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ABSTRACT Kaposi’s sarcoma (KS) results from the transformation of Kaposi's sar-
coma-associated herpesvirus (KSHV)-infected endothelial cells. The contribution of
the KSHV microRNAs (miRNAs) to the process of oncogenesis in endothelial cells has
not been fully elucidated. To better understand the contributions of individual
miRNAs to oncogenesis-related cellular phenotypes, we used KSHV miRNA knockout
mutants, each lacking one of the 12 miRNA genes. An additional mutant lacked all
miRNAs. Since KSHV infection causes a variety of phenotypic changes in endothelial
cells, we tested the mutants for their ability to effect such changes in telomerase-
immortalized vein endothelial (TIVE) cells infected with each of the mutant viruses.
Wild type- and mutant-infected as well as uninfected cells were evaluated for pertur-
bations to proliferation, migration, tubule formation, and glycolysis. We found broad
variation between the different viruses in these aspects. With respect to proliferation
rate, DmiR-K12-3, DmiR-K12-8, and DmiR-K12-11 showed significant impairment.
Cells infected with DmiR-K12-11 had reduced migration. In tubule formation, the
DmiR-K12-5, -6, and -7 viruses were deficient. At the same time, cells infected with
the DmiR-K12-10 virus showed dysregulated glycolysis. By combining these observa-
tions with previously published KSHV miRNA targetome lists from ribonomics data,
we were able to functionally validate a number of new miRNA targets in specific
pathways. As proof of concept, miR-K12-3 was shown to target cathepsin D, a strong
promoter of apoptosis. Taken together, the results demonstrate that KSHV miRNAs
play different roles in inducing the phenotypic changes that are characteristic of
transformed cells.

IMPORTANCE Kaposi’s sarcoma-associated herpesvirus (KSHV) causes Kaposi’s sarcoma
(KS). The contribution of KSHV microRNAs (miRNAs) to oncogenesis is not fully
understood. This is particularly true for human endothelial cells, the cell type from
which KS tumors are derived. Here, we used a panel of KSHV miRNA knockout
viruses to shed light on the roles of individual miRNAs in the process of transforma-
tion. Latently infected endothelial cells were studied for phenotypic changes related
to cancer, including proliferation, migration, angiogenesis, glycolysis, and apoptosis.
The mutant-infected cell lines displayed a wide range of phenotypes in these
selected measures of oncogenesis, which differed from those of wild-type-infected
cells and from each other. These results indicate that KSHV miRNAs contribute to dif-
ferent aspects of oncogenesis and that each one has a unique role to play.
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Kaposi’s sarcoma-associated herpesvirus (KSHV) is the etiological agent of Kaposi’s
sarcoma (KS) (1), an endothelial cell tumor, as well as primary effusion lymphoma

(PEL) (2) and multicentric Castleman’s disease (MCD) (3), two B-cell proliferation disor-
ders. As a gammaherpesvirus, KSHV undergoes a latent phase of replication that has
been tied to oncogenesis. A limited subset of genes is expressed during latency,
including the viral microRNAs (miRNAs) (4). miRNAs are short RNAs, 22 nucleotides on
average, and function as important posttranscriptional regulators of gene expression.
They modulate the translation of target mRNAs by binding to imperfectly complemen-
tary sequences, which are often, but not always, located within the 39 untranslated
regions (UTRs) of the transcripts (5, 6). Dysregulation of human miRNA expression is of-
ten associated with both tumorigenesis and maintenance of tumor growth (7).

There is evidence that the KSHV miRNAs are drivers of tumorigenesis. For example,
KSHV miR-K12-11 is the ortholog of the cellular oncomir miR-155, and its KSHV ortho-
log, miR-K12-11, has been shown to induce splenic B-cell expansion when expressed in
human hematopoietic progenitors in nude mice (8, 9). KSHV also drives phenotypic
changes in endothelial cells, which are hallmarks of transformation. Infection with the
virus has been shown to induce angiogenesis through upregulation of hypoxia-
induced factor 1a (HIF1a) (10). KSHV infection induces the Warburg effect, a shift from
aerobic to anaerobic glycolysis, in latently infected endothelial cells (11). In fact, later
experiments demonstrated that transducing lymphatic endothelial cells (LECs) with a
lentivirus expressing the KSHV miRNA cluster was sufficient to recapitulate this pheno-
type (12). It was also found that KSHV can induce greater invasiveness in oral fibro-
blasts (13).

We sought to characterize the contributions of individual KSHV miRNAs to the pre-
viously noted phenotypic changes that cells undergo upon infection with KSHV. To
this end, we utilized a panel of miRNA knockout mutants in the BAC16 background
that were generated previously (14). Telomerase immortalized vein endothelial (TIVE)
cells were infected separately with each of the mutant viruses and allowed to attain la-
tency. Cell proliferation, migration, tubule formation as a proxy for angiogenesis, and
the Warburg effect were evaluated for each of the mutant-infected cell lines and com-
pared to WT-infected cells. We found broadly varying effects of specific miRNA mutant
viruses on endothelial cell phenotype. These results indicate that different KSHV
miRNAs target specific pathways in the KSHV-induced transformation of endothelial
cells. Furthermore, this approach was combined with data mining of previously pub-
lished ribonomics data for miRNA targetome analysis and our quick cross-linking
sequencing and analysis of hybrids (qCLASH) data set to identify and functionally vali-
date and link specific KSHV miRNAs to pathways involved in KSHV-related tumorigene-
sis (15–17).

RESULTS
Generating latently infected TIVE cells with BAC16-derived KSHV miRNA

deletion mutants. The location of the 12 KSHV miRNA genes in the latency region is
shown in Fig. 1A. The generation and quality control of 13 mutant viruses that each
have one of the 12 miRNA genes deleted or all 12 (Dall) have previously been
described. These mutants exist in latently infected iSLK cells that can be induced to
generate high-titer cell-free virus (14). TIVE cells were infected with all 13 mutants and
WT BAC16 with approximately 1,000 genome equivalents and selected with hygromy-
cin B until 100% green fluorescent protein (GFP) positive to generate 14 different cell
lines. For one mutant, DmiR-K12-9, several attempts were required before a successful
infection could be established. In the end, the amount of virus had to be doubled in
order for a small proportion of cells to become infected with this mutant. Cells were
expanded and cryopreserved prior to the phenotype analysis described below. It is im-
portant to note that human telomerase-immortalized vein endothelial cells are not
transformed, since they do not form tumors in nude mice (18). TIVE cells, like primary
endothelial cells, have slow growth, are dependent on endothelial cell growth factors,
and have retained the ability to form tubules on Matrigel, an endothelial cell-specific
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phenotype. The advantage of using TIVE cells over human umbilical vein endothelial
cells (HUVEC) for this study, which required large cell numbers for many assays, is that
HUVEC have donor-to-donor variations that complicate the monitoring of miRNA
effects in the context of viral infection.

Prior to phenotypic characterization of these mutant virus-infected TIVE cells, we
performed quantitative PCR (qPCR) for viral episome copy number. This analysis was
performed at three different time points with freshly thawed cells over a 1-year period.
As shown in Fig. 1B, the maximum fold change between the wild type (WT) and all
mutants was approximately 2-fold. Given that KSHV episome segregation in culture is

FIG 1 Generation and quality control of viral miRNA mutant- and WT-infected TIVE cells. (A) KSHV miRNA locus
showing the cluster of 10 miRNAs and 2 in the K12 open reading frame. The -Dall mutant refers to a virus that
has the entire cluster deleted plus the two in K12 changed without affecting the K12 ORF. (B) qPCR analysis of
episome copy number. Genomic DNA from infected TIVE cells was quantified using LANA-specific primers and
compared to a standard curve. (C) RNA-seq-based quantification of LANA expression levels normalized to GAPDH.
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heterogeneous with respect to every cell division (19, 20), differences of less than 2-
fold suggest that, overall, cells harbor similar episome numbers. Second, to ensure
comparable gene expression of the KLAR region, we analyzed a transcriptome
sequencing (RNA-seq) data set from mutant- and wild-type-infected TIVE cells (to be
reported elsewhere) for expression levels of the latency-associated nuclear antigen
(LANA). As shown in Fig. 1C, the maximum fold change in expression level between
the wild type and all analyzed mutants again is less than 2-fold. Since it was previously
shown that latent gene expression differs from cell to cell within clonal cultures (21),
these results further support equal levels of viral gene expression in these cell lines.
Different biological replicates of assays were performed with different frozen stocks of
the same cell lines.

Several KSHV miRNA knockout viruses, including DmiR-K12-11, show significant
defects in proliferation. Cell proliferation assays were performed to measure cell
growth rate. This type of colorimetric assay detects the bioreduction of a tetrazolium
compound, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium (MTS), by cells. Although we had observed that WT KSHV-infected cells
grew faster and needed to be subcultivated more frequently than uninfected cells, the
results of this assay indicated that uninfected cells proliferated at a greater rate than
WT-infected cells. We can only surmise that this is related to the metabolic disturban-
ces caused when cells are infected with KSHV (11). However, this should not negate
the usefulness of the cell proliferation assay when comparing the different mutant-
infected cell lines with WT BAC16. The absorbance was measured for each cell line and
compared with that of WT-infected cells. We observed that cells infected with the
DmiR-K12-11 virus had the most profound defect in proliferative ability. The DmiR-K12-3,
-4, -6, -7, -8, and -10 cell lines had a modest but significantly slower growth in this metric
as well (Fig. 2). Since cells multiply more slowly when these miRNAs are absent, this sug-
gests that these miRNAs play a role in the KSHV-induced enhancement of cell prolifera-
tion. Indeed, the findings for DmiR-K12-11 cells were expected based on previous work
(9). miR-K12-4 was previously identified as capable of rescuing a proliferative phenotype
in Dcluster-infected rat mesenchymal precursor cells (22). miR-K12-10 and miR-K12-11
both downregulate the transforming growth factor b (TGFb) pathway, thereby
encouraging cell survival (23, 24). To our knowledge, miR-K12-6 and miR-K12-8 have
not previously been identified as potential modulators of cell proliferation or cell sur-
vival enhancement.

Cells infected with DmiR mutants, including DmiR-K12-7 and DmiR-K12-11,
show reduced migration speed. Wound-healing assays are designed to measure the
rate at which cells can migrate. The assay involves growing cells to confluence and
then scratching the monolayer with a pipette tip to create a uniform “wound.”
Endothelial cells, being the component cells of blood vessels, will naturally migrate to
patch any injury. In cancer, the cell migration rate is enhanced, contributing to the
invasiveness of tumors. Wound-healing assays were performed on each of the mutant-

FIG 2 KSHV miRNA deletion mutants show changes to cell proliferation. Shown are cell proliferation
assay results of TIVE cells infected with viral mutants. Results are averages from three independent
experiments consisting of four replicates each. UI, uninfected. Error bars show standard errors. P
values versus WT by 2-tailed Student’s t test: *, P# 0.05; **, P# 0.01; ***, P# 0.001.
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infected cell lines as well as WT-infected and uninfected cells. Photographs were taken
of the cells at 0 and 12 h after scratching. The ratio between the scratch area at 0 h
and at 12 h was determined using TScratch (25). Infection with WT KSHV increased the
migration rate of TIVE cells (Fig. 3A and B). We found that DmiR-K12-7- and DmiR-K12-
11-infected TIVE cells as well as Dall-infected cells moved into the cell-free area more
slowly than WT-infected cells. DmiR-K12-1-, -10-, and -12-infected cells also showed a
deficiency in this respect, although to a lesser extent (Fig. 3B). miR-K12-11 was previ-
ously shown to indirectly downregulate dual-specificity phosphatase 1 (DUSP1), an in-
hibitor of mitogen-activated protein kinase (MAPK) signaling. The restoration of MAPK
signaling has a number of downstream effects, including the release of promigratory
factors (26). This may explain why the absence of miR-K12-11 leads to a reduction in
the migration speed of infected cells. Another interesting result was that DmiR-K12-9-
infected cells, although they did not show a significant difference in migration speed
compared with WT-infected cells, were found to be considerably larger than all of the
other cell lines tested (Fig. 3A). As a consequence of their greater size, DmiR-K12-9-
infected cells had to be seeded at a lower density to produce a flat, even monolayer.
This slight difference in protocol may somewhat complicate the comparison of WT-
and DmiR-K12-9-infected cells.

Multiple miRNAs strongly affect tubule formation, a surrogate marker for
angiogenesis. To evaluate the angiogenic abilities of each mutant virus, the virus-
infected cell lines were used in tubule formation assays. TIVE cells are blood endothe-
lial cells, so they can form vessels in culture as long as they are provided with an
appropriate extracellular matrix. The cells were plated on Matrigel, which serves as

FIG 3 DmiR-K12-11-infected TIVE cells and several other mutants show reduced migration speed. (A) Representative
images of uninfected (UI) or wild-type (WT)-, DmiR-K12-9-, or DmiR-K12-11-infected TIVE cells at 0 and 12 h after a
scratch was made in the cell monolayer. (B) Quantification of wound-healing assays. The ratio of area covered by
cells at 0 h postscratching compared to the cell-covered area at 12 h postscratching was determined. Data are
averages from 3 independent experiments consisting of 3 to 6 replicates per treatment, normalized to the WT. Error
bars show standard errors. P values versus WT by 2-tailed Student’s t test: *, P# 0.05; **, P# 0.01; ***, P# 0.001.
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FIG 4 Several miRNA knockouts show a marked reduction in tubule formation, a proxy for angiogenesis.
(A to F) Representative images of uninfected (UI) cells or cells infected with wild-type (WT), DmiR-K12-5,
DmiR-K12-6, DmiR-K12-7, or DmiR-K12-9 virus. Magnification is �50. (G) Quantification of tubule
formation assays. The number of junctions between three or more tubules was counted for each
image. Data are averages from 3 independent experiments consisting of 12 replicates per treatment,
normalized to the WT. Error bars show standard errors. P values versus the WT by 2-tailed Student’s t
test: *, P# 0.05; **, P# 0.01; ***, P# 0.001.
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the matrix, and photographed at 6 and 12 h after plating. The number of junctions
between three or more tubules was counted. It was observed that cells infected with
WT KSHV formed more junctions than uninfected cells (Fig. 4A and B). This was not
unexpected, as it has already been shown that KSHV enhances angiogenesis (27, 28).
Cells infected with DmiR-K12-5, -6, and -7 showed a significant defect in the ability to
form tubules (Fig. 4C, D, and E). They formed fewer junctions than even uninfected
cells. DmiR-K12-9-infected cells had a lower number of junctions than WT-infected
cells, but, perhaps due to the larger size of these cells, it looked as though DmiR-K12-
9-infected cells formed a larger network of tubules than the other cell lines. This may
mean that the ability to form tubules was not altered but rather that fewer junctions
could be found in the same-sized microscope field (Fig. 4F). Cells infected with DmiR-
K12-1, -10, and Dall also formed fewer junctions than WT-infected cells. In contrast,
the cells infected with DmiR-K12-2 and -8 actually showed a significant increase in
the number of junctions that formed (Fig. 4G). This suggests that these two miRNAs
actually suppress angiogenesis, perhaps serving as a necessary counterbalance to
the proangiogenic miRNAs. Overall, there is a strong indication that miR-K12-5, -6,
and -7 are indispensable to KSHV-induced angiogenesis. miR-K12-6, in particular, has
already been strongly implicated in angiogenesis. It was found that miR-K12-6-3p tar-
gets SH3 domain binding glutamate-rich protein (SH3BGR), resulting in enhanced

FIG 5 miR-K12-10 may be important for KSHV-induced changes to glycolysis. Shown are the extracellular acidification rate and oxygen consumption rate of
uninfected, WT-infected, or mutant-infected cell lines. Panels A and B show results for all cell lines, while panels C and D show the results only for the
more divergent cell lines. The time points at which oxamate, an inhibitor of glycolysis, and rotenone, an inhibitor of oxidative phosphorylation, were added
are indicated. Results are averages from 8 replicates of each cell line. Error bars show standard errors. Results from some mutants with intermediate
phenotypes were omitted for clarity. (A and C) Extracellular acidification rate. (B and D) Oxygen consumption rate.
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cell migration and angiogenesis (29). The same researchers also noted that miR-K12-
6-5p targets the metastasis suppressor CD82. Downregulation of CD82 resulted in
greater invasiveness and angiogenic ability in KSHV-infected primary endothelial
cells (30). Others showed that miR-K12-6-5p targets breakpoint cluster region protein
(BCR), leading to the derepression of ras-related C3 botulinum toxin substrate 1
(Rac1) and the subsequent enhancement of angiogenesis (31). To our knowledge,
miR-K12-7 has not previously been identified to be specifically involved in targeting
angiogenesis.

DmiR-K12-10-infected cells display highly dysregulated glycolysis. The Warburg
effect is a phenomenon in cancer cells that is characterized by an increased rate of gly-
colysis in conjunction with increased use of lactic acid fermentation as a source of ATP
(32). Cells experiencing the Warburg effect do not rely on oxidative phosphorylation as
their main source of ATP, so they require less oxygen than normal cells and would be
expected to have a lower oxygen consumption rate (OCR). Another characteristic of
these cells is the accumulation of lactic acid, which leads to an increase in the extracel-
lular acidification rate (ECAR). KSHV infection is known to induce the Warburg effect in
endothelial cells. It has also been shown that the miRNA cluster alone is sufficient to
produce this effect (11). To assess whether or not the various KSHV mutant-infected
cell lines were capable of inducing the Warburg effect, an Agilent Seahorse XF96
machine was used to simultaneously measure the OCR and ECAR of living cells. At cer-
tain time points, oxamate, an inhibitor of glycolysis, and rotenone, an inhibitor of oxi-
dative phosphorylation, were added. Interrupting these two metabolic pathways was
intended to give a clearer picture of which cell lines were relying more heavily on
which pathways. In addition to uninfected and WT-infected cells, we used an addi-
tional cell line in this assay. Telomerase immortalized vein endothelial long-term cul-
ture (TIVE-LTC) cells are both KSHV positive and fully transformed (18). As a trans-
formed cell line, we expected that TIVE-LTC cells would show the strongest induction
of the Warburg effect and, therefore, would make an appropriate positive control.

Much to our surprise, the TIVE-LTC cells had a much higher OCR than uninfected
TIVE cells. This is the opposite of what was anticipated based on results obtained by
others (11). WT-infected cells had an OCR that was intermediate between these two
extremes. Cells infected with the virus from which all miRNAs were deleted had an
OCR similar to that of uninfected cells. The cells infected with the DmiR-K12-10 virus
had OCR readings on par with that of TIVE-LTC cells (Fig. 5A).

TABLE 1 Summary of phenotypes observed for mutant-infected TIVE cellsa

Virus Example target gene(s)

Phenotype

Proliferation Migration Angiogenesis ECAR/OCR
DmiR-K12-1 ST13, ANXA5, NHLRC2, LASS2 Normal Greatly reduced Greatly reduced Greatly reduced/greatly reduced
DmiR-K12-2 PIP5K1A, XRCC6, DDX3X, VIM Normal Slightly reduced Greatly increased Greatly reduced/greatly reduced
DmiR-K12-3 TES, PPP2R1A, TIMP2,

BCL2L11, TNFRSF10B,
CTSD, SMAD3

Greatly reduced Normal Normal Greatly reduced/greatly reduced

DmiR-K12-4 TPD52, CHD1, SENP7, DDOST,
HIPK2, STAT1

Greatly reduced Normal Normal Greatly reduced/greatly reduced

DmiR-K12-5 LARP1 Normal Normal Greatly reduced Greatly reduced/greatly reduced
DmiR-K12-6 GSTP1, VIM, YOD1, TRAF7,

TPT1, MTA2
Greatly reduced Normal Greatly reduced Normal/normal

DmiR-K12-7 PKM, APEX1, MKRN1 Greatly reduced Greatly reduced Greatly reduced Normal/greatly reduced
DmiR-K12-8 FOSL2, VCL, SP1, RB1 Moderately reduced Normal Greatly increased Normal/greatly increased
DmiR-K12-9 ACIN1 NA Normal Greatly reduced NA
DmiR-K12-10 PPP1R10, PCNA, PDHX Greatly reduced Greatly reduced Slightly reduced Greatly increased/greatly increased
DmiR-K12-11 NOP58, MAP3K2, CDC42EP3,

EIF2A, ANAPC7, EEA1
Greatly reduced Greatly reduced Normal Greatly reduced/normal

DmiR-K12-12 TGM2, MEF2D Normal Greatly reduced Normal Normal/greatly reduced
DmiR-All Greatly reduced Greatly reduced Greatly reduced Greatly reduced/greatly reduced
aExample target genes were previously identified by ribonomics methods but have yet to be validated, with the exception of the miR-K12-3 targets.
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The ECAR results were more in line with expectations. TIVE-LTC cells had the high-
est ECAR, while uninfected and Dall-infected cells had the lowest. WT-infected cells
had an intermediate phenotype, while DmiR-K12-10-infected cells had an ECAR more
similar to that of TIVE-LTC cells (Fig. 5B).

FIG 6 Multiple genes related to proliferation and apoptosis are derepressed in the absence of miR-
K12-3. (A to G) mRNA expression levels of the indicated genes measured by qRT-PCR. Data are
averages from 3 biological replicates, normalized to the WT. Error bars show standard errors. P values
versus the WT by 2-tailed Student’s t test: *, P# 0.05; **, P# 0.01; ***, P# 0.001.
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miR-K12-3 blocks apoptosis by strongly suppressing cathepsin D. The long-
term goal of these studies is to explain the observed phenotypes by linking specific
miRNAs to host genes and their networks within the context of viral infection. Table 1
summarizes the observed findings for the DmiR-K12-3 mutant in the proliferation,
migration, angiogenesis, and glycolysis assays. Recently, we performed quick cross-
linking sequencing and analysis of hybrids (qCLASH) in TIVE-LTC cells, which identified
several thousand high-confidence miRNA targets (17). In a first step to understand
how specific miRNAs other than miR-K12-11 contribute to proliferation, we searched
for miR-K12-3 targets within the qCLASH data set and found a number of genes that
can play roles in regulating proliferation or apoptosis; we note that the cell prolifera-
tion assay does not distinguish between inhibitors of cell growth or apoptosis (Table
1). These were TIMP2 (TIMP metallopeptidase inhibitor 2), TNFRSF10B (TNF receptor
superfamily member 10b), SMAD3 (SMAD family member 3), TES (testin LIM domain
protein), PPPR21A, FKBP1A (FKBP prolyl isomerase 1A), BCL2L11 (BCL2 like 11), and
CTSD (cathepsin D). Performing quantitative reverse transcription-PCR (qRT-PCR) assays
in DmiR-K12-3- versus WT-infected cells revealed that seven of eight genes were signif-
icantly derepressed in the absence of miR-K12-3 (Fig. 6). The CTSD mRNA, a strong in-
ducer of apoptosis, was upregulated more than 15-fold in the absence of mir-K12-3
(Fig. 6H). Although not previously known to be a KSHV miRNA target, the CTSD tran-
script contains three binding sites for miR-K12-3 identified by qCLASH (17). CTSD has
been shown to be negatively regulated by vIL6, thereby leading to the suppression of
apoptosis in PEL cells (33). This suggests that the presence of CTSD is particularly detri-
mental to KSHV latency. Next, we measured the expression of CTSD protein by

FIG 7 Cells infected with DmiR-K12-3 show higher cathepsin D expression and increased apoptosis compared
to WT-infected cells. (A) Representative image of a Western blot comparing CTSD protein levels in WT-infected
and DmiR-K12-3-infected TIVE cells. Three biological replicates are shown for each condition. (B) Quantification
of CTSD protein levels. Western blots using fluorescently tagged secondary antibodies were photographed on
a Li-Cor instrument and fluorescence was quantified. The graph shows the average from three replicates,
normalized to GAPDH. Error bars show standard errors. (C) Representative images of WT- and DmiR-K12-3-
infected TIVE cells with Alexa Fluor 647-labeled annexin V. GFP indicates normal cells. (D) Quantification of
annexin V micrographs. The percentage of annexin V-positive cells was calculated for each microscope field.
Results are averages from four independent experiments consisting of three replicates per treatment. Error bars
represent standard errors. P values versus WT by 2-tailed Student’s t test: *, P# 0.05; **, P# 0.01; ***, P# 0.001.
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Western blotting in WT- and DmiR-K12-3-infected TIVE cells. CTSD expression was sig-
nificantly lower in WT-infected cells at both the mRNA (Fig. 6H) and the protein level
(Fig. 7A and B), validating CTSD as an miR-K12-3 target in TIVE cells. To further follow
up on the idea that miR-K12-3 is an inhibitor of apoptosis, we performed an annexin V
detection assay. When comparing the proportion of annexin V-positive cells in WT-
and DmiR-K12-3-infected TIVE cells, we observed that the DmiR-K12-3-infected cells
had a significantly greater proportion of cells stained positive for annexin V (Fig. 7C
and D). This suggests that miR-K12-3 is at least partly responsible for the inhibition of
apoptosis seen in KSHV-infected TIVE cells. These results also validate the interaction
that was found by qCLASH (17).

DISCUSSION

The phenotypic changes that occur in endothelial cells latently infected with KSHV
are characteristic of the process of oncogenesis. Since the KSHV miRNAs are expressed
during latency, they likely play important roles in the observed changes. To evaluate
what contributions individual KSHV miRNAs make to changes in cellular phenotype,
we infected endothelial cells with a panel of miRNA knockout viruses. We monitored
differences in cell proliferation, migration, angiogenesis, and glycolysis between cells
infected with WT and mutant viruses. As a general observation, it was noted that the
deletion of different miRNAs could, in some cases, result in the same or similar pheno-
types. This is indicative of the importance of redundancy in miRNA targeting. We have
previously shown that different viral miRNAs can target the same gene or separate
genes in the same pathway (17, 34). However, simultaneous deletion of all of the
miRNAs in the Dall virus did not have much of an additive effect. The reason for this is
unclear, but it may be an unforeseen consequence of making a 1.8-kb deletion within
the KLAR miRNA cluster region of the virus. This deletion likely impacts the expression
ratio of several latency-associated genes, impacting the host cellular transcriptome.

Cells infected with the mutant lacking miR-K12-11 showed a pronounced deficit in
proliferative ability, indicating that this miRNA is needed in both lymphoid and endo-
thelial cells to sustain the high levels of cell proliferation seen in WT KSHV infection.
This agrees well with the work of others showing that ectopic expression of miR-K12-
11 can enhance B-cell proliferation (9, 35). It will be interesting to see whether miR-
K12-11 targets are similar or different between B cells and endothelial cells. Two
miRNAs whose absence had a modest impact on cell proliferation, miR-K12-6 and miR-
K12-8, are not currently well understood in this context and may be a subject for future
study. Through recent ribonomics analysis of the KSHV miRNA targetome, we identi-
fied RB1, a negative regulator of the cell cycle, to be a target of miR-K12-8. We also
found that miR-K12-6 may disrupt TGF-b signaling and thereby promote cell survival
by targeting SMAD4 (17). These potential targets will need to be validated in the
future.

Wound-healing assays demonstrated that miR-K12-7 and miR-K12-11 are important
drivers of cell migration, a surrogate for metastasis. While miR-K12-11 was previously
shown to be indirectly involved in the enhancement of cell migration (26), the relation-
ship of miR-K12-7 to this process will need to be further elucidated. One putative tar-
get of miR-K12-7 identified through qCLASH is cytoplasmic FMR1 interacting protein 1
(CYFIP1), which is thought to have a role in suppressing tumor invasion (36). This inter-
action will require verification.

Three of the KSHV miRNAs, miR-K12-5, -6, and -7, were found to be significant fac-
tors in virally induced angiogenesis. Others have identified miR-K12-6 as a component
of this process (29–31), but miR-K12-5 and -7 need to be studied further. It is difficult
to draw any solid conclusions from the OCR/ECAR data other than that miR-K12-10
should be thoroughly characterized for its role in changes to cellular metabolism.

The deletion of miR-K12-9 had an unexpectedly profound impact on the character
of infected cells. It was observed that cells infected with this virus were unusually large
and had extremely slow growth. Indeed, the difficulty of working with these cells
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made it so two of the four phenotypic assays could not be completed with them. The
DmiR-K12-9 virus expresses neither miR-K12-9 nor miR-K12-9*. miR-K12-9* is known to
downregulate RTA, the KSHV gene responsible for initiating lytic replication of the vi-
rus, thereby contributing to the maintenance of latency (37). In the absence of miR-
K12-9/9*, KSHV-infected cells may undergo more frequent lytic reactivation. Lysis of
cells due to lytic replication may have contributed to the perceived slow growth of the
DmiR-K12-9-infected cell line; however, we did not observe an increased number of
dead cells compared to other cell lines. Interestingly, miR-K12-9 is the most polymor-
phic miRNA in PEL cells, indicating miR-K12-9 is dispensable in some circumstances
(38). A number of single-nucleotide polymorphisms (SNPs) have been found in miR-
K12-9 pre-miRNA sequences from a variety of cell lines and patients, with the greatest
variation of all KSHV miRNAs (39). Certain SNPs in the miR-K12-9 gene correlate with
specific clinical diagnoses: patients with MCD, in which KSHV is more lytic than in KS,
have divergent miR-K12-9 sequences (40). SNPs within the pre-miRNA sequence can
impact miRNA processing by Drosha and Dicer, leading to changes in mature miRNA
expression. As a result of SNPs, the PEL-derived BC-3 cell line does not express mature
miR-K12-9 (41). Despite this, in our specific endothelial cell system, miR-K12-9 appears
to be virtually required for normal growth. Therefore, further investigation of miR-K12-
9 is warranted.

As a first attempt to go from observed phenotypes to identifying miRNA targets
conveying this biology, we followed miR-K12-3, which showed significant changes in
cell proliferation and glycolysis. We first identified a number of genes in our ribonomics
data set that might be linked to these processes and, as a proof of concept, demon-
strated CTSD, a strong promoter of apoptosis (42), as a novel miR-K12-3 target. CTSD,
whose mRNA contains 3 miR-K12-3 binding sites within its open reading frame (ORF),
is downregulated by miR-K12-3 at the mRNA and protein level. Moreover, comparing
TIVE cells in the presence and absence of miR-K12-3 showed significant differences in
annexin V staining. This novel finding underlines the importance for inhibition of apo-
ptosis in latently infected cells, which has also been reported by others through differ-
ent miRNA-independent mechanisms.

Taken together, this study has laid the groundwork in characterizing which KSHV
miRNAs are responsible for the oncogenesis-related phenotypic changes observed in
human endothelial cells latently infected with KSHV. Moreover, comparing miRNA tar-
getome data from us and others in combination with RNA-seq studies of both cell lines
and primary tumors will allow us to further decipher how specific pathways are
affected by KSHV miRNAs.

MATERIALS ANDMETHODS
Viruses. The KSHV mutant viruses used in this study were developed previously (14). Briefly, muta-

tions were made to KSHV in the BAC16 background. Each single miRNA deletion mutant contains only a
small deletion which prevents the selected miRNA from forming a hairpin. This prevents the expression
of both the leading and passenger strands from the locus. For the DmiR-K12-10 and DmiR-K12-12
viruses, both of which are located within the open reading frame of kaposin, synonymous mutations
were introduced to prevent hairpin formation but keep the coding sequence of kaposin intact. The Dall
virus has the entire miRNA cluster region of the genome deleted (miR-K12-1 through miR-K12-9 and
miR-K12-11) and has mutations in the miR-K12-10 and miR-K12-12 genes.

Establishment of mutant-infected TIVE cell lines. TIVE cells (18) were grown in Medium 199 (num-
ber 10-060-CV; Corning) supplemented with 20% fetal bovine serum (FBS), 60mg/ml ECGF (number
E2759-5X15MG; Millipore Sigma), and 1% penicillin-streptomycin (P/S). Cells were seeded at high density
in 6-well plates and infected separately with each iSLK-derived, mutant, or wild-type virus at approxi-
mately 1,000 genome copies per cell. For the DmiR-K12-9 virus, which could not establish an infection
under these conditions, even after several attempts, cells were infected with approximately 2,000 ge-
nome copies per cell in the presence of Polybrene. Seventy-two hours after infection, the medium was
replaced with medium containing 50mg/ml hygromycin (number 30-240-CR; Corning) to selectively
kill any noninfected cells. Subsequently, cells were maintained in medium containing 100mg/ml
hygromycin. After selection for several weeks, 100% GFP-positive lines of these 13 mutants plus the
wild type were cryopreserved. All cells used in later experiments came from this initial infection and
have been quality controlled by qPCR for viral episome copy number and by RNA-seq for expression
levels of the major latency-associated antigen, LANA. Cells were maintained and used in experiments
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for approximately 6 months, at which time they were discarded and new cells stored from the initial
infection were thawed and utilized for subsequent assays.

Other cell culture. TIVE-LTC cells are the result of a fusion between KSHV-infected TIVE cells and the
SLK/Caki-1 cell line (43). The TIVE-LTC cells created in this event remain infected with KSHV in the ab-
sence of selection. They readily form tumors in mice and continue to express major endothelial cell
markers (18). TIVE-LTC cells were maintained in Dulbecco’s modified Eagle medium (DMEM) DMEM with
10% FBS and 1% P/S.

Cell proliferation assay. Ninety-six-well plates were seeded at a density of 5,000 cells per well and
grown for 72 h in the aforementioned medium, which contains phenol red. At that time, without replac-
ing the medium, cell proliferation was measured using a CellTiter 96 aqueous nonradioactive cell prolif-
eration assay (number G5421; Promega) according to the manufacturer’s instructions.

Wound-healing assay. Cells were seeded at a density of 2� 105 cells per ml in 48-well plates for a
total of 5� 104 cells per well. The DmiR-K12-9-infected cells, which were much larger than those of other
cell lines, were seeded at a density of 1� 105 cells per ml. Approximately 24 h later, each monolayer was
scratched with a 1,000-ml pipet tip. Photographs of each scratch were taken at 0 h and 12 h after
scratching. The ratio between the scratch area at 0 h and at 12 h was determined using TScratch (105).

Tubule formation assay. BD Matrigel (number 356234; BD) was diluted to 4mg/ml protein, and
100ml of this solution was distributed to each well of a 48-well plate. The Matrigel was allowed to solid-
ify at 37°C for 30min before adding 5� 104 cells per well. Photographs were taken of two fields per well
at 6 and 12 h after plating. The number of junctions between three or more tubules was counted for
each field.

Cell metabolism assay. Agilent XF96 extracellular flux assay plates were seeded at a density of
2.5� 104 cells per well. The corresponding sensor cartridge was hydrated according to the manufac-
turer’s instructions. Unbuffered DMEM was prepared by reconstituting DMEM powder without glucose,
L-glutamine, phenol red, sodium pyruvate, and sodium bicarbonate (number D5030; Sigma) in distilled,
deionized water. Glucose (number 41095-5000; Acros Organics), sodium pyruvate (number 25-000-CI;
Cellgro), and L-glutamine (number 25030; Gibco) were added to final concentrations of 10mM, 1mM,
and 2mM, respectively. Phenol red (number AC611785000, discontinued; Acros Organics) was added to
an approximate final concentration of 15mg/liter. The pH of the medium was then adjusted to 7.4.
Twenty-four hours after plating, the regular cell culture medium was replaced with unbuffered DMEM,
and the cells were placed in a CO2-free incubator for 1 h. The oxygen consumption rate and extracellular
acidification rate of the cells were determined on an Agilent Seahorse XF96 machine. Oxamate was
added to a final concentration of 1mM at time point 3, and rotenone was added to a final concentration
of 100mM at time point 6.

Apoptosis assay. The GFP-certified apoptosis/necrosis detection kit (number ENZ-51002-25; Enzo)
was used by following the protocol for fluorescence/confocal microscopy. The annexin V-EnzoGold apo-
ptosis detection reagent was replaced with Alexa Fluor 647 annexin V conjugate (number A23204;
Thermofisher), which can be detected through the Cy5 channel, so that the assay was in line with the
capabilities of our fluorescence microscope. GFP-positive and Cy5-positive cells were counted using
ImageJ software, and the ratio of Cy5-positive to GFP-positive cells was determined.

Western blotting. Protein levels were determined by Western blotting using a rabbit monoclonal
antibody against CTSD (number 12517-R010; Sino Biological) at a 1:500 dilution and a fluorescence-la-
beled secondary antibody, IRDye 800CW goat anti-rabbit IgG (number 12517-R010; Li-Cor), at a 1:10,000
dilution. Fluorescence was measured on a Li-Cor instrument.

qRT-PCR. RNA was extracted from cells using RNA-Bee (number CS-501B; Bio-Connect) according to
the manufacturer’s instructions and stored at –80°C. Superscript IV reverse transcriptase (number
18090010; Invitrogen) was used with oligo(dT) to prepare cDNA. qPCR was performed using FastStart
essential DNA green master mix (number 06402712001; Roche) and a Roche LightCycler 96 instrument.

qPCR. DNA was extracted from cells using DNAzol (number 10503027; Invitrogen) according to the
manufacturer’s instructions. qPCR was performed using Roche products as described above.

RNA-seq. Total RNA was extracted from cells with RNA-Bee and treated with the NEBNext rRNA deple-
tion kit (human/mouse/rat) (number E6350; NEB). RNA-seq libraries were prepared using the NEBNext
Ultra II directional RNA library prep kit (number E7765; NEB) with NEBNext multiplex oligonucleotides for

TABLE 2 qPCR primers

Gene

Primer sequence

Forward Reverse
TIMP2 ATGGACTCTTGCACATCACTAC GGGATGGATAAACAGGGAAACA
TNFRSF10B AGAGTAGATGGTGCTTGAGAATG CAGGGTGACAGATAACCAGAAG
SMAD3 GACTCAGAACCCAGAGACAATAC CTGTGTAAGAAACAGGCCATAGA
TES CCTCCCAAATAGCTGGGATTAC CATCTGAGGTCAGGAGTTTGAG
PPPR21A ATGGGTCTCTCTCCCATCTT GTTCACACAGTCCAGGTTAGAG
FKBP1A CCTGATGTTCCACTCCACTTT AACACACATACGAGGAGAAAGG
BCL2L11 CTGCTGGACACACACATACA GGGCTGAGGAAACAGAGTAAA
CTSD GACATCCACTATGGCTCGGG AGCACGTTGTTGACGGAGAT
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Illumina (96 unique dual-index primer pairs) (number E6440; NEB) (Table 2). Libraries were sequenced on
an Illumina NovaSeq 6000.

RNA-seq data analysis. The complete process of RNA-seq data analysis will be detailed in a future
manuscript. For the quantification of ORF73/LANA, a custom reference library was prepared containing
the KSHV ORF73/LANA coding sequence (CDS) (GQ994935; ORF73, NCBI; acquired 17 December 2020)
and the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) transcript (NM_002046.7; Nuccore; 17
December 2020). Deduplicated reads were then aligned to this library using Bowtie2 (version 2.4.2). For
quantification of alignments, SAMtools (version 1.10) was utilized to provide counts of aligned sequence
reads for GAPDH and LANA, respectively.
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