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Abstract

Kaposi’s sarcoma-associated herpesvirus (KSHV) is causally linked to several acquired immune
deficiency syndrome related malignancies including Kaposi’s sarcoma (KS), primary effusion
lymphoma (PEL), and a subset of multicentric Castleman’s diseasel. Control of viral lytic
replication is essential for KSHV latency, evasion of host immune system, and induction of
tumorsl. Here, we show that deletion of a cluster of 14 microRNAs (miRs) from KSHV genome
significantly enhances viral lytic replication as a result of reduced NF-xB activity. The miR cluster
regulates NF-xB pathway by reducing the expression of IxBa protein, an inhibitor of the NF-xB
complexes. Computational and miR seed mutagenesis analyses identify KSHV miR-K1 that

Users may view, print, copy, download and text and data- mine the content in such documents, for the purposes of academic research,
subject always to the full Conditions of use: http://www.nature.com/authors/editorial_policies/license.html#terms
8Correspondence should be addressed to S.-J.G. (gaos@uthscsa.edu).

These authors contributed equally to this work.
AUTHOR CONTRIBUTIONS
Data of genetics, viral replication, NF-xB-related analysis, and microRNA suppressor were obtained by X.F.L (Fig. 1-4,
Supplementary Information, Fig. S1-S3, S5, S6, S8); bioinformatics, mutagenesis of the miR target, and part of the genetics and viral
replication were conducted by Z.Q.B. (Fig. 2-3, Supplementary Information, Fig. S1, S4, S7, S8); EMSA was conducted by X.P.X.
(Fig. 2); F.C.Y. contributed to the viral genetics and Northern-blotting (Fig. 4, Supplementary Information, Fig. S1). C.G.K.
contributed to target identification (Supplementary Information, Fig. S7). Y.F.H. contributed to bioinformatics (Fig. 3). S.J.G. direct,
design and analyze all the experiments and data. Manuscript was written by X.F.L. and S.J.G.

COMPETING FINANCIAL INTERESTS
The authors declare no competing financial interests.

SUPPLEMENTARY INFORMATION
Supplementary Information is linked to the online version of the paper.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leietal. Page 2

directly mediates 1xBa ?protein level by targeting the 3’UTR of its transcript. Expression of miR-
K1 is sufficient to rescue the NF-kxB activity and inhibit viral lytic replication while inhibition of
miR-K1 in KSHV-infected PEL cells has the opposite effects. Thus, KSHV encodes a miR to
control viral replication by activating NF-kB pathway. These results illustrate an important role
for KSHV miRs in regulating viral latency and lytic replication by manipulating a host survival
pathway.
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KSHYV encodes 17 miRs, derived from 12 pre-miRs, with largely unknown functions2-5.
These miRs are located in the latent genomic locus and expressed during viral latency and in
KS tumors2-6. Several KSHV miRs target cellular genes, and thus might play roles in the
pathogenesis of KSHV-induced malignancies7—12. However, their roles in viral infection
and replication remain unclear.

To determine the function of KSHV miRs in viral lifecycle, we generated a viral mutant,
AmiRs, with a cluster of 14 miRs (except miR-K10a/b and -K12) deleted and its revertant
AmiRs_rt (Supplementary Information, Fig. S1). The recombinant viruses were
reconstituted in 293T cells, which can be efficiently transfected with large viral DNA
genomes, support KSHV persistent infection and replication, and are the only cell type used
successfully in conjunction with the KSHV genetic system so far13,14. AmiRs cells had no
difference in morphology, latent nuclear antigen (LANA\) staining pattern, and genome copy
number per cell from wild-type virus (WT) cells (Supplementary Information, Fig. S2a—c).
Quantitative real-time reverse transcription PCR (RT-gqPCR) confirmed the deletion of the
miR cluster (Supplementary Information, Fig. S2d). WT and AmiRs cells had similar
expression levels of latent genes VFLIP and vCyclin in uninduced cells and cells induced
with 12-O-tetradecanoyl-phorbol-13-acetate and sodium butyrate (T/B) for viral lytic
replication (Fig. 1a, first panel). The expression of latent gene LANA was also unchanged in
uninduced cells following the miR cluster deletion but was marginally higher in WT than
AmiRs cells following lytic induction (Fig. 1a, first panel). Immunofluorescence staining
showed that WT and AmiRs cells had similar expression levels of LANA protein
(Supplementary Information, Fig. S2b). In contrast, the expression level of replication and
transcription activator (RTA), which activates viral lytic replication, was 4.2-fold higher in
AmiRs cells than WT cells (Fig. 1a, second panel). While RTA level in WT cells was
increased by 3.2-fold following lytic induction, it remained higher in AmiRs cells by 2.3-
fold. Similar results were observed with KSHV late lytic protein major capsid protein
(MCP) (Fig. 1a, third panel). Examination of expression kinetics showed that AmiRs cells
had significantly higher expression levels of both RTA and MCP throughout the entire lytic
induction period (Fig. 1b, c). In addition, the RTA promoter activity was 1.6- and 2.2-fold
higher in uninduced and T/B-induced AmiRs cells than those of WT cells, respectively (Fig.
1d). Uninduced and T/B-induced AmiRs cells also had 3.1- and 4.6-fold more cells stained
positive for early viral lytic protein ORF59 than WT cells had, respectively (Fig. 1e).
Consistent with these results, AmiRs cells produced 2.4-fold more viral particles than WT
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cells did following lytic induction (Fig. 1f). This enhanced effect on viral lytic replication
following the deletion of miR cluster was specific because viral replication in AmiRs_rt cells
was reverted to WT cells as reflected by the RTA and MCP expression levels (Fig. 1g).
Furthermore, stable expression of the miR cluster in AmiRs cells, which resulted in the
expression of miRs at levels similar to those of WT cells (Supplementary Information, Fig.
S3a), reduced the RTA level by 50% and 41% in uninduced and T/B-induced cells,
respectively (Fig. 1h), indicating that the cluster could function in trans. Similar results were
observed with MCP. Together, these results indicated that the miR cluster inhibited the
expression of viral lytic genes in latent cells, and in cells induced for viral lytic replication.

In a previous study15, computational analysis has predicted several putative targeting sites
for KSHV miR-K6 in the 3’"UTRs of RTA and ZTA, which shared multiple polycistronic
transcripts with the same 3’UTR sequences16. However, we failed to detect any effects of
KSHV miRs on these transcripts in 3’UTR reporter assays (Supplementary Information, Fig.
S4). Since NF-xB pathway mediates VFLIP inhibition of KSHV lytic replication17, we
determined the NF-xB status in AmiRs cells. The NF-xB activity was 2.2-fold weaker in
AmiRs cells than in WT cells in a reporter assay (Fig. 2a). While the NF-«xB activity was
increased by 3.6-fold in WT cells following T/B induction, it remained 1.8-fold lower in
AmiRs cells than in WT cells. Consistent with these results, a weaker DNA-protein NF-xB
complex band was detected by a gel shift assay in AmiRs cells than in WT cells with or
without lytic induction (Fig. 2b, c). This band was abolished by specific competitor and
supershifted by antibodies to cRel, p50, and p65 but not a control antibody, confirming it as
the cRel/p50/p65 NF-xB complex. Furthermore, AmiRs cells had substantial less p65
nuclear staining than WT cells (Fig. 2d). While T/B treatment increased p65 nuclear staining
in both cell types, those of AmiRs cells remained weaker than WT cells. Similar results were
also observed with p50 and cRel (Supplementary Information, Fig. S5). Thus, the NF-xB
activity was lower in AmiRs cells than in WT cells.

We then determined whether the miR cluster could function in trans to regulate NF-xB
pathway. Expression of the miR cluster increased the NF-xB activity by 2.1-fold in AmiRs
cells (Fig. 2e). Although T/B induction increased the NF-xB activity by 4.8-fold in AmiRs
cells, the miR cluster further increased it by 1.3-fold. Similar results were observed in WT
cells though these cells had higher basal NF-xB activity. Expression of the miR cluster alone
in uninduced and T/B-induced KSHV-negative cells also increased the NF-xB activity by
2.0- and 1.4-fold, respectively. These results indicated that the miR cluster not only rescued
the NF-kB activity in AmiRs cells but also itself was sufficient to enhance NF-xB pathway
in KSHV-negative cells.

Next, we determined whether NF-xB pathway mediates miR cluster inhibition of viral
replication. While the miR cluster suppressed RTA and MCP expression, this effect was
reversed by a mutant of the NF-xB complex inhibitor IxBa (NF-xB_DN) in both uninduced
and T/B-induced AmiRs cells (Fig. 2f, g). NF-xB_DN also increased the expression of RTA
and MCP in uninduced and T/B-induced WT and AmiRs cells (Supplementary Information,
Fig. S6). Thus, we concluded that inhibition of NF-xB pathway enhanced viral lytic
replication, and the suppression of viral lytic replication by the miR cluster could be
mediated by this pathway.
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To identify the target that mediated miR cluster suppression of the NF-xB pathway, we
examined the IKK members. Consistent with NF-kB activity (Fig. 2b), the levels of IKKa,
IKKP and IKKYy proteins were higher in WT than in mock cells (Fig. 3a). However, AmiR
cells also had IKKa, IKKp and IKKy protein levels at least comparable to or slightly higher
than WT cells (Fig. 3a) albeit their lower NF-xB activity (Fig. 2a—d), indicating that the
reduced NF-xB activity in AmiR cells was unlikely mediated by the IKK members. Upon
T/B induction, the levels of all three proteins were increased but were similar among the
three cell types (Fig. 3a), reflecting the stimulating effect of T/B on NF-xB pathway.

We further examined the I1xB family members. The level of 1xBp protein was reduced in
WT and AmiR cells (Fig. 3a), which was consistent with their NF-«xB activities (Fig. 2b).
Upon T/B induction, the expression of IxBp protein was further reduced but to comparable
levels among the three cell types (Fig. 3a). Constitutive activation of NF-xB activity could
increase the levels of IxBa and 1xBe through a feedback loop18,19. Indeed, we detected
higher 1xBe level in both WT and AmiR cells than mock cells (Fig. 3a). T/B induction
increased the IxBe levels in all three cell types. In contrast to I1xBg, the level of IxBa in WT
cells was almost the same as the mock cells (Fig. 3a), suggesting that IxBa was suppressed
by another factor(s). Deletion of the miR cluster significantly increased IxBa level by 1.51-
fold (Fig. 3a). While IxBa levels were reduced in all three cell types following T/B
induction, those of AmiR cells remained 2.82-fold higher than WT cells. These results
indicated that IxBa might be a target of the miR cluster. Indeed, overexpression of the miR
cluster in KSHV-infected BCP-1 PEL cells20 reduced IxBa protein level by 63% in
uninduced cells and by 73% in T/B induced cells (Fig. 3b). In contrast, under the same
condition, the levels of IxBe were only marginally affected by the miR cluster with a
reduction of 12% and 11%, respectively (Fig. 3b). Consistent with these results,
overexpression of the miR cluster in BCP-1 cells increased NF-xB activity by 3.0- and 1.97-
fold in uninduced and T/B-induced cells, respectively (Fig. 3c). To further confirm that
IxBa is targeted by the miR cluster, we performed a reporter assay with a IkBa 3’UTR
reporter. As shown in (Fig. 3d), the IxBa 3’UTR reporter activity was 2.5-fold higher in
AmiRs cells than in WT cells. Furthermore, the miR cluster could function in trans in AmiRs
cells to reduce the reporter activity by as much as 50% (Fig. 3e). Thus, the miR cluster
directly targeted the IxBa 3’UTR.

We used the 3’UTR reporter assay to screen the 14 miRs in the cluster, and identified miR-
K1 as the miR that targeted IxBa (Supplementary Information, Fig. S7a). As shown in Fig.
3f, miR-K1 reduced the 1xBa 3’UTR reporter activity by 30% while both miR-K3 and miR-
K11 did not reduce the reporter activity. The miR expression constructs were functional as
they suppressed the activities of their sensor reporters containing perfect matching
sequences of their respective miRs (Supplementary Information, Fig. S7b). The suppression
effect of miR-K1 on IkBa 3’UTR reporter activity increased with its increasing expression
level (Fig. 3g; Supplementary Information, Fig. S3b). While deletion of the miR cluster
from KSHV genome increased the IxBa 3’UTR reporter activity (Fig. 3d), expression of
miR-K1 in AmiRs cells, which resulted in miR-K1 expression level similar to that of WT
cells (Supplementary Information, Fig. S3c), reversed the trend and reduced the reporter
activity by 35% (Fig. 3h).

Nat Cell Biol. Author manuscript; available in PMC 2010 August 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leietal.

Page 5

The interaction of a miR with its target is primarily mediated by a 6- to 7-bp seed sequence
at the 5’-end of the miR21. We identified two putative miR-K1 binding sites (S1 and S2) in
the 1kBa 3’UTR using a miR target prediction software miRanda22 (Fig. 3i). Deletion of
both sites from the IkBa 3’UTR totally abolished the inhibitory effect of miR-K1 on the
reporter while deletion of any one sites had no detectable effects (Fig. 3j). We further
generated reporters with different tandem repeats of the sites. As shown in Fig. 3k, the
inhibitory effect of miR-K1 on the reporters increased with the number of the repeats for
both sites, reaching 70% and 67% for S1 and S2, respectively, when the reporters containing
three repeats of the binding sites were examined. Furthermore, expression of miR-K1 with
or without the viral genome significantly reduced the IxBa protein level (Fig. 31, m;
Supplementary Information, Fig. S8). These results clearly indicated that miR-K1
suppressed the IxBa protein by directly targeting its 3’UTR.

The identification of miR-K1 as the miR targeting IxBa indicated that it should regulate
NF-xB pathway. Indeed, expression of miR-K1 enhanced NF-xB activity in a dose-
dependent fashion (Fig. 4a; Supplementary Information, Fig. S3b). While deletion of the
miR cluster reduced the NF-xB activity in KSHV-infected cells (Fig. 2a), expression of
miR-K1 was sufficient to rescue the NF-xB activity (Fig. 4b). We further inhibited the
function of miR-K1 in KSHV-infected PEL cells using a locked nucleic acids/DNA-mixed
oligonucleotide (miR-K1 suppressor), which resulted in the reduction of NF-xB activity by
40% (Fig. 4c). In contrast, we observed minimal effects on the NF-xB activity when
suppressor of miR-K3 or -K8 was used (Fig. 4c). As expected, the suppressors reduced the
levels of their respective miRs by 82% to 99% (Fig. 4d). Furthermore, miR-K1 suppressor
efficiently relieved the suppressive effect of miR-K1 on the activity of its sensor reporter by
1.74-fold (Fig. 4e) and significantly increased the IkBa protein level (Fig. 4f), indicating
that it was fully functional.

Finally, we examined the role of miR-K1 in viral lytic replication. While deletion of the miR
cluster enhanced viral lytic replication as reflected by increased expression levels of RTA
and MCP (Fig. 1a—c), expression of miR-K1 reversed the trend, and reduced the levels of
RTA and MCP transcripts by 68% and 46% in uninduced AmiRs cells, respectively, and by
65% and 38% in T/B-induced AmiRs cells, respectively (Fig. 4g, h). Consistently, miR-K1
suppressor increased the expression of RTA and MCP transcripts in BCP-1 cells by 2.3- and
2.6-fold, respectively, and by 1.5- and 1.4-fold following T/B induction, respectively (Fig.
4i, j). In contrast, we observed minimal effects on the expression of RTA and MCP
transcripts when suppressor of miR-K3 or -K8 was used (Fig. 4i, j). The miR-K1 suppressor
also increased the expression of lytic protein ORF59 from 2.4% to 8.2% (3.4-fold) in
uninduced PEL cells, and from 9.7% to 23% (2.4-fold) following T/B induction (Fig. 4k, I).
In Northern hybridization, the miR-K1 suppressor increased the expression of Pan transcript,
one of the most abundant viral lytic transcripts, by 3.7- and 3.2-fold, and ORF57 transcript,
another viral lytic transcript, by 2.6- and 2.1-fold in uninduced and T/B-induced PEL cells,
respectively (Fig. 4m). These results clearly showed that miR-K1 suppressed viral lytic
replication.

Several recent studies have shown that miRs of herpesviruses suppress viral replication by
directly targeting viral genes15,23-26. Our results show that KSHV encodes a miR to
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suppress vial replication by regulating cellular NF-xB pathway. Thus, herpesviruses appear
to exploit the miR-mediated suppression pathway as a common mechanism to inhibit viral
replication and regulate latency. Both vFLIP and LANA also regulate KSHV
replication17,27,28. Hence, KSHV has evolved multiple mechanisms to suppress viral lytic
replication to achieve latency (Fig. 4n). The NF-xB pathway regulates innate and adaptive
immunity, cell survival, and inflammation29. Oncogenic gammaherpesviruses use multiple
strategies to regulate NF-xB activity. Both EBV LMP1 and vFLIP activate NF-xB pathway
to promote cell growth and survival, and contribute to viral latency30-32. Our results
support a general role of NF-xB pathway in regulating the latency of gammaherpesviruses
through two interrelated mechanisms, by inhibiting viral replication and by promoting cell
survival (Fig. 4n).

Methods and any associated references are available in the online version of the paper.

METHODS

Construction of AmiRs and AmiRs_rt

The procedures for generating a KSHV mutant with a cluster of 14 KSHV miRs (except
miR-K10a/b and -K12) deleted (AmiRs) and its revertant (AmiRs_rt) were previously
described13. The strategy is illustrated in Supplementary Information, Fig. S1a. We first
obtained a PCR product with primers
5TTGAATACAGTTGGGGGTAGTCCGCTGGTATTCCCAGCTGAGGTTGCCTTAGT
GTAGGCTGGAGCTGCTTC3’ and
5’GTGCTTCTGTTTGAAGGCGAATAAAACAGGAAGCGGGTTGGACTGGCAGGGT
CATATGAATATCCTCCTTAG3’ using plasmid pMS102-Zeocin as a template. This PCR
fragment contained a zeocin-resistance cassette (ZeoR) flanked by loxP sites and 50 bp
sequences from the two ends of the miR cluster (genomic position: 122,055 and 119,161).
The product was electroporated into E. coli strain DH10B containing the wild-type virus
BAC36 (WT) and the helper plasmid pGET-rec to facilitate homologous recombination.
Zeocin-resistant colonies containing KSHV genomes with the miR cluster deleted and
replaced by the ZeoR were selected. To remove the ZeoR, a Cre-expression plasmid pCTP-T
carrying a tetracycline-resistance gene (TcR), a temperature sensitive origin of replication,
and the Cre recombinase gene under the control of the tetracycline-responsive promoter, was
introduced into the zeocin-resistant bacteria by transformation. The bacteria were then
cultured in LB media with tetracycline at 50 pug/ml for 3 h at 30°C to allow Cre expression
and site-specific recombination between the two LoxP sites resulting in the excision of the
ZeoR. The tetracycline-resistant colonies were selected and verified for the presence of
KSHV genome and removal of the ZeoR. The Cre-expression plasmid was eliminated by
culturing the bacteria at 42°C.

The revertant AmiRs_rt was generated in two steps using AmiRs as a template. First, two
PCR products were generated. One product was obtained using primers

5 ATACTCGAGGTGTAGGCTGGAGCTGCTTC3’ and
5’GTATCTGATTTAATAAACACTAACAAGTTTTGTAAGAATCATTAGAATGCCAT
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ATGAATATCCTCCTTAG3’, and pMS102-Zeocin as a template. This fragment contained
the ZeoR flanked by LoxP sites together with a fragment of 50 bp KSHV sequence (genome
position: 122056-122106) at one end and an Xhol restriction site at the other end. A second
product was obtained using primers

5’ GACCCAGCTGGTTTCCATAAATGGATATACTTCCGGAAAACGAAGGAGGG3’
and
5'ATACTCGAGGTGCTTCTGTTTGAAGGCGAATAAAACAGGAAGCGGGTTGGACT
GGCAGGGT3', and BAC36 DNA as a template. This product contained the sequence of the
entire miR cluster with an Xhol site at one end. Second, these two PCR products were
ligated after Xhol digestion resulting in a cassette containing the miR cluster and ZeoR,
which was then electroporated into E. coli DH10 containing AmiRs. Selection of colonies
containing KSHV genomes with the miR cluster repaired followed by excision of the ZeoR
led to the generation of AmiRs _rt.

Cell culture and virus induction

Human embryonic kidney 293T cells were cultured in Dulbecco’s modified Eagle’s medium
with 10% of fetal bovine serum (FBS). For stable selection of cultures of recombinant
viruses, hygromycin at 200 ug/ml was added to the media. KSHV-infected primary effusion
lymphoma (PEL) BCP-1 cells20 were cultured in RPMI-1640 with 10% of FBS. To induce
viral lytic replication, cells were treated with 20 ng/ml of TPA and 0.25 mM sodium
butyrate (T/B) for the specified lengths of time. To determine virion production,
supernatants from cells induced for 5 days were collected and filtered through 0.45 pm
filters. Virions were pelleted by ultracentrifugation, treated sequentially by Turbo DNAase |
(Ambion, Austin, TX), and proteinase K. Virion DNA was determined by quantitative real-
time PCR (gPCR) following DNA extraction. Purified BAC36 DNA was used as a copy
number control.

Quantitative real-time reverse transcription PCR (RT-gPCR)

Plasmids

Total RNA isolated with Trizol reagent (Invitrogen, Carlsbad, CA) was treated with DNase
I. RT-gPCR for KSHV genes was carried out as previously described33. Real-time
quantification of miRs was carried out by stem-loop RT-qPCR34. A reverse transcriptase
reaction was first carried out by incubating the RNA sample with a stem-loop RT primer for
30 min at 16°C, 30 min at 42°C, 5 min at 85°C, and then held at 4°C. qgPCR was performed
on a 7700HT Sequence Detection System (Applied Biosystems, Foster City, CA). The
reactions were carried out in a 96-well plate at 95°C for 10 min, followed by 40 cycles at
95°C for 15 s, and then 60°C for 1 min. All the reactions were run in triplicates. The
differences of cycle threshold values (Ct) between the samples (AC+) were calculated after
calibration with GAPDH and converted to fold changes using one of the samples as a
standard (1-fold). The primers used in RT-gPCR are listed in Supplementary Table 1.

KSHV RTA promoter-luciferase reporter plasmid was described previously35. NF-xB
reporter plasmid, containing tandem repeats of consensus NF-kB binding sites, was obtained
from Dr. Bill Sudgen. NF-xB DN plasmid plxB-aM was kindly provided by Dr. Paul J.
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Chiao. The construction of IkBa 3’UTR luciferase reporter plasmid 1kBa3UTRIuc (IxBa-
WT) was carried out by inserting the full-length of IxBa 3’UTR sequence downstream of
the luciferase sequence into the pGL3 vector. Deletions of the two putative miR-K1 binding
sites S1 and S2 from IxBa 3’UTR were performed by site-directed mutagenesis using
primers 5’GTGGTACATGTAACAGCCAGGAGTGTTAAGCGTTC3’ and
5’TACATGTACCACTGGGGTCAGTCACTCGAAGCS’ for site 1, and primers
5’GTTACCCATGGTGTACATAATGTATTGTTGG3’,
5’TACACCATGGGTAACACAAACCTTGACAGGS’ for site 2 (Fig. 3i). Corresponding
reporters were named 1kBa3UTRIucAS1 (AS1), IkBa3UTRIucAS2 (AS2),
IkBa3UTRIUcAS1+2 (AS1+2), respectively. Reporters containing different numbers of
tandem repeats of the miR-K1 binding sites were generated by fusing the repeats through
Hind 111 sites and cloning the products into the pGL3 vector. To construct 3’UTR luciferase
reporter plasmids of RTA and ZTA type |, Il and 11 transcripts16, we inserted their full-
length 3’UTR sequences into the pGL3 vector downstream of the luciferase sequence
between Kpnl and Xhol sites after PCR amplification of cDNAs with the following primers
RTA3'UTR-Kpnl-F: 5 TTTTGGTACCAGTGTTCGCAAGGGCGTCTGTGCCT3’ and
RTA3'UTR-Xhol-R: 5’TCTC CTCGAGGTAGGGTTTCTTACGCCGGCATCGT3’.
Sequences of RTA and ZTA transcripts were based on AF091348, AF091349 and
AF091350. To express the miR cluster or individual KSHV miRs, the whole cluster or
individual miR fragments were cloned by PCR amplification as previously described36, and
inserted between Bglll and Hindlll sites of an expression vector pPSUPER.retro.puro
(OligoEngine, Seattle, WA). The sensor plasmids for KSHV miRs containing two repeats of
perfect matching sequences of the respective miRs were described previously36.

Reporter assays

The luciferase reporter constructs and -galactosidase expression plasmid pSV-p-gal
(Promega, Madison, WI) were cotransfected into cells cultured in 24-well plates using the
F2 transfection reagent (Targeting Systems, EI Cajon, CA). For induction, cells transfected
for 24 h were treated with T/B for 12 h. Other reporter assays were performed with the
indicated expression plasmids and lengths of transfection time. Cells were then lysed, and
the luciferase and p-gal activities were measured using luciferase and p-galactosidase Kits
(Promega). Luciferase activity was normalized to $-galactosidase activity. Results were
calculated as means = SEM from at least three independent experiments, each in triplicates
except Fig 4a, which the means were calculated from two independent experiments, each in
triplicates.

Western-blotting

Protein samples were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred onto nitrocellulose membranes as previously described37.
The membranes were first blocked with 5% non-fat milk and then incubated with a primary
antibody followed with a horseradish peroxidase (HRP)-conjugated secondary antibody
(Sigma, Life Science, St. Louis, MO). Specific bands were revealed with
chemiluminescence substrates (Roche, Nutley, NJ) and recorded with an 1IS2000MM
Imaging Scanner (Eastman Kodak Company, Rochester, NY). Antibodies to the following
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proteins were used: IKKa, IKKB, IKKy, IkBa, 1kBp, and 1kBe, all from GeneTex (San
Antonio, TX), and p-tubulin (Sigma).

Immunofluorescence assay (IFA)

Cells grown on cover slid were first fixed with methanol or 1% paraformaldehyde, and
blocked with 10% FBS. Cells were then incubated with primary antibody, and specific
signal was detected with a secondary antibody conjugated with Alexa Fluor 568
(Invitrogen). The cells were counter-stained with 4°, 6’-diamidino-2-phenylindole (DAPI).
Images were observed and recorded with a Zeiss Axiovert 200 M epifluorescence
microscope (Carl Zeiss, Inc., Thornwood, NY). Antibodies to p65, p50 and cRel
(Calbiochem, Gibbstown, NJ), ORF59 (a gift of Dr. Bala Chandran), and LANA (ABI, New
York, NY) were used.

Electrophoretic mobility shift assay (EMSA)

Nuclear extracts were prepared as previously described35. Annealed double-stranded
oligonucleotides containing a NF-xB consensus site (5’AGTTGAGGGACTTTCCTT3’)
were labeled with [y-32p]ATP. For gel shift assay, 4 ug of the nuclear extract was incubated
for 20 min with 5 x 10° cpm of labeled probe in 20 pl of binding buffer containing 10 mM
Tris-HCl at pH 7.6, 50 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, 5% glycerol, 1 pg/pl
bovine serum albumin, and 2 pg of poly(dI-dC). A competition reaction was carried out in
the same manner except that the mixture was pre-incubated with excess cold probe or an
irrelevant oligonucleotide for 10 min before the addition of labeled probe. To detect NF-xB
complexes, a supershift assay was carried out by adding 1 ug of a specific antibody to p65,
p50, or c-Rel to the reaction followed by an additional 15 min of incubation. Corresponding
IgG from a normal animal was used as a control. The reaction mixtures were separated in
6% polyacrylamide gels.

Northern-blot hybridization

Total RNA was fractionated on a 1% formaldehyde agarose gel, transferred to nylon
membranes, and hybridized with 32P-labeled riboprobes of Pan and ORF5738.

miR-K1 suppressor

We inhibited the functions of miRs using locked nucleic acids (LNAs)/DNA-mixed
oligonucleotides complementary to the miR sequences (miR suppressors). An antisense
oligonucleotide containing LNAs forms highly specific and stable duplexes with the
complementary RNA. When bound to a miR, the oligonucleotide prevents it from
interacting with the RISC protein complex and its target39. Oligonucleotide suppressors for
miR-K1 (5’GCTTACACCCAGTTTCCTGTAAT?3’), -K3
(5°CGCTGCCGTCCTCAGAATGTGAZ’) and -K8
(5’CGTGCTCICTCAGTCGCGCCTAZ’), and a scrambled control
(5'CATTAATGTCGGACAACTCAATS3), all containing LNAs at eight consecutive
centrally located bases (underlined) were designed39 and synthesized (Sigma). To suppress
the function of a miR, 10 nM of the LNA oligonucleotide were transfected into BCP-1 cells
using the siPORT NeoFX kit (Applied Biosystems).
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Figure 1.

KSHV miR cluster inhibits viral lytic replication. (a) Quantitative real-time reverse
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transcription PCR (RT-gPCR) analysis of KSHV latent genes (first panel) and lytic genes
(second and third panels) in uninduced WT and AmiRs 293T cells, and cells induced for

viral lytic replication with TPA and sodium butyrate (T/B) for 48 h. (b—c) Expression

kinetics of KSHV lytic genes RTA (b) and MCP (c) in WT and AmiRs cells induced with

T/B. (d) RTA promoter activity in uninduced and T/B-induced WT and AmiRs cells

measured by a reporter assay. RTA promoter reporter construct was transfected into WT and
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AmiRs cells for 36 h. Induced cells were treated with T/B for 6 h before cell collection. (€)
Detection of ORF59 protein in uninduced WT and AmiRs cells, and cells induced with T/B
for 48 h by immunofluorescence assay. (f) Relative virus yields of WT and AmiRs cells
induced with T/B for 5 days. (g) RT-qPCR analysis of RTA and MCP transcripts in
uninduced WT, AmiRs and AmiRs_rt cells, and cells induced with T/B for 48 h. (h) Levels
of RTA and MCP transcripts examined by RT-qPCR in uninduced AmiRs cells stably
transfected with a miR cluster expression vector, or cells induced with T/B for 48 h. Data
are means £ SEM from three (b-h, n = 3) or five (a, n = 5) independent experiments. *
P<0.05, ** P<0.01, *** P<0.001.
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Figure 2.
KSHV miR cluster enhances NF-xB activity. (a) NF-«xB reporter activities in WT and

AmiRs 293T cells following transfection for 36 h. Induced cells were treated with TPA and
sodium butyrate (T/B) for 6 h before cell collection. (b) NF-kB activities in uninfected
mock, WT and AmiRs cells examined by electrophoretic mobility shift assay (EMSA).
Unlabeled probe was used as a competitor. Antibodies to cRel, p50 and p65 were used to
supershift the NF-xB DNA-protein complex. Image was from overnight exposure. Numbers
on lanes are relative intensities. (¢) NF-xB activities in uninduced WT and AmiRs cells, or
cells induced with T/B for 24 h examined by EMSA as described in (b). Image was from 1 h
exposure. (d) p65 staining by immunofluorescence assay in uninduced WT and AmiRs cells,
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or cells induced with T/B for 24 h. WT cells had stronger p65 staining in nuclei identified by
DAPI than AmiRs cells had (white arrow). (€) NF-«xB reporter activities in uninfected mock,
WT and AmiRs cells cotransfected with a miR cluster expression vector for 36 h. Induced
cells were treated with T/B for 6 h before cell collection. (f-g) Levels of RTA (f) and MCP
(g) transcripts examined by quantitative real-time reverse transcription PCR in AmiRs cells
transfected with a miR cluster expression vector alone, or together with NF-xB dominant
negative (DN) plasmid plkB-aM for 72 h. T/B induction was carried out for 48 h before cell
collection. Data are means + SEM from three (e-g, n = 3) or four (a, n = 4) independent
experiments. For image panels, representative images from two (b, ¢) and four (d)
independent experiments are presented. * P<0.05, ** P<0.01, *** P<0.001.
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3’UTR. (a) Levels of IKK and IxB proteins in uninduced mock, WT and AmiRs 293T cells,
and cells induced with TPA and sodium butyrate (T/B) for 48 h. (b) 1xBa and IxBe protein
levels in BCP-1 cells transfected with a miR cluster expression vector for 96 h. T/B
induction was carried out for 48 h before cell collection. (c) NF-xB reporter activities in
BCP-1 cells cotransfected with a miR cluster expression vector for 36 h. T/B induction was
carried out for 6 h before cell collection. (d) IkBa 3’UTR reporter (IxBa-WT) activities in
WT and AmiRs 293T cells following transfection for 36 h. (€) IxBa-WT reporter activities
in AmiRs 293T cells cotransfected with a miR cluster expression vector for 36 h. (f) IxBa-
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WT reporter activities in 293T cells cotransfected with an expression vector of miR-K1, -
K3/3*, or -K11 for 36 h. (g) IxBa-WT reporter activities in 293T cells cotransfected with
increasing doses of miR-K1 expression vector for 36 h. (h) IkBa-WT reporter activities in
AmiRs 293T cells cotransfected with an expression vector of miR-K1, -K3/3*, or -K11 for
36 h. (i) Structure of IxBa transcript, its 3’UTR, and two putative miR-K1 binding sites (S1
and S2). (j) Reporter activity of 1xBa-WT or mutant construct with either S1 (AS1), S2
(AS2) or both sites (AS1+2) mutated following cotransfection with a miR-K1 expression
vector at increasing doses (0, 100, 200 and 400 ng) for 36 h. (k) Activities of reporters with
1 to 3 repeats of targeting sites following cotransfection with a miR-K1 expression vector
for 36 h. (I-m) 1xBa protein levels in KSHV-negative (I) or AmiRs 293T cells (m)
transfected with a miR-K1 expression vector for 96 h. Data are means + SEM from three (c,
d, g, h,j, k,n=3)or four (g f, n = 4) independent experiments. For image panels,
representative images from two (b), three (a) and four (I, m) independent experiments are
presented. Numbers labeled on the lanes are relative intensities of the bands. * P<0.05, **
P<0.01, *** P<0.001.
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Figure4.

KgHV miR-K1 inhibits viral lytic replication by enhancing NF-xB activity. (a) NF-xB
reporter activities in 293T cells cotransfected with increasing doses of miR-K1 expression
vector for 48 h. (b) NF-xB reporter activities in AmiRs 293T cells cotransfected with miR-
K1, -K3/3*, or -K8 for 48 h. TPA and sodium butyrate (T/B) treatment was carried out for
24 h before cell collection. (c) NF-kB reporter activities in PEL cells transfected with a
suppressor of miR-K1, -K3 or -K8 for 48 h followed by transfection of a NF-«xB reporter
construct for another 24 h. (d) Levels of miRs measured by quantitative real-time reverse
transcription PCR (RT-gPCR) in BCP-1 cells transfected with a suppressor of miR-K1, -K3
or -K8 for 48 h. () miR-K1 sensor reporter activities in WT cells cotransfected with miR-
K1 suppressor for 48 h. (f) IxBa protein levels in BCP-1 cells transfected with miR-K1
suppressor for 48 h. Numbers on lanes are relative intensities. (g—h) Levels of RTA and
MCP transcripts determined by RT-gPCR in uninduced AmiRs cells stably transfected with
a miR-K1 expression vector, or cells induced with T/B for 48 h. (i—j) Levels of RTA and
MCP transcripts determined by RT-qPCR in BCP-1 cells transfected with a suppressor of
miR-K1, -K3 or -K8 for 72 h. T/B induction was carried out for 48 h before cell collection.
(k) Expression of ORF59 protein examined by immunofluorescence staining in BCP-1 cells
transfected with miR-K1 suppressor for 72 h. Induced cells were treated with T/B for 48 h.
(1) Statistical results of panel k. (m) Levels of Pan and ORF57 transcripts examined by
Northern hybridization in BCP-1 cells transfected with miR-K1 suppressor for 72 h. Induced
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cells were treated with T/B for 48 h. Numbers on lanes are relative intensities. (n) A model
of KSHYV latency and replication regulated by miR-K1 and latent genes. Data are means +
SEM from three (c-€, g—j, n = 3) or four (b, I, n = 4) independent experiments. For panel a,
the results are means from two independent experiments. For image panels, representative
images from two (f, m) and four (k) independent experiments are presented. * P<0.05, **
P<0.01, *** P<0.001.
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