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Kaposi’s Sarcoma-Associated Herpesvirus Encodes a Mimic of Cellular
miR-23

Mark Manzano, Priscilla Shamulailatpam, Archana N. Raja,* Eva Gottwein

Department of Microbiology-Immunology, Feinberg School of Medicine, Northwestern University, Chicago, lllinois, USA

Kaposi’s sarcoma-associated herpesvirus (KSHV) expresses ~20 viral microRNAs (miRNAs) in latently infected cells. We have
previously shown that two of these miRNAs function as mimics of the cellular miRNAs miR-155 and miR-142-3p. Two addi-
tional KSHV miRNAs, miR-K3+1 and miR-K3, share perfect and offset 5" homology with cellular miR-23, respectively. Here, we
report a single nucleotide polymorphism that causes miR-K3+1 expression in a subset of KSHV-infected primary effusion lym-
phoma cell lines as a consequence of altered processing of the primary transcript by the Microprocessor complex. We confirm
that miR-K3+1 regulates miR-23 targets, which is expected because these miRNAs share the entire seed region (nucleotides 2 to
8). Surprisingly, we found that miR-K3 also regulates miR-23 targets, despite offset seed sequences. In addition, the offset ho-
mology of miR-K3 to miR-23 likely allows this viral miRNA to expand its target repertoire beyond the targets of miR-23. Because
miR-23 is highly expressed in endothelial cells but expressed at only low levels in B cells, we hypothesize that miR-K3 may func-

tion to introduce miR-23-like activities into KSHV-infected B cells. Together, our data demonstrate that KSHV has evolved at
least three distinct viral miRNAs to tap into evolutionarily conserved cellular miRNA-regulatory networks. Furthermore, our
data allow fundamental insights into the generation and functional impact of miRNA 5’ end variation.

MicroRNAs (miRNAs) are ~21- to 23-nucleotide (nt)-long
noncoding RNAs that function within Argonaute-contain-
ing miRNA-induced silencing complexes (miRISCs) to repress
target mRNAs. miRNAs are processed in a stepwise fashion from
one or both arms of imperfect hairpin structures contained within
longer RNA polymerase II transcripts termed primary miRNAs
(pri-miRNAs). Cleavage of the pri-miRNA hairpin by the Micro-
processor complex, which is composed of the RNase III enzyme
Drosha and its double-stranded RNA (dsRNA)-binding domain-
containing cofactor DGCRS, is the first step in the canonical
miRNA biogenesis pathway in animals (1-3). Drosha cleaves
about one helical turn (~11 bp) away from base of the stem-loop
structure to liberate the apical ~65-nt hairpin, called the precur-
sor miRNA (pre-miRNA) (4). The pre-miRNA is exported to the
cytoplasm, where Dicer excises an imperfect ~20-bp duplex with
2-nt 3’ overhangs, one strand of which represents the mature
miRNA strand that is loaded into the miRISC (5, 6). miRNAs
guide the recognition of imperfect binding sites most commonly
located in the 3’ untranslated regions (UTRs) of target mRNAs.
Typically, the “seed” region (nt 2 to 7) of the miRNA is per-
fectly base paired, which is accompanied by a perfect base pair
at nt 8 of the miRNA (2-8mer seed match) and/or an A across
from position 1 of the miRNA (2-7Almer seed match) in ef-
fective sites (Fig. 1A) (7).

Herpesviruses stand out among virus families by often encod-
ing multiple miRNAs in their genomes. Kaposi’s sarcoma (KS)-
associated herpesvirus (KSHV) contains one miRNA cluster with
12 pre-miRNAs, giving rise to a set of mature miRNAs called
miR-K1 to miR-K12 (8-11). We and others have previously dem-
onstrated that these miRNAs occupy hundreds of sites in the hu-
man transcriptome (12, 13). One major clue to the potential func-
tions of the KSHV miRNAs is the identification of two of the
KSHV miRNAs as viral analogs of the cellular miRNAs miR-155
and miR-142-3p (12, 14, 15). Several additional interactions and
functions of the KSHV miRNAs have been identified (16-35);
however, the overall impact these miRNAs have on host gene ex-
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pression and their phenotypic consequences remain largely un-
known.

All of the KSHV-positive primary effusion lymphoma (PEL)
cell lines analyzed to date express miR-K3. Our recent analysis of
KSHV miRNA expression in PEL cell lines revealed that a subset of
PEL cell lines coexpressed miR-K3 together with a novel miR-K3
variant carrying an additional 5" adenosine (A) (12). We refer to
this novel miRNA variant as miR-K3+1 (Fig. 1B). The additional
5" nucleotide of miR-K3+1 causes the seed sequence of miR-
K3+1 to differ from that of miR-K3, which is expected to result in
an altered target range. Interestingly, nt 2 to 8 of miR-K3+1 are
identical to nt 2 to 8 of the miR-23 family miRNAs (Fig. 1B). This
7mer seed homology is reminiscent of the relationship between
KSHV miR-K11 and cellular miR-155, which also share nt 2 to 8
but differ outside the seed region. In the case of miR-K11, we and
others have demonstrated that this homology is sufficient to allow
regulation of miR-155 seed targets by miR-K11 (12, 14, 15, 36, 37).
Therefore, we initially hypothesized that miR-K3+1 may func-
tion as a mimic of cellular miR-23. Here we characterize the mech-
anisms underlying the expression of miR-K3+1 and the func-
tional relationships among miR-K3+ 1, miR-K3, and miR-23. We
mapped a single nucleotide polymorphism (SNP) responsible for
altered processing of the miR-K3 hairpin by Drosha and the con-
sequent production of miR-K3+1. In addition, we demonstrate
that not just miR-K3+1, but also miR-K3 itself, is an effective
mimic of miR-23. Finally, we demonstrate that miR-K3 is likely to
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FIG 1 Expression of K3+1. (A) miRNAs commonly engage in seed interac-
tions with mRNA targets, which minimally involve base pairing of nt 2 to 7 of
the miRNA (“seed,” in black) together with an A residue across nt 1 of the
miRNA (A in boldface, 2-7A1mer) or a Watson-Crick base pair at position 8 of
the miRNA (2-8mer). “2-7Almer” seed matches are commonly also desig-
nated “7merlA” matches, while “2-8mer” sites are commonly designated
“7mer-m8” sites (50-53). (B) Alignment of miR-K3, miR-K3+1, and the
miR-23 family miRNAs. miR-K3+1 is a 5 processing variant of miR-K3,
which differs only by an additional 5" nucleotide. Both miRNAs exhibit partial
homology to the cellular miR-23 family at their 5" ends. Seed sequences (nt 2 to
8) are shown in bold. (C) Partial sequencing chromatograms of 250-bp PCR
products centered on mature miR-K3 from different PEL cell lines. Shown at
the top is the consensus sequence of the aligned regions; the only detected
polymorphism is highlighted by a white background. (D) Primer extension
analysis of miR-K3 (lower band) and its variant miR-K3+1 (upper band) in
the KSHV-negative BJAB cell line, KSHV-infected PEL cell lines (BC-1, JSC-1,
BCBL-1, BCP-1,VG-1, BCLM, and BC-3), and 293T cells that were transfected
with the parental lentiviral vector pLCE or with pLCE expressing a 250-bp
fragment of pri-miR-K3 containing the Ggyp or the Agyp. Primer extension of
the 5S RNA served as a control for RNA input.
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engage at least a small number of binding sites that are not shared
with the miR-23 miRNAs.

MATERIALS AND METHODS

Cell culture. 293T and HeLa cells were maintained in Dulbecco’s modi-
fied Eagle’s medium containing 4.5 g/liter glucose and L-glutamine (Sig-
ma-Aldrich, St. Louis, MO) and supplemented with 10% fetal bovine
serum (FBS; Gibco, Life Technologies, Carlsbad, CA). B cell lines were
cultured in RPMI containing r-glutamine (Sigma-Aldrich) and supple-
mented with 10 to 20% FBS and 0.05 mM B-mercaptoethanol (Bio-Rad,
Hercules, CA). Endothelial cells were grown in EBM2-MV (Lonza), and
primary cells were used before passage 7.

RNA secondary-structure prediction. Prediction of the secondary
structure of the “pri-miRNAs” was done with Geneious Pro v5.5.6 (Bio-
matters), which applied the Vienna RNAfold package (38).

Cloning procedures. The pLCE/miR-K3 (Ggyp) expression vector
containing 250 bp of pri-miR-K3 centered on the pre-miR-K3 stem-loop
from BC-1 cells has been described previously (12). To analyze the corre-
sponding 250-bp segment of other KSHV genomes, we PCR amplified this
region from genomic DNA prepared from a panel of six additional PEL
celllines (JSC-1, BCBL-1, BCP-1, VG-1, BCLM, and BC-3). The resulting
PCR products were sequenced. pLCE/miR-K3 (Agyp) was derived by
cloning the PCR product from BCBL-1 between the XhoI and NotI sites of
pLCE and confirmed by sequencing. A 250-bp fragment containing the
miR-23a stem-loop at a central location was amplified from BCBL-1
genomic DNA, cloned into pLCE by using the Xhol and EcoRI sites, and
confirmed by sequencing.

In vitro Drosha cleavage assays. In vitro Drosha cleavage assays were
carried out essentially as previously described, with minor modifications
(39, 40). T7 RNA polymerase promoter-added templates for the in vitro
transcription of “pri-miR-K3” RNAs were amplified from BC-1 or
BCBL-1 genomic DNA by using forward primer 5'-TAATACGACTCAC
TATAGGCGCAACAGCTACAATGCCTG-3') and reverse primer 5'-CG
GTTCGTCGCTTGGACC-3". The underlined nucleotides make up the
minimal T7 promoter. In vitro transcription was performed in the pres-
ence of [a->*P]CTP with the AmpliScribe T7 High Yield Transcription kit
(Epicentre Biotechnologies, Madison, WI). Each 20-pl transcription re-
action mixture contained 120 ng PCR product; 5 mM (each) ATP, GTP,
and UTP; 0.5 mM CTP; 10 mM dithiothreitol (DTT); 0.5 .l of RiboGuard
RNase inhibitor; 2 pl of AmpliScribe T7 enzyme solution; and 20 wCi of
[@-**P]CTP (3,000 Ci/mmol; PerkinElmer, Waltham, MA). Reaction
mixtures were incubated at 37°C for 90 min. The reaction products were
purified with Micro Bio-Spin P6 columns (Bio-Rad, Hercules, CA). La-
beled transcripts were further purified from 10% Tris-borate-EDTA
(TBE)-urea polyacrylamide gels (PAGs). 293T cells (107) were cotrans-
fected with a total of 25 g of Drosha-Flag and DGCR8-Flag expression
vectors at a 9:1 ratio or pLCE (negative control). After 48 h, cells were
collected by scraping into 5 ml ice-cold phosphate-buffered saline. Cell
pellets were resuspended in 1 ml lysis buffer (20 mM HEPES [pH 7.6], 100
mM KCl, 0.1% IGEPAL CA-630). Cells were sonicated on ice with six
pulses of 10 s each. The cleared lysates were incubated with 2.5 g mouse
anti-FLAG M2 monoclonal antibody (Sigma-Aldrich, St. Louis, MO)
bound to 10 pl Dynabeads Protein G beads (Life Technologies, Grand
Island, NY) at 4°C for 1.5 h with vigorous shaking. Magnetic beads were
washed seven times with wash buffer (20 mM HEPES [pH 7.6], 300 mM
KCl,0.1% IGEPAL CA-630). Beads were again washed twice with reaction
buffer (20 mM HEPES [pH 7.6], 100 mM KCl, 5% glycerol, 6.4 mM
MgCl,, 0.5 mM DTT). At the last wash, the slurry was split into two tubes.
Beads were resuspended in 15 pul reaction buffer, and ~10° cpm of labeled
pri-miRNA was added. Cleavage reaction mixtures were incubated on a
Thermomixer for 90 min at 37°C at 1,200 rpm. Reaction products were
extracted with acid phenol and ethanol precipitated. RNA pellets were
resuspended in 60 pl water. To analyze cleavage products, 10-pl samples
were resolved on either a 12.5% TBE-urea PAG or a 10% TBE-urea se-
quencing PAG and visualized by autoradiography.
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Primer extension analysis. Primer extension assays were done with
the Primer Extension System (Promega) as previously described (12). A
1.5-pg sample of total RNA was used per reaction mixture. miR-23 probes
have the following sequences: miR-23a, 5'-TTGGAAATCCCTGGCAA-
3’; miR-23b, 5'-GTGGTAATCCCTGGCAA-3'; miR-23¢, 5'-GGGTAAT
CACTGGCAA-3". The miR-K3 and 5S probes were previously published
(12). Primer extension products were resolved on 15% TBE-urea acryl-
amide gels and visualized by autoradiography.

3’ UTR reporter vectors and indicator assays. The 3" UTRs of puta-
tive target genes were amplified from PEL genomic DNA and cloned
into the firefly luciferase reporter vector pLSG (14). Primer sequences
and detailed cloning procedures are available on request and posted on
the Gottwein lab webpage (http://bugs.mimnet.northwestern.edu/labs
/gottweinlab/index.html). To mutate seed sequences, overlap extension
PCRs were performed with the same outer primers and mutated inner
primer pairs. In each case, the seed match was mutated from 5'-AATGT
GA-3" to 5'-AAAGTCA-3".

Reporter assays with pLCE-based miRNA expression vectors were
performed essentially as previously described (12, 14). For reporter assays
with RNA mimics, 293T cells were seeded at 1.2 X 10°/well of a 24-well
plate. After ~18 h, 5 pmol of synthetic mirVana miRNA mimics (Life
Technologies) was cotransfected with 3 ! of Lipofectamine 2000 reagent
(Life Technologies) with 2.5 ng of the 3 UTR reporter vector, 2.5 ng of the
internal control plasmid pLSR, and 0.3 g of pLCE to serve as a carrier
DNA. Dual luciferase activities were read after 48 h with the Dual Lucif-
erase Reporter assay system (Promega).

Quantitative Western blotting. For Western blot assays performed
with 293T cells, cells were seeded at 4 X 10°/well of a six-well plate. Cells
were transfected with 50 pmol of miRNA mimics and 1.5 g of pLCE with
Lipofectamine 2000. For Western blot assays performed with BJAB cells,
50-pmol samples of miRNA mimics were electroporated into 4 X 10° cells
with the Neon Transfection System (Life Technologies) with the recom-
mended parameters of 1,350 V and a 40-ms pulse width for the 10-pl tip.
After 48 h, cells were lysed with 20 mM Tris-Cl (pH 7)-100 mM NaCl-1%
Triton X-100-10% glycerol-1 mM EDTA-1 mM NaF-1 mM sodium
orthovanadate—complete protease inhibitor cocktail (Roche, Mannheim,
Germany). Lysates were cleared by centrifugation at 16,000 X g for 20
min. Protein concentrations were determined with the BCA Protein Assay
kit (Pierce). Ten micrograms of protein extract per lane was resolved on
Bolt 4 to 12% Bis-Tris Plus gels (Life Technologies) and immunoblotted
onto a nitrocellulose membrane with anti-HMGB2 rabbit antibody
(Sigma-Aldrich) and anti-glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) mouse monoclonal IgG1 0411 (Santa Cruz Biotechnology,
Santa Cruz, CA). Primary antibodies were detected with infrared dye
IRDye 800CW-conjugated goat anti-rabbit or anti-mouse IgG (LI-COR
Biosciences, Lincoln, NE). Immunoblot assays were imaged and quanti-
fied with the Odyssey Fc Dual-Mode Imaging System (LI-COR Biosci-
ences).

RESULTS

A SNP near the base of the miR-K3 hairpin drives miR-K3+1
biogenesis. We have previously shown that the PEL cell lines
BC-1, VG-1, and BCLM express miR-K3+1 along with miR-K3,
while the PEL cell lines JSC-1, BCBL-1, BCP-1, and BC-3 express
only miR-K3 (12). To define the mechanism underlying miR-
K3+1 expression, we PCR amplified a 250-bp region centered on
the pre-miR-K3 stem-loop from the viral genome of each of these
cell lines. Sanger sequencing of the resulting PCR products re-
vealed only one difference between samples; i.e., cell lines that
expressed miR-K3+1 had a G at position 121617 (Ggyp) of the
BC-1 genome (GenBank accession number U75698.1), and cell
lines that expressed only miR-K3 had an A at the corresponding
position (Fig. 1C). To directly test whether this SNP is responsible
for the differential processing of the miR-K3 precursor, we cloned
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a PCR product containing either the Agyp or the Ggyp from
BCBL-1 or BC-1, respectively, into a miRNA expression vector
(pLCE) (41). Primer extension analysis was used to visualize the 5’
end of the miR-K3 miRNAs and confirmed our hypothesis that
the Ggyp variant expressed both miR-K3+1 and miR-K3, while a
vector carrying the Agyp variant expressed only miR-K3 (Fig. 1D).
We therefore conclude that the presence of a G at this position is
responsible for the expression of miR-K3+1. Primer extension
analysis also confirmed miR-K3+1 expression in BC-1, VG-1,
and BCLM cells, as previously reported (12). Interestingly, this
SNP has been reported previously to be present in 3 of 19 analyzed
KS patients, 13 of 23 KSHV-infected patients diagnosed with mul-
ticentric Castleman’s disease (MCD), and 4 of 7 patients with
KSHV-associated inflammatory cytokine syndrome, but its con-
sequences for KSHV miRNA expression had not been explored
(39, 42, 43).

The miR-K3 SNP allows insights into Drosha cleavage site
selection. miR-K3/K3+1 is expressed from the 5" arm of the pre-
miR-K3 hairpin, and therefore, its 5 end is generated by Drosha
processing (Fig. 2A). Determinants of 5’ variant (“iso-miR”) pro-
duction by Drosha remain unexplored, and the polymorphism
identified might give insights into the mechanisms underlying iso-
miR production. Structural requirements for recognition by the
Microprocessor are relatively well defined and include a hairpin
structure with an imperfect stem of about three helical turns, a
terminal loop and single-stranded flanking sequences (3, 4, 44—
46). It is thought that DGCRS is critical in the recognition of the
single-stranded RNA (ssRNA)—dsRNA junction at the base of the
stem and positions the dual catalytic sites of Drosha to introduce a
staggered cut into both RNA strands ~11 bp (about one helical
turn) away from the base of the stem-loop structure. In addition
to these structural requirements, microprocessing in human cells
is also influenced by primary sequence determinants (47). Inter-
estingly, the SNP mapped to a location well outside the pre-
miR-K3 stem-loop in the basal stem region of the miR-K3 hairpin
(Fig. 2B), which is consistent with a role in differential positioning
of Drosha for alternative cleavage site selection.

To determine whether the SNP could alter the secondary struc-
ture of the pri-miRNA and thereby result in differential process-
ing, we predicted the secondary structures of a 121-nt-long “pri-
miR-K3” centered on the miRNA stem-loop with the Vienna
package RNAfold tool (38). The algorithm predicts distinct struc-
tures for the two sequence variants that differ in the basal stem
(Fig. 2B). The Ggnp RNA, which expresses K3+1 in addition to
K3, is predicted to exhibit additional base pairing compared to the
Agnp RNA, which is predicted to have a larger internal loop within
the lower stem. To directly test whether the SNP results in struc-
tural differences between the RNAs and whether this affects
Drosha cleavage site selection, we transcribed a 121-nt RNA en-
compassing the entire pre-miRNA, 32 ntat the 5" end, and 26 nt at
the 3’ end, in vitro. The analysis of **P-labeled RNA transcripts on
anative acrylamide gel shows that the Ggyp-containing transcript
migrates faster than the Agyp-containing RNA (Fig. 2C), which is
consistent with the hypothesis that the Ggyp pri-miR-K3/K3+1
has a more compact structure.

To directly confirm that this change in the basal stem portion
causes differential cleavage by Drosha, we used the labeled pri-
miRNAs as substrates for in vitro Drosha assays (40). The Agyp
RNA produces three distinct bands that are products of complete
Drosha cleavage: the pre-miR-K3 (63 nt), a 5" fragment (32 nt),
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FIG 2 In vitro Drosha processing assay of pri-miR-K3. (A) Schematic repre-
sentation of a typical pri-miRNA hairpin structure that serves as a substrate for
the Microprocessor complex. Structural determinants of substrate recogni-
tion, including the ssRNA-dsRNA junction, the imperfect stem and the termi-
nal loop, and Drosha and Dicer cleavage sites, are indicated. (B) Secondary-
structure predictions of the pri-miR-K3 transcripts with the Ggyp or the Agp
(SNP shown in bold). Black bars represent mature miR-K3, the dotted line
indicates the additional 5" A residue of miR-K3+ 1, while gray bars represent
the passenger strand. Black and gray arrows represent sites of Drosha and Dicer
cleavage, respectively. (C) Migration of in vitro-transcribed, **P-labeled “pri-
miR-K3” transcripts with the Ggyp or the Aqyp in a 4% native PAG. (D) Invitro
Drosha processing assay of “pri-miR-K3” transcripts resolved in a denaturing
urea-PAG. The tick marks on the left (showing numbers of nucleotides) cor-
respond to the migration of the denatured Decade RNA marker (Life Tech-
nologies). (E) Migration of pre-miR-K3/K3+1 RNAs in a sequencing gel from
the same Drosha processing reaction as in panel D.

and a 3’ fragment (26 nt) (Fig. 2D). The Ggyp RNA, on the other
hand, yielded a doublet (31 and 32 nt) in the region where the 5’
fragment is expected to migrate. This doublet is consistent with
the expected different by-products from the differential cleavage
of the pre-miRNA by Drosha. The corresponding pre-miRNA
doublet, however, could not be resolved properly in this gel. Thus,
we reran the same samples through a longer sequencing gel. This
enabled us to clearly separate pre-miR-K3 (63 nt) from pre-miR-
K341 (64 nt) (Fig. 2E). Thus far, we have collectively shown that
the biogenesis of miR-K3+1 is due to the differential Drosha pro-
cessing of an alternative pri-miRNA structure caused by the Ggyp
found in some PEL cell lines.

PAR-CLIP-predicted targetomes of miR-K3 and miR-K3+1.
As a first step in comparing the targets of miR-K3, miR-K3+1,
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FIG 3 Predicted overlap between miR-K3 and miR-K3+1/miR-23 binding
sites. (A) Venn diagram summarizing the numbers of shared (light gray) and
distinct (dark gray and white) PAR-CLIP-identified binding sites of miR-K3
and miR-K3+1/miR-23 in the PEL cell line BC-1. (B) Schematic of seed inter-
actions responsible for recognition of the same miRNA-binding sites by either
miR-K3 or miR-K3+1/miR-23, despite the offset seed sequences of these
miRNAs.

and miR-23, we inspected the binding sites that were predicted for
these miRNAs in our recent miRNA targetome analysis of PEL cell
lines. In this analysis, we had used photoactivatable-ribonucleo-
side-enhanced cross-linking and Ago-2 immunoprecipitation
(Ago2-PAR-CLIP) in combination with Illumina sequencing of
protected fragments to identify miRNA binding sites (12, 48).
Resulting fragments were assigned to the expressed miRNAs by
seed matching. Here, we used only data from BC-1 cells, which
express miR-K3 and miR-K3+1 (12) (Fig. 1D). Bioinformatically,
seed targets of miR-K3+ 1 and miR-23 are indistinguishable; how-
ever, the miR-23 miRNAs together are expressed at ~10-fold
lower levels in this cell line than miR-K3+1 (12) (see below), suggest-
ing that many of the identified target sites are occupied by miR-
K3+1. This data set identified 190 candidate binding sites of miR-
K3+1 and/or miR-23 and 158 candidate binding sites with seed
matches to miR-K3. To our surprise, ~94% of the sites with pre-
dicted binding to miR-K3 could also be assigned to miR-K3+1
and/or miR-23 (Fig. 3A). There are two reasons for this initially un-
expectedly large overlap. (i) The second nucleotide of miR-K3+1isa
U, and therefore, 2-7A1mer matches to miR-K3 are also called as
2-8mer matches to miR-K3+1 (Fig. 3B), and (ii) more than 90% of
the miR-K3 candidate target sites identified in BC-1 cells were
2-7Almer sites. While these binding site assignments are not unam-
biguous, they raise the intriguing question of whether miR-K3 has a
functional overlap with miR-23, despite the offset seed sequence.
miR-23a expression in cell types relevant to KSHV infection.
If miR-K3 indeed mimics miR-23 functions, we wanted to estab-
lish in which cell types this may be relevant. Our previously pub-
lished data suggested that the miR-23 miRNAs are expressed at
only very low levels in PEL cell lines (12). We have also performed
small-RNA deep sequencing with primary human dermal lymphatic
endothelial cells (LECs) and LECs infected with rKSHV.219 at 72 h
after infection (rK-LECs; not shown). Interestingly, miR-23 was
among the top 15 most highly expressed miRNAs in both LECs
and rK-LECs, with no indication of altered miR-23 expression in
the context of KSHV infection. The full data set will be presented
elsewhere. To confirm low expression of miR-23 in B and PEL cell
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FIG 4 Endogenous expression of miR-23 family miRNAs in endothelial and B
cells. Primer extension analysis was performed for miR-23a and miR-23b in
telomerase-iIHMVEC, primary dermal microvascular LECs, 293T cells, HeLa
cells, the B cell line BJAB, and PEL cell lines BC-1 and BC-3. All reactions were
performed in the same experiment and run on the same gel. One irrelevant
lane was removed from the autoradiograph, as indicated by the gap. Primer
extension for miR-23c was also performed, but all samples had little detectable
expression (not shown).

lines and high expression in endothelial cells, we performed
primer extension analysis of miR-23 family miRNA expression on
total RNA prepared from telomerase-immortalized microvascu-
lar endothelial cells iHMVEC) (49), LECs, the PEL cell lines BC-1
and BC-3, and the KSHV-negative Burkitt’s lymphoma cell line
BJAB. This analysis also included 293T and HeLa cells, because we
commonly use 293T for 3" UTR reporter assays and several targets
of miR-23 have previously been validated in HeLa cells (50). These
experiments confirmed that both miR-23a and miR-23b are well
expressed in endothelial cells (Fig. 4). On the other hand, these
miRNAs were detected at much lower levels in B cells. Primer
extension for miR-23c¢ was also performed but did not show sig-
nificant expression in any of our samples, in agreement with the
deep-sequencing data (12) (data not shown). Finally, these data
confirmed that HeLa cells express substantial levels of miR-23a
and -b while 293T cells express very low levels of miR-23a and -b.

Both miR-K3 and K3+ 1 regulate targets of miR-23a. 3’ UTR
reporter assays directly measure binding site usage, if predicted
sites are mutated. We selected a subset of PAR-CLIP-identified
candidate targets of miR-K3 and/or miR-K3+1/miR-23 for vali-
dation (Tables 1 and 2). We also included a number of miR-23
targets that were predicted by TargetScan v6.2 (50-53) but not
identified by PAR-CLIP because our PAR-CLIP data set may have
missed valid miR-23 binding sites because of limited sequencing
depth and the low expression of the miR-23 miRNAs in PEL cell
lines. This initial set of 3" UTR reporters also included several
candidates for targets that we predicted to be differentially regu-
lated by miR-K3 and miR-23. A relatively large number of 3' UTR
reporters was constructed, because miR-23a has previously been
reported to have poor targeting proficiency, a consequence of its
relatively weak predicted seed-pairing stability (50). This property
caused a smaller subset of reporters than typical for other miRNAs
to be repressed by miR-23a (50). We first tested each of the re-
porter constructs for regulation by lentiviral vectors expressing
miR-23a or miR-K3 alone (Agyp), in the absence of miR-K3+1
(Fig. 5A). Only miR-23a was tested, because the miR-23 miRNAs
are expected to have identical seed targets and miR-23a is the most
abundant miR-23 miRNA in endothelial cells. Of the 21 candidate
targets we screened, only 7 reporters were specifically repressed
upon cotransfection with miR-23a and/or miR-K3 (Tables 1 and 2
and Fig. 5B to G and 6B). Our results therefore confirm the pre-
viously reported poor proficiency of miR-23a for target regulation
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and further suggest that miR-K3 may share this property with
miR-23a. These results are in sharp contrast to the much higher
success rate (>75%) for validation of PAR-CLIP-predicted bind-
ing sites we have reported previously and typically observe for
other KSHV miRNAs (12, 54) (data not shown).

We next focused our attention on six of the candidate targets
for which we observed specific and comparable repression follow-
ing miR-K3 and/or miR-23a expression compared to the empty-
vector control (Fig. 5B to G). This set included reporters for
CASP3 and CASP7, which had previously been shown to be re-
pressed by miR-K3 and miR-23a, respectively (34, 55).To verify
that miR-K3 and miR-23a indeed exert their effect through the
same PAR-CLIP- and/or TargetScan-predicted binding sites in
these 3" UTRs, we introduced 2-nt mutations into each of the
candidate seed matches. Results from these experiments con-
firmed that miR-K3 and miR-23a indeed regulate their targets
through the same predicted sites (Fig. 5B to G). One surprising
finding was that the hyaluronan-mediated motility receptor
(HMMR) reporter, which was specifically repressed by miR-23a
through a 2-7Almer site, was also repressed by miR-K3 alone in a
manner dependent on the same site, although only nt 2 to 6 of
miR-K3 can pair to this site (Table 1). miR-K3 could potentially
also engage this site in the HMMR 3’ UTR with nonseed interac-
tions (Fig. 5H); however, mutation of 4 nt upstream of the seed
match did not rescue reporter activity (not shown). This interac-
tion could therefore present an unusual case where a very minimal
seed interaction could be sufficient for repression. Alternatively,
nonseed interactions other than those tested could contribute to
the observed regulation.

Not all binding sites are shared between miR-K3 and miR-
K3+1/miR-23. The sites validated thus far were predicted to be
targeted by both miR-K3 and miR-23a. To test whether these
miRNAs could also have at least a small number of differentially
regulated targets owing to the 1-nt offset, we performed additional
reporter assays with the HMGB2 3" UTR. HMGB2 has a PAR-
CLIP-identified seed match for miR-K3, miR-K3+1, and miR-
23a (site 2, Fig. 6A). In addition, a manual examination of its 3’
UTR revealed a second potential seed match for miR-K3, but not
for miR-K3+1 or miR-23a, just 28 nt upstream of the PAR-CLIP-
identified site (site 1). The proximity of these sites, within the

TABLE 1 Summary of functional miR-K3/miR-23 binding sites
validated in this study”

Seed type
PAR-CLIP  Prediction by
Gene product  target” TargetScan”  miR-K3 miR-K3+1  miR-23
CASP3 Y N 2-7Almer  2-8Almer 2-8Almer
CASP7 Y Y 2-7Almer  2-8Almer 2-8Almer
HMGB2sitel N N 2-8mer No site No site
HMGB2site2 Y Y 2-9Almer  2-10Almer 2-8Almer
JARID2 Y Y 2-8Almer  2-9Almer 2-8Almer
TNFRSF10B Y N 2-8Almer  2-9mer 2-8mer
HMMR Y N No site 2-7Almer 2-7Almer
RBL2 N Y 2-7Almer  2-8Almer 2-9Almer

@ Each seed match was isolated by mutation. Whether these sites were identified by
PAR-CLIP and/or predicted by TargetScan as targets of miR-23 is indicated. The
predicted seed types for the interactions with miR-K3, miR-K3+1, and miR-23 are
also indicated. Nucleotide numbers refer to the nucleotides from the 5" end of the
miRNA that are base paired. Al indicates the presence of an A across from nt 1 of
the miRNA. Additional candidate targets were tested but were not inhibited by any
of the miRNAs tested (see Table 2; total n = 21).

Y, yes; N, no.
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TABLE 2 Summary of indicator vectors that did not respond to miR-K3 or miR-23a“

Prediction by: Seed type
Gene product PAR-CLIP® TargetScanh miR-K3 miR-K3+1 miR-23 Note(s)
KLHDC5 Y N 2-8mer No site No site No significant inhibition
TBL1XR1 Y N 2-8mer No site No site No significant inhibition
GATAD2B Y N 2-9mer No site No site No significant inhibition
SMCIA Y N No site 2-7Almer 2-7Almer No significant inhibition
RAD21 Y N No site 2-7Almer 2-7Almer No significant inhibition
WEE1 Y N No site 2-7Almer 2-7Almer No significant inhibition
PHF17 N Y No site 2-7Almer 2-7Almer No significant inhibition
PPP3CA N Y No site 2-7Almer 2-7Almer No significant inhibition
TPD52 N Y No site 2-7Almer 2-7Almer No significant inhibition
RAB4A Y N 2-9mer No site No site No significant inhibition; not rescued by seed mutant
MTUS1 Y N 2-8mer No site No site No significant inhibition; not rescued by seed mutant
CREBBP Y Y No site 2-7Almer 2-7Almer No significant inhibition; not rescued by seed mutant
CARDS8 Y N No site 2-7Almer 2-7Almer Unexpected repression by miR-K3; seed match not
mutated
SOS1 N Y 2-7Almer 2-8Almer 2-9Almer Only miR-23a inhibits; seed site not mutated

“ Whether these sites were identified by PAR-CLIP and/or predicted by TargetScan as targets of miR-23 is indicated. The predicted seed types for the interactions with miR-K3,
miR-K3+1, and miR-23 are also indicated. Nucleotide numbers refer to the nucleotides from the 5" end of the miRNA that are base paired. A1 indicates the presence of an A across

from nt 1 of the miRNA. The last column summarizes the results from at least three independent reporter assays. The relevant seed match in all clones obtained for CARD8
contained a SNP compared to the reference sequences, which alters the sequence from AATGTGAA to CATGTGAA.

by, yes; N, no.

distance observed for cooperative miRNA interactions (52, 56),
suggests that both sites might be used by miR-K3. To achieve a
quantitative comparison of HMGB2 repression by miR-K3 and
miR-23a and to confirm that miR-K3+1 does indeed have the
same targeting potential as miR-23a, we cotransfected wild-type
(WT) and seed mutant HMGB2 3" UTR reporters together with
equimolar amounts of a control mimic or mimics of mature miR-
K3, miR-K3+1, or miR-23a. Repression of the WT HMGB2 3’
UTR by miR-K3+1 was comparable to that by miR-23a, as ex-
pected from the direct seed homology of these two miRNAs (Fig.
6B). In contrast, miR-K3 resulted in significantly more robust
repression of the WT HMGB2 3’ UTR than miR-K3+1 and miR-
23a, which is consistent with repression through both candidate
miR-K3 binding sites. Indeed, mutation of site 1 partially rescued
inhibition by miR-K3 (P < 0.01) to levels similar to the inhibition
by miR-K3+1 or miR-23a, which was unaffected by this muta-
tion. Mutation of site 2 also partially rescued inhibition by
miR-K3 and completely rescued inhibition by miR-K3+1 or miR-
23a. A double mutant was not repressed by any of the miRNAs.
From these data, we conclude that miR-K3 has atleast one binding
site that is not shared with miR-K3+1 and miR-23a. miR-K3 is
therefore likely to function only as a partial mimic of miR-23a,
with some targets that are unique to either miR-K3 or miR-23a.
We finally sought to extend our observations to the regulation
of an endogenous miRNA target. For this, 293T cells were trans-
fected with a control mimic or individual mimics of miR-K3,
miR-K3+1, or miR-23a and HMGB2 protein expression was an-
alyzed by quantitative Western blotting. As expected, all three
miRNAs significantly (P < 0.01) downregulated endogenous
HMGB?2 protein expression (Fig. 6C). To test whether miR-K3
could indeed function to introduce miR-23-like activity into B
cells, which are physiological targets of KSHV infection and ex-
press low levels of miR-23, we also measured the regulation of
endogenous HMGB?2 protein in the B cell line BJAB following
transfection with a control mimic or individual mimics of miR-
K3, miR-K3+1, and miR-23a. These experiments revealed that
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both miR-K3 and miR-23 indeed significantly downregulated
HMGB?2 protein (Fig. 6D). However, the relative differences in the
targeting of HMGB2 by miR-K3 and miR-K3+ 1/miR-23a suggested
by the indicator assays in Fig. 6B were not resolved in these experi-
ments. Taken together, our data clearly show that miR-K3+1 is a
functional analog of miR-23a. In addition, miR-K3 itself largely acts
as a mimic of miR-23a, despite offset seed sequences.

DISCUSSION

KSHYV stands out among viruses through its extensive “molecular
piracy” of cellular factors and pathways (57). KSHV encodes, for
example, viral homologs of cyclin D2, interleukin-6, and a G pro-
tein-coupled receptor, among others (58). Interestingly, not only
have these viral proteins evolved to fulfill functions of their cellu-
lar homologs but they also generally differ from their cellular coun-
terparts, for example, through an extended range of activities and to
avoid negative regulation. Our identification of three viral miRNAs
that have functions that strikingly overlap those of the cellular
miRNAs miR-155, miR-142-3p, and miR-23 suggests that KSHV has
also evolved multiple miRNAs to tap into evolutionarily con-
served miRNA-regulatory networks (12, 14, 15, and this re-
port). These viral miRNAs share 5’ seed sequence homologies
with the cellular miRNAs but differ from them in their 3’ ends and
precursor sequences, suggesting that these viral miRNAs have in-
dependently evolved functions that are analogous to those of the
cellular miRNAs.

We and others have demonstrated that KSHV uses viral miR-
K11 to repress seed targets of the cellular oncogenic miRNA miR-
155 (14, 15), presumably leading to the functional mimicry of
miR-155 by miR-K11 in mouse models of miRNA-induced B cell
expansion (36, 37). In addition, the viral miR-K10a miRNAs share
at least a subset of their targets with the cellular miR-142-3p
miRNAs (12). One functional consequence of this mimicry is the
damping of transforming growth factor { signaling (23). A second
known function of miR-K10a is to inhibit the expression of the
cytokine receptor tumor necrosis factor-like weak inducer of
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FIG 5 Reporter assays confirm the overlapping target range of miR-K3 or miR-23a. (A) Primer extension analysis of miR-23a (top) and miR-K3 (middle)
expression in 293T cells transfected with pLCE miRNA expression vectors for miR-23a and miR-K3 from BCBL-1 (Agyp). Note that miR-K3+1 is not expressed
from the expression vector used. HeLa cells and the PEL cell lines BC-1 and BC-3 serve as positive controls for miR-23a and miR-K3/K3+ 1, respectively. The
unextended probe for miR-K3 is also shown in the middle and migrates as a single band. (B to G) Reporter assays for different candidate miR-K3 and miR-23a
3" UTR targets identified from PAR-CLIP and/or TargetScan analyses. 3" UTR reporters for the following candidate targets were tested: caspase 3 (CASP3),
caspase 7 (CASP7), TRAIL receptor (TNFRSF10B), retinoblastoma-like 2 (p130, RBL2), JARID2, and HMMR. Firefly luciferase reporter activities were nor-
malized to Renillaluciferase (ReL) signals from the cotransfected control plasmid pLSR, control reaction mixtures transfected with empty firefly luciferase vector,
control reaction mixtures transfected with pLCE (no miRNA), and the corresponding mutant (mut) construct containing a 2-nt mutation in the seed region.
Statistical analysis (two-way unpaired Student t test) was performed in GraphPad Prism. P values are indicated where significant (P < 0.05). Error bars represent
standard deviations from three or more independent experiments. (H) The predicted noncanonical interaction of miR-K3 with the miR-23a-binding site in the

HMMR 3’ UTR.

apoptosis receptor, TWEAKR, but it is unknown if this function is
shared with miR-142-3p (17). Here, we add to the known reper-
toire of viral analogs of cellular miRNAs. We have mapped a SNP
that leads to the coexpression of miR-K3 with the additional 5’
processing variant miR-K3+ 1, which is expressed by a subset of
KSHYV isolates. miR-K3+1 shares 7mer seed identity (nt 2 to 8)
with the cellular miR-23 miRNAs (miR-23a, -b, and -¢), reminis-
cent of the well-validated mimicry between miR-K11 and miR-
155. As expected, miR-K3+1 and miR-23a expression resulted in
comparable target repression, confirming that these miRNAs
share their seed targets. miR-K3+1 expression is not conserved
among all KSHYV isolates, however, implying that miR-K3+1 is
dispensable for the normal KSHV life cycle and also for the devel-
opment of KS, MCD, PEL, and KSHV-associated inflammatory
cytokine syndrome (39, 42, 43). We therefore explored the rela-
tionship between miR-23 and miR-K3, which is always expressed
by KSHV. Despite the offset seed sequence of these two miRNAs,
miR-K3 was able to effectively repress a number of miR-23 can-
didate targets that we predicted to be shared by the two miRNAs.
The offset seed homology of miR-K3 to miR-23, however, allows
KSHYV to also expand the target repertoire of miR-K3 beyond the
targets that are shared with miR-23. This is illustrated by the up-
stream miR-K3 binding site in the 3" UTR of HMGB2, which is
not shared by miR-23. By engaging two adjacent sites, miR-K3 is
able to inhibit HMGB2 expression ~20% more than miR-23, as
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shown by indicator assays (Fig. 6B). While we were unable to
resolve this difference by Western blotting, it is conceivable that
even one such differential binding site that extends the target
range of miR-K3 compared to that of miR-23 could provide a
selective advantage for KSHV.

Our validation experiments for PAR-CLIP- or TargetScan-
predicted candidate targets of miR-K3 and/or miR-23 showed a
strikingly lower-than-typical percentage of functional interac-
tions (~38% validation rate). This is in contrast to an ~75%
PAR-CLIP validation rate of other cellular or viral miRNA-bind-
ing sites (12, 54, and unpublished results). Thus, this low success
rate is likely unique to miR-K3/K3+1 and miR-23. miR-23 has
previously been reported to have one of the lowest targeting pro-
ficiencies among cellular miRNAs owing to its weak predicted
seed interactions (50). In this previous study, only 33% of the
reporters tested were inhibited by miR-23a, which is in close
agreement with our validation rate. The observed low targeting
proficiency of miR-K3, however, does not necessarily imply a lack
of functional significance of this miRNA to KSHV infection, as
KSHV may benefit from the repression of a small number of key
proteins by miR-K3, such as HMGB2.

While this study has characterized the functional relationship
between the miR-K3 miRNAs and miR-23, future studies will
have to address the functional role of miR-K3 in KSHV infection.
We hypothesize that one role of miR-K3 could be to introduce
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FIG 6 Targeting of HMGB2 by miR-K3, miR-K3+1, and miR-23a. (A) Schematic of miR-K3, miR-K3+ 1, and miR-23a binding sites in the HMGB2 3" UTR
showing the expected seed type for each miRNA. Not drawn to scale. Numbers indicate positions of the seed matches in HMGB2 RefSeq NM_002129. (B)
Reporter assay for the HMGB2 3’ UTR with synthetic miRNA mimics in 293T cells. Firefly luciferase reporter activities were normalized to Renilla luciferase
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miR-23-like activities into B cells, which show only very low
miR-23 expression. In contrast, miR-K3 is likely largely redun-
dant with highly expressed miR-23 in endothelial cells, the cell
type thought to drive the development of KS. In this cellular com-
partment, however, miR-K3 could still serve to access some targets
that are not shared with miR-23 or, potentially, to modestly over-
express miR-23-like activities.

The identities of the miR-K3 targets validated here or those of
previously established miR-23 targets could provide clues to un-
derstanding the roles of miR-K3 in KSHV infection and KSHV-
associated malignancies. Although pathway analyses in this case
have to be considered with caution, given our low validation rate
for miR-K3 targets, one pathway with a statistically enrichment
for miR-K3 and/or miR-K3+1 candidate targets was pro-
grammed cell death (GO:0012501~programmed cell death, P <
0.024) (59, 60). Validated targets of miR-K3 with roles in the in-
duction of apoptosis include the previously reported interactions
of miR-K3 or miR-23 with the mRNAs encoding caspase 3 and
caspase 7 and a novel interaction with tumor necrosis factor re-
ceptor superfamily member 10B (TNFRSF10B), which can be ac-
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tivated by TRAIL. It is therefore possible that miR-K3 may con-
tribute to the inhibition of apoptosis by KSHV also through
targets other than caspase 3 (34).
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