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Kaposi’s sarcoma-associated herpesvirus (KSHV) encodes 12 pre-microRNAs that can produce 25 KSHV mature microRNAs.
We previously reported single-nucleotide polymorphisms (SNPs) in KSHV-encoded pre-microRNA and mature microRNA se-
quences from clinical samples (V. Marshall et al., J. Infect. Dis., 195:645—659, 2007). To determine whether microRNA SNPs af-
fect pre-microRNA processing and, ultimately, mature microRNA expression levels, we performed a detailed comparative analy-
sis of (i) mature microRNA expression levels, (ii) in vitro Drosha/Dicer processing, and (iii) RNA-induced silencing complex-
dependent targeting of wild-type (wt) and variant microRNA genes. Expression of pairs of wt and variant pre-microRNAs from
retroviral vectors and measurement of KSHV mature microRNA expression by real-time reverse transcription-PCR (RT-PCR)
revealed differential expression levels that correlated with the presence of specific sequence polymorphisms. Measurement of
KSHYV mature microRNA expression in a panel of primary effusion lymphoma cell lines by real-time RT-PCR recapitulated some
observed expression differences but suggested a more complex relationship between sequence differences and expression of ma-
ture microRNA. Furthermore, in vitro maturation assays demonstrated significant SNP-associated changes in Drosha/DGCR8
and/or Dicer processing. These data demonstrate that SNPs within KSHV-encoded pre-microRNAs are associated with differen-

tial microRNA expression levels. Given the multiple reports on the involvement of microRNAs in cancer, the biological signifi-
cance of these phenotypic and genotypic variants merits further studies in patients with KSHV-associated malignancies.

Kaposi’s sarcoma (KS)-associated herpesvirus (KSHV)
causes KS (1) and primary effusion lymphoma (PEL) (2)
and is associated with a subset of multicentric Castleman’s dis-
ease (MCD) (3).

MicroRNAs are small single-stranded RNAs averaging 22
nucleotides (nt) in length which posttranscriptionally regulate
gene expression primarily by targeting 3’ untranslated regions of
mRNAs. MicroRNA targeting of mRNAs inhibits translation,
subsequently leading to mRNA decay. MicroRNAs are processed
from precursor polymerase II (Pol II) transcripts by two types of
RNA III endonucleases. In the nucleus, precursors of mature mi-
croRNAs before Drosha cleavage (pri-microRNAs) form a hair-
pin, which is cleaved at the base by Drosha/DGCRS8. The resulting
pre-microRNA (after Drosha cleavage) is efficiently exported into
the cytoplasm, where it is recognized by Dicer, which cleaves the
hairpin bulge to generate a double-stranded RNA molecule. Usu-
ally, one strand, the mature microRNA, is then incorporated into
the RNA-induced silencing complex (RISC). For some human
and many viral microRNAs, both strands can be incorporated into
RISC with various efficiencies (for a review, see references 4 and
5).

Virally encoded microRNAs were first discovered in Epstein-Barr
virus (EBV)-infected Burkitt’s lymphoma cells (6) and have subse-
quently been identified in many alpha-, beta-, and gammaherpesvi-
ruses (reviewed in reference 7). KSHV encodes 12 pre-microRNAs
that give rise to 25 mature microRNAs (6, 8—12). KSHV-encoded
microRNAs are located within the latency-associated region and
are expressed at different levels in all KSHV-associated malignan-
cies (13, 14). Ten microRNAs are expressed as a cluster and lo-
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cated between the viral FLIP and kaposin genes, while the remain-
ing two are embedded within the K12 open reading frame.

We recently investigated the sequence conservation of the
KSHV-encoded microRNA region in KSHV-infected PEL cell
lines and clinical samples from patients with KS and MCD. We
observed that while the region was generally highly conserved, a
distinct cluster of sequences showed substantial divergence (15).
We also observed single-nucleotide polymorphisms (SNPs) or
multiple-nucleotide polymorphisms in pre-microRNA sequences
of K12-2, -4, -5, -6, -7, -9, and -10. In subsequent studies, detailed
analysis of SNPs in the KSHV microRNA-coding region suggested
an association with a risk of AIDS-associated KS (16), MCD, and
KSHV-associated inflammatory cytokine syndrome (KICS) (17),
a more recently described condition associated with an extremely
high viral load (18). An earlier study, using in vitro maturation
assays, reported that an SNP observed in the precursor stem-loop
of K12 microRNA 5 (miR-K12-5) affects Drosha processing and
subsequent mature microRNA expression in PEL cell lines (19).

In the current study, we systematically analyzed the effect of
SNPs in multiple KSHV pre-microRNAs on microRNA process-
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ing, expression, and targeting using complementary molecular
approaches. First, HEK293T cells were transduced with retroviral
vectors expressing either KSHV wild type (wt) or variant (v)
pre-microRNAs derived from sequences observed in clinical sam-
ples and mature microRNA expression was determined using re-
verse transcription (RT)-quantitative PCR (qPCR) with an ABI
system. Second, we characterized the expression of variant mi-
croRNAs present in PEL cell lines using RT-qPCR with an ABI
system. Third, in vitro maturation assays were performed to assess
SNP-dependent differences in Drosha/DGCRS8 and Dicer pro-
cessing. Lastly, we performed reporter assays using microRNA
sensor vectors, which demonstrated that SNP-dependent expres-
sion/maturation differences indeed translate into variable silenc-
ing efficiency. Together, these data indicate that the KSHV-en-
coded SNPs observed in pre-microRNAs may have phenotypic
consequences for viral biology and pathogenesis.

MATERIALS AND METHODS

Cell lines. HEK293T human embryonic kidney cells were obtained from
the American Type Culture Collection and maintained in Dulbecco’s
modified Eagle’s medium (DMEM; Mediatech) supplemented with 10%
fetal bovine serum (FBS; Mediatech), 2 mM L-glutamine, and penicillin-
streptomycin (5 U/ml and 5 pg/ml, respectively; Mediatech). Cells of a
panel of KSHV-positive primary effusion lymphoma cell lines (BCBL-1,
JSC-1, BCP-1, VG-1, BC-1, BC-2, BC-3) were grown in RPMI 1640 (Life
Technologies) containing 10% FBS (Atlantic Biologicals) and 1% penicil-
lin-streptomycin-glutamine (Life Technologies).

KSHV copy number quantification by real-time PCR. KSHV copy
numbers in PEL cell lines were determined using approximately 250 ng
total DNA per reaction mixture in triplicate, as previously reported (20).
Cell quantification was determined using a quantitative real-time PCR
assay for human endogenous retrovirus 3 (ERV-3) (21) to allow the num-
ber of KSHV copies per cell to be calculated.

PEL cell line sequencing and analysis. The sequence of the KSHV-
encoding microRNA region as well as a fragment of K12 containing the
sequences for miR-K12-10 and -12 were previously reported for the PEL
cell lines BC-1, BC-2, BCBL-1, BCP-1, and JSC-1 (15). The same regions
were amplified and sequenced from two additional cell lines, BC-3 and
VG-1, as previously described (15).

Retroviral vectors expressing KSHV wt and variant microRNAs.
BCBL-1 was designated the wild type because it is commonly used as a
model for KSHV research and it has a KSHV microRNA sequence that was
found to cluster in the conserved arm of the phylogenetic tree in our
previous study (15). KSHV wt and variant pre-microRNA sequences were
amplified from previously characterized clinical samples using Pfu DNA
polymerase (Stratagene), with the exception of wt pre-microRNA K12-6,
which was synthesized (Operon) (16). The pre-microRNAs included in
this study are listed in Table 1. The pre-microRNA sequences were am-
plified using primers with adapters that introduced 5" BamHI and 3’
EcoRI restriction sites for directional cloning into the RNA interference-
ready pSIREN-retroQ-DsRed-Express vector (Clontech). All constructs
were verified by sequencing. The primers used for amplification of pre-
microRNA sequences are listed in Table 2, and the forward primer se-
quences used for custom small RNA real-time PCR assays are given in
Table 3. The vector construct, including the amplified and cloned wt and
V pre-microRNA sequences, is shown in Fig. 1.

The retroviral vector stocks were made using GP2-293 packaging cells
(Clontech) cotransfected with the pSIREN-KSHV plasmid DNA and a
vesicular stomatitis virus envelope G glycoprotein (VSV-G)-expressing
construct plasmid using the Transit-293 transfection reagent, as recom-
mended by the manufacturer (Mirus Bio). Supernatants were harvested at
48 h posttransfection, and retroviral particles were concentrated by cen-
trifugation, as previously described (22). Transduced HEK293T cells were
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expanded for 2 weeks in selection medium, after which the cells were
sorted for DsRed expression.

To measure the transduction efficiency in HEK293T cells, quanti-
tative RT-PCR for the DsRed gene was performed. Primers and probes
were designed using Primer Express (version 3.0) software (Applied
Biosystems) according to recommended guidelines and are as follows:
primer DsRedqPCR-F, 5'-GCAGGACGGCTCCTTCATC-3"; primer
DsRedqPCR-R, 5'-CAGCCCATAGTCTTCTTCTGCAT-3'; and DsRedqPCR-
probe, 5'-FAM-AGGTGAAGTTCATCGGC-TAMRA-3', where FAM is
6-carboyfluorescein and TAMRA is 6-carboxytetramethylrhodamine.

For quantification, a standard curve was generated using serially di-
luted circularized pSIREN vector DNA. All assays were performed using
an ABI Prism 7900HT sequence detection system. RNA from transduced
293T cells was reverse transcribed to cDNA using a high-capacity cDNA
reverse transcription kit (Applied Biosystems) and a DsRed-specific RT
primer, DsRedCP-R (5'-TTCAGCTTCAGGGCCTTGTG-3"). The re-
sulting cDNA was then screened using the aforementioned DsRed gPCR
assay. Replicates of each HEK293T-KSHV microRNA transduction were
tested in triplicate, and the threshold cycle (C;) values of the independent
replicates were averaged.

RNA extraction from cell lines latently infected with KSHV and
HEK293T transductions. The isolation of RNA from HEK293T trans-
ductions and PEL cells was performed using the TRIzol reagent (Invitro-
gen) per the manufacturer’s instructions, and the RNA was quantified
using a Nanodrop 1000 spectrophotometer (Thermo Scientific).

Analysis of KSHV microRNA expression in PEL and retrovirus-
transduced HEK293T cells. Mature KSHV microRNA expression was
determined using TagMan small RNA assays (Applied Biosystems). The
sequence of the mature microRNA was used to design each custom assay,
which included a specific stem-looped RT primer, and TagMan qPCR
assay. A total of 21 custom assays were designed on the basis of the wt and
variant microRNA sequences (Table 2). Human small nuclear RNAs
RNU6B and RNU48 were used as endogenous controls to normalize for
RNA input. All samples were tested multiple times in triplicate reactions,
and the C;. values of the replicates were averaged. For experiments with
HEK293T cells, untransduced HEK293T cells were used as a negative
control in quantitative RT-PCR assays and consistently gave C;. values of
40. All qPCRs were performed using an ABI Prism 7900HT sequence
detector system.

Statistical analyses. Statistical analyses for the gene expression data
obtained from real-time qPCR analysis were performed using Spotfire
S+, version 8.0, software (TIBCO Spotfire, Somerville, MA). The target
genes (microRNAs) were first normalized to the host microRNA, RNU6B,
and then the fold changes were computed via the 2724¢T method (23).
For PEL cell lines BCP-1, VG-1, JSC-1, BC-1, BC-2, and BC-3, changes
relative to the value for the wild-type BCBL-1 cell line were computed.
Box-and-whisker plots depict raw C; gene expression values for
HEK293T cells for each microRNA variant and the wt and indicate evi-
dence of either differences between the microRNA variants and the wt or
alack thereof. Nonparametric/distribution-free Wilcoxon rank-sum tests
were performed to confirm possible differences between SNP and wt
microRNAs, as observed in Fig. 1. P values of less than 0.01 were consid-
ered significant (Fig. 1).

In vitro microRNA maturation assay. MicroRNA in vitro maturation
assays were performed as described by Lee and Kim (24). All wt and
variant pre-microRNAs tested were transcribed from T7 promoter-con-
taining pcDNA3.1/V5/HisA vectors, as previously described (25). For
microRNA maturation assays, plasmids were linearized prior to in vitro
transcription using T7 polymerase in the presence of [«-*>*P]UTP. Radio-
labeled transcripts were separated on a 6% urea-polyacrylamide gel and
extracted from the gel in elution buffer (0.3 M sodium acetate [pH 5.5],
2% SDS) at 42°C overnight. Recovered size-selected RNA was precipitated
and resuspended in RNase-free TE (Tris-EDTA) buffer. Recombinant
plasmids expressing pCK-Drosha (Flag) and pCK-DGCRS8 (Flag) were
kind gifts from Narry Kim, Seoul National University, Seoul, Republic of
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TABLE 1 wt and variant microRNAs previously observed in clinical samples from patients with KSHV-associated cancers and present in PEL cell

lines included in this study

KSHV miRNA  Location of SNP Pre-microRNA M-fold diagram* KSHV cell line(s) latently infected with microRNA
miR-K12-5v* Pre-microRNA u UA C U¥%¥ GC G U AC BC-1, VG-1
idbiinb oMy
CUGG CCGU CA GG CCG GGAUUC C GA U
A -- u A U UA A - AC
miR-K12-5wt BCBL-1, BC-2, BC-3, BCP-1, JSC-1

miR-K12-9sv® Pre-microRNA

miR-K12-4v* Terminal loop
miR-K12-4wt
miR-K12-7v¢ Terminal loop
miR-K12-7wt

miR-K12-10v¢  Terminal loop

miR-K12-10wt

miR-K12-2v¢ Mature microRNA
miR-K12-2wt

miR-K12-6v° Mature microRNA
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VG-1

VG-1

BCBL-1, BC-1, BC-2, BC-3, BCP-1, JSC-1

VG-1

BCBL-1, BC-1, BC-2, BC-3, BCP-1, JSC-1

BC-1

BCBL-1, BC-2, BC-3, BCP-1, JSC-1, VG-1

BCBL-1, BC-1, BC-2, BC-3, BCP-1, JSC-1
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TABLE 1 (Continued)

KSHV miRNA  Location of SNP Pre-microRNA M-fold diagram” KSHYV cell line(s) latently infected with microRNA
miR-K12-6wt uc A U -U GG BCBL-1, BC-1, BC-2, BC-3, BCP-1, JSC-1, VG-1
S ST 0 S
GAGC GUUGUCG GG UU GGUAGUCG
GA - C W GG
iR-K12-9mv*® i *% % *% % - -
miR-K12-9mv' Mature microRNA o P T B . BCP-1, BC-3
TR AR TN
CCCA U GUC C CAUAUGGGUCGACCC
GC GAC *

miR-K12-9wt

G
CELE LT L e
C

C Cc A cCu
GGU UAC CAGCUGCGUA AccC GCLIJ? G A

AA

BCBL-1, BC-1, JSC-1

CCA AUG GUCGACGCAU UGGG CGAC C A
A Cc A U A A

@ M-Fold diagrams show predominantly expressed microRNAs.
b The sequence was first reported by Gottwein et al. (19).

¢ The sequence was first reported by Marshall et al. (15).

4 The sequence was first reported by Marshall et al. (16).

Korea. Plasmids encoding the Drosha/DGCRS expression plasmids were
cotransfected into HEK293T cells at a ratio of 9:1. Cells were harvested at
48 h posttransfection and lysed in lysis buffer (20 mM Tris-HCI [pH 7.4],
150 mM NaCl, 1 mM EDTA, 0.4% NP-40, proteinase inhibitor cocktail
[Sigma]). The Drosha-DGCR8 complex, which is called the microproces-
sor, was enriched using M2 Flag-tagged agarose beads (Sigma). Radiola-
beled wt (BCBL-1) and variant pri-microRNAs were incubated with
freshly prepared microprocessor at 37°C for 2 h in reaction buffer (20 mM
HEPES [pH 7.6], 10 mM KCl, 0.2 mM EDTA, 5% glycerol). RNA was
extracted via phenol-chloroform and ethanol precipitation. After resus-
pension in RNase-free TE buffer, 50% of the microprocessor-processed
RNA was incubated with 1 unit of recombinant turbo Dicer (Genlantis) at
37°Cfor 2 h.

Products from each step were separated on 10 or 15% urea-polyacryl-
amide gels and quantified by imaging. Maturation efficiency was deter-
mined as a percentage of that for the wild type * standard deviation from
three independent experiments.

Luciferase microRNA reporter assays in HEK293T cells. Luciferase
activity was quantified using a dual-luciferase assay system (Promega)
according to the manufacturer’s protocol. For plasmids expressing indi-
vidual pri-microRNAs (wt or variants), a region of approximately 200 nt
surrounding each pre-microRNA hairpin was amplified from the cluster-
containing plasmid and inserted into pcDNA3.1/V5/HisA. Efficient wt
microRNA expression from these constructs has previously been demon-
strated (25). Individual KSHV microRNA sensor vectors containing two
sites with 100% complementary binding to the wt microRNAs down-

TABLE 2 Primers used to amplify KSHV wt and variant pre-microRNA sequences

Pre-microRNA Orientation Primer sequence® (subtype)
mir-K12-2 Forward ACACAC-GGATCC-GAAAGTCCGTCAACCAGATT (A/C)
Forward ACACAC-GGATCC-GAAAGTCCATCAACCAGATT (B)
Reverse ACACAC-GAATTC-TTGGTTGGGAGTTTGGGGAC
mir-K12-4 Forward ACACAC-GGATCC-CTCCAGGTCCAAGCGACGAAC
Reverse ACACAC-GAATTC-GAGGTTTGAGAGGCGTAGACATCC (A/C)
Reverse ACACAC-GAATTC-GAGGTTTGAGATGCGTAGACATCC (B)
mir-K12-5 Forward ACACAC-GGATCC-GGATGTCTACGCCTCTCAAACCTC (A/C)
Forward ACACAC-GGATCC-GGATGTCTACGCATCTCAAACCTC (B)
Reverse ACACAC-GAATTC-CCCGCATAGGTTTTTGTGGCACC
mir-K12-6 Forward ACACAC-GGATCC-TAAAGCGGGCGTTCGTAAGCGTG (A/C)
Forward ACACAC-GGATCC-TAAAGCAGGCGTTCGTAAGCGTG (B)
Reverse ACACAC-GAATTC-ACACAGAACAATAACGGGCGACTA
mir-K12-7 Forward ACACAC-GGATCC-CGTGCCCACCGATGAGATAC
Reverse ACACAC-GAATTC-CTACACTAAGCCCGAACG
mir-K12-9 Forward ACACAC-GGATCC-TGAGTCATCGCAGCCCCTATTC
Reverse ACACAC-GAATTC-TGCTTCCGGAAATACCACCTGAGT
mir-K12-10 Forward ACACAC-GGATCC-GGTGTTTGTGGCAGTTCATGTCC
Reverse ACACAC-GAATTC-CGCTAGCTTCAGTGCGCGCCC

“ Boldface nucleotides indicate SNPs.
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TABLE 3 Forward primer sequences used for custom small RNA real-
time PCR assays

Mature microRNA Primer sequences”
mir-K12-2 AACUGUAGUCCGGGUCGAUCUG (wt)
AACUGUAGUCCGGGUAGAUCUG (v)
mir-K12-4 AGCUAAACCGCAGUACUCUAGG
mir-K12-5 UAGGAUGCCUGGAACUUGCCGG
mir-K12-6 UGAUGGUUUUCGGGCUGUUGAG (wt)
UGAUGGUUUUCGGGCUGUUGAA (v)
mir-K12-7 UGAUCCCAUGUUGCUGGCGC
mir-K12-9 ACCCAGCUGCGUAAACCCCGCU (wt)
AUCCAG-CUAGGUAUACCCAGGU (v)
mir-K12-10 UAGUGUUGUCCCCCCGAGUGGC

“ Boldface nucleotides indicate SNPs. Hyphen in sequence for mir-K12-9 represents a
deletion.

stream of the luciferase reporter were previously described (11). Expres-
sion and sensor vectors were cotransfected with a Renilla luciferase vector
for normalization. Luciferase activity was analyzed at 72 h posttransfec-
tion using a BMG Fluostar luminometer. Each variant microRNA was
analyzed using BCBL-1 microRNA as the wt and empty vector as a nega-
tive control. Reporter gene activity values represent the means of several
independent transfections performed in triplicate, and error bars show
the standard deviations from the means.

RESULTS

Comparative expression analysis of HEK 293 cells transduced
with retroviral vectors encoding wt or variant microRNAs. Pre-
viously, we observed single-nucleotide polymorphisms (SNPs) in
pre-microRNA sequences of miR-K12-2, -4, -5, -6, -7, -9, and -10
in clinical samples and PEL cell lines (15, 16). The SNPs evaluated
here are summarized in Table 1, which also indicates which SNPs
were observed in clinical samples and which were also present in
sequences from PEL cell lines. SNPs were observed in various
positions within the pre-microRNAs and can be divided into three
classes. SNPs in miR-K12-5 and -9sv (where sv represents single
variant) were located within the pre-microRNA stem adjacent to
the putative Drosha processing site. In miR-K12-4, -7, and -10,
SNPs were located within the bulge of the pre-microRNA, which is
closer to the Dicer processing site. In miR-K12-2 and -6, the SNPs
were located within the mature microRNA, as were some of the
multiple SNPs in the highly variant miR-K12-9mv (where mv
represents multiple variant), in which multiple SNPs were located
throughout the pre-microRNA.

To evaluate the potential impact of these SNPs on processing
and expression in a controlled cellular system, we transduced
HEK293T cells with retroviral expression vectors encoding either
wild-type or variant pre-microRNAs. Cell lines stably expressing
these constructs were selected on the basis of DsRed expression.
Mature microRNA expression levels were then determined using
custom-designed ABI stem-loop real-time PCR assays (Fig. 2).

We showed that SNPs in the pre-microRNA region of miR-
K12-5 and -9sv correlate with increased mature microRNA ex-
pression (Fig. 2A). In our previous studies of KSHV microRNA-
encoded sequences in clinical samples, most subjects were
observed to have the miR-K12-5 SNP (15, 16). In contrast, SNPs
within the terminal loop region of miR-K12-4 and -7 showed
reduced expression. However, not all SNPs in this region resulted
in reduced expression, as miR-K12-10 levels were modestly in-
creased (Fig. 2B). MiR-K12-2 had a single SNP in the mature
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microRNA, and this correlated with increased expression (Fig.
2C). The SNP in miR-K12-6, however, resulted in reduced mature
microRNA expression. The multiple SNPs in miR-K12-9mv,
which spanned both arms and the mature microRNA region, re-
sulted in the lowest level of expression of any of the constructs
studied (Fig. 2C). Hence, these data demonstrate that SNPs ob-
served within KSHV pre-microRNA genes can affect mature
microRNA expression either positively or negatively. The magni-
tude of these effects varied from very minor to highly significant.

MicroRNA expression analysis in cell lines latently infected
with KSHV. In addition to evaluating the effects of SNPs in
HEK293T cell lines transduced with individual pre-microRNAs,
we also evaluated microRNA expression levels in PEL cells using
custom-designed ABI stem-loop real-time PCR assays. In this
case, the microRNAs were expressed in the context of the entire
pri-microRNA cluster in KSHV-infected cells with all the addi-
tional viral genes and viral host cell interaction mechanisms in-
tact. The cell lines tested and the SNPs present are summarized in
Table 1.

The levels of expression of seven microRNAs in the different
PEL cell lines compared to that in BCBL-1 cells analyzed by the
2 AACT method (23) are shown in Fig. 3. These results show that
expression of mature miR-K12-5 is increased in BC-1 cells, as
previously reported (19). In addition, increased expression of ma-
ture miR-K12-5 was also seen in VG-1 cells, which have the same
SNP as that observed in BC-1 cells. However, the increased expres-
sion observed in BC-1 cells compared to that observed in BCBL-1
cells was rather modest, and all of the other cell lines, which lacked
this SNP, also had increased expression. Similarly, the remaining
KSHV pre-microRNAs containing single SNPs (miR-K12-2, -4,
-6, -7, and -10) showed varied mature microRNA expression lev-
els between the cell lines in a manner that could not be explained
by the presence or absence of the pre-microRNA SNP alone.

In contrast, the multiple SNPs in miR-K12-9 in BC-2, BCP-1,
and BC-3 cells spanning both arms of the pre-microRNA corre-
lated with a drastic reduction in mature microRNA expression,
which in BCP-1 and BC-3 cells was below the detection level of the
assay. The lack of miR-K12-9 expression in BC-3 cells has also
been observed by deep sequencing (26). BC-1 and JSC-1 cells both
have the wild-type sequence for miR-K12-9. Expression of mature
miR-K12-9 was reduced in BC-1 cells but increased in JSC-1 cells
compared to the level of expression in BCBL-1 cells. The single
SNP in premiR-K12-9-5p (where 5p is the 5" arm) encoded by
VG-1 cells and observed in sequences from many clinical samples
(15, 16) also correlates with increased microRNA expression.

These data suggest that the levels of mature microRNA in PEL
cells is determined by many factors, in addition to the SNP in the
pre-microRNA. This may include differential transcriptional activity
between different PEL cells as well as the position of pre-microRNAs
within the cluster. Differences in the microRNA processing ma-
chinery between HEK293T cells and PEL cells as well as differences
between PEL cell lines may also affect processing of viral microR-
NAs. Sequence analyses of the microRNA-encoding regions from
PEL cell lines show many additional SNPs in the pri-microRNA
sequence outside the pre-microRNAs, which likely also affect mi-
croRNA processing and expression (16, 17).

We observed no correlation between microRNA expression
levels and KSHV load. The highest microRNA expression levels
were detected in BC-3 cells, which also had the highest viral copy
number per cell. However, VG-1 cells also had high microRNA
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I:>CMV

LTR,

KSHV MiRNA

Amplified and Cloned Pre-microRNA Sequences

GAAAGTCCGTCAACCAGATTTAAGATTAAGATTATAATGGGTCTACTTCGCTAACTGTAGTCCG
GGTCGATCTGAGCCATTGAAGCAAGCTTCCAGATCTTCCAGGGCTAGAGCTGCCGCGGTGACAC
CAATTATAGAAATTTGGTCCCCAAACTCCCAACCAA

miR-K12-2wt

CTCCAGGTCCAAGCGACGAACCGCCCGTGGCCACAACGCCGCCTGGTGGAACCGGGCAG
TATAACTAGCTAAACCGCAGTACTCTAGGGCATTCATTTGTTACATAGAATACTGAGGCCTAGCTGA
TTATACTACCTCCGTCCAGCAGTCGACACGGATGTCTACGCCTCTCAAACCTC

miR-K12-4wt

GGATGTCTACGCCTCTCAAACCTCGTGGGCACGGCGTCATGACTAAGGGGGAGTTTGACCTAG
GTAGTCCCTAGTGCCCTAAGGGTCTACATCAAGCACTTAGGATGCCTGGAACTTGCCGGTCAAG
CCCGCTCATAAGACCATAACCTGGTGCCACAAAAACCTATGCGGG

miR-K12-5wt

TAAAGCGGGCGTTCGTAAGCGTCTGGATCGACACAAACCCTGCGCGGGTTTAGAAAGACTTGTC
CAGCAGCACCTAATCCATCGGCGGTGCGGGCTGATGGTTTTCGGGCTGTTGAGCGAGTCTT
TTTATCTAGTCGCCCGTTATTGTTCTGTGTGT

miR-K12-6wt

CGTGCCCACCGATGAGATACCACGCAGCCGCGCATATTGGCGTTGAGCGCCACCGGACGGG
GATTATGCTGTATCTTACTACCATGATCCCATGTTGCTGGCGCTCACGGCCCGTGTGCCAGCCGCC
TGGACGTCGAAAGCACGCAAAGCTGAACGTTCGGGCTTAGTGTAG

miR-K12-7wt

TGAGTCATCGCAGCCCCTATTCCAGTAGGTATACCCAGCTGGGTAATCCAGCTAGGTATA
CCCAGGTGGGTGAACCCAGCTGGGTATACCCAGCTGCGTAAACCCGGCTGGGTAAATCCAGCTGT
AATTCTACAATTAAACAAGGTATAAACCAATGGGGTACTCAGGTGGTATTTCCGGAAGCA

miR-K12-9mv

GGTGTTTGTGGCAGTTCATGTCCCGGATGTGTTACTAAATGGGTGGCGCTGGAGGCTTGGG
GCGATACCACCACTCGTTTGTGTGTTGGCGATTAGTGTTGTCCCCCCGAGTGGCCAGCGTGG
CCCCGTAGCATTCAGGACACGAGTTGCAACGGGCGCGCACTGAAGCTAGCG

miR-K12-10v

FIG 1 (Top) Diagram of SIREN-RetroQ-DsRed-Express retroviral vector. Large gray arrow, the U6 RNA polymerase III promoter immediately upstream of the
cloned pre-microRNA; black arrow, CMV RNA polymerase II promoter expressing DsRed; LTR,, self-inactivating long terminal repeats. (Bottom) Cloned
sequences of each microRNA (MiRNA), with the mature microRNA being underlined and in bold.

expression, despite having the lowest viral copy number per cell
(Fig. 3; Table 4). SNPs in mir-K12-2 and -6, identified in viral
sequences from clinical samples (15-17), were not encoded by any
of the cell lines tested.

Analysis of Drosha and Dicer processing efficiency of wild-
type and variant microRNAs using stepwise in vitro maturation
assays. The retroviral expression results presented above suggest
that the location of an SNP in the pre-microRNA might alter
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processing. To determine how SNPs affect microRNA processing,
we performed stepwise in vitro maturation assays and compared
the processing efficiency of wild-type and variant microRNAs by
incubating wt and variant precursors with the immune-purified
Drosha/DGCR8 microprocessor alone or in combination with re-
combinant Dicer.

We first examined SNPs in the pre-microRNA region in miR-
K12-5 and -9sv. It was previously reported that miR-K12-5
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showed an increased microRNA maturation efficiency in BC-1
cells than in BCBL-1 cells (19), consistent with the data presented
above. The mature miR-K12-5 sequence observed in BCBL-1 cells
creates a bulge in the pre-microRNA stem-loop which inhibits
Drosha processing (19). We tested miR-K12-5wt (BCBL-1 cells)
and miR-K12-5v (BC-1 cells) (Fig. 4A, left) and confirmed that
Drosha processed them with different efficiencies. We could not
detect either miR-K12-5wt or miR-K12-5v in mature miR-K12-5.
However, we detected Drosha processing of miR-K12-5wt at low
levels (Fig. 4A); miR-K12-5wt could not be detected in a previous
study (19). mir-K12-9sv contains an A-to-C change 2 nt upstream
of the putative Drosha cleavage site in the 5" arm of the pre-mi-
croRNA precursor, which should not alter folding, as predicted by
M-fold software. Drosha processing and microRNA maturation
were reduced by 40% in miR-K12-9sv compared to those in miR-
K12-9wt (Fig. 4A). This is in contrast to the finding for HEK293T
cells transduced with pre-microRNA mir-K12-9sv, in which ex-
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pression of mature microRNA was increased compared to that in
the wild type (Fig. 2A). The only PEL cell line that had the miR-
K12-9sv sequence was VG-1, which showed a 14-fold increase in
mature microRNA expression compared to that for BCBL-1 cells.

Second, we examined SNPs in miRs-K12-4, -7, and -10 that
were located in the terminal loop of the pre-microRNA. The ter-
minal loop of pre-microRNA is a critical structural feature for
microprocessor/Dicer processing (27-29). In addition, the termi-
nal loop has been shown to function as a binding site for cellular
proteins, such as KSRP and hnRNP A1, which in the case of the
miRNA lin-28 control microprocessor/Dicer processing in the
nucleus and cytoplasm (28, 30, 31). miR-K12-4v, which has a
C-to-U substitution in the terminal loop, did not have Drosha
processing significantly different from that of the wt, but Dicer
processing and mature microRNA yield were reduced by about
30% compared to those for the wt (Fig. 4B, left). This is consistent
with the data obtained from transduced HEK293T cells. miR-
K12-7v has a C-to-A SNP that disrupts a potential C-G base pair-
ing and may result in a terminal loop more flexible than that of
miR-K12-7wt (Fig. 4B, fourth panel). Several studies suggested
that larger, more flexible terminal loops can affect the efficiency of
both Drosha and Dicer processing (28, 29, 32). miR-K12-7v
showed a slight decrease in Drosha processing (Fig. 4B) but an
increase in Dicer processing compared to those for miR-K12-7wt
(Fig. 4B). However, quantitative analysis of three consecutive as-
says could not detect a statistically significant difference in matu-
ration between miR-K12-7v and miR-K12-7wt (Fig. 4B).

miR-K12-10v has a C-to-G SNP within the terminal loop of
miR-K12-10, which was not predicted to significantly change the
terminal loop structure. miR-K12-10v SNP did not differ in either
microprocessor or Dicer processing compared to that for miR-
K12-10wt (Fig. 4B, fifth panel).

The analysis of three SNPs within the microRNA terminal loop
indicated that processing efficiency for clinically observed variant
microRNA alleles cannot simply be predicted. For miR-K12-4, an
SNP in the terminal loop reduced Dicer processing by 30% but
had no effect on Drosha cleavage, a result consistent with results
presented in a previous report demonstrating that the terminal
loop is not critical for Drosha processing (27); however, similar
SNPs within miR-K12-7 and -10 did not affect processing.

Third, we examined SNPs within the mature microRNA se-
quences. In miR-K12-2, a C-to-A SNP in miR-K12-2v created an
additional A-U pair within the stem adjacent to the terminal loop
(Fig. 4G, left). The efficiency of Drosha cleavage of miR-K12-2v
was moderately decreased compared to that of miR-K12-2wt, and
mature microRNAs were not detected for either miR-K12-2wt or
miR-K12-2v (Fig. 4C, left). Interestingly, for miR-K12-2v, we de-
tected a new RNA product of 35 nt in both the Drosha-only and
Drosha/Dicer lanes (Fig. 4C, left). This product likely results from
Drosha recognizing a novel cleavage site. Large terminal loops
adjacent to long stems can be recognized by Drosha/DGCRS as
unstructured single-stranded (ssRNA) segments and as a result
can be bound in an opposite orientation. Such alternative site
usage yields small RNA products that do not give rise to mature
microRNAs (24). Our data suggest that stabilization of the stem in
miR-K12-2v may create an alternative Drosha processing site
which would result in the 35-nt product.

The SNP in miR-K12-6 is at the 3’ end of the miR-K12-6 ma-
ture microRNA sequence. We showed very little difference in
Drosha/Dicer processing efficiency between wild-type and variant
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FIG 3 Applied Biosystems custom small RNA RT-PCR analysis of KSHV latently infected PEL cell lines. Mature microRNA expression levels are shown as the
fold change in expression of the target genes (microRNAs) normalized to the level of expression of the internal control gene (RNU6B) and relative to the level of
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standard error bars are added. The standard error bars are asymmetrical due to exponentiation.

miR-K12-6 (Fig. 4C, thrid panel), and quantification of mature
microRNA showed less than a 10% decrease of mature miR-
K12-6v compared to that for miR-K12-6wt (Fig. 4A). For miR-
K12-9, we tested a highly variant allele, miR-K12-9mv, containing
10 SNPs located throughout the pre-microRNA, including the
mature microRNA, which also severely affected folding, as pre-
dicted by M-fold. The multiple SNPs in miR-K12-9mv completely
abrogated Drosha/Dicer processing, and the quantification of ma-
ture microRNA detected background levels (Fig. 4C, fifth panel).
These data demonstrate not only that the multiple SNPs in the
pre-microRNA precursor of miR-K12-9mv prevent miR-K12-
9mv processing, consistent with the results of RT-PCR assays
with both HEK293T and PEL cells, but also that the altered
RNA secondary structure is not an alternative substrate for
Drosha/Dicer processing.

In summary, analysis of clinically observed microRNA SNPs
by performing in vitro maturation assays demonstrated that SNPs
occurring throughout pre-microRNAs can have profound effects

TABLE 4 KSHV copy numbers in PEL lines determined by quantitative
real-time PCR

on microRNA maturation efficiency, ranging from the moderate
decrease seen for miR-K12-6 to the total abrogation seen for miR-
K12-9mv.

Analysis of luciferase microRNA reporter assays for KSHV-
encoded microRNAs. We next asked whether the observed SNPs
also affect microRNA silencing efficiency. To this end, we per-
formed previously established luciferase microRNA sensor assays
with recombinant expression plasmids of miR-K12-4, -6, -7, -9,
and -10 under the control of the cytomegalovirus (CMV) pro-
moter (33). To test each microRNA allele, we used microRNA
sensor plasmids containing two binding sites for each wt KSHV
microRNA within the 3" untranslated region of a luciferase re-
porter. We excluded miR-K12-2 and -5 from this analysis because
we could not detect any mature microRNAs when performing in
vitro maturation assays (Fig. 4).

For miR-K12-4v and -9sv, reduced repression activity was ob-
served compared to that for wt, but miRs-K12-6, -7, and -10
showed no differences. miR-K12-9mv, which was demonstrated
to abrogate expression, had no silencing activity (Fig. 5). These
data confirmed that altered premicroRNA sequences correspond-
ingly affect both microRNA maturation and silencing.

PEL cell line KSHV copy no./reaction No. of KSHV copies/cell ~ DISCUSSION

BCBL-1 8,700,000 158 Our previous sampling of KSHV microRNA sequence heteroge-
BCP-1 7,800,000 164 neity revealed that some viral microRNAs were highly conserved,
VG-1 660,000 19 while others displayed distinct sequence variability among sam-
JSC-1 2,100,000 74 ples from KSHV-infected patients and from a number of PEL cell
BC-1 4,600,000 84 lines (15). Here we functionally analyzed single- or multiple-nu-
BC-2 1,100,000 344 cleotide polymorphisms of seven KSHV microRNA genes (Table
BC-3 9,000,000 486
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1), some of which were predicted to have a variant secondary
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FIG 4 A. In vitro maturation assay for miR-K12-5 and -9. These microRNA variants have SNPs in pre-microRNA. (First and third panels) Products on
urea-polyacrylamide gel. Black arrows, pre-microRNA and microRNA produced from each processing; lanes M, molecular size markers. (Second and fourth
panels) Graphs of pre-microRNA quantification normalized by the levels for the wt. Results are shown as percentages * standard deviations from three
independent experiments. (B) In vitro maturation assay for miR-K12-4, miR-K12-7, and miR-K12-10. The variants of these microRNAs have SNPs in different
positions in the terminal loop of pre-microRNA. (First, third, and fifth panels) Products on urea-polyacrylamide gels. Black arrows, pre-microRNA and
microRNA produced from each processing; lanes M, molecular size markers. (Second, fourth, and sixth panels) Graphs of pre-microRNA quantification
normalized by the levels for the wt. Results are shown as percentages * standard deviations from three independent experiments. (C) In vitro maturation assay
for miR-K12-2, miR-K12-6, and miR-K12-9mv. The variants of these microRNAs have an SNP or SNPs within mature microRNA sequences. (First, third, and
fifth panels) Products on urea-polyacrylamide gels. Black arrows, pre-microRNA produced; lanes M, molecular size markers. (Second, fourth, and sixth panels)

Graphs of pre-microRNA quantification normalized by the levels for the wt. Results are shown as percentages = standard deviations from three independent
experiments.

structure of pre-microRNAs, and evaluated the genes for their
expression, maturation, and targeting efficiencies. We hypothe-
sized that clinically observed polymorphisms translate into mi-
croRNA expression differences that are associated with clinical
phenotypes in KSHV-infected patients.

We generated retroviral vectors expressing either wt or variant
microRNA alleles for seven microRNAs and transduced
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HEK293T cells. We observed both increased and decreased ex-
pression of mature viral microRNA in association with SNPs, and
the magnitude of the expression difference varied in significance.
The fact that all microRNAs were expressed from an identical
CMV promoter within the integrated vector strongly suggested
that differences in microRNA expression in this system must be
due to pri- and pre-microRNA processing.
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We also measured microRNA expression levels for the same
microRNAs in seven PEL cell lines and found highly divergent
expression levels. Data from these experiments suggest that in PEL
cells mechanisms determining the level of expression of mature
viral microRNAs are complex, and while SNPs in the pre-mi-
croRNA play a role, other factors are also important. These may
include the position of the pre-microRNA within the pri-mi-
croRNA cluster, namely, SNPs outside the pre-microRNA se-
quence; competing effects of host or other viral microRNAs; and
differential transcriptional activity between different PEL cells. In-
terestingly, viral copy number did not predict the microRNA ex-
pression level; for example, VG-1 cells contained the lowest num-
ber of viral copies of all PEL lines tested but expressed high viral
microRNA levels.

To directly test the effect of SNPs on microRNA processing, we
performed stepwise in vitro maturation assays and compared the
processing efficiency of variant and wt microRNA alleles located
at different regions of the pre-microRNAs (ssRNA-double-
stranded [dsRNA] stem junction, terminal loop, and mature
microRNA). Two different models for the recognition of Drosha
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cleavage sites have been proposed, and both suggest that Drosha
determines its cleavage site by probing RNA structural features
within the pre-microRNA. In one model, Drosha detects the ssRNA-
dsRNA junction and cleaves at a site ~11 nt away (27); the alter-
native model proposes that Drosha measures and cleaves in refer-
ence to the terminal loop (34). Both models suggest that Drosha
determines its cleavage site by probing RNA structural features
within the pri-microRNA. Our observation that miR-K12-9sv,
which contains the SNP in the 5 arm, shows a significant reduc-
tion in Drosha processing is consistent with sequential processing
of the 5" and 3’ cleavage sites. Thus, our data support the former
junction model. Recently, Warf et al. reported that Drosha first
recognizes and processes a site on the 5" arm of the pri-microRNA
and subsequently determines the cleavage site on the 3’ arm by
measuring 2 nt from the cleavage site on the 5 arm (35). Poly-
morphisms within the loop of miR-K12-4 reduced processing,
while SNPs in miR-K12-7 and -10 had very small effects, demon-
strating that the effect of sequence variations on loop processing
cannot simply be predicted. This was equally true for miR-K12-5,
for which a polymorphism led to more efficient processing, and
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for miR-K12-2, where a polymorphism may create an alternate
Drosha cleavage site, thereby preventing the formation of the ma-
ture microRNA. The latter was also the case for miR-K12-9mv,
where multiple SNPs completely abrogated processing (Fig. 4).

The phenotypic consequences of these observed microRNA
maturation differences can fall into three major conceptual
classes. First, as observed for miR-K12-9mv, complete abrogation
of expression could lead to target genes that are targeted in wt
infected cells not being downregulated. Second, the effect of de-
creased processing is less clear since it depends on whether the
particular microRNA is expressed at high or low levels. For exam-
ple, miR-K12-5, which is expressed at very low levels in BCBL-1,
may regulate more genes in BC-1 cells, where it is robustly ex-
pressed, or may silence target genes more efficiently. In clinical
samples, the majority of sequences encode the miR-K12-5v SNP,
resulting in poor expression, perhaps suggesting evolutionary se-
lection. A third aspect concerns SNPs that affect the functional
domain or seed sequence (nt 2 to 8) of the mature microRNA,
since such SNPs may or may not affect maturation but may po-
tentially change the targeting specificity.

An important question is whether the observed KSHV
microRNA SNPs and their associated expression differences have
phenotypic consequences with respect to disease type, onset,
and/or progression in KSHV-infected subjects. To address this
question, it is important to understand (i) which microRNA-tar-
geted genes are important for pathogenesis and (ii) which SNP-
driven expression differences affect these targets. With respect to
targeting, a number of reports have identified and confirmed spe-
cific cellular and viral genes targeted by KSHV microRNAs, in-
cluding those under study here (for a review, see the work of
Haecker et al. [26]). More recently, KSHV microRNA targetomes
have been analyzed in several PEL cell lines using high-throughput
sequencing of RNA-UV cross-linking and immunoprecipitation
and photoactivatable-ribonucleoside-enhanced UV cross-linking
and immunoprecipitation methods (26, 36). In BCBL-1 and BC-3
cells, 1,170 and 950 genes, respectively, have been identified as
putative targets (26). Collectively, these studies have pointed to
key regulatory pathways, such as inhibition of apoptosis, cell cycle
control, immune evasion, and cytokine signaling, all central to
KSHYV biology and pathogenesis. For example, IRAK-1 has been
identified as a target of miR-K12-9. The complete loss of this mi-
croRNA in BC-3 cells or in infected subjects due to multiple SNPs
may affect the Toll-like receptor/IL1R. Similarly, miR-K4 has
been shown to downregulate caspase 3, making cells less resistant
to apoptotic stimuli (37). Polymorphisms in miR-K12-5, which
strongly affected processing, could affect MYD88, IL2RB, and
CDK16 signaling.

Reports of three studies using different experimental systems
indicated that miR-K12-9 can reduce the expression of the repli-
cation-transcription activator (RTA) of KSHV by direct targeting
(38—40). Moreover, miR-K12-5 has also been implicated in regu-
lating RTA. It is interesting to note that BCBL-1, which expresses
very low to undetectable levels of miR-K12-5, has a high sponta-
neous KSHV reactivation rate. Thus, differential microRNA mat-
uration of miR-K12-9 and miR-K12-5 may contribute to latency
control. Interestingly, two KSHV-associated diseases, MCD and
the recently identified KICS, are characterized by lytic replication
rather than the tight latency observed in KS and PEL (18). We
recently reported that SNPs within miR-K12-4, -5, -6, and -7 are
statistically significantly associated with MCD/KICS risk. Of note,
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while the reported overall frequency of SNPs within human mi-
croRNA is low (41), several reports have identified specific
microRNA SNPs in colorectal cancer that have been evaluated as
potential biomarkers (42). Although human microRNA SNPs
were not the focus of this study, it is worth investigating any com-
pounding effects of potential human microRNA SNPs in the con-
text of KSHV infection.

In summary, we have demonstrated that a number of SNPs
within all three KSHV pre-microRNA domains observed in clin-
ical subjects can have profound but not always predictable effects
on microRNA maturation. These observations are of interest for
cancer biology beyond KS, since many human tumors display
altered microRNA expression profiles (for a review, see reference
43). To date, relatively little is known about the frequencies of
polymorphisms in human microRNAs in cancer, and it is impor-
tant to note that some microRNAs classified as deregulated may
contain SNPs, thereby escaping detection through the most com-
monly used TagMan PCR arrays. Moreover, deep sequencing of
small RNA libraries has identified many offset 5’ processing
events, which further expand targeting specificity.
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