arg20 and phosphorylation of

FIG 11 Full-length LANA isoforms containing the N-terminal NLS motif are identified in the cytosolic fraction of BacK50-
induced KSHV-infected Vero cells. (A) The LANA affinity-purified proteins from the cytosol fraction I of the BacK50-induced,
KSHV-infected Vero cells (Fig. 10B) were separated by SDS-gel electrophoresis, and gel regions 1 and 2 containing the different
LANA isoforms were analyzed separately by mass spectrometry. (B) A schematic of the BCBL-1 LANA structure (1,117 aa) is
shown with N-terminal domain containing the major bipartite NLS (58) and the C-terminal domain separated by a large region
of different repeated motifs. The trypsin peptides identified by mass spectrometry in the gel regions 1 and 2 are labeled A-U
and are mapped onto the structure. Peptide derivatives are labeled with a prime designation (=) and peptides with
modifications are indicated with superscript letter (m, methylation; p, phosphorylation). The number of peptide spectrum
matches identified in multiple spectrometry analyses is shown below each peptide. No peptides were detected in the “edd,”
“deqq,” and “eqel” repeat regions, which lack obvious trypsin cleavage sites. (C) The positions and sequences of the peptides
matching the ORF73 LANA sequence in the BCBL-1 strain of KSHV (NCBI accession no. ADQ57959) used for infection are shown,
with the positions of modified amino acids. The confidence level of the spectral calls is indicated (H, high; M, medium; L, low).
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serines Ser10 and Ser13 (Fig. 11B and C). Methylation of Arg20 has been previously
detected in recombinant LANA overexpressed in 293T cells directed by protein arginine
methyltransferase 1 (92). Peptide Fm, containing methylated lysines Lys295 and Lys298,
was also detected in the N-terminal region. Additional peptides derived from the “epq”
repeat region (peptides G, H, I, and J) and the C-terminal domain (peptides L, N, Q, R,
and T) were detected. The C-terminal domain also showed a number of peptides
containing phosphorylation of serine and threonine (peptides Mmp, Q/Rp, and R=p) and
methylation of arginine (peptides Mmp and Om). Interestingly, more methylated argi-
nine and lysine residues were detected in the slower migrating LANA isoforms in gel
region 1 (7 versus 5), while more phosphorylated serine and threonine residues were
detected in the faster-migrating isoform in gel region 2 (8 versus 3) (see Fig. S2 in the
supplemental material). In summary, our analysis revealed the presence of full-length
LANA isoforms in the cytoplasm of Vero cells induced to lytically replicate by BacK50
activation after de novo KSHV infection with posttranslational modifications that could
explain differential migration in SDS gels.

DISCUSSION

The accumulation of punctate forms of LANA in the nuclei of KSHV-infected cells is
considered to be the general marker of KSHV latency due to its ubiquitous presence in
latently infected cells and its functional interactions, which include tethering the KSHV
episome to host cell chromatin and blocking expression of the ORF50/RTA protein that
is necessary for lytic viral replication. In our study, we demonstrate that LANA isoforms
also accumulate in the cytoplasm of KSHV-infected cells that are induced to undergo
lytic replication. We have used highly sensitive tyramide signal amplification (TSA) to
demonstrate the presence of LANA in the cytoplasm of different cell types using
anti-LANA monoclonal antibodies and confocal immunofluorescence microscopy. Al-
though cells latently infected with KSHV and lacking expression of the lytic marker
ORF59 exhibit punctate LANA fluorescence in the cell nuclei, infected cells undergoing
lytic reactivation by various methods show high levels of nuclear ORF59 expression and
high levels of cytoplasmic LANA expression. Since ORF59 expression is highly correlated
with viral replication (33, 81, 82), cytoplasmic LANA may play a critical role in estab-
lishing an environment conducive to production and transmission of infectious KSHV
virions.

We have observed the coexpression of cytoplasmic LANA and nuclear ORF59 during
spontaneous reactivation of lytic replication in long-term latently infected endothelial
cells, TPA-activation of lytic replication in long-term latently infected PEL cells, and
de novo primary lytic infections of both Vero cells induced to migrate and HOK
cell cultures induced to differentiate. These phenotypes were observed in cells
infected with two strains of KSHV: BCBL-1-derived wild-type virus and recombinant
rKSHV.219. We have also confirmed previous reports of cytoplasmic LANA expres-
sion in immunoblast-like cells in KSHV-associated MCD lesions (38, 68). MCD lesions
have a strong lytic character with a high percentage of infected cells expressing early-,
intermediate-, and late-stage KSHV proteins, including ORF59, K2 (vIL-6), K8 (K-bZip), K9
(vIRF-1), K10 (vIRF-4), and the K8.1 glycoprotein (30, 31, 38, 39), thus further correlating
cytoplasmic LANA expression and KSHV lytic replication. We attempted to show
colocalization of nuclear ORF59 and cytoplasmic LANA in MCD lesions but were
unsuccessful in developing techniques for simultaneous retrieval of both LANA and
ORF59 antigens in paraffin-embedded MCD lesions. Nevertheless, the strong correla-
tion we observed between cytoplasmic LANA and nuclear ORF59 expression in cultured
cells in vitro strongly suggests that the MCD cells expressing lytic antigens also express
cytoplasmic LANA.

Cytoplasmic LANA has been reported previously in KSHV-infected BCBL-1 and BC-1
PEL cells (65). In this study by Toptan et al., a clustering of small fluorescent LANA dots
was detected in the perinuclear space adjacent to one side of abnormally shaped
nuclei. Nuclear and cytoplasmic subcellular fractions prepared from BC-1 cells were
probed by Western blotting using an antibody recognizing the internal repeat domain
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of LANA and an antibody recognizing the N-terminal peptide of LANA (aa 33 to 50).
Multiple LANA isoforms with different electrophoretic mobilities were detected in total,
nuclear, and cytoplasmic extracts using the internal repeat antibody. Similar isoform
patterns were observed in the cytoplasmic and nuclear fractions, with the majority of
the different isoforms present in the nuclear fraction. No changes in LANA isoforms
were observed after TPA-induction of BC-1 cells. Accurate size estimates for these
isoforms were not possible looking at the published gels, but blotting with the
N-terminal antibody revealed the presence of the LANA isoform with the highest
relative molecular weight in the cytoplasmic fraction. Using truncated recombinant
LANA constructs the study explored the possibility that the different electropho-
retic mobilities of the LANA isoforms were due to noncanonical translation initiation
with the production of truncated proteins lacking the N-terminal region that
contains the NLS.

A subsequent study by Zhang et al. followed up on the analysis of cytoplasmic forms
of LANA using similar methods (69). Multiple LANA isoforms with electrophoretic
mobilities ranging from �110 to 230 kDa were detected in BCBL-1 cells. Similar to the
Toptan study, all of the isoforms were detected in both cytoplasmic and nuclear
fractions, and the majority of the different isoforms were present in the nuclear fraction.
Coimmunoprecipitation studies revealed an interaction between cytoplasmic forms of
LANA and cGMP-AMP synthase (cGAS), a cytoplasmic DNA sensor, which plays an
important role in the host innate immune response through the beta interferon (IFN-�)
pathway (93, 94). When BCBL-1 cells were treated with TPA, an increase in all of the
LANA isoforms in the cytoplasm was observed, including those with the highest relative
molecular weight, suggesting that cytoplasmic isoforms of LANA could facilitate lytic
replication by antagonizing cGAS (69). More recently, using immunoprecipitation,
cytoplasmic isoforms of LANA were found to bind to Rad50, Mre11, and NBS1, com-
ponents of the MRN complex, which also functions to sense foreign DNA in the
cytoplasm (70). The MRN complex activates the NF-�B pathway in response to cyto-
plasmic DNA, and cytoplasmic isoforms of LANA antagonize NF-�B activation and
NF-�B-dependent suppression of the KSHV lytic cycle.

In our study, BacK50 induction of lytic replication in Vero cells undergoing a primary
KSHV infection induced a high level of four major LANA isoforms in the cytoplasm.
These cytoplasmic LANA isoforms migrated with relative molecular masses of ca. 118,
155, 195, and 214 kDa and appeared to be newly synthesized, accumulating in the
cytoplasm during the 12-h BacK50 activation period. The 118-kDa LANA isoform was
the only major isoform detected in the nucleus of these cells. We demonstrated the
specificity of the selective ProteoExtract extraction protocol using antibodies to nuclear
lamin-�1, which was not detected in the cytoplasmic fraction. In the BacK50-treated
AGS.219 cells, the same four LANA isoforms were detected; however, the vast majority
of these isoforms were detected in the nuclear fraction. Although we did not observe
cytoplasmic LANA fluorescence in the BacK50-treated AGS.219 cells by confocal mi-
croscopy, small amounts of the 118-kDa LANA isoform were detected in the cytoplas-
mic fraction by Western blotting by overloading the SDS-PAGE gel. Our study utilized
an immunoprecipitation step to purify cytoplasmic forms of LANA for mass spectrom-
etry analysis, which was similar to that used by Mariggio et al. examining the cytoplas-
mic LANA interactions with the MRN complex (70). Our mass spectrometry analysis
revealed the presence of other proteins coprecipitating with cytoplasmic LANA, which
migrated at the same position as LANA in the gel regions that were analyzed. High
levels of Rad50 peptides with posttranscriptional modifications, including methylation,
phosphorylation, and glycosylation, were detected in gel region 1, suggesting that
Rad50 (�150 kDa) coimmunoprecipitated with cytoplasmic LANA (data not shown).

To obtain sufficient amounts of cytoplasmic LANA to analyze by mass spectrometry,
Vero cells were used due to their high reactivation efficiency (95). LANA isoforms were
extracted and purified by affinity chromatography using the LN53 monoclonal antibody
and preparative gel electrophoresis. Two regions of the gel containing the LANA
isoforms were analyzed separately by mass spectrometry. This analysis revealed pep-
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tides mapping to the N-terminal and C-terminal domains in both gel regions, suggest-
ing that the 118-, 155-, 195-, and 214-kDa LANA isoforms were full-length proteins with
an N-terminal domain containing the bipartite NLS (aa 24 to 47) (58). We did not find
any evidence that the different electrophoretic mobilities of the LANA isoforms were
due to truncation of LANA at the N or C terminus by mechanisms such as noncanonical
translation initiation or caspase cleavage mechanisms, which have been described
previously (65, 67).

Because previous studies have shown that LANA undergoes numerous posttrans-
lational modifications (96), we used different strategies to identify phosphorylated,
sumoylated, or methylated peptides in the mass spectrometry spectral data of the
cytoplasmic isoforms of LANA. Although such analyses are subject to high false
discovery rates due to the high number of amino acid combinations yielding peptide
sequences that are isobaric to modified peptides of a different sequence, we identified
peptide modifications in the cytoplasmic isoforms of LANA, which have been observed
previously using different approaches. We detected N-terminal peptides containing
methylation of Arg12 and Arg20 in the different cytoplasmic LANA isoforms. Although
methylation of Arg12 has not previously been identified, Arg20 has been shown
previously to be methylated by protein arginine methyltransferase 1 (92). We detected
N-terminal peptides containing phosphorylation of Ser10 and Ser13, flanking the
methylated Arg12. Ser10, which is within the chromatin binding domain, was previ-
ously shown to be phosphorylated by casein kinase 1 (97). Phosphorylation of the
N-terminal (aa 91 to 340) and C-terminal (aa 906 to 1070; BCBL-1 LANA sequence)
regions of LANA has been previously detected (98, 99), and our mass spectrometry
analysis identified the phosphorylation of serines 186, 187, 1027, 1041, 1051, and 1067
and threonines 960 and 1054 in these regions (see Fig. S2 in the supplemental
material). Although the phosphorylation of Ser205 and Ser206 by the PIM kinases has
been reported previously (95, 100), we did not detect phosphorylation of these residues
in the cytoplasmic LANA isoforms.

By reactivating KSHV-infected cells with BacK50, we were able to induce a high level
of cytoplasmic LANA expression for subsequent analysis. As seen in prior studies (65,
69), the highest relative molecular weight LANA isoforms were present in the cyto-
plasm. In contrast to these studies, however, we determined using mass spectrometry
that these isoforms were full-length LANA proteins containing the N-terminal nuclear
localization signal and the C-terminal peptide. The presence of full-length LANA
isoforms in the cytoplasm after BacK50 activation suggests that nuclear localization of
LANA is blocked during the induction of lytic replication in migrating, differentiating,
and spontaneously reactivated cells. Taken together, these studies reveal the complex-
ity of LANA expression and function and indicate that our understanding of the role of
LANA in the virus life cycle remains incomplete. Studying LANA in different cell types
using different methodologies should continue to improve this understanding.

Mitogen-activated protein kinases (MAPKs), including Jun N-terminase kinase (JNK),
p38, and Erk, play crucial roles in cell migration through distinct mechanisms (101).
Phosphorylation of proteins by these kinases induces cytoskeleton reorganization,
maturation of actin-nucleating centers, and the formation of filopodia and lamellipodia
during migration. MAPKs have also been shown to play a critical role in the reactivation
of KSHV from latency as kinase inhibitors blocked KSHV lytic replication at the early
stages of reactivation (102, 103). Furthermore, the N terminus of KSHV LANA is highly
susceptible to phosphorylation by MAPK14 and other kinases, which affects both LANA
accumulation and function (97). We have shown that the N terminus of LANA contains
a bipartite NLS (58), which is flanked by serine and threonine targets of these protein
kinases. Phosphorylation of residues within NLSs has been shown to inhibit binding to
members of the importin family of nuclear translocation proteins, providing an impor-
tant regulatory process for altering subcellular trafficking (104). Epstein-Barr virus
EBNA1 is a functional homolog of KSHV LANA, and its NLS is closely related to the signal
in LANA (58). Both LANA and EBNA1 motifs have a serine immediately adjacent to an
arginine in the NLS (Ser29 and Ser383, respectively), which is predicted to bind to the

Cytoplasmic LANA Journal of Virology

December 2017 Volume 91 Issue 24 e01532-17 jvi.asm.org 19

http://jvi.asm.org


P4 position in the importin � binding site (58). Phosphorylation of the EBNA1 Ser383
downregulates nuclear import of EBNA1 (105). The similarity in the position of Ser29 in
KSHV LANA suggests that phosphorylation of this residue could inhibit the nuclear
import function of the LANA NLS. We could not determine whether Ser29 was phos-
phorylated since Ser29 is flanked by numerous arginine and lysine residues, resulting in
tryptic peptides too small to identify in our mass spectrometry analysis. In preliminary
experiments, we have shown that LANA N-terminal peptides containing a phosphomi-
metic aspartic acid substitution for Ser29 lose their ability to localize to the nucleus
(unpublished observations). Our mass spectrometry analysis detected phosphorylation
of Ser10 and Ser13 and methylation of Arg12 and Arg20 adjacent to the bipartite NLS,
which could block NLS function and inhibit the nuclear localization of these cytoplas-
mic LANA isoforms. Although the modification of these residues needs to be confirmed
by further analysis, our data suggest that upregulation of the kinases during cellular
migration/differentiation could activate pathways critical for KSHV replication and block
the nuclear localization of LANA. This would relieve the inhibitory effect of LANA on
expression of the KSHV ORF50 replication transactivator, allowing lytic gene expression
to proceed, as has been seen for the Pim-1 and Pim-3 kinases (95).

Using confocal immunofluorescence, we observed that cytoplasmic LANA is dis-
persed across the whole cytoplasm of the infected cell with patchy sometimes fibrillar
concentrations of LANA fluorescence, reminiscent of intermediate filament distribu-
tions detected by electron microscopy (79). Our subcellular fractionation studies de-
tected high levels of all four major LANA isoforms (118, 155, 195, and 215 kDa) in the
cytoplasm. The 118-kDa isoform was also detected not only in the nuclear fraction but
also in the cytoskeletal/matrix fraction, which is enriched in intermediate filaments,
actin, cytoskeleton-associated factors, and nuclear matrix (89, 90). This suggests that
newly synthesized LANA isoforms induced by lytic activation do not interact with the
nuclear transport proteins importin � and � but instead localize across the cell
cytoplasm in association with cytoskeletal proteins, such as intermediate filaments. The
distribution of LANA in the cytoplasm is similar to that seen for cGAS under normal
conditions (106), suggesting that full-length LANA may interact with cGAS in associa-
tion with intermediate filaments.

Our study is the first to report evidence of primary KSHV lytic infections in epithelial
cells induced to migrate or differentiate. These primary lytic infections were character-
ized by the expression of both cytoplasmic LANA and nuclear ORF59 in a large
background of latently infected cells with punctate nuclear LANA. Primary epithelial cell
cultures induced to differentiate show two cellular morphologies. Most cells are small,
undifferentiated basal keratinocytes. Such cells express basal cell markers p63 and
basonuclin, lack markers of epithelial cell differentiation, and maintain their prolifera-
tive capabilities (107, 108). The remaining cells are large, terminally differentiated
keratinocytes, which lose their proliferative potential (87, 109, 110). These cells express
markers of differentiation, including involucrin and the keratins K1, K3, and K10 (37, 111,
112). Previous studies observed that KSHV infection of undifferentiated epithelial cells
was latent, with punctate nuclear LANA fluorescence and no evidence of lytic gene
expression (36). When the latently infected epithelial cells were induced to differentiate
by raft culturing or calcium induction, the latent KSHV was activated, leading to the
expression of lytic genes and the production of virus (36, 37). Our study extends these
findings to show that epithelial cells induced to differentiate are permissive for de novo
KSHV lytic infection, characterized by the expression of the ORF59 marker of lytic
replication and cytoplasmic LANA 24 h after infection.

Although de novo infection of Vero epithelial cell cultures resulted in latent KSHV
infections in the majority of cells, characterized by punctate nuclear LANA and no
ORF59 expression, a small variable number of cells were permissive for KSHV infection
with high levels of cytoplasmic LANA and nuclear ORF59. Altering the growth condi-
tions to allow cell migration and proliferation resulted in a substantial increase in the
number of cells that were permissive for lytic infection. Similarly, within the background
of many endothelial cells with long-term latent infections, spontaneous reactivation is
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observed in a small number of cells resulting in ORF59 expression (28, 113) and virus
replication (82). We have shown that this reactivation is characterized by coexpression
of nuclear ORF59 and cytoplasmic LANA. This suggests that the Vero and various
endothelial cell cultures, while generally displaying a nonpermissive phenotype result-
ing in a latent infection, can transition to a permissive phenotype through small
changes in gene expression induced during migration or proliferation. Thus, these cell
types can be considered semipermissive, since at any time a small number of cells are
permissive for viral replication with ORF59 expression (i.e., spontaneous reactivation). In
such semipermissive cells, lytic replication can be experimentally induced with sodium
butyrate or phorbol esters or by ectopic expression of recombinant ORF50/RTA. In
contrast, the undifferentiated basal HOK cells and the gastric AGS epithelial cell line,
while being susceptible to latent KSHV infections, are strictly nonpermissive for KSHV
replication. De novo infection is characterized by the absence of ORF59 and cytoplasmic
LANA expression, and long-term infected AGS cells show a basal latency state, in which
typical activation events such as sodium butyrate or ORF50/RTA are unable to induce
cytoplasmic LANA or nuclear ORF59 expression and viral replication.

We have shown that differential permissiveness of cells to KSHV infection correlates
with the constitutive level of active transcription factors, such as SP1, which are
necessary to activate the ORF50/RTA promoter (13). In AGS cells, the ORF50/RTA
promoter is inactive and sodium butyrate or ORF50/RTA is not sufficient to support
KSHV replication in infected cells. In semipermissive cells, such as Vero and HEK293
cells, there are sufficient transcription factors to induce a moderate level of ORF50/RTA
promoter activity; however, this is insufficient for widespread KSHV replication (13).
Without artificial induction by sodium butyrate, TPA, or ectopic ORF50/RTA, only
occasional cells, possibly migrating or proliferating cells, achieve sufficient levels of
promoter activity to become permissive for KSHV replication. Our studies suggest that
large-scale changes in gene expression associated with calcium-induced terminal
epithelial cell differentiation can convert nonpermissive undifferentiated HOK cells into
cells that are permissive for KSHV replication. Future electron microscopy studies are
needed to confirm KSHV replication and virion production in such cells.

Several differences were apparent between the localization of LANA isoforms in
Vero cells undergoing a primary de novo KSHV infection in our study compared to BC-1
and BCBL-1 PEL cells carrying long-term latent KSHV infections in the Toptan and Zhang
studies. In our study, the infected Vero cells were extracted after a 24-h KSHV infection
and a 12-h BacK50 superinfection. The strong increase in LANA immunofluorescence in
the BacK50 activated cells compared to the latent cells indicates that the expression of
the majority of the LANA isoforms in these cells occurred during the 12-h activation
with ORF50/RTA and thus represents newly synthesized proteins. During this time
period, all of the major LANA isoforms with relative molecular masses of 118, 155, 195,
and 214 kDa accumulated in the cytoplasm. In contrast, the 118-kDa isoform was the
only major isoform translocated to the nucleus. The opposite situation was seen in the
BacK50-treated AGS.219 cells, where a large amount of all of the LANA isoforms was
detected in the nucleus, and only a small amount of the 118-kDa isoform was observed
in the cytoplasm. In these cells, LANA had accumulated in the nucleus over the
long-term culture, since no significant increase in LANA fluorescence was observed
after BacK50 treatment. It is not clear whether the small amount of the 118-kDa isoform
accumulated in the cytoplasm after the BacK50 treatment, since this was below the
level of detection by confocal analysis. The situation in the long-term latent infections
in AGS.219 cells maintained under selection was similar to that seen in the long-term
latent infections in BC-1 and BCBL-1 cells in the Toptan and Zhang studies, where all of
the major LANA isoforms were present in the nuclear fraction, while the more rapidly
migrating isoforms were the major forms detected in the cytoplasm. The origin of the
cytoplasmic LANA isoforms in the long-term latent infections is not clear and could be
due to newly synthesized LANA, in which nuclear localization was blocked by phos-
phorylation, or to previously synthesized LANA that was exported from the nucleus. A
major nuclear export pathway uses the CRM1/exportin-1 receptor, which interacts with
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a leucine-rich nuclear export signal (114). Analysis of the KSHV LANA sequence revealed
a leucine-rich motif “33CDLGDDLHLQ42” embedded within the linker region of the
bipartite N-terminal NLS, which has strong sequence homology to the nuclear export
motifs of P53, PKI, HIV rev, and MDM2. We are currently investigating the function of
this potential export signal.

Although most activated cells with cytoplasmic LANA are ORF59 positive, a small
number of cells show distinct cytoplasmic LANA without ORF59 expression. This
suggests the possibility of a temporal expression of the lytic genes after KSHV reacti-
vation with an early accumulation of cytoplasmic LANA after the induction of ORF50/
RTA and the subsequent expression of ORF59 and other lytic genes. This phenomenon
was only observed in KSHV-infected cells after inducing reactivation by overexpression
of recombinant ORF50/RTA in a baculovirus vector. Since the nuclear localization of
LANA is believed to be important for the suppression of the ORF50/RTA promoter and
downstream lytic gene expression, the inhibition of LANA nuclear localization and/or
the induction of LANA nuclear export may play a critical role in KSHV lytic replication.
Interactions with cytoplasmic components, such as intermediate filaments and cGAS,
could be other ways this important multifunctional protein contributes to the biology
and pathology of KSHV.

MATERIALS AND METHODS
Tissue samples. Tissue slides from archived diagnostic samples of two MCD cases and one KS case

from HIV-infected individuals were obtained from the Department of Laboratory Medicine, University of
Washington, under IRB approval. The KS sample was a violaceous nodule in the skin of the foot. The MCD
samples were from lymph nodes containing multiple loose aggregates of intermediate-sized lambda-
restricted plasmacytoid cells, with no evidence of lymphoma. All samples were positive for KSHV by
staining for ORF73 LANA.

Cell lines. Primary HOK cultures prepared from gingival tissue overlying impacted third molar teeth
(83) were kindly provided by B. A. Dale. The cells were grown in keratinocyte basal medium (Cambrex
Bioscience) with keratinocyte growth medium supplements in 0.03 mM Ca2�. Differentiation was
induced by raising the calcium content to 0.15 mM. African green monkey kidney epithelial cells (Vero)
were obtained from the American Type Culture Collection (ATCC) and maintained in Dulbecco modified
Eagle medium (DMEM) containing 10% fetal bovine serum (FBS; 10% DMEM). The gastric adenocarci-
noma epithelial (AGS) cell line (ATCC CRL 1739) was provided by N. Salama. AGS cells contained a
persistent parainfluenza virus type 5 infection (115), which was cured using Ribivarin (unpublished
results). AGS cells were infected with rKSHV.219 carrying the puromycin resistance gene (35), and
virus-harboring AGS cells (AGS.219) were selected and cultured in DMEM with 10% FBS and puromycin
(2.5 �g/ml). The BCBL-1 cell line, naturally infected with KSHV, was derived from a pleural effusion
lymphoma from a patient with HIV disease (26) and cultured in 10% RPMI containing 1.0 mM HEPES and
0.01% 2-mercaptoethanol. The dermal microvascular endothelial cells (DMVECs) immortalized with
human papillomavirus E6/E7 were cultured in endothelial-SFM medium (Gibco BRL) as previously
described (82).

Immunological reagents. Rat anti-LANA monoclonal antibody (LN53) and mouse anti-ORF59 were
purchased from Advanced Biotechnologies. Rabbit anti-lamin �1 (ab16048) was purchased from Abcam.
Goat anti-mouse IgG-HRP and goat anti-rat IgG-HRP were purchased from Jackson ImmunoResearch.
Normal goat serum (NGS) was purchased from Sigma. TSA 488, TSA 594, and TO-PRO-3 were purchased
from Invitrogen. Biotinylated anti-rat immunoglobulin and streptavidin-biotin-peroxidase complex were
purchased from Vector Laboratories. Goat anti-rabbit 800 and goat anti-rat 800 antibodies were
purchased from Thermo-Fisher.

Virus preparations. KSHV virions from culture medium of TPA-treated BCBL-1 cells were concen-
trated �200-fold on a 50% Opti-Prep cushion, as previously described (72). The virus stock was diluted
in DMEM/bovine serum albumin (BSA) and infections were performed at �1,000 genomes/cell. The
BacK50 recombinant baculovirus expressing the KSHV ORF50 replication transactivator (RTA) was ob-
tained from J. Vieira (35), and infection stocks were purified from SF9 insect cells. The virus titer was
determined on Vero cells and used at a multiplicity of infection (MOI) of approximately 20 to 40 to ensure
infection of the majority of mammalian cells.

Virus infections and reactivations. Primary HOK cultures (2.5 	 106) were plated in low-calcium
(0.03 mM Ca2�) keratinocyte medium for 24 h and then shifted to high-calcium medium (0.15 mM Ca2�)
for 24 h to induce differentiation. The HOK cultures were infected with gradient-purified KSHV for 3 h at
37°C, washed, cultured for an additional 24 h in 0.15 mM Ca2� medium, and fixed in 8% paraformalde-
hyde for immunofluorescence staining.

Vero cells were plated and cultured for 2 to 5 days to generate different levels of confluence. In some
experiments, confluent (day 5) cultures were scratch-wounded using a Pipetman p1000 pipette tip
(Gilson) attached to an aspirator. Cells were allowed to migrate for 12 h prior to KSHV infection. The
cultures were equilibrated in DMEM containing 0.2% BSA and infected for 3 to 5 h with gradient-purified
KSHV at 37°C. The cultures were washed to remove unbound virus and cultured further for 24 h. Nuclear
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KSHV LANA was routinely detected by immunofluorescence assay in �90% of the cells. Some cultures
were fixed and prepared for antibody localization. Other cultures were superinfected with BacK50 (MOI
of 20 to 40) for 6 h to activate KSHV replication (35). The cultures were washed and incubated for an
additional 24 h prior to fixation. In some experiments, live KSHV/BacK50 coinfected cells were cooled to
4°C in DMEM and extracted with 0.1% NP-40 in phosphate-buffered saline containing protease inhibitors
(Cell Signaling Technologies) for 30 min at 4°C, briefly washed with cold DMEM, and fixed before
immunofluorescence staining. Alternatively, the infected Vero cells were treated with extraction buffers
from a ProteoExtract subcellular proteome extraction kit to prepare different subcellular fractions
(Calbiochem).

AGS.219 cells carrying recombinant rKSHV.219 under puromycin selection were activated either with
6 mM sodium butyrate or BacK50 for 6 h, washed, cultured further for 24 h, fixed, and prepared for
antibody localization.

DMVECs immortalized with HPV E6/E7 were infected with BCBL-1-derived KSHV. The KSHV-infected
DMVEC cells were fixed at day 35 postinfection to localize LANA and ORF59 (82).

Immunofluorescence. The virus-infected cultures described above were fixed in 8% paraformalde-
hyde in phosphate-buffered saline for 30 min at 25°C. Free aldehydes were quenched with 50 mM NH4Cl,
and cells were permeabilized with 0.5% NP-40 – 0.2% Tween 20. Endogenous peroxidase activity was
inhibited with 3% H2O2. The cells were incubated with 10% NGS, followed by 10% milk containing 1%
NGS (Blotto/NGS) to block nonspecific binding. To detect KSHV-infected cells, the rat anti-LANA mono-
clonal antibody LN53 was diluted in Blotto/NGS (1:200 to 1:500) and incubated with cells for 16 h. The
cells were washed and bound antibody was detected with goat anti-rat IgG-HRP (1:100), followed by a
10-min TSA amplification with TSA 488. For colocalization of ORF59 and LANA, the cells were first
incubated with mouse anti-ORF59 (diluted 1:200), a goat anti-mouse HRP, and TSA 594, as described
above. The cultures were then treated with 1% H2O2 to quench any peroxidase activity, washed, and
blocked with Blotto/NGS as described above. LANA was then detected using a goat anti-rat IgG-HRP
secondary antibody and TSA 488, as described above (71). The nuclei were stained with TO-PRO-3. LANA
and ORF59 were detected in DMVECs using secondary antibodies conjugated to different Alexa dyes. The
cells were analyzed by confocal microscopy.

The amount of LANA fluorescence associated with migrating and stationary KSHV-infected Vero cells
was quantitated using the Zeiss LSM software histogram function. The stationary and migrating regions
of the wounded culture were divided into 100-�m2 regions of interest (ROIs). The stationary region
contained 10 ROIs of 100 �m2 each, while the migrating region contained 20 ROIs. The number of cells
in each ROI was determined using Imaris 7.3 (Bitplane). The total number of LANA pixels within the ROI
was determined using a fluorescent intensity range of 100 to 255. The mean pixel count for each ROI was
determined and divided by the cell number per ROI to estimate an average pixel count per cell for each
ROI. In some images, nuclear ORF59 was rendered as spheres using Imaris 7.3 (Bitplane). The confocal
images were generated on an LSM 5 Pa system (Zeiss) equipped with 40	 1.3 NA and 63	 NA 1.4
objective lenses. All figures were maximum projections complied from 30 to 50 sections with intervals
ranging from 0.3 to 0.4 �m and a Z distance of 10 to 14 �m (71).

Immunohistochemistry. Paraffin-embedded sections from a KS skin lesion and lymph node biopsy
specimens with MCD were treated with 1% H2O2 in methanol to block endogenous peroxidase, and
antigen retrieval was performed in citrate buffer (pH 6.0) for 20 min with steam. The sections were
blocked with 5% donkey serum plus 0.3% Triton, followed by avidin-biotin block (Vector Laboratories) for
1 h. Rat anti-LANA (LN53) was diluted 1:300 and incubated with the sections for 16 h at 4°C, followed by
incubation with biotinylated anti-rat immunoglobulin (1:500) for 30 min and a streptavidin-biotin-
peroxidase complex for 30 min. The peroxidase activity was visualized using diaminobenzidine (Vector
Laboratories).

Cell fractionation and purification of cytoplasmic LANA. Subconfluent Vero cells were infected
with gradient-purified KSHV for 6 h, washed, and incubated for 24 h. The primary KSHV-infected Vero cell
culture and a culture of AGS.219 cells containing a long-term infection with rKSHV.219 under puromycin
selection were superinfected with BacK50, as described above. The cultures were cooled (4°C) and
sequentially treated with a ProteoExtract subcellular proteome extraction kit, as specified by the
manufacturer (Calbiochem), yielding cytoplasmic proteins (fraction I), membranes and membrane or-
ganelle proteins (fraction II), nuclear protein (fraction III), and cytoskeleton proteins (fraction IV). Fractions
I to IV were centrifuged as specified, and aliquots were precipitated using the ProteoExtract protein
precipitation kit (Calbiochem). The precipitated proteins were solubilized in reducing sample buffer
(NuPAGE; Life Technologies), electrophoresed on a 4 to 12% Bis-Tris gel, and transferred to polyvi-
nylidene difluoride membrane, as described previously (116). The membrane was blocked with Blotto/
NGS, incubated with rat anti-LANA (1:700) or rabbit anti-lamin �1 (1:1250) for 16 h, washed, and exposed
to goat anti-rat 800 (1:2,000) or goat anti-rabbit 800 (1:5,000) in Odyssey blocking buffer (LI-COR) for 1.5
h, and fluorescence was detected by a LI-COR scanner.

In some experiments cytoplasmic LANA was purified on antibody-conjugated magnetic beads.
Briefly, subconfluent Vero cultures (eleven T75 flasks) were coinfected with KSHV and BacK50, as
described above, and extracted with ProteoExtract extraction buffer I, as described above, to obtain a
fraction I extract containing the cytoplasmic LANA. Rat anti-LANA (100 �g) was coupled to protein A (pA)
magnetic beads (1 ml) and then chemically cross-linked with BS3, as specified by the manufacturer
(Dynal). The fraction I extract was precleared with pA magnetic beads and then incubated with
anti-LANA-magnetic beads for 16 h at 4°C. The beads were washed, and the attached proteins were
eluted with triethylamine (1:100) for 5 min. The eluates were brought to neutral pH with 1 M Tris HCl.
The fraction I extract was cycled over the anti-LANA-magnetic beads seven times to increase the yield
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of cytoplasmic LANA. The eluates were pooled and concentrated on an Amicon Ultra-2 10K filter
(Millipore), diluted into SDS-mercaptoethanol sample buffer, and electrophoresed on a preparative gel.
Two regions of the gel were harvested and submitted for mass spectroscopy analysis.

LC-MS/MS analysis. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis was
performed with an Easy-nLC 1000 (Thermo Scientific) coupled to an Orbitrap Fusion mass spectrometer
(Thermo Scientific). The LC system configured in a vented format consisted of a fused-silica nanospray
needle (PicoTip emitter, 75 �m [inner diameter]; New Objective) packed in-house with Magic C18 AQ
100Å reverse-phase media (Michrom Bioresources, Inc.) (26 cm), and a trap (IntegraFrit capillary; 100 �m
[inner diameter]; New Objective) containing Magic C18 AQ 200Å (2 cm). The peptide sample was loaded
onto the column and separated using a two-mobile-phase system consisting of 0.1% formic acid in water
(A) and 0.1% formic acid in acetonitrile (B). The chromatographic separation was achieved over a 107-min
gradient from 2 to 50% B (2 to 7% B for 2 min, 7 to 33% B for 90 min, 33 to 50% B for 10 min, and 50%
B for 5 min) at a flow rate of 300 nl/min. The mass spectrometer was operated in a data-dependent
MS/MS mode over an m/z range of 400 to 1,500. The mass resolution was set to 120,000. The cycle time
was set to 3 s, and the most abundant ions from the precursor scan were selected for MS/MS analysis
using 27% normalized HCD collision energy and analyzed with an ion trap. Selected ions were dynam-
ically excluded for 30 s. Peptide masses were compared to theoretical masses of tryptic peptides of
proteins in the Uniprot_HUM_031914_cRAP_HHV8_Chlorocebus_Sabeus.fasta using Discoverer version
1.4.1.14 (DBVersion:79). This database included the human and African green monkey protein sequences,
as well as the HHV8/KSHV protein sequences and the common Repository of Adventitious Proteins
(cRAP). Alternatively, the peptide masses were compared to tryptic peptides of the ORF73 LANA
sequence (ADQ57959) of the KSHV strain present in the BCBL-1 cell line, used for the infection studies.
Oxidation of methionines, mono-, di-, and trimethylation of lysines and arginines and oxidation of mono-,
di-, and triphosphorylation of serines and threonines were set as variable modifications, while carbam-
idomethylation of cysteines was considered a fixed modification. The minimal peptide length was set to
six amino acids; a maximum of two missed cleavages were allowed. Phosphorylation sites were localized
using the phosphoRS 3.0 node.
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