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Abstract: Kaposi’s sarcoma-associated herpesvirus (KSHV) is a cancer-related virus which engages
in two forms of infection: latent and lytic. Latent infection allows the virus to establish long-term
persistent infection, whereas the lytic cycle is needed for the maintenance of the viral reservoir
and for virus spread. By using recombinant KSHV viruses encoding mNeonGreen and mCherry
fluorescent proteins, we show that various cell types that are latently-infected with KSHV can be
superinfected, and that the new incoming viruses establish latent infection. Moreover, we show
that latency establishment is enhanced in superinfected cells compared to primary infected ones.
Further analysis revealed that cells that ectopically express the major latency protein of KSHV,
LANA-1, prior to and during infection exhibit enhanced establishment of latency, but not cells
expressing LANA-1 fragments. This observation supports the notion that the expression level of
LANA-1 following infection determines the efficiency of latency establishment and avoids loss of
viral genomes. These findings imply that a host can be infected with more than a single viral genome
and that superinfection may support the maintenance of long-term latency.

Keywords: Kaposi’s sarcoma-associated herpesvirus (KSHV); superinfection; primary infection;
latency-associated nuclear antigen 1 (LANA-1); latent infection

1. Introduction

Kaposi’s sarcoma-associated herpesvirus (KSHV), also referred to as human herpes
virus-8 (HHV-8), is a gamma-2 herpesvirus that is implicated in the etiology of Kaposi’s
sarcoma (KS), primary effusion lymphoma (PEL), plasmablastic variant of multicentric
Castleman’s disease and KSHV-inflammatory cytokine syndrome (KICS) [1–7]. Like all
herpesviruses, primary infection with KSHV results in life-long infection, which is mostly
latent, coupled with sporadic lytic reactivation episodes that produce new virions and
enable virus dissemination between hosts and within the host, while increasing the risk
for disease development [8,9]. This biphasic infection cycle has been widely explored
using various cell models in which a reversible latent infection can be shifted by different
physiological and chemical treatments toward the productive/lytic infection phase [9,10].
Of note, KSHV appears to display an unstable latency with a propensity to lose latent viral
genomes; thus, it is likely that lytic reactivation is required to produce newly infected cells
within the host, and could be vital for sustaining long-term host infection [8,11,12].

Latency of KSHV is characterized by persistence of multiple highly ordered covalently
closed circular viral genomes, termed episomes, that assemble into chromatin. A limited
set of viral genes are expressed during latency, while the viral DNA replicates using the
host DNA replication machinery coordinately with host cell division. Establishment of
KSHV latency within a cell involves spatially and temporally ordered chromatinization,
including a rapid association with histones that are enriched with H3K4me3 and H3K27ac
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activating marks, and concomitant expression of viral lytic genes, followed by a transition
to H3K27me3/H2AK119ub-enriched heterochromatin, which ultimately results in the
repression of viral gene expression [13,14]. Enrichment of repressive chromatin marks were
also detected in KS tissues and in latently infected PEL cells [15]. The epigenetic modifi-
cations are predominantly orchestrated by the viral latency-associated nuclear antigen 1
(LANA-1). LANA-1 is a multifunctional DNA-binding protein, which is expressed during
KSHV latency and known to be vital for various nuclear functions, in particular for the
preservation of KSHV episomes and the segregation of the replicated viral genomes into
daughter cells during latency. LANA-1 performs these functions through the recruitment of
cellular proteins, including replication factors, chromatin modifying enzymes, and cellular
mitotic apparatus assembly [16,17].

The process by which already infected cells are re-infected with another virus of a
different or similar type is called superinfection. In this context, a phenomenon known
as superinfection exclusion, characterized by the inhibition of subsequent viral infection
by an infected cell, has been described [18]. This phenomenon, suggested to preserve
the cell’s resources toward promotion of replication and spread of the virus that initially
infected the cell, was first observed for bacteriophages [19] and later in a variety of viruses
including influenza virus [20], poxviruses [21], flaviviruses [22–24], alphaviruses [25], and
papillomaviruses [26]. Inhibition of the second infecting virus was also reported in three
herpesviruses, and herpes simplex virus type 1 (HSV-1) [27,28], varicella-zoster virus
(VZV), and porcine herpesvirus pseudorabies virus (PRV), displaying both self and mutual
superinfection exclusion during sequential infection [29,30]. Resistance of trigeminal neu-
rons to subsequent HSV-1 infection was reported in vivo [31]; yet, variations were reported
in the viruses shed by individuals from herpetic lesions over time, presumably resulting
from sequential infections [32]. Reinfection with VZV and subsequent latency establish-
ment may also occur [33]. Of note, co-infection with different herpesvirus strains enables
recombination-mediated diversification and serves as a driving force for the emergence of
new strains [33–38]. Indeed, recent genome-wide sequence analyses provided evidence for
intragenic and multiple recombination events contributing to the divergence of KSHV [39].
However, in which host cells, and at what stage co-infection occurs in infected hosts, is yet
to be discovered.

Among human viruses, KSHV is most closely related to the Epstein-Barr virus (EBV),
a gamma-1 herpesvirus associated with lymphomas and nasopharyngeal carcinoma. EBV
and KSHV establish persistent infections in B cells and are found together in approximately
90% of PELs [40–43]. Increased EBV lytic gene expression and associated tumorigenesis
are evident following co-infection with KSHV [44]. In addition, it has been observed that
EBV promotes cell survival and KSHV persistence in dually infected cells [45,46], and that
prolonged co-infection with these viruses leads to an increase in the expression of EBV
lytic gene products, and at the same time enhances cancer cell transformation [44]. KS and
PEL usually develop as a result of infection with a single genotype of KSHV; however,
KS lesions carrying two different genotypes of KSHV have been identified [47–49]. In
addition, a significant genotypic polymorphism within different compartments, blood,
saliva, and KS lesions, was identified in KSHV-infected Malawian individuals [50]. Of note,
recent whole-genome sequencing of KSHV-related effusions provided evidence not only
for co-infection with EBV but also with the human herpesvirus 6 (HHV-6) and torque teno
virus (TTV), suggesting that the effusions may contain multiple viral species [49]. This
analysis also identified an effusion in an African-American patient which was co-infected
by two different KSHV strains, the B or African subtype, and the A Europe or North
America K1 subtype. However, whether both genomes were present in the same cells
remains to be determined [49,51]. Similarly, infection with more than one EBV genotype
has been described in healthy carriers of the virus, as well as in infectious mononucleosis
and in AIDS patients [52–54].

In the present study, to increase our understanding of co-infection, we constructed re-
combinant viruses encoding mNeonGreen or mCherry fluorescent proteins and used these
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viruses to monitor primary infection of naive uninfected cells compared with correspond-
ing superinfection of latently-infected cells. We show that latently KSHV-infected cells
are permissive to secondary KSHV infection and that latency of the secondary incoming
viruses is established more efficiently during superinfection compared to primary infection.
Enhancement of latency establishment of KSHV infection was also evident upon expression
of full-length LANA-1, suggesting that ongoing prior expression of LANA-1 supports
latency establishment and prevents loss of viral genomes. These findings imply that a
given host can be infected with more than a single viral genome and that superinfection
may support the maintenance of long-term infection.

2. Results
2.1. Construction of BAC16-mCherry and BAC16-mNeonGreen Recombinant Viruses

Recombinant viral genomes that express mCherry or mNeonGreen fluorescent protein
under the control of the constitutive cellular promoter EF1-alpha were constructed using the
complete KSHV BAC16 clone, which enables genetic manipulation of the KSHV genome
in E. coli employing the two-step Red-mediated recombination approach [55,56]. The
resulting genomes, designated BAC16-mCherry or BAC16-mNeonGreen, were tested for
the presence of the engineered exchange using diagnostic PCR, sequencing and restriction
enzyme analysis with Bglll revealing DNA fragmentation pattern similar to that of parental
BAC16 and lack of rearrangements (Figure 1). Of note, mCherry and mNeonGreen do
not share sequence homology, thereby avoiding homologous recombination between the
fluorescent genes during co-infection with both viruses. Furthermore, since the excitation
and emission spectra of these proteins do not overlap, we anticipated that it would be
possible to detect combined infections with both viruses.
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Figure 1. Construction and analysis of BAC16-mCherry and mNeonGreen KSHV recombinant
genomes. (A) Schematic illustration of the parental KSHV BAC16 genome as well as BAC16-mCherry
and BAC16-mNeonGreen genomes. (B) Agarose gel electrophoresis of BAC16, BAC16-mCherry,
and BAC16-mNeonGreen. DNAs were digested with BglII, resolved on a 0.4% agarose gel, and
stained with ethidium bromide. Molecular weight markers are shown on the left. BAC16-mCherry
and BAC16-mNeonGreen display similar digestion pattern as that obtained for the corresponding
BAC16 DNA.
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2.2. Latently KSHV-Infected Cells Permit Superinfection and Display Enhanced Expression of the
Fluorescent Marker of the Incoming Virions

To investigate whether cells that are already latently infected with KSHV can be
superinfected with the same virus, we combined infections with the above two recombinant
viruses, BAC16-mCherry and BAC16-mNeonGreen, which enable tracking of the infection
based on the expression of their fluorescent marker genes using FACS analysis. First, we
used the human iSLK epithelial cells as a model system for de novo KSHV infection. These
cells are susceptible to KSHV, which establishes a tightly controlled latency upon infection,
and support lytic reactivation upon combined treatment with Doxycycline (Dox) and
sodium butyrate (n-But) [13,57]. We infected naive and latent BAC16-mCherry-infected
iSLK cells with BAC16-mNeonGreen virions at 0.1–0.5 multiplicity of infection (MOI)
using the spinoculation method, and monitored expression of the mNeonGreen fluorescent
marker 48 h post infection by FACS analysis. As shown in a representative experiment
(Figure 2A), the percentage of mNeonGreen expressing cells in iSLK cells increased with
increasing MOI and corresponded to the fractions expected using the different MOIs. Yet,
at every MOI, the percentage of cells expressing mNeonGreen was higher in cells that were
already latently infected with BAC16-mCherry as compared to naive initially uninfected
cells. Similar results were obtained in an inverse experiment in which expression of the
fluorescent marker was compared between naive and BAC16-mNeonGreen-infected cells
that were infected with BAC16-mCherry virions (Figure 2B). A significant difference in
the proportion of cells expressing the incoming fluorescent viral protein between naive
and latently infected cells was seen at an MOI of 0.1, 0.25, and 0.5 (Figure 2C). Similar
results were obtained in HEK-293T cells that were also infected at low MOIs (Figure 3).
These results indicate that latently KSHV-infected cells can be superinfected with KSHV.
Furthermore, latently KSHV-infected cells appear to promote enhanced expression of the
fluorescent marker gene from the incoming viruses as compared with naive cells that
underwent primary infection. Of note, our experiments were carried at low MOIs, thus
avoiding infection with multiple virions per cell, and allowing a reliable measurement of
the infected cells by FACS. At these MOIs, most fluorescent-positive cells were likely to
be infected with a single infectious unit, and the variability between the infected cells in
the number of incoming virions is small. Furthermore, effects resulting from high load
of incoming virions that introduce large quantities of tegument proteins, which could
potentially affect cells, were avoided by using low MOIs.
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Figure 2. KSHV-infected iSLK cells can be superinfected and display enhanced expression of the fluorescent marker of
the incoming virions. Naive iSLK cells and latently infected iSLK cells that carry (A) BAC16-mCherry or (B) BAC16-
mNeonGreen were seeded in six-well plates (500,000 cells per well). The next day, the cells were infected with (A)
BAC16-mNeonGreen or (B) BAC16-mCherry viruses at MOIs of 0.1, 0.25, and 0.5 using spinoculation. After 48 h, the
cells were harvested, and the percentages of cells expressing mNeonGreen and mCherry were measured by FACS. (C)
Percentage of cells expressing the fluorescent protein (mNeonGreen/mCherry) encoded by the incoming viral genome.
iSLK—naive uninfected cells, iSLK-infected-latently iSLK-infected cells that were re-infected. Results show the average of
three independent experiments. Statistical analysis was carried out using Tukey’s post hoc analysis test. ** p < 0.01. Naive
uninfected iSLK cells were used as a negative control, while iSLK-BAC16-mCherry and iSLK-BAC16-mNeonGreen served
as positive controls.
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Figure 3. KSHV-infected HEK-293T cells can be superinfected and display enhanced expression of the fluorescent marker of
the incoming virions. (A) Naive HEK-293T cells and latently infected HEK-293T cells that carry BAC16-mNeonGreen were
seeded in six-well plates (500,000 cells per well). The next day, the cells were infected with BAC16-mCherry viruses at MOIs
of 0.1 and 0.5 using spinoculation. After 48 h, the cells were harvested, and the percentages of cells expressing mNeonGreen
and mCherry were measured by FACS. (B) Percentage of cells expressing the fluorescent protein (mNeonGreen/mCherry)
encoded by the incoming viral genome. 293T—naive uninfected cells, 293T-infected-latently 293T-infected cells that were
re-infected. Results shown are averages of three independent experiments. Statistical analysis was carried out using Tukey’s
post hoc analysis test. *** p < 0.001, * p < 0.05. Naive uninfected HEK-293T cells were used as a negative control, while
BAC16-mCherry and iSLK-BAC16-mNeonGreen-infected HEK-293T cells served as positive controls.

Superinfection was also evaluated in Vero cells which are incapable of interferon
production, yet respond to externally added interferon [58,59]. Naive uninfected and
latent BAC16-mCherry-infected Vero cells were infected with BAC16-mNeonGreen at
an MOI of 0.1, 0.25, and 0.5, and the percentage of cells expressing mNeonGreen was
examined 48 h later by FACS. As shown in Figure 4A, like iSLK and HEK-293T cells,
the percentages of cells expressing the mNeonGreen were higher in Vero cells that were
already latently infected with BAC16-mCherry as compared to naive initially uninfected
cells. Similar results were obtained when BAC16-mNeonGreen-infected Vero cells were
infected with BAC16-mCherry (Figure 4B), and the differences between naive and infected
cells in the percentages of cells expressing the fluorescent marker from the incoming virus
were significant (Figure 4C). These results indicate that Vero cells that carry latent KSHV
infection are also susceptible to further KSHV infection and more efficiently express the
fluorescent marker gene encoded in the genome of the incoming viruses, compared to
naive cells undergoing primary infection with KSHV. This indicates that the potentially
weakened interferon response in latently infected cells does not appear to be involved in
the greater proportion of cells expressing the viral marker gene in latently infected cells
that undergo subsequent infection with KSHV.
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Figure 4. KSHV-infected Vero cells can be superinfected and display enhanced expression of the fluorescent marker of
the incoming virions. (A) Naive Vero cells and latently infected Vero cells that carry (A) BAC16-mCherry or (B) BAC16-
mNeonGreen were infected as described in Figure 2, and the percentages of cells expressing mNeonGreen and mCherry
were measured by FACS. (C) Percentage of cells expressing the fluorescent protein (mNeonGreen/mCherry) encoded by
the incoming viral genome. Vero—naive uninfected cells, Vero-infected-latently Vero-infected cells that were re-infected.
Results are based on an average obtained from three independent experiments. Statistical analysis was carried out using
Tukey’s post hoc analysis test. *** p < 0.001, * p < 0.05. Naive uninfected Vero cells were used as a negative control, while
Vero-BAC16-mCherry and Vero-BAC16-mNeonGreen served as positive controls.

Similarly, WB analysis of extracts from iSLK, HEK-293T and Vero cells demonstrated
higher expression of the incoming virus mCherry marker gene in extracts from latent
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BAC16-mNeonGreen-infected cells that were infected with BAC16-mCherry, as compared
with naive cells undergoing primary infection. No expression of the immediate-early lytic
viral replication and transcription activator (RTA) was evident following primary infection
or superinfection (Figure 5).
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Figure 5. Enhanced expression of the fluorescent marker of the incoming virions in lysates from
superinfected cells. Naive uninfected and latently BAC16-mNeongreen-infected iSLK, HEK-293T,
and Vero cells were infected with BAC16-mCherry viruses at the indicated MOIs, as described in
Figure 2. After 48 h the cells were harvested, and protein extracts were tested by WB analysis
using mCherry antibody as a marker for infection with BAC16-mCherry, mNeonGreen antibody
as a marker for the latent infection, and K-RTA antibody as a marker for activation of the lytic
cycle. Tubulin was used as loading control. Control- uninfected iSLK, HEK-293T and Vero cells that
constitute a negative control. BAC16-mNeonGreen-infected cells that were either left untreated or
treated with Doxycycline (Dox, 1 µg/mL) and n-Butyrate (n-But, 1 mM) were also used to confirm
mNeonGreen and RTA expression. The image represents one of two experiments that demonstrated
similar results for HEK-293T cells, and one of three experiments for iSLK and Vero cells.

Finally, to verify that superinfection leads to the establishment of a latent infection,
we examined the expression of the incoming virion fluorescent marker protein over time,
while comparing cells that were superinfected relative to primary infected iSLK cells. As
shown in Figure 6, the enhanced expression of the fluorescent marker gene of the incoming
virions in superinfected cells as compared to primary infected cells, which was observed
48 h post infection, was maintained at longer time points of eight and 13 d post infection.
No significant differences were found in the ratios of superinfected and primary infected
fluorescent cells between the different time points after infection. These results suggest
that cells that are latently infected with KSHV promote establishment and maintenance of
latency of additional viral genomes following superinfection.



Int. J. Mol. Sci. 2021, 22, 11994 9 of 25Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 9 of 25 
 

 

 
Figure 6. Enhanced expression of the fluorescent marker of the incoming virions in superinfected 
iSLK cells is maintained over time. iSLK and BAC16-mCherry or BAC16-mNeonGreen iSLK-in-
fected cells were infected as described in Figure 2. After two, eight, and 13 d, the cells were har-
vested, and the percentage of cells expressing the fluorescent marker gene of the incoming virions 
was measured by FACS. The graph shows the ratios between the percentage of cells expressing the 
incoming virions fluorescent protein in superinfected and primary infected cells. Results are from 
three independent experiments. Statistical analysis was performed using a one-way ANOVA test, 
and showed no significant differences between the ratios over time. 

2.3. Latently KSHV-Infected Cells That were Superinfected Contain Higher Levels of the 
Incoming Viral DNA Compared to Primary Infected Cells 

The increased fraction of cells expressing the marker gene from incoming viral ge-
nomes following infection of cells that were already latently infected with KSHV (super-
infection) can be due to escape from chromatin modifications that could potentially inhibit 
gene expression from the viral genome, increased EF1-alpha promoter activity in latently 
infected cells, decreased degradation of the incoming KSHV DNA, increased efficiency of 
latency establishment that enables maintenance of the viral episomes during cell division, 
or transient replication of the viral genome upon infection. It is also possible that more 
than one mechanism accounts for our observation. 

To examine these potential mechanisms, we first measured the DNA levels of the 
incoming viral genomes following primary infection and superinfection of the latently 
BAC16-mCherry-infected iSLK cells. Cells were harvested 48 h after infection, high-mo-
lecular-weight DNA was extracted, and TaqMan Real-Time PCR with primers that target 
the mNeonGreen fluorescent marker gene of the incoming viral genomes was used to de-
termine the quantity of the incoming viral DNA [60]. As shown in Figure 7, the DNA load 
of incoming KSHV genomes was significantly higher in superinfected cells compared 
with primary infected cells, indicating that the increased expression of the fluorescent 
marker gene in superinfected cells is not due to lower suppressive chromatin modifica-
tions or increased EF1-alpha promoter activity in these cells, but instead stems from the 
presence of increased levels of viral genomes in the superinfected cells. Thus, it appears 
that differences in chromatin modifications or in the transcriptional activity of the EF1-
alpha promoter do not account for the increased expression of the viral marker gene in 
superinfected cells. 

We then measured the quantity of the incoming viral DNA after superinfection and 
primary infection of iSLK cells 24 and 48 h post infection using primers for the fluorescent 
gene. Similar levels of incoming viral DNA were measured 24 h after infection in primary 
and superinfected cells, while the quantity of incoming viral DNA decreased at 48 h after 

1.9

2.1

1.8

0.0

0.5

1.0

1.5

2.0

2.5

3.0

2 8 13

Su
pe

ri
nf

ec
te

d/
Pr

im
ar

y 
in

fe
ct

ed
 

Days

Figure 6. Enhanced expression of the fluorescent marker of the incoming virions in superinfected
iSLK cells is maintained over time. iSLK and BAC16-mCherry or BAC16-mNeonGreen iSLK-infected
cells were infected as described in Figure 2. After two, eight, and 13 d, the cells were harvested, and
the percentage of cells expressing the fluorescent marker gene of the incoming virions was measured
by FACS. The graph shows the ratios between the percentage of cells expressing the incoming virions
fluorescent protein in superinfected and primary infected cells. Results are from three independent
experiments. Statistical analysis was performed using a one-way ANOVA test, and showed no
significant differences between the ratios over time.

2.3. Latently KSHV-Infected Cells That Were Superinfected Contain Higher Levels of the Incoming
Viral DNA Compared to Primary Infected Cells

The increased fraction of cells expressing the marker gene from incoming viral
genomes following infection of cells that were already latently infected with KSHV (super-
infection) can be due to escape from chromatin modifications that could potentially inhibit
gene expression from the viral genome, increased EF1-alpha promoter activity in latently
infected cells, decreased degradation of the incoming KSHV DNA, increased efficiency of
latency establishment that enables maintenance of the viral episomes during cell division,
or transient replication of the viral genome upon infection. It is also possible that more
than one mechanism accounts for our observation.

To examine these potential mechanisms, we first measured the DNA levels of the
incoming viral genomes following primary infection and superinfection of the latently
BAC16-mCherry-infected iSLK cells. Cells were harvested 48 h after infection, high-
molecular-weight DNA was extracted, and TaqMan Real-Time PCR with primers that
target the mNeonGreen fluorescent marker gene of the incoming viral genomes was used
to determine the quantity of the incoming viral DNA [60]. As shown in Figure 7, the
DNA load of incoming KSHV genomes was significantly higher in superinfected cells
compared with primary infected cells, indicating that the increased expression of the
fluorescent marker gene in superinfected cells is not due to lower suppressive chromatin
modifications or increased EF1-alpha promoter activity in these cells, but instead stems
from the presence of increased levels of viral genomes in the superinfected cells. Thus, it
appears that differences in chromatin modifications or in the transcriptional activity of the
EF1-alpha promoter do not account for the increased expression of the viral marker gene
in superinfected cells.
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Figure 7. Superinfected cells contain higher levels of incoming viral DNA compared to primary
infected cells. Uninfected and latently BAC16-mCherry-infected iSLK cells were infected with BAC16-
mNeonGreen at MOI of 0.25 and 0.5 using the spinoculation method. High-molecular-weight DNA
was extracted 48 h after infection, and the quantity of incoming viral DNA was measured using
primers targeting the mNeonGreen fluorescent gene. The reactions were performed in triplicate, and
the mean values obtained for the mNeonGreen fluorescent gene were normalized against the mean
values obtained in the corresponding reactions of the ERV-3 cellular gene. DNA levels are shown
relative to iSLK cells that were infected with BAC16-mNeonGreen virus at an MOI of 0.25, which
was defined as 1 after normalization. Results obtained are from three independent experiments.
Statistical analysis was performed using the ANOVA test and t-test. ** p < 0.01.

We then measured the quantity of the incoming viral DNA after superinfection and
primary infection of iSLK cells 24 and 48 h post infection using primers for the fluorescent
gene. Similar levels of incoming viral DNA were measured 24 h after infection in primary
and superinfected cells, while the quantity of incoming viral DNA decreased at 48 h after
infection. However, the reduction in the viral DNA was significantly lower in superinfected
cells (ratio of 0.53 versus 0.39 between 48 and 24 h after infection in superinfected and
primary infected cells, respectively) (Figure 8), suggesting smaller loss of the incoming
viral DNA in already infected cells compared to cells undergoing primary infection. This
finding is consistent with reduced degradation of the incoming viral DNA or higher
efficiency of latency establishment prior to cell division during superinfection compared to
primary infection.

To examine whether greater replication of the incoming viral DNA or latency estab-
lishment prior to cell division account for the increased viral DNA in superinfected cells,
we used aphidicolin, a potent and specific inhibitor of the B-family DNA polymerases.
Aphidicolin inhibits DNA replication and cell division in eukaryotic cells and has also been
reported to inhibit the DNA polymerase encoded by HSV-1 [61–63]. First, we determined
the working concentration of aphidicolin in iSLK cells and established that 2.5 µM aphidi-
colin leads to cell cycle arrest without triggering cell death. Subsequently, we performed
FACS experiments to examine how aphidicolin affects primary infection and superinfection.
Uninfected and latently BAC16-mCherry or BAC16-mNeonGreen-infected iSLK cells were
treated with aphidicolin 1 h prior to infection, or left untreated, infected with BAC16-
mNeonGreen or BAC16-mCherry at an MOI of 0.1, 0.25, or 0.5 and analyzed by FACS after
48 h. In line with the results shown in Figure 2, the ratio of the fractions of cells expressing
the fluorescent marker gene of the incoming virions obtained for superinfected versus
primary infected cells was greater than one at all three MOIs examined. Yet, the ratios
obtained for cells treated with aphidicolin versus untreated cells were not significantly
different (Figure 9). These results do not support the hypothesis that increased transient



Int. J. Mol. Sci. 2021, 22, 11994 11 of 25

replication of the incoming viral DNA in the superinfected cells relative to the primary
infected cells provides an advantage to the superinfected cells. Furthermore, aphidicolin
treatment is accompanied by inhibition of cell division, and therefore the advantage of
superinfected cells does not appear to be due to greater preservation of the incoming viral
episomes in progeny cells.
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Figure 8. Relationship between the levels of incoming viral DNA in primary and superinfected
cells 24 versus 48 h after infection. Uninfected and latently infected iSLK cells were infected with
recombinant BAC16-mCherry or BAC16-mNeonGreen viruses at an MOI of 0.5 and processed as
described in Figure 7 at 24 and 48 h post infection. Ratios of viral DNA levels obtained 48 and 24 h
after infection are presented showing decreasing quantities of incoming viral DNA between 24 and
48 h post infection. Results obtained are from three independent experiments. Statistical analysis
was performed using the Welch Two Sample t-test. * p < 0.05.
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Figure 9. Aphidicolin treatment does not affect expression of the fluorescent marker of the incoming
virions. Uninfected and latent BAC16-mCherry or BAC16-mNeonGreen-infected iSLK cells were
either left untreated or treated with 2.5 µM aphidicolin (Aph) 1 h prior to infection, and infected
with BAC16-mNeonGreen or BAC16-mCherry viruses at MOI of 0.1, 0.25, or 0.5 with or without
aphidicolin using spinoculation. After 48 h, the cells were harvested and the percentages of cells
expressing mNeonGreen and mCherry were measured by FACS. The ratios between the percentage
of cells expressing the incoming virion’s fluorescent protein in superinfected and primary infected
cells are presented. Results shown are averages of four independent experiments. Statistical analysis
was performed using a two-way ANOVA test and differences +/− aphidicolin are not significant.
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2.4. Increased Latency Establishment in Cells Expressing LANA-1

Our results indicate that KSHV-infected cells are permissive for secondary superinfec-
tion with KSHV, and that this infection results in establishment of greater latency relative
to that of primary infection. This phenomenon was assumed to rely on ongoing expression
of viral gene product/s that promote establishment of latency in superinfected cells. A
limited number of viral gene products are expressed during latency to enable preservation
and replication of the viral episomes in the infected cell nucleus, while inhibiting cell
death and evading the immune response. Most of the genes expressed during latency
are located in a genomic cluster known as the major latency locus, of which the latency-
associated nuclear antigen 1 (LANA-1) is considered essential for the establishment and
maintenance of latency in all cell types. Hence, we examined whether infection of cells that
are already expressing LANA-1 results in enhanced establishment of latency. Accordingly,
we transfected HEK-293T cells with an HA-tagged LANA-1 expression plasmid that also
expresses ZsGreen fluorescent protein or with a control plasmid, and 24 h later, infected
the cells with BAC16-mCherry viruses at an MOI of 0.05 or 0.1. mCherry expression was
monitored 48 h post infection in cells expressing ZsGreen, which marked transfected cells.
As shown in Figure 10A, the fraction of mCherry expressing cells in cells transfected with
LANA-1 expression vector and expressing ZsGreen was higher compared to mCherry
expressing cells that were transfected with the control vector. Three replicate experiments
were performed, demonstrating a significantly increased mean percentage of cells express-
ing the marker fluorescent protein of the incoming viruses in infected cells that already
expressed LANA-1 (Figure 10B). Similar results were obtained in U2OS cells that were
engineered to express a doxycycline (Dox)-inducible LANA-1 protein [64]. U2OS contain-
ing LANA-1 expression cassette or control vector were treated with Dox for 24 h and then
infected with BAC16-mCherry viruses at an MOI of 0.1, 0.25 and 0.5 in the presence of Dox.
As shown in Figure 11A,B, cells expressing LANA-1 demonstrated higher percentages
of mCherry-positive cells compared to the control cells, in which there was no LANA-1
expression. Moreover, we quantified the viral genomes in U2OS cells expressing LANA-1
compared to control cells, revealing significantly greater copy number of viral DNA in cells
expressing LANA-1 compared to the control cells (Figure 11C). These results indicate that
prior expression of LANA-1 in cells promotes the establishment of latent KSHV infection
as evident by the relatively higher rates of fluorescent cells and greater quantities of viral
DNA compared to cells that do not express this protein prior to or during infection.

2.5. Full-Length LANA-1 Is Required to Promote Latency Establishment of KSHV

In order to map the domain/s of LANA-1 which are necessary for promoting the
establishment of latent KSHV infection in superinfected cells, we used two sets of expres-
sion plasmids encoding various fragments of this protein. To this end, we used plasmids
encoding the N-terminus (aa 1–340), the C-terminus (aa 839–1162), both N- and C-termini
(aa 1–340, 839–1162), and full-length LANA-1 (aa 1–1162) that were N-terminally tagged
with Flag, as well as HA-tagged expression plasmids encoding the central region of the
protein, which includes multiple sequence repeats, fused to the amino terminal (aa 2–902)
or to the carboxy terminal (aa 317–1162) of LANA-1, and full-length LANA-1 (Figure 12A).
HEK-293T cells were transfected with the different expression plasmids, and after 24 h
were infected with BAC16-mCherry viruses. WB analysis confirmed the expression of
LANA-1 protein and its fragments (Figure 12B) The percentage of cells expressing the
fluorescent mCherry protein was measured 48 h after infection, and was significantly
higher in cells transfected with the plasmids encoding Flag (Figure 12C) or HA-tagged
(Figure 12D) full-length LANA-1, compared to cells transfected with control plasmids.
In contrast, all tested LANA-1 fragments failed to elicit an increased percentage of cells
expressing the fluorescent protein. These results indicate that expression of full-length
LANA-1 protein is required to promote the establishment of latent KSHV infection in cells.
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Figure 10. Role of LANA-1 in enhancing latency in HEK-293T. (A) HEK-293T cells were transfected with HA-tagged
LANA-1 expression plasmid that also expressed ZsGreen fluorescent protein or with control plasmid. After 24 h, the cells
were infected with BAC16-mCherry viruses at an MOI of 0.05 and 0.1 using spinoculation. Cells were harvested 48 h
after infection, and the percentage of cells expressing mCherry in ZsGreen-positive cells was measured by FACS. The
images represent one experiment out of three that demonstrated similar results. (B) Percentage of cells expressing mCherry
following infection of cells transfected with LANA-1 expression vector or control vector; results shown are the average of
three independent experiments. Statistical analysis was performed using the one-way ANOVA test and Tukey’s post hoc
analysis tests. * p < 0.05.
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C. 

1.0

1.6

2.1

4.6

0

1

2

3

4

5

6

0.25 0.5 0.25 0.5

R
el

at
iv

e q
ua

nt
ity

 o
f i

nt
ra

ce
llu

la
r 

K
SH

V
 D

N
A

U2OS-Ctrl

***

*

MOI

U2OS-LANA-1

Figure 11. Role of LANA-1 in enhancing latency in U2OS cells. (A) U2OS-Control and U2OS-LANA-1 cells were treated
with doxycycline (1 µg/mL), and after 24 h the cells were infected with BAC16-mCherry virus at an MOI of 0.1, 0.25, and
0.5 using spinoculation. Cells were harvested 48 h post infection and the percentages of cells expressing mCherry were
measured by FACS. (B) Percentage of cells expressing mCherry obtained following infection based on the average of three
independent experiments. Statistical analysis was performed using the One-way ANOVA test and Tukey’s post hoc analysis.
* p < 0.05, ** p < 0.01. (C) TaqMan real-time quantitative PCR was performed as described in Figure 7. DNA levels are shown
relative to U2OS-control cells that were infected with BAC16-mCherry virus at an MOI of 0.25, which was normalized to 1.
Results presented are from three independent experiments. Statistical analysis was performed using the ANOVA test and
t-test. ** p < 0.01, *** p < 0.001.
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Figure 12. Prior expression of full-length LANA-1 is necessary to promote latency establishment. (A) Schematic diagram
of the latency-associated nuclear antigen 1 (LANA-1) protein and fragments. HEK-293T cells were transfected with Flag
or HA-tagged expression plasmids encoding different regions and full-length LANA-1. To identify the transfected cells,
cells transfected with Flag-tagged expression plasmids were co-transfected with an EGFP expression plasmid, while
the HA-tagged expression plasmids co-expressed ZsGreen fluorescent protein. After 24 h, the cells were infected with
BAC16-mCherry viruses at an MOI of 0.25 using spinoculation. Cells were harvested 48 h after infection and the expression
of LANA-1 and its corresponding fragments was analyzed by WB (B). The percentage of cells expressing mCherry in EGFP
and ZsGreen-positive cells was measured by FACS. The value of cells transfected with a control plasmid was normalized to
1 and all samples were compared to this sample. The graph was prepared based on the average of 12 experiments for (C),
and 8 experiments for (D). Statistical analysis was performed using the one-way ANOVA test and Tukey’s post hoc analysis
tests. * p < 0.05, ** p < 0.01 *** p < 0.001.

2.6. p53 Protein Does Not Affect Latency Establishment of KSHV during Superinfection

Previous studies showed that LANA-1 binds the p53 tumor suppressor protein and
inhibits its activity while promoting cell cycle progression and induction of chromosomal
instability and preserving cell survival [65–67]. In addition, LANA-1 participates in the
ubiquitylation of p53 [68]. To examine whether p53 takes part in the LANA-1-mediated
pathway promoting the establishment of latent KSHV infection, we used HCT-116 cells
expressing wild-type p53 protein (HCT-p53+/+) and an isogenic line lacking full-length
p53 expression (HCT-p53−/−). These cells were previously shown to enable both latency
establishment and productive lytic reactivation of KSHV [69]. Both cells were infected with
BAC16-mNeonGreen, and cells containing the viral episome were selected for 14 days.
Primary infection and superinfection at an MOI of 0.1 and 0.25 in both cell types were
characterized, as described above. As shown in Figure 13, as in iSLK, HEK-293T and Vero
cells, superinfected HCT-116 cells demonstrated higher percentages of fluorescent cells.
Similar efficiency of latency establishment was observed in both cell types regardless of
p53 expression. Thus, in contrast to LANA-1, p53 does not appear to be involved in the
promotion of latency establishment of KSHV during superinfection.
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Figure 13. p53 protein is not involved in regulating the establishment of latent KSHV infection during
superinfection. Naive HCT-116 cells expressing wild-type p53 protein (p53+/+) and an isogenic
line lacking full-length p53 expression (p53−/−) as well as the corresponding BAC16-mNeonGreen-
infected cells were seeded in 12-well plates (140,000 cells per well). The next day, the cells were
infected with BAC16-mCherry virus at an MOI of 0.1 and 0.25 using the spinoculation method. After
48 hr, the cells were harvested, and the percentage of cells expressing mCherry was measured by
FACS. Percentages obtained in HCT-p53+/+ cells were normalized to 1 and all the samples were
compared to these baselines. Results shown are based on three experiments. Statistical analysis
was performed using the Two-way ANOVA + Tukey’s post hoc analysis. * p < 0.05, ** p < 0.01,
*** p < 0.001.

3. Discussion

The present study was initiated based on reports that the latency of KSHV is un-
stable and that cycles of lytic reactivation may be necessary to maintain long-term host
infection [8,11,12]. These observations, along with reports on concomitant infection with
more than one KSHV genome [47–51], as well as recent studies describing mutual inter-
actions between EBV and KSHV [44–46], led us to examine whether cells that are latently
infected with KSHV can be further re-infected with the same type of virus. Of note, in
view of the prevalence of superinfection exclusion, a phenomenon whereby infection with
a given virus prevents subsequent infection with the same or different type of virus, we
did not know whether it would be possible to re-infect with KSHV cells that are already
infected with this virus. To test the reinfection of latently infected cells, we generated new
recombinant KSHV genomes expressing different fluorescent markers. The fluorescent
marker genes, mCherry and mNeonGreen, do not share sequence homology nor fluo-
rescence spectra, allowing us to conveniently track viral infections in single cells using
FACS analysis. However, as gradual loss of expression of the marker gene along with
retention of viral episomes has been reported in mesenchymal precursor cells [70], we
also employed quantitative analysis of the incoming viral DNAs. Using several cell types,
we show that infected cells that carry latent KSHV genomes can be superinfected with
KSHV and that secondary infection leads to the establishment of latency of the incoming
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newly infecting viruses. Moreover, latency establishment of the newly penetrating viral
genomes in superinfected cells was more efficient, as measured by increased proportion of
fluorescent-positive cells that correlated with increased levels of the incoming viral DNA
compared to primary infected cells. This phenomenon was also observed in Vero cells,
which do not produce interferon alpha and beta, suggesting that the enhanced latency
establishment in superinfected cells is not due to the inhibition of type I interferon response
in these cells. Of note, to enable accurate tracking of infected cells while avoiding potential
contribution of large quantities of viral tegument proteins, our experiments were carried at
low MOIs. It is not yet known whether a similar phenomenon takes place when cells are
infected at high MOI.

To further understand this phenomenon, a number of hypotheses to explain the
enhanced latency establishment in superinfected cells were tested. The first hypothesis
suggested a higher transcriptional activity of the EF1-alpha promoter, which controls
the expression of the viral fluorescent marker genes, in superinfected cells. According
to this hypothesis, the same extent of infection was obtained in primary-infected and
superinfected cells, yet expression of the fluorescent marker gene of the incoming viruses
was higher in the superinfected cells, and accordingly the detection of the infection in
these cells increased. However, as we detected increased quantities of the incoming viral
DNA (from the second infection) in superinfected cells at 48 h post infection, differences in
transcriptional control cannot explain our observation. We also suggested that latency of
the incoming viral genomes might be established earlier during superinfection, thereby
allowing dividing cells to retain newly incoming viral genomes, whereas in primary
infected cells, viral genomes could be lost during cell division. Nevertheless, the advantage
of the superinfected cells remained when cells were treated with aphidicolin, which inhibits
cell division. This treatment, which inhibits viral and cellular DNA polymerases, also
ruled out the possibility that the incoming viral DNA replicates soon after infection and
that this replication is more efficient in superinfected cells. Of note, loss of viral DNA
between 24 and 48 h (Figure 8) was documented both in superinfected and primary infected
cells, with primary-infected cells showing a greater decrease in the quantity of the viral
DNA compared to superinfected cells. This result is consistent with the hypothesis that
some of the incoming viral DNA is degraded, while in cells that are latently infected with
KSHV, this process occurs at a relatively low rate resulting in a higher percentage of cells in
which the fluorescent marker is expressed, higher quantities of viral DNA, and enhanced
latency establishment. Of note, an increase in the quantity of incoming viral DNA, which
was attributed to early lytic replication, and was followed by a decline in the viral load
has been reported in PBMCs upon infection at 10 MOIs [71]. This finding is in line with
our observation of reduced incoming viral DNA levels over the time frames used in the
present study.

We further investigated whether ectopic expression of the major latency protein,
LANA-1, prior and during infection, promotes latency establishment. Our studies revealed
enhancement of latency establishment in cells expressing LANA-1, similar to that found in
superinfected cells. This finding is in line with the previously reported increased stability
of the viral terminal repeat (TR) plasmids transfected into cells that already express LANA-
1 [8]. LANA-1 has a variety of roles including preserving viral episomes in infected cells,
via parallel association with the viral origin of replication in the TR region, and histones
in heterochromatin. LANA-1 has a large central repeats domain, which contributes to its
episome persistence [14,72–74]. The predominant chromatin tethering domain of LANA-1
is found in its N-terminal region, which associates with histones H2A/H2B and various
chromatin-associated proteins to facilitate association of the viral genome with metaphase
chromosomes, and is essential for episome persistence [75–77]. The C-terminal region of
LANA-1 directly binds three tandem recognition sites in the TRs that constitute a minimal
origin of DNA replication [78,79], as well as host chromosome [80]. The binding of LANA-1
to the TR DNA and to host chromatin through its N- and C- terminal regions is required
for latency establishment and episome maintenance, and may also influence chromatin
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organization of the viral episome [81,82]. The oligomerization interface of LANA-1, which
was found to be important for its cooperative DNA binding to the TR, for LANA-1 nuclear
body formation, and for viral genome integrity, was mapped to the C-terminus region, as
well [83,84]. Of note, imaging studies revealed large nuclear multigenome clusters of KSHV
episomes connected through aggregates of LANA-1 oligomers that engage binding of the N-
and C- terminal regions to host chromatin and to the viral DNA [11,84,85]. The clustering
of the KSHV genomes is advantageous for the replication and segregation of KSHV during
latency. Thus, it is possible that latency establishment is enhanced in superinfected cells
as nuclear bodies containing LANA-1 already exist in these cells, enabling recruitment of
newly incoming viral DNA into pre-existing clusters. However, as ectopic expression of
LANA-1 also enhances latency establishment, it is possible that the expression of sufficient
quantities of LANA-1 protein functions as a limiting factor of latency establishment, while
this protein is already expressed during superinfection.

Finally, as LANA-1 was shown to bind and block p53-mediated transcriptional activity,
which in turn inhibits p53-induced cell apoptosis [65–67], we examined the involvement
of p53 in the enhancement of latency establishment in superinfected cells using HCT-
116 cells that either express or lack wild-type p53. However, as both cells demonstrated
enhanced latency establishment during superinfection, inhibition of p53 does not appear to
be involved in the enhancement of latency establishment of KSHV during superinfection.

Several cell culture models, in which the default outcome of KSHV infection is latency
establishment, were used in the present study including SLK, HEK-293T, Vero, U2OS
and HCT-116. All tested cell models could be re-infected with KSHV, and demonstrated
enhanced latency establishment during superinfection or when full-length LANA-1 protein
was expressed prior to and during infection compared to uninfected cells or cells that
do not express LANA-1, respectively. These findings suggest that superinfection, in the
context of natural host infection, may function to boost latently KSHV-infected cells with
additional viral genomes to sustain long-term host infection with KSHV. This may also en-
able recombination between different KSHV genomes and thus may act as an evolutionary
driving force. Finally, KS lesions contain spindle cells that are mostly latently infected with
KSHV, while virions released from cells undergoing lytic infection, within or outside the
lesions, may superinfect the already infected spindle cells. Such superinfection may be
implicated to the pathogenesis of KS and function to sustain latency and to increase viral
loads within infected cells. Similarly, although PELs are generally regarded as monoclonal
malignancies, biclonal and oligoclonal patterns of KSHV episomes have been identified
in PELs [86], suggesting that these neoplastic cells could originate following repeated
re-infection events and be sustained through superinfection.

4. Materials and Methods
4.1. Cell Culture

Human epithelial kidney HEK-293T cells, U2OS cells (kindly provided by Meir
Shamay, the Azrieli Faculty of Medicine), renal cell carcinoma SLK, and iSLK cells (kindly
provided by Don Ganem, Howard Hughes Medical Institute, UCSF, San Francisco, CA,
USA and Rolf Renne, University of Florida, Gainesville, FL, USA) [57] were grown in
Dulbecco’s modified Eagle’s medium (DMEM) (Biological Industries, Beit Haemek, Is-
rael), containing 50 IU/mL penicillin and 50µg/mL streptomycin (Biological Industries,
Israel), supplemented with 10% heat-inactivated fetal calf serum (FCS) (Biological Indus-
tries, Israel). U2OS cells were grown in the presence of 200µg/mL G418 and 2µg/mL
Puromycin (A.G. Scientific Inc., San Diego, CA, USA) to maintain the Tet-on transactivator
and LANA-1 expression cassette, respectively. iSLK cells were grown in the presence of
250µg/mL G418 and 1µg/mL Puromycin to maintain the Tet-on transactivator and the
RTA expression cassette, respectively. The growth medium of BAC16-infected HEK-293T
and iSLK cells was supplemented with 200 and 600µg/mL hygromycin (MegaPharm, San
Diego, CA, USA), respectively, to maintain KSHV episomes. Vero cells were grown in
MEM-Eagle medium. The growth medium of BAC16-infected Vero cells was supplemented
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with 300µg/mL hygromycin. HCT-116 colorectal carcinoma cells expressing wild-type
p53 (p53+/+) or lacking the two p53 alleles (p53−/−) (kindly supplied by Prof. Moshe
Oren, Weizmann Institute, Israel) were grown in McCoy’s 5A medium supplemented with
10% FCS [87]. Infected HCT-116 cells were selected with 500 µg/mL Hygromycin (Sigma,
Kanagawa, Japan).

4.2. Construction of BAC16-mNeonGreen and BAC16-mCherry Recombinant Viruses

Recombinant full-length KSHV genome, cloned into a bacterial artificial chromosome
(BAC16), that constitutively expresses GFP under the control of the cellular elongation
factor 1-alpha (EF-1α), has been previously described, and was obtained as a kind gift
from Prof. Jae Jung [55]. Construction of the recombinant viruses encoding mCherry
fluorescent protein (mCherry) and mNeonGreen fluorescent protein (mNeonGreen) was
accomplished using Escherichia coli GS1783 bacteria with a two-step recombination protocol,
as described previously [56,88]. To construct a virus expressing the mCherry protein under
the control of EF-1α promoter (BAC16-mCherry), we employed a previously described
mCherry-transfer plasmid [89]. This plasmid was used as a PCR template to obtain a
linear DNA fragment encompassing the kanamycin resistance cassette and an I-SceI re-
striction site, flanked by mCherry containing a small internal duplication, and the desired
recombination site at positions 98,541 and 97,821 in BAC16 (GeneBank accession number
GQ994935.1). The primer set used to amplify this fragment was 5′-AGCTGGCTAGGTA
AGCTTGGTACCGAGCTCGGATCCACTAGTCCGCCACCATGGTGAGCAAGGGCGA
GGA-3′ and 5′-TGGACGAGCTGTACAAGTAAAGCGGCCGCGACTCGGCCGCACTAG
AGGAATTCCGCCCCTCTCCCTCCCC-3′ (EF1-α promoter sequence and its adjacent bases;
the sequences homologous to that of the 5′ and 3′ ends of mCherry gene are underlined).
To construct the recombinant KSHV BAC16 clone encoding mNeonGreen fluorescent pro-
tein under the control of EF-1α promoter (BAC16-mNeonGreen), we first generated a
mNeonGreen transfer vector through the insertion of an I-SceI restriction site, a kanamycin
resistance (Kanr) cassette, and a small internal duplication within an NcoI site in the pNCS-
mNeonGreen plasmid (Allele Biotechnology, San Diego, CA, USA). This plasmid was
used as a PCR template to obtain a linear DNA fragment flanked by the desired upstream
and downstream recombination sites. The primer set used to amplify this fragment was:
5′-TACCGAGCTCGGATCCACTAGTCCGCCACCATGGTGAGCAAGGGCGAGGA-3′ and
5′-GCATGGACGAGCTGTACAAGTAAAGCGGCCGCGACTCGGCCGCACTAGAG-3′

(EF1-α promoter sequence and its adjacent bases: the sequences homologous to that
of the 5′ and 3′ ends of mNeonGreen gene are underlined). The purified PCR products
were subsequently introduced into the GS1783 E. coli strain harboring BAC16 and two-step
recombination events were verified by diagnostic PCR and restriction enzyme digestion.
The inserted DNA fragments were sequenced to confirm the junction sequence at the
insertion site.

4.3. Transfection of KSHV BAC16 DNA, Virus Reconstitution, Titration and Infection

For BAC16 transfection and reconstitution, HEK-293T cells were grown to ∼70%
confluence in a 24-well plate, followed by transfection with 500 ng of BAC DNA using
the Lipofectamine 2000 transfection reagent (Life Technologies, Invitrogen, Waltham, MA,
USA). Infected cells were selected in a medium containing 200 µg/mL hygromycin B (A.
G. Scientific Inc., San Diego, CA, USA). Following selection of HEK-293T cells that carry
recombinant viruses, these cells were sub-cultured and mixed at a 1:1 ratio with iSLK cells.
After 24 hr, a lytic virus cycle was induced by 20 ng/mL 12-O-tetradecanoylphorbol-13-
acetate (TPA) and 1 mM sodium butyrate (Sigma). Selection medium containing 250 µg/mL
G418, 1 µg/mL puromycin and 600 ng/mL hygromycin B was added 4 days later, and
iSLK cells infected with the recombinant viruses were established. KSHV-infected iSLK
cells were treated with 1 µg/mL doxycycline (Dox) and 1 mM sodium butyrate (Sigma), in
the absence of hygromycin, puromycin, and G418, to induce K-RTA transgene expression
and lytic cycle reactivation. To purify virions, 4 days after lytic induction, supernatants
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were collected and cleared of cells and debris by centrifugation (700× g for 10 min at 4 ◦C)
and filtration (0.45 µm-pore-size cellulose acetate filters; Corning, New York, NY, USA).
Virus particles were pelleted by centrifugation (40,000× g for 2 h at 4 ◦C). Infectious units
were quantified based on fluorescence, as previously described [88], while infections were
performed at the indicated multiplicity of infection (MOI) using spinoculation involving
centrifugation at 1500× g at 4 ◦C for 60 min in the presence of 8 µg/mL polybrene. All
viruses used for infection were isolated from iSLK cells following lytic reactivation, and
the number of infectious units was determined in naive uninfected iSLK cells. As expected,
the infection rates, as evaluated by FACS, differed between target cells, and the actual
MOIs were therefore expressed as the percentages of infected cells obtained relative to the
indicated naive cells.

4.4. Fluorescence-Activated Cell Sorting (FACS) Analysis

Cells were trypsinized, washed and suspended in 0.5 mL phosphate-buffered saline
(PBS); 0.5 mL 4% formaldehyde was added, and the cells were incubated at 4 ◦C for 20 min.
Cells were then washed with PBS, and fluorescence-positive cells were determined by
FACS (BD LSRFortessa™, BD Biosciences). Dead cells were excluded based on side and
forward scatter profiles. Data analysis was performed using FlowJo software.

4.5. Quantitative TaqMan Real-Time Polymerase Chain Reaction

Total DNA was extracted by EZ-DNA Total DNA Isolation kit (Biological Industries,
Israel). KSHV DNA was quantified by using a TaqMan-based real-time PCR assay with FAM-
labeled fluorescent mCherry (Forward: 5′-CAGAGGCTGAAGCTGAAGG-3′; Reverse: 5′-
GGAGGTGATGTCCAACTTGAT-3′; Probe: 5′-AGACCACCTACAAGGCCAAGAAGC-3′)
or mNeonGreen (Forward: 5′-TTCCATCAGTACCTGCCCTA-3′; Reverse: 5′-GGAGGCAC
CATCTTCAAACT-3′; Probe: 5′-CCGGATACCAAGTCCATCGCACAA-3′) primers (Sigma)
along with the cellular Cy5-labeled ERV3 gene primers (Forward: 5′-CATGGGAAGCAAG
GGAACTAATG-3′; Reverse: 5′-CCCAGCGAGCAATACAGAAT TT-3′; Probe: 5′-TCTTCCC
TCGAACCT GCACCATCAAT-3′). The total volume of the PCR reaction was 20 µL, and
the reaction included 40 amplification cycles of 95 ◦C for 15 s and 60 ◦C for 45 s. Efficiency
of the reaction was determined by the slope of the calibration curve. The average reaction
efficiency, and the differences between mean values (Ct) of the mCherry or mNeonGreen
gene were calculated. PCR reactions were run in triplicates on CFX96 Touch Real-Time PCR
Detection system (Bio-Rad, Berkeley, CA, USA).

4.6. Antibodies and Western Blot Analysis

Cells were washed twice in cold PBS, suspended in radio-immunoprecipitation as-
say (RIPA) lysis buffer containing PMSF and a commercial protease inhibitor cocktail
(Complete, Roche Diagnostics), and incubated on ice for 20 min. Cell debris were re-
moved by centrifugation at 13,300× g for 15 min at 4 ◦C. Sodium-dodecyl sulfate (SDS)
loading buffer was added, and the samples were boiled for 5 min. Protein lysates were
resolved by SDS-PAGE and transferred to nitrocellulose membranes using Trans blot turbo
RTA midi nitrocellulose transfer kit (Bio-Rad, Berkeley, CA, USA). The protein content
of different samples was verified by Ponceau S staining. The nitrocellulose membranes
were blocked with 5% dry milk in Tris-buffered saline (TBS), and subsequently incubated
with primary rabbit anti mNeonGreen (Cell Signaling Technology, Danvers, MA, USA)
or primary mouse antibodies to mCherry (Clontech), K-Rta (Ueda et al., 2002) (kindly
provided by Keiji Ueda), or Tubulin (E7-S, DSHB). Immunoreactive bands were detected
using anti-mouse or anti-rabbit antibodies conjugated to horseradish peroxidase (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA, USA), and visualized using the EZ-
enhanced chemiluminescence (ECL) detection kit (Clarity Western ECL Substrate, BioRad).
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4.7. Plasmids and Transfections

Full-length and fragments of LANA-1 containing N-terminal Flag tag were previously
described [90,91]. Full-length and fragments of LANA-1 containing N-terminal HA were
generated by PCR and cloned into NotI and NheI site within the DsRed expression plasmid,
which also contains a ZsGreen fluorescent protein expression cassette. These plasmids
were transfected into HEK-293T cells using the calcium-phosphate method.
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