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ABSTRACT The K15P membrane protein of Kaposi’s sarcoma-associated herpesvirus
(KSHV) interacts with multiple cellular signaling pathways and is thought to play key
roles in KSHV-associated endothelial cell angiogenesis, regulation of B-cell receptor
(BCR) signaling, and the survival, activation, and proliferation of BCR-negative pri-
mary effusion lymphoma (PEL) cells. Although full-length K15P is �45 kDa, numer-
ous lower-molecular-weight forms of the protein exist as a result of differential splic-
ing and poorly characterized posttranslational processing. K15P has been reported
to localize to numerous subcellular organelles in heterologous expression studies,
but there are limited data concerning the sorting of K15P in KSHV-infected cells. The
relationships between the various molecular weight forms of K15P, their subcellular
distribution, and how these may differ in latent and lytic KSHV infections are poorly
understood. Here we report that a cDNA encoding a full-length, �45-kDa K15P re-
porter protein is expressed as an �23- to 24-kDa species that colocalizes with the
trans-Golgi network (TGN) marker TGN46 in KSHV-infected PEL cells. Following lytic
reactivation by sodium butyrate, the levels of the �23- to 24-kDa protein diminish,
and the full-length, �45-kDa K15P protein accumulates. This is accompanied by ap-
parent fragmentation of the TGN and redistribution of K15P to a dispersed periph-
eral location. Similar results were seen when lytic reactivation was stimulated by the
KSHV protein replication and transcription activator (RTA) and during spontaneous
reactivation. We speculate that expression of different molecular weight forms of
K15P in distinct cellular locations reflects the alternative demands placed upon the
protein in the latent and lytic phases.

IMPORTANCE The K15P protein of Kaposi’s sarcoma-associated herpesvirus (KSHV) is
thought to play key roles in disease, including KSHV-associated angiogenesis and
the survival and growth of primary effusion lymphoma (PEL) cells. The protein exists
in multiple molecular weight forms, and its intracellular trafficking is poorly under-
stood. Here we demonstrate that the molecular weight form of a reporter K15P mol-
ecule and its intracellular distribution change when KSHV switches from its latent
(quiescent) phase to the lytic, infectious state. We speculate that expression of dif-
ferent molecular weight forms of K15P in distinct cellular locations reflects the alter-
native demands placed upon the protein in the viral latent and lytic stages.

KEYWORDS K15P, Kaposi’s sarcoma-associated herpesvirus, latent and lytic infection,
subcellular localization

Kaposi’s sarcoma-associated herpesvirus (KSHV) is the etiological agent of AIDS-
associated and endemic Kaposi’s sarcoma (KS) (1), a highly angiogenic and invasive

tumor of endothelial origin. KSHV is also associated with the B-cell lymphoproliferative
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disorders primary effusion lymphoma (PEL) and multicentric Castleman’s disease (MCD)
(2–8). K15, a nonstructural membrane-associated protein encoded by 8 alternatively
spliced exons located at the “right end” of the long unique region of the KSHV genome
(9, 10), is thought to play important roles in the progression of KS, PEL, and MCD (2, 8,
11, 12).

K15 exists as two major alleles, K15P (predominant) and K15M (minor) (13–16); for
both K15P and K15M, the 8-exon message encodes an �45-kDa protein with 12
predicted membrane-spanning domains and a C-terminal cytoplasmic tail. The tail
recruits several cellular proteins (10, 17–19), enabling K15 to influence numerous
signaling pathways (15–17, 20, 21; reviewed in references 2 and 11). In KSHV-infected
endothelial cells, this appears to result in increased angiogenesis and invasiveness (22,
23). In B cells, the major reservoir of KSHV in healthy seropositive hosts (24, 25), K15 is
thought to downregulate signaling through the B-cell receptor (BCR) (9, 21, 26), which
may help to maintain KSHV latency or suppress apoptosis (2, 24). When KSHV-infected
B cells transform into primary effusion lymphomas (27), BCR expression is lost, giving
a situation that is normally incompatible with survival (28, 29). In these BCR-negative
PEL cells, K15 (and another KSHV-encoded protein, K1) may act redundantly to provide
survival, activation, and proliferation functions (30), playing a role similar to that of
latent membrane protein 2A (LMP2A) of Epstein-Barr virus (EBV) (10, 11, 30, 31).

Consistent with roles in both KSHV latency and lytic replication, the K15 transcript
is expressed in a population of mostly latent PEL cells, and transcript levels are induced
upon lytic reactivation (9, 10, 13, 16, 17, 32–35). Furthermore, in the PEL cell line
BCBL-1, the phorbol ester tetradecanoyl phorbol acetate (TPA) and the KSHV lytic
switch protein replication and transcription activator (RTA) (36) both activate the
K15 promoter (35). In endothelia, it remains unclear whether the role of K15 in
angiogenesis reflects its function in latently infected cells or in those undergoing
lytic gene expression (22, 37, 38).

The predicted product of the 8-exon K15P open reading frame (ORF) is a polypep-
tide of �45 kDa, and K15P migrates at this expected molecular mass when expressed
by in vitro translation (18) in heterologous hosts, such as COS or HEK293 cells (9, 17, 20),
and when immunoprecipitated from KSHV-infected endothelial cells (23). However, in
KSHV-infected BC3 and JSC-1 PEL cells, the major form of K15P is 23 to 24 kDa (18).
Similarly, for primary human umbilical vein endothelial cells and the endothelial cell
line IE7, K15P runs as �35-kDa and �24-kDa species (18). In all cases, the smaller forms
of K15P correspond to the carboxy-terminal portion of the molecule, since they have
been detected by Western blotting with antibodies against the cytoplasmic tail (18, 20).
The �35-kDa and �24-kDa forms of K15P do not necessarily arise from alternative
splicing of the 8-exon K15P transcript (10, 20), since they are expressed even by the
8-exon full-length K15P cDNA (18). Removal of the initiation codon from the start of the
8-exon K15P ORF abolishes production of the lower-molecular-weight forms of K15P
(18); this implies that they are not generated by translational initiation at internal start
codons in the spliced mRNA but instead suggests that the full-length, �45-kDa K15P
protein is a precursor to the lower-molecular-weight species. It has been suggested
that �45-kDa K15P might be processed by multiple cleavages at internal signal
sequences (18); however, signal peptidase is unlikely to be the processing enzyme,
since it is believed to cleave only once, following a single amino-terminal signal
sequence (39, 40).

Despite the ability of the full-length K15P cDNA to generate lower-molecular-weight
forms of the K15P protein, it is also clear that differential splicing of the K15P transcript
does occur (9, 20). In addition to the 8-exon full-length transcript, an abundant K15P
mRNA with the capacity to encode an �36-kDa form of K15P is expressed in unstimu-
lated PEL cells (10). Moreover, several less abundant splice variants can give rise to K15P
proteins of 21 kDa, 26 kDa, 33 kDa, 34 kDa, and 35 kDa (20). Like full-length, �45-kDa
K15P, a subpopulation of the lower-molecular-weight isoforms are found localized to
lipid rafts, consistent with the possibility that they also assemble into signaling com-
plexes (20). Indeed, it has been suggested that the lower-molecular-weight forms of the
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protein might serve to modulate the activity of full-length K15P (9, 20). Nevertheless,
the full-length 8-exon K15P cDNA is sufficient to provide the BCR-like activity that
supports survival, activation, and proliferation of BCR-negative human B cells (30), and
it can also drive capillary tube formation through the phospholipase C�1 (PLC�1)-
calcineurin-NFAT pathway in a human umbilical vein endothelial cell model of angio-
genesis (22).

Another poorly understood aspect of the biology of the K15P protein concerns its
intracellular localization. Transient-transfection studies with HeLa, COS, and 293 cells
have been interpreted to suggest that K15P localizes to the endoplasmic reticulum (ER)
(18), the Golgi apparatus and the plasma membrane (9), the mitochondria (16), or other,
undefined dispersed punctate structures (10, 41). Similar studies have reported a
dispersed punctate or lysosomal location for K15M (15, 16). The subcellular localization
of K15 in KSHV-infected endothelial or B/PEL cells is the most relevant to its biological
function, and in KSHV-infected endothelial cells, endogenously expressed K15P exhibits
a dispersed punctate intracellular distribution (23) resembling that seen in butyrate-
induced KSHV bacterial artificial chromosome (BAC)-transformed 293 cells (17), though
K15P colocalization with organellar markers was not examined in the previous studies.
The K15 protein has been reported to localize to endosomes in transfected B cells (26)
and to be expressed in PEL cells (8, 16, 18, 30), but the intracellular distribution of K15
in KSHV-infected B or PEL cells has not been reported.

In this study, we examined the expressed forms and intracellular distribution of a
K15P reporter molecule in a KSHV-infected PEL cell line and tested the response of the
protein to lytic reactivation of KSHV. We found that the full-length 8-exon K15P cDNA
is expressed predominantly as an �23- to 24-kDa protein, as reported by others (18),
and substantially colocalizes with a marker of the trans-Golgi network (TGN). Upon lytic
reactivation by sodium butyrate treatment, levels of the �23- to 24-kDa protein
diminish, and the full-length, �45-kDa protein accumulates. This is accompanied by
redistribution of K15P to a dispersed peripheral location and apparent fragmentation of
the TGN. A similar K15P relocalization is seen when lytic reactivation is stimulated by
transfection with the lytic activator RTA and during spontaneous lytic reactivation of
KSHV in untreated PEL cells.

RESULTS
Expression of HA-tagged full-length K15P cDNA in KSHV-infected PEL cells. We

prepared a recombinant lentivirus capable of expressing the 8-exon K15P cDNA
carboxy-terminally tagged with two copies of the influenza virus hemagglutinin
epitope (K15P-HA). In this lentivirus, the K15P-HA gene is transcribed on a bicistronic
message located 5= to an internal ribosome entry site (IRES) sequence (42, 43) and a
neomycin resistance marker; this helps to ensure stable K15P expression when cells are
maintained in the presence of G418. The lentiviruses were used to prepare K15P-HA-
expressing versions of the latently KSHV-infected PEL cell line BCBL-1 (44) (termed
BCBL-1-HA) and, for comparison, the KSHV-negative Burkitt’s lymphoma cell line BJAB
(45) (termed BJAB-HA).

The full-length 8-exon K15P cDNA is predicted to encode a polypeptide of �45 kDa.
Following preparation of cell extracts and Western blotting for the HA tag, BCBL-1-HA
and BJAB-HA cells were found to express an anti-HA-reactive doublet band at �23 to
24 kDa that was absent from parental BCBL-1 and BJAB cells (Fig. 1A). Similar results
were previously reported for expression of the full-length K15P cDNA in HeLa and
endothelial cells, in which the predominant K15P product was �23 kDa (18). Our data
suggest that in PEL cells, as in the other cell types mentioned, an �23/24-kDa
C-terminally derived form of K15P can arise from the full-length K15P ORF in the
absence of alternative splicing. Since we observed identical results for BCBL-1-HA and
BJAB-HA cells (Fig. 1A), we concluded that this form of K15P can be generated in B-cell
lymphomas in the absence of KSHV infection. We similarly used recombinant lentivi-
ruses to prepare a K15P-HA-expressing clone of the KSHV/EBV-infected PEL cell line
JSC-1 (46, 47), and also a BCBL-1-derived cell line expressing a hexahistidine-tagged
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form of K15P. In both cases, we observed results similar to those described here (data
not shown).

Brinkmann and colleagues reported that PEL cells can express �21- to 23-kDa forms
of K15P that are not associated with cellular membranes (20). To test whether the �23-
to 24-kDa K15P-HA doublet we observed was membrane bound, we prepared a
postnuclear supernatant (PNS) from BCBL-1-HA cells and then collected a membranous
organelle-enriched 50,000 � g pellet and soluble supernatant. The �23- to 24-kDa
forms of K15P-HA were present in the pellet fraction, consistent with their membrane
localization, and absent from the supernatant, which was enriched in the soluble
cytosolic protein glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Fig. 1B). The
higher resolution of the two lower-molecular-weight species of K15P-HA in Fig. 1B
compared to that in Fig. 1A reflects a longer time of gel electrophoresis and differing
salt/detergent conditions in the extracts.

K15P-HA does not colocalize with lysosomal or mitochondrial markers follow-
ing density gradient centrifugation. Although K15P appears to be capable of influ-
encing numerous signaling pathways in KSHV-infected endothelial cells, B cells, and PEL
cells (2, 11, 15–17, 20–25), there is no known extracellular ligand that regulates K15P
activity, and it is unclear whether the protein localizes to the cell surface or intracellular
organelles (9, 10, 16, 18, 41). To examine the cellular localization of K15P in the context
of KSHV-infected PEL cells, we prepared a BCBL-1-HA cell PNS and centrifuged it
through an iodixanol density gradient. Fractions were then collected and Western
blotted for HA-tagged K15P and organellar markers. As shown in Fig. 2, the K15P-HA
distribution was distinct from those of markers of the mitochondria (second
mitochondrion-derived activator of caspase [SMAC]) and lysosomes (cathepsin B [CB]),
suggesting that K15P-HA was not resident in those organelles. However, these density
gradient fractionation conditions could not separate K15P-HA-containing organelles
from the endoplasmic reticulum (protein disulfide isomerase [PDI]), the Golgi apparatus
(p58K) (48), and the plasma membrane (Na�/K� ATPase) (Fig. 2).

K15P-HA staining overlaps the trans-Golgi network but not the ER, mitochon-
dria, or plasma membrane. We further investigated the intracellular location of
K15P-HA by using immunocytochemistry. Since PEL cells are small and round, with a
narrow volume of cytoplasm surrounding the nucleus, we used cytospinning to flatten
the cells prior to fixation and optically sectioned them by using confocal microscopy.
Following DAPI (4=,6-diamidino-2-phenylindole) staining and immunostaining, we ob-

FIG 1 Expression of the K15P 8-exon cDNA in PEL cells. (A) RIPA extracts of cells were subjected to
denaturing SDS-PAGE and Western blotted with anti-HA and anti-GAPDH antibodies (loading control), as
indicated at right. Lanes: 1, BCBL-1-HA; 2, BJAB-HA; 3, BCBL-1; 4, BJAB. Positions of molecular size markers
are indicated at left. (B) A PNS was prepared from BCBL-1-HA cells, and duplicate samples were subjected
to centrifugation at 50,000 � g to prepare pellet (P) or supernatant (S) fractions. After SDS-PAGE and
Western blotting, the membrane was probed exactly as described for panel A.
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served HA immunoreactivity in a compact juxtanuclear location in BCBL-1-HA cells;
anti-HA staining was not seen in control BCBL-1 cells under identical conditions (Fig. 3,
top row). Fields of BCBL-1-HA and control BCBL-1 cells were then stained for antigens
of the plasma membrane (Fig. 3A and B), mitochondria (Fig. 3C and D), trans-Golgi
network (Fig. 3E and F), and endoplasmic reticulum (Fig. 3G and H). We observed
substantial colocalization of K15P-HA immunoreactivity with the trans-Golgi network
antigen TGN46 (Fig. 3E) but not with any other organellar markers tested.

Induction of the lytic program with sodium butyrate results in increased levels
of the higher-molecular-weight form of K15P-HA and its relocalization to the cell
periphery. K15P has been suggested to play roles during both latency and lytic
replication (9, 10, 17, 34, 35). We therefore next examined the K15P-HA protein during
incubation of BCBL-1-HA cells with sodium butyrate, using conditions known to induce
KSHV lytic reactivation (44, 46, 49). We observed that over a time course of 48 h in the
presence of 1 mM sodium butyrate, the �23/24-kDa forms of K15P-HA gradually
diminished and a protein with the predicted �45-kDa molecular mass of full-length
K15P-HA accumulated (Fig. 4A). In contrast, identical treatment of the K15P-HA-
expressing KSHV-negative B-cell lymphoma line BJAB-HA did not result in comparable
accumulation of the putative full-length form of K15P-HA (Fig. 4A). For both cell lines,
levels of the control cellular protein GAPDH remained approximately constant, sug-
gesting that there were no gross effects on cellular gene expression or cell viability
during the time course of the experiment. Immunocytochemical examination of BCBL-
1-HA cells over a similar time course revealed that K15P-HA staining intensity substan-
tially increased during the 48 h of incubation with sodium butyrate (Fig. 4B to D). As the
�23/24-kDa form of K15P-HA became replaced by the higher-molecular-weight species
(Fig. 4A), the protein relocalized from its compact Golgi-like staining pattern, where it
colocalized with TGN46 (Fig. 4B), to a more dispersed and peripheral location (Fig. 4C
and D). To specifically identify cells that had undergone KSHV lytic reactivation, the 48-h
sodium butyrate-treated BCBL-1-HA cells were also immunostained for the nuclear
KSHV-encoded lytic replication-associated protein K8� (RAP/K-bZIP) (50). We observed
that the majority of cells exhibiting nuclear anti-K8� staining also showed elevated
levels of K15P-HA immunostaining in a dispersed punctate pattern (Fig. 4D). Con-
versely, few of the cells lacking anti-K8� staining (and in which KSHV presumably
remained latent or was at an earlier stage in its lytic reactivation program) exhibited
elevated levels of K15P-HA expression (Fig. 4D). As expected, anti-K8� immunostaining

FIG 2 K15P-HA does not colocalize with lysosomal or mitochondrial markers in a density fractionation gradient. The PNS from
BCBL-1-HA cells was loaded at the top of a 2.5% to 30% iodixanol gradient and subjected to ultracentrifugation and then
SDS-PAGE and Western blotting of fractions from top (fraction 1) to bottom (fraction 24). Blots were probed with antibodies
against K15P-HA (HA), the endoplasmic reticulum (PDI), the Golgi apparatus (p58K), the plasma membrane (Na/K [Na�/K�

ATPase]), mitochondria (SMAC), and lysosomes (CB [cathepsin B]), as indicated at right. Positions of molecular size markers are
indicated at left.
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was not observed in KSHV-negative BJAB cells following 48 h of sodium butyrate
treatment (Fig. 4E). We also observed that in BCBL-1-HA cells, the sodium butyrate
treatment resulted in relocation of TGN46 staining from its compact juxtanuclear
location (Fig. 4B) to a more dispersed and dimmer pattern that in many cells became
difficult to detect (Fig. 4C to E).

FIG 3 Localization of K15P-HA in BCBL-1-HA cells. The top row shows BCBL-1 (left) and BCBL-1-HA (right) cells
stained with DAPI (blue) and anti-HA antibody (green). Insets show higher-magnification images of cells from
similar fields. The lower panels show merged images of fields of BCBL-1-HA (A, C, E, and G) and control BCBL-1 (B,
D, F, and H) cells stained with DAPI (blue) and immunostained for K15P-HA (green) and an organellar marker (red).
Organellar antigens label the plasma membrane (Na�/K� ATPase) (A and B), mitochondria (SMAC) (C and D), the
trans-Golgi network (TGN46) (E and F), and the endoplasmic reticulum (calnexin) (G and H). For each BCBL-1-HA
merged image (A, C, E, and G), the individual green and red channels are shown to the left. Bars, 20 �m.
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We further examined the dispersed pattern of K15P-HA staining in lytically reacti-
vated BCBL-1-HA cells. In K8�-expressing cells, K15P-HA was found in a punctate
distribution surrounding the nucleus (Fig. 5A to C), and in some optical sections, it also
appeared to lie close to the periphery (Fig. 5D). However, in no cases did we observe
colocalization of dispersed K15P-HA with the plasma membrane (Fig. 5A), mitochondria
(Fig. 5C), or endoplasmic reticulum (Fig. 5D). As noted above (and see Fig. 4D and E),
TGN46 immunoreactivity also dispersed from its compact Golgi-like juxtanuclear loca-
tion in K8�-positive BCBL-1-HA cells (Fig. 5B). However, the staining patterns of TGN46
and K15P-HA were now distinct and no longer colocalized (Fig. 5B). We quantitated the

FIG 4 Effects of sodium butyrate treatment on K15P-HA expression and localization. (A) Western blot for
K15P-HA following sodium butyrate treatment. BCBL-1-HA, BJAB-HA, and parental BCBL-1 and BJAB cells
were incubated with 1 mM sodium butyrate for 0, 24, or 48 h (as indicated above the lanes). Extracts were
subjected to SDS-PAGE, Western blotted, and probed with anti-HA or anti-GAPDH antibody, as indicated
at right. (B to D) Merged images of fields of BCBL-1-HA cells fixed and immunostained after incubation
with sodium butyrate for 0 h (B), 30 h (C), or 48 h (D). (E) Control BJAB cells similarly incubated with
sodium butyrate for 48 h. All fields were immunostained for TGN46 (red channel) and HA (green channel).
Fields in panels D and E were also stained for the KSHV lytically expressed protein K8� (white channel).
The anti-HA immunostaining in panel B is weaker than that shown for BCBL-1-HA cells in Fig. 3 because
imaging conditions were chosen to avoid saturation of the green channel resulting from elevated
expression of K15P-HA in panels C and D. Bars, 20 �m.

KSHV K15P Subcellular Localization Journal of Virology

November 2017 Volume 91 Issue 21 e01370-17 jvi.asm.org 7

http://jvi.asm.org


FIG 5 Effects of sodium butyrate treatment on K15P-HA localization in BCBL-1 and BJAB cells. (A to D)
BCBL-1-HA cells were incubated with sodium butyrate for 48 h and then fixed and immunostained using
antibodies against the KSHV lytically expressed protein K8� (white channel), HA (green channel), and the
organellar markers Na�/K� ATPase (A), TGN46 (B), SMAC (C), and calnexin (D) (red channel). For each
BCBL-1-HA merged image, the individual red, white, and green channels are shown to the left. (E to H)
BJAB-HA or control BJAB cells were immunostained for HA (green channel) and the plasma membrane
marker Na�/K� ATPase or the TGN marker TGN46 (red channel), as indicated. For each BJAB-HA merged
image, the individual red and green channels are shown to the left. (I to L) Identical to panels E to H
except that cells were incubated with sodium butyrate for 48 h before fixation and immunostaining. Bars,
20 �m.
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frequencies of occurrence of the K15P-HA and TGN46 staining patterns under these
conditions (and others, as described below; see Fig. 8).

We next tested the intracellular localization of K15P-HA in BJAB-HA cells. As in
BCBL-1-HA cells, K15P-HA showed a compact juxtanuclear staining pattern that sub-
stantially overlapped TGN46 (Fig. 5E and F) but not markers of the plasma membrane
(Fig. 5G and H) or mitochondria (data not shown). However, in contrast to that of
BCBL-1-HA cells, incubation of BJAB-HA cells with sodium butyrate for 48 h did not
result in redistribution of TGN46 or K15P-HA staining in these KSHV-negative lym-
phoma cells (Fig. 5I to L). We also did not observe an increase in the intensity of
K15P-HA fluorescence staining in BJAB-HA cells following sodium butyrate treatment
(data not shown); this is consistent with our finding that full-length K15P-HA expression
was not upregulated under these conditions in BJAB-HA cells (Fig. 4A).

Consequences of initiating KSHV lytic reactivation with RTA. Although sodium
butyrate is routinely used to trigger KSHV lytic replication, it can have nonspecific and
pleiotropic effects on cellular gene expression and function. As an alternative approach,
we made use of the plasmid pSG5-Rta (51), which expresses the KSHV Orf50-encoded
protein RTA. RTA is necessary and sufficient to trigger the full KSHV lytic program,
including ordered expression of viral lytic proteins and the release of viral progeny
(50–52). As shown in Fig. 6A, after electroporation of BCBL-1-HA cells to introduce
pSG5-Rta, the levels of an �45-kDa anti-HA-reactive species gradually increased over
time, though less dramatically than the results following sodium butyrate treatment.
Levels of the �23/24-kDa form of K15P-HA were also somewhat reduced after 24 h (Fig.
6A). In a separate experiment, BCBL-1-HA and BCBL-1 cells were electroporated with no
DNA, a control plasmid, or two different amounts of pSG5-Rta. After 48 h, we observed

FIG 6 Effects of RTA expression on K15P-HA. (A) BCBL-1-HA or parental BCBL-1 cells were electroporated
with 10 �g of the RTA expression plasmid pSG5-Rta. Zero, 24, 48, or 72 h after electroporation (as
indicated above the lanes), cells were harvested, subjected to SDS-PAGE, and Western blotted with
anti-HA or anti-GAPDH antibody, as indicated at right. Positions of molecular size markers are shown at
left. (Top) Expression of the �45-kDa and �23-kDa forms of K15P-HA. (Middle) Region from top panel
with contrast adjusted to show the �45-kDa K15P-HA band. (Bottom) GAPDH loading control. (B)
BCBL-1-HA or parental BCBL-1 cells were electroporated with no DNA, 7 �g or 10 �g of pSG5-Rta, or a
control plasmid, as indicated above the lanes. After 48 h, cells were collected and processed exactly as
described for panel A. (C) BCBL-1-HA cells were electroporated with pSG5-Rta and after 48 h were
attached to coverslips, fixed, stained with DAPI (blue channel), and immunostained for HA (green
channel), K8� (white channel), and TGN46 (red channel). An individual K8�-positive cell is shown
surrounded by K8�-negative cells. (D) Identical to panel C except that anti-TGN staining was omitted. For
panels C and D, conditions were chosen to image the elevated levels of anti-HA staining in K8�-positive
cells. Bars, 20 �m.
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a pSG5-Rta dose-dependent increase in the �45-kDa form of K15P-HA in BCBL-1-HA
cells (Fig. 6B).

RTA-induced lytic reactivation also caused changes in K15P-HA and TGN46 intracel-
lular localization that were similar to those seen upon sodium butyrate treatment. Cells
exhibiting nuclear anti-K8� staining showed elevated levels of K15P-HA in a dispersed
punctate pattern (Fig. 6C and D). Anti-K8�-positive cells also showed dispersed and
faint TGN46 staining (Fig. 6C), unlike the compact Golgi apparatus seen in K8�-negative
cells in the same field (Fig. 6C).

K15P in spontaneously reactivating cells. We observed that a small number of
BCBL-1-HA cells (�1% to 5% of the total) exhibited anti-K8� immunoreactivity even in
the absence of sodium butyrate treatment or RTA transfection. This is consistent with
the known frequency of spontaneous KSHV lytic reactivation in PEL cell lines (50, 52);
we never observed such K8�-positive immunostaining in non-KSHV-infected BJAB-HA
cells (data not shown). We found that the dispersed punctate pattern of K15P-HA
immunostaining in spontaneously K8�-positive cells resembled that seen in cells
lytically reactivated by sodium butyrate or RTA transfection (Fig. 7). Similarly, in
K8�-positive cells, the tight juxtanuclear Golgi-like staining of TGN46 was lost, and the
antigen became dispersed and more difficult to detect (panels to the right of Fig. 7A to
F show identical merged images, but with omission of the green channel, to aid
visualization of TGN46).

To quantitate the changes in K15P-HA and TGN46 localization during latency and
butyrate-induced or spontaneous lytic reactivation, we categorized the observed im-
munostaining patterns as “compact” (juxtanuclear, Golgi-like staining, as in Fig. 3 and
4B), “dispersed” (peripheral punctate staining around the perimeter of the cell, as in Fig.
5A to C), or “intermediate” (both peripheral and compact juxtanuclear staining, as in

FIG 7 K15P-HA in spontaneously reactivating cells. Fields of BCBL-1-HA cells were fixed, stained with DAPI (blue channel),
and immunostained for HA (green channel), K8� (white channel), and TGN46 (red channel). (A to F) Merged images of fields
containing K8�-negative cells and a spontaneously arising K8�-positive cell. To the right of each merged image is an
identical panel in which the green channel has been omitted to better reveal TGN46 staining. For all panels, conditions
were chosen to image the elevated levels of anti-HA staining in K8�-positive cells. Bars, 20 �m.
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Fig. 5D). As summarized in Fig. 8A, more than 90% of BCBL-1-HA cells showed compact
HA staining in latency, but 80% to 90% exhibited a dispersed pattern of staining when
lytically reactivated by sodium butyrate treatment or when reactivating spontaneously.
Similarly, TGN46 staining appeared compact, with a typical Golgi-like morphology, in
�90% of latent cells but became dispersed in �80% of lytically reactivated sodium
butyrate-treated cells (Fig. 8B). The TGN46 compartment was also redistributed in
�90% of cells showing spontaneous lytic reactivation, though approximately half of
these showed a fully dispersed staining pattern and approximately half were of the
intermediate phenotype (Fig. 8B).

DISCUSSION

We investigated the biology of the full-length, 8-exon-encoded form of the K15P
protein in the environment of KSHV-infected PEL cells. A limitation of our study is that
we used an epitope-tagged version of K15P to facilitate detection of the protein, and
it is important to be cautious in interpreting data obtained using a recombinant
molecule. Nevertheless, K15 modified in this way has been a standard tool for study of
K15P (and K15M) expression (10, 15, 20, 22) and subcellular localization (10, 15, 26) and
the mapping of K15P/M interactions with cellular proteins involved in intracellular
signaling (14, 15, 19, 22, 26). There are no known differences between the biological
behaviors of untagged and epitope-tagged K15P; however, this will remain a caveat of
our approach until the intracellular trafficking and processing properties of unmodified
K15P have been investigated. It is also true that the PEL cells in our study presumably
express endogenous KSHV-encoded K15P, including the various alternatively spliced
forms of the protein; at the moment, the effects of those molecules upon the behavior
of our reporter remain unknown.

We observed that during sodium butyrate-stimulated lytic reactivation in BCBL-1-HA
cells, levels of the �23/24-kDa form of K15P-HA gradually diminished, and a protein
with the predicted �45-kDa molecular mass of full-length K15P-HA accumulated over
time (Fig. 4A). We also observed expression of the higher-molecular-weight form of
K15P-HA and slightly reduced levels of the �23- to 24-kDa form within 24 h of
electroporation, when the KSHV lytic program was activated by transfection with RTA
(Fig. 6A and B). The fact that the effects of RTA were less dramatic than those of sodium

FIG 8 Quantitation of K15P-HA and TGN46 staining patterns. (A) Fields of BCBL-1-HA cells were
immunostained for HA and K8�. The numbers of cells displaying compact (white bars), intermediate
(gray bars), and dispersed (black bars) patterns of HA immunoreactivity (see the text for more details)
were counted and plotted as percentages of the total. Cell conditions are indicated below each set of
bars, as follows: latent, untreated cells that were K8� negative (250 cells counted from 4 fields); K8��
(butyrate), cells that were K8� positive following incubation with 1 mM sodium butyrate for 48 h (97 cells
counted from 6 fields); and K8�� (spontaneous), untreated cells that were K8� positive (17 cells counted
from 13 fields). (B) Identical to panel A except that cells were stained and their morphology scored for
TGN46. Cell numbers were as follows: latent, 214 cells counted from 17 fields; K8�� (butyrate), 91 cells
counted from 9 fields; and K8�� (spontaneous), 22 cells counted from 18 fields. The small numbers of
spontaneously occurring K8�-positive cells that were counted reflect the rare nature of the phenotype.
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butyrate treatment is to be expected, since electroporation of PEL cells is rather
inefficient and only �10 to 20% of cells in the RTA-electroporated population were
lytically reactivated as scored by K8�-positive immunostaining (data not shown). Our
data are consistent with an earlier report that levels of the �23- to 24-kDa form of K15P
decrease following TPA treatment of BC3 PEL cells (18), despite the well-established
increase in K15P message levels upon lytic induction (9, 10, 13, 16, 17, 32–35).

Since BJAB-HA cells can express the �23- to 24-kDa form of K15P (Fig. 1A), the
processing event that generates the protein must be independent of KSHV latent
infection. Conversely, conditions that stimulate lytic reactivation in KSHV-infected PEL
cells did not result in accumulation of �45-kDa K15P-HA in BJAB-HA cells (Fig. 4A and
6A and B). This suggests that accumulation of full-length K15P-HA in these B-cell-
derived lines is due to the KSHV lytic program itself rather than the reactivation
conditions (or that BJAB cells inherently differ from BCBL-1 cells in this regard). We
propose that the simplest explanation for these data is that K15P-HA is initially
synthesized as a full-length, �45-kDa protein which in latent cells undergoes cleavage
by a cellular protease to release the �23/24-kDa carboxy-terminal portion of the
molecule (to our knowledge, no studies have detected the corresponding amino-
terminal portion of K15P). During KSHV lytic reactivation, the activity of this cellular
protease (or delivery of K15P to it, as discussed below) is suppressed, and the full-length
protein accumulates. To our knowledge, this is the first time that differential expression
of these two molecular weight forms of K15P has been observed from the same K15P
cDNA in a single cell type.

Lytic reactivation and accumulation of the full-length form of K15P-HA were accom-
panied by redistribution of K15P-HA staining from a compact Golgi-like juxtanuclear
location to a more peripheral distribution (Fig. 4 to 6; quantitated in Fig. 8A). We saw
a similar redistribution of K15P-HA in the rare PEL cells undergoing spontaneous lytic
reactivation of KSHV (Fig. 7 and 8A), though we do not know if full-length K15P-HA
accumulates in this case. The TGN-resident protein TGN46 similarly dispersed (quanti-
tated in Fig. 8B). Neither K15P-HA nor TGN46 exhibited this behavior when non-KSHV-
infected BJAB-HA cells were treated with sodium butyrate (Fig. 5E to L), consistent with
it resulting from lytic reactivation (though, as mentioned above, we cannot rule out the
possibility that BCBL-1 and BJAB cells respond differently to sodium butyrate treatment
for other reasons). Fragmentation of the Golgi apparatus is known to accompany
infection of some cell types by herpes simplex virus (HSV), where it is thought to be a
consequence of very high levels of anterograde protein traffic during lytic replication
(53). It is possible that lytic replication of KSHV has similar consequences for PEL cells.
The loss of overlapping K15P-HA and TGN46 fluorescence staining upon Golgi frag-
mentation is consistent with juxtanuclear latent K15P-HA residing in an organelle
spatially close to the TGN but physically distinct from it (such as the cis-, medial, or
trans-Golgi cisternae), resulting in separation from the TGN upon Golgi dispersal.
Alternatively, K15P-HA might actually reside in the TGN compartment during latency
but depart from it upon lytic reactivation.

Whether due to organelle fragmentation or alternative routes of protein trafficking,
our data are consistent with the possibility that the different molecular weight forms of
K15P exhibit distinct patterns of intracellular localization. This might explain earlier
findings reporting a wide variety of organellar locations for K15P (summarized in the
introduction). It is also possible that processing of the full-length form of K15P to the
smaller, �23/24-kDa species might require delivery of the �45-kDa K15P to an appro-
priate organelle, as occurs during proteolytic cleavage of certain cellular proteins (54,
55). Whatever the mechanism, it is not unreasonable to speculate that differing roles for
K15P in the KSHV latent and lytic cycles might be accompanied by expression of
alternative molecular weight forms of the protein in distinct subcellular locations.

MATERIALS AND METHODS
Cells and viruses. BCBL-1 and BJAB cells and cell lines derived from them were maintained in RPMI

1640 medium supplemented with 10% fetal calf serum (FCS) and 1% penicillin-streptomycin (PS) (Gibco
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Laboratories) and grown in a 5% CO2 atmosphere. The growth medium of lentivirus-infected K15P-HA-
expressing cell lines was supplemented with 1 mg/ml G418 (Thermo Fisher Scientific).

DNA constructs and lentivirus infections. Plasmid pVRK15P contains the complete 8-exon cDNA of
K15P fused in-frame to two tandem C-terminal copies of the hemagglutinin (HA) epitope tag in the
vector pVR1255 (9, 17). pVRK15P was digested with EcoRI and BamHI to generate a restriction fragment
containing the entire K15P-HA ORF, which was then ligated between the EcoRI and BamHI sites of the
lentivirus vector pLVX-IRES-Neo (Clontech) to generate the construct pLVX-K15P-HA-IRES-Neo. This
positions the K15P-HA gene for transcription as the upstream ORF in a bicistronic message, followed by
an internal ribosome entry site (IRES) and a neomycin resistance gene. For preparation of recombinant
lentiviruses expressing K15P-HA, the plasmid pLVX-K15P-HA-IRES-Neo was combined with a Lenti-X HTX
packaging mixture and transfected into Lenti-X 293T cells following the manufacturer’s protocol (Clon-
tech). After 48 h, Lenti-X 293T cell culture supernatants, containing recombinant lentiviruses, were
harvested and stored at �80°C.

To achieve lentivirus infection, 1 � 106 BCBL-1 or BJAB cells were mixed with lentivirus-containing
supernatants in RPMI-10% FCS at a multiplicity of infection (MOI) of 5 in the presence of 5 �g/ml
1,5-dimethyl-1,5-diazaundecamethylene polymethobromide (Polybrene; MilliporeSigma). Following in-
cubation for 60 min in a tissue culture incubator, spinoculation was performed by centrifugation of the
cell-lentivirus mixture at 1,500 � g for 90 min at room temperature. Pelleted cells were gently
resuspended to a density of 2.5 � 105 cells/ml in fresh medium and incubated for a further 48 h to allow
time for neomycin resistance expression, and then the growth conditions were adjusted to 1 mg/ml G418
(MilliporeSigma). Individual G418-resistant BCBL-1- and BJAB-derived clones were screened for expres-
sion of the K15P-HA protein by Western blotting and were named BCBL-1-HA and BJAB-HA.

Preparation of RIPA detergent extracts. Cells were chilled to 4°C, pelleted by centrifugation at
2,000 � g, washed in phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8
mM KH2PO4, pH 7.4) at 4°C, and then solubilized in RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate, 50 mM Tris-HCl, pH 8.0) containing 5% (vol/vol) mammalian
protease inhibitor cocktail (MilliporeSigma) on ice for 1 h. A 5,000 � g spin was then performed for 10
min to pellet insoluble material, and the supernatant was recovered for SDS-PAGE.

Preparation of PNS. Cells were grown to a density of 0.8 � 106 to 1 � 106 cells/ml and then chilled on
ice, and all subsequent steps were performed at 4°C. Cells were pelleted by centrifugation at 2,000 � g,
washed in 250 mM sucrose, 2 mM MgCl2, 10 mM Tris-HCl, pH 7.2, pelleted at 2,000 � g, resuspended in
50 mM sucrose, 2 mM MgCl2, 10 mM Tris-HCl, pH 7.2, and then incubated on ice for 15 min. A mammalian
protease inhibitor cocktail (MilliporeSigma) was added to a final concentration of 5% (vol/vol), cells were
broken by 40 passages through a 27-gauge needle and centrifuged at 2,000 � g for 10 min to remove
nuclei and unbroken cells, and the postnuclear supernatant (PNS) was collected. To obtain organelle-
enriched and soluble fractions, the PNS was centrifuged in a Beckman TLA100.3 rotor at 50,000 � g for
30 min at 4°C, and the pellet (organelles) and supernatant (soluble cytoplasm) were recovered.

Density gradient fractionation of organelles. Fractionation of BCBL-1-HA subcellular organelles
was performed similarly to the method described previously (56). A PNS was first prepared as detailed
above, except that the wash and cell breakage buffers had MgCl2 omitted and instead contained 1 mM
EDTA. The PNS was applied to the top of a preformed linear density gradient prepared from successive
layers of 30%, 25%, 20%, 17.5%, 15%, 12.5%, 10%, 7.5%, 5%, and 2.5% iodixanol (OptiPrep; Milli-
poreSigma). The gradient was centrifuged at 50,000 � g in an SW41 rotor for 4 h at 4°C, and 24 successive
fractions were collected from top to bottom.

Western blotting and antibodies. SDS-PAGE and Western blotting were performed as previously
described (57), except that samples were heated at 37°C (rather than 95°C) in Laemmli buffer prior to
electrophoresis. Following electrophoretic transfer, membranes were incubated overnight with the
appropriate primary antibodies and for 1 h with peroxidase-conjugated anti-rabbit, anti-goat, or anti-
mouse secondary antibodies (MilliporeSigma). Secondary antibodies were detected with an enhanced
chemiluminescence substrate (PerkinElmer).

Primary antibodies were mouse anti-HA (clone 16B12; BioLegend), mouse anti-p58K (G2404; Milli-
poreSigma), mouse anti-Na�/K� ATPase (ab7671; Abcam), mouse anti-GAPDH (60004-1-Ig [Proteintech]
and MA5-15738 [Invitrogen]), rabbit anti-HA (H6980; MilliporeSigma), rabbit anti-PDI (ADI-SPA-890; Enzo
Life Sciences), rabbit anti-SMAC (sc-22766; Santa Cruz Biotechnology), rabbit anti-TGN46 (ab50595;
Abcam), and goat anti-cathepsin B (sc-6493; Santa Cruz Biotechnology).

Electroporation of PEL cells. PEL cells were electroporated using a Lonza Nucleofector device and
cell line Nucleofector solution V (Lonza) according to the manufacturer’s instructions, as follows. One day
prior to electroporation, cells were seeded to a density of 0.5 � 106 cells/ml and allowed to grow
overnight, and then 3 � 106 cells were collected for each electroporation by centrifugation at 1,000 �
g at room temperature. Following removal of the culture supernatant, each cell pellet was resuspended
in 100 �l Nucleofector solution V, mixed with 8 �g plasmid DNA, and transferred to Nucleocuvette
vessels (Lonza). Electroporation was performed using the Amaxa electroporation program T-001 accord-
ing to the manufacturer’s instructions and similar to previously described protocols (58, 59). Cells were
then immediately removed from the cuvettes, transferred to Eppendorf tubes containing 0.5 ml
RPMI-10% FCS (prewarmed to 37°C and preequilibrated with 5% CO2 but lacking PS antibiotics), and
incubated at 37°C in a tissue culture incubator for 15 min. The cells were then gently pelleted at 100 � g at
37°C, resuspended in their normal growth medium, and returned to the incubator for 0, 24, or 48 h
before harvesting.

Immunocytochemistry. All procedures were performed at room temperature. Cells were centri-
fuged onto glass coverslips at 10,000 rpm in a Shandon Cytospin 2 centrifuge for 5 min, fixed with 4%
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paraformaldehyde in PBS for 10 min, rinsed three times with PBS, and permeabilized using 0.2% Triton
X-100 in PBS for 10 min. Following PBS washes exactly as performed before, they were blocked in 10%
FCS, PBS for 30 min. Samples were incubated with primary antibodies for 2 h and then with secondary
antibodies for 1 h, in each case diluted in 10% FCS, PBS. Following four PBS washes over 20 min, the
samples were subjected to a 5-min fixation with 4% paraformaldehyde in PBS, washed in PBS, and
mounted using Diamond Prolong antifade reagent either containing DAPI (Thermo-Fisher Molecular
Probes) or omitting DAPI (Thermo-Fisher Molecular Probes). Samples were left to cure overnight before
sealing with nail polish. All imaging was performed in the Analytical Imaging Facility of the Albert
Einstein College of Medicine, using a Leica TCS SP5 confocal microscope (Leica Microsystems, Mannheim,
Germany). Images were collected as LIF files (Leica image file format; Leica Microsystems) and processed
using Fiji and ImageJ (60, 61).

Primary antibodies were rabbit anti-TGN46 (ab50595; Abcam), rabbit anti-calnexin (ab22595; Abcam),
rabbit anti-Na�/K� ATPase (ab76020; Abcam), rabbit anti-SMAC (sc-22766; Santa Cruz Biotechnology),
rabbit anti-HA (NB600-363; Novus Biologicals), mouse anti-KSHV K8 (SAB5300152; MilliporeSigma),
mouse anti-Na�/K� ATPase (ab7671; Abcam), mouse anti-calnexin (C7617; MilliporeSigma), mouse
anti-HA (clone 16B12; BioLegend), and rat anti-HA (NBP2-50416; Novus Biologicals).

Secondary antibodies were all from Invitrogen and were as follows: cyanine3–goat anti-rabbit (A10520),
Alexa Fluor 633–goat anti-rabbit (A21071), cyanine3–goat anti-mouse (A10521), Alexa Fluor 488–goat
anti-mouse (A11001), cyanine3–goat anti-rat (A10522), and Alexa Fluor 488–goat anti-rat (A11006).
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