JVI

Journals.ASM.org

Kaposi’s Sarcoma-Associated Herpesvirus MicroRNAs Target IRAK1
and MYD88, Two Components of the Toll-Like Receptor/Interleukin-
1R Signaling Cascade, To Reduce Inflammatory-Cytokine Expression
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Kaposi’s sarcoma (KS)-associated herpesvirus (KSHV) is the causative agent of KS, an important AIDS-associated malignancy.
KSHYV expresses at least 18 different mature microRNAs (miRNAs). We identified interleukin-1 receptor (IL-1R)-associated ki-
nase 1 (IRAK1) as a potential target of miR-K12-9 (miR-K9) in an array data set examining changes in cellular gene expression
levels in the presence of KSHV miRNAs. Using 3’-untranslated region (3'UTR) luciferase reporter assays, we confirmed that
miR-K9 and other miRNAs inhibit IRAK1 expression. In addition, IRAK1 expression is downregulated in cells transfected with
miR-K9 and during de novo KSHYV infection. IRAK1 is an important component of the Toll-like receptor (TLR)/IL-1R signaling
cascade. The downregulation of IRAK1 by miR-K9 resulted in the decreased stimulation of NF-kB activity in endothelial cells
treated with IL-1o and in B cells treated with a TLR7/8 agonist. Interestingly, miR-K9 had a greater effect on NF-kB activity than
did a small interfering RNA (siRNA) targeting IRAK1 despite the more efficient downregulation of IRAK]1 expression with the
siRNA. We hypothesized that KSHV miRNAs may also be regulating a second component of the TLR/IL-1R signaling cascade,
resulting in a stronger phenotype. Reanalysis of the array data set identified myeloid differentiation primary response protein 88
(MYDS8S8) as an additional potential target. 3'UTR luciferase reporter assays and Western blot analysis confirmed the targeting of
MYD88 by miR-K5. The presence of miR-K9 and miR-K5 inhibited the production of IL-6 and IL-8 upon the IL-1« stimulation
of endothelial cells. These results demonstrate KSHV-encoded miRNAs regulating the TLR/IL-1R signaling cascade at two dis-
tinct points and suggest the importance of these pathways during viral infection.

aposi’s sarcoma (KS)-associated herpesvirus (KSHV) (human

herpesvirus 8 [HHV-8]) is a member of the gammaherpesvi-
rus family and is the causative agent of KS, primary effusion lym-
phoma (PEL), and multicentric Castleman’s disease (MCD), all of
which predominantly affect patients with HIV/AIDS (8, 31, 32).
Like other herpesviruses, KSHV undergoes two stages of infection:
lytic infection and latency. Most of the infected cells within KS and
PEL are latently infected with KSHV, while a substantial percent-
age of infected MCD cells express lytic genes (35). Only a few viral
proteins are expressed during latency, with functions associated
primarily with the maintenance of the viral genome, cellular pro-
liferation, and the activation of NF-kB and p38 mitogen-activated
protein (MAP) kinase signaling cascades. In addition, 12 viral pre-
microRNAs (pre-miRNAs) are expressed at various levels during
latency, resulting in at least 18 mature miRNAs, as follows: five
pre-miRNAs donate both strands of the duplex to the RNA-in-
duced silencing complex (RISC) (miR-K12-3, -4, -6, -9, and -12),
and one (miR-K12-10a) undergoes RNA editing, resulting in a
single-base change in the seed sequence (miR-K12-10b) (37, 50,
54). The KSHV-encoded miRNAs were reported previously to
regulate the expressions of some viral genes (4, 29) and a number
of cellular targets (14), including BCLAF (55), TWEAKR (1),
thrombospondin (39), BACH1 (16, 41), MAF (19), IkBa (27),
RbI2 (30), and p21 (15). Previously, Ziegelbauer et al. reported a
collection of data from a series of microarrays examining changes
in cellular gene expression in the presence of KSHV miRNAs un-
der the following conditions: the transient transfection of B cells
with KSHV pre-miRNAs, the stable transduction of B cells with
clusters of pre-miRNAs, the de novo infection of endothelial cells,
and the transient transfection of latently infected B cells with in-
hibitors of KSHV miRNAs (55). This array data set was used to
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identify BCLAF and TWEAKR as cellular targets of KSHV miR-
NAs (1, 55). Here, we again utilize this microarray data set to
predict, validate, and provide functional data on two new cellular
targets of KSHV miRNAs, interleukin-1 receptor (IL-1R)-associ-
ated kinase 1 (IRAK1) and myeloid differentiation primary re-
sponse protein 88 (MYD88). These proteins are both components
of the Toll-like receptor (TLR)/IL-1R signaling cascade.

IRAKI1 is an important component of the TLR/IL-1R signaling
cascade (reviewed in reference 13). There are four members of the
IRAK family: IRAK1 and IRAK4 provide scaffolding and kinase
activities important to TLR/IL-1R signaling, IRAK2 lacks kinase
activity but has adapter functions redundant to those of IRAK1 in
the context of IL-1R and most TLR-mediated signaling (excluding
TLR7/9-mediated alpha interferon [IFN-a] production), and
IRAK3 (IRAKM) is an inhibitor of signaling detected only in mac-
rophages. The functions of IRAK1 and the TLR/IL-1R signaling
cascades have been extensively reviewed (3, 13). The stimulation
of the TLR/IL-1R signaling cascade leads to the recruitment of
MYD88, the major adapter protein, and the subsequent recruit-
ment of IRAKI and IRAK4 via death domain interactions. The
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phosphorylation and activation of IRAK1 lead to the activation of
MAP kinases and NF-kB, resulting primarily in the expression of
proinflammatory cytokines, including IL-6, IL-8, tumor necrosis
factor alpha (TNF-a), and IL-10. The knockdown or knockout of
IRAK1 has been shown to reduce, but not eliminate, the produc-
tion of proinflammatory cytokines upon stimulation with IL-1
and some TLR ligands (22, 42, 45, 48). However, upon TLR7/9
stimulation, IRAK1 was shown to be essential for the production
of IFN-a in plasmacytoid dendritic cells (pDCs), while inflamma-
tory-cytokine production is unaffected (49). In contrast, both
MYD88 and IRAK4 knockouts result in the complete ablation of
the TLR/IL-1R signaling cascade and subsequent cytokine pro-
duction (2, 43, 44, 47). The regulation of IRAKI and MYD88
results in similar but not identical effects on the TLR/IL-1R sig-
naling cascade.

IL-1 is a proinflammatory-cytokine family with 11 members,
including the prototype members IL-1a and IL-1( (40). While
very similar in functional outcomes, IL-1a and IL-1B differ in
their expression characteristics. IL-1( must be cleaved to be func-
tional, is secreted, and is produced primarily by monocytes and
macrophages. IL-1o does not require cleavage for function, re-
mains associated with the membrane of the producing cell, and
acts locally, and its expression is fairly ubiquitous, with endothe-
lial cells, lymphocytes, and dying cells being the major sources of
IL-1ow. KS lesions have high mRNA levels of IL-1, and cultured
KS spindle cells express high levels of IL-1c, IL-1(3, IL-6, and IL-8
(10), making this signaling pathway relevant for KSHV infections.

In this report, we validated IRAK1 as a target for KSHV miR-
K12-9 (miR-K9), using 3’-untranslated region (3"UTR) luciferase
reporter assays and Western blot analysis of cells transfected with
miR-K9 mimics and cells undergoing de novo infection. We hy-
pothesized that the main function of IRAK1 downregulation by
KSHV miRNAs is the inhibition of NF-kB activation that is stim-
ulated through TLR/IL-IR signaling and the subsequent reduc-
tion in proinflammatory-cytokine expression levels. We observed
an inhibition of IL-1a- and TLR7/8-stimulated NF-kB activity
mediated by miR-K9. A reanalysis of the array data set predicted
that miR-K9 and miR-K5 also target MYD88. In the presence of
miR-K9 and miR-K35, IL-1a-stimulated cells produced lower lev-
els of IL-6 and IL-8. These results suggest that KSHV miRNAs
provide a control mechanism for cytokine production upon stim-
ulation with TLR agonists and IL-1a. This report demonstrates
KSHV-encoded miRNAs regulating multiple components of the
same signaling cascade, suggesting the importance of this pathway
to viral infection.

MATERIALS AND METHODS

Cells and reagents. 293 cells and the KS-derived human endothelial cell
line SLK (20) were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum (FBS) and 1 X penicillin and
streptomycin (Pen Strep) glutamine solution (Gibco). BJAB (EBV-nega-
tive, KSHV-negative) and BCBL-1 (KSHYV latently infected) human B cell
lines were maintained in RPMI 1640 containing 10% FBS, 1X Pen Strep
glutamine solution, and 55 pM B-mercaptoethanol. Primary human um-
bilical vein endothelial cells (HUVECs; Lonza) were maintained in
EGM-2 (Lonza) for up to five passages. Synthetic KSHV miRNA mimics
were obtained from Ambion. ON-TARGETplus SMARTpool small inter-
fering RNAs (siRNAs) targeting IRAK1 and an ON-TARGETplus nontar-
geting pool were obtained from Dharmacon. IL-1o was purchased from
Peprotech, and the R-848 TLR7/8 agonist was purchased from Santa Cruz
Biotechnology. For the miRNA Western blot panel, HUVECs were seeded
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at 2 X 10° cells/well in a 6-well plate, transfected by using 1.5 pl/well
DharmaFECT 1 reagent (Dharmacon) and 10 nM KSHV miRNA, and
harvested at 48 h posttransfection (hpt).

3'UTR luciferase reporter assay. 293 cells were reverse transfected in
96-well plates by using 0.5 pl Lipofectamine 2000 (Invitrogen), 13 nM
each KSHV miRNA (or a negative-control miRNA, neg2), and 0.5 ng/ul
of the luciferase reporter plasmid, which expresses firefly luciferase driven
by the herpes simplex virus (HSV) thymidine kinase (TK) promoter as an
internal control and Renilla luciferase fused to the entire 3'UTR of IRAK1
or MYD88 driven by a simian virus 40 (SV40) promoter as the reporter
(Protein Expression Laboratory, SAIC, Frederick, MD). A reporter plas-
mid lacking any 3'UTR adjacent to the Renilla luciferase served as a con-
trol for nonspecific responses to the KSHV miRNAs. Every miRNA was
transfected with this empty vector control or the same vector containing a
3'UTR of interest. Site-directed mutagenesis was performed on the
IRAK1 3’ UTR reporter plasmid by using the QuikChange II kit (Strat-
agene) according to the manufacturer’s instructions. The following
primers and their reverse complements were used to introduce muta-
tions (underlined) into the 3'UTR reporters: 5'-GTGGCAGAGGGGC
CACTATTTAAGGTCTAGCTAGGCCC-3' for IRAKI mutant 1 (mutl),
5'-CATGCAGGGCGTCTGCAGTTTAGGCCTCTGGCAGCAG-3" for
IRAK1 mut2, and 5'-CGATATTTGCCATTCTTCCTATATCCTGGAAT
ATATCTTGCTAAATGAGTTTATAATAATAAATAATATTCTACCT
T-3' for MYD88 mutl (underlining indicates mutated bases compared to
the wild type). Assays were performed by using the Dual-Luciferase re-
porter system (Promega) at 24 and 48 hpt. Each transfection was per-
formed at least three independent times and was assayed in triplicate.

Inhibition of endogenous KSHV miRNAs. Power locked nucleic ac-
ids (LNAs) against miR-K12-K5 or -K9 (Exiqon), at a total of 50 pmol (for
miR-K5) or 100 pmol (for miR-K9), were electroporated into 2 X 10°
BCBL-1 cells in Nucleofection solution V using program T-01, according
to the manufacturer’s instructions (Amaxa Inc.). Cells were harvested at
24 h postelectroporation, and total protein was extracted in radioimmu-
noprecipitation assay (RIPA) lysis buffer. Expression levels of the IRAK1
or MYDB88 protein were quantitated relative to the actin expression level,
as described below. Changes in protein levels upon LNA electroporation
were compared to levels in BCBL-1 cells electroporated with the negative-
control LNA (NegA).

NF-kB luciferase reporter assay. SLK cells (1 X 10* cells/well) were
reverse transfected in 96-well plates using 0.5 pl Lipofectamine 2000, 13
nM the indicated KSHV miRNAs (or a negative-control miRNA, neg2),
67.5 ng of the pGL4.32 NF-kB reporter plasmid (contains 5 copies of an
NEF-kB response element driving the transcription of firefly luciferase;
Promega), and 7.5 ng of a pRL-null internal control plasmid (Renilla
luciferase reporter containing no promoter or enhancer elements; Pro-
mega). At 64 hpt, cells were treated with 10 ng/ml IL-1a for 8 h and then
harvested for analysis. Assays were performed by using the Dual-Lucifer-
ase reporter system; each transfection was performed at least three inde-
pendent times and was assayed in triplicate. Three additional wells (un-
treated) were harvested in RIPA lysis buffer for analysis by Western
blotting at 72 hpt.

BJAB cells were maintained for 3 days at a density of 2 X 10° cells/ml
prior to electroporation. For each reaction, 3.5 X 10° cells were spun
down, washed in serum-free RPMI 1640, and resuspended in 400 .l se-
rum-free RPMI 1640. Cells were electroporated in 0.4-cm cuvettes with
100 nM miRNA or siRNA targeting IRAK1, 2 ug pGL4.32 NF-kB reporter
plasmid, and 250 ng of the phRG-B internal control plasmid (Renilla
luciferase reporter containing no promoter or enhancer elements; Pro-
mega) at 220 V, at 975 wF, and with the exponential wave function. Cells
were then transferred into a 6-well plate containing 3 ml/well complete
growth medium prewarmed to 37°C. At 24 hpt, cells were replated into a
24-well plate (3 X 10° cells/well) in RPMI 1640 containing 2% FBS and
incubated for 1 h at 37°C. Cells were mock treated or treated with 0.5
pg/ml R-848 for 24 h and harvested for analysis by a luciferase assay.
Assays were performed by using the Dual-Luciferase reporter system; each
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transfection was performed at least three independent times and was as-
sayed in duplicate.

De novo KSHV infection. KSHV was harvested from BCBL-1 cultures
6 days after induction with valproic acid and purified by centrifugation.
SLK cells (at 50% confluence in DMEM containing 2% FBS) or HUVECs
were infected with KSHV in medium containing 8 p.g/ml Polybrene for 6
h at 37°C. Cells were washed twice with Dulbecco’s phosphate-buffered
saline (DPBS) and maintained in normal growth medium, and whole-cell
lysates were prepared at 1, 2, and 3 days postinfection (dpi) (SLK cells) or
at 7 dpi (HUVECG:) for analysis by Western blotting.

Human tissue samples. Six tissue samples were obtained from five
patients with a confirmed history of HIV and KSHV coinfection who had
consented to and were enrolled in an Institutional Review Board-ap-
proved protocol at the National Cancer Institute (study NCT00006518;
principal investigator, R.Y.). These biopsy samples included three surgical
lymph node biopsy specimens (one from a patient with MCD, one from a
patient with PEL, and one from a patient with KS), one skin biopsy spec-
imen of a KS skin lesion, and two lymph node samples (mediastinal and
inguinal lymph nodes) obtained from a patient with PEL and advanced KS
at autopsy. The two autopsy samples were evaluated for KSHV by an
assessment of latency-associated nuclear antigen (LANA) by Western
blotting, while the four surgical samples were analyzed for KSHV by
LANA immunohistochemical (IHC) staining. Four of the samples
showed evidence of LANA: one lymph node and one skin biopsy specimen
showed LANA-positive spindle cell proliferations typical of Kaposi’s sar-
coma, and the two lymph nodes obtained at autopsy showed evidence of
LANA by Western blotting. The other two lymph node biopsy specimens
(one from a patient with MCD and one from a patient with PEL) had
follicular hyperplasia without evidence of LANA by immunohistochem-
istry and were used as KSHV-negative controls. Other KSHV-negative
controls studied included HUVEC primary cells (Lonza) and KSHV-un-
infected commercial normal lymph node and skin samples (Abcam).

All research samples from the same specimens were homogenized and
lysed in RIPA lysis buffer (Sigma). Soluble protein was analyzed by West-
ern blotting, and MYD88 levels were normalized to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) levels. Expression levels were nor-
malized to levels in the normal lymph node sample (Abcam).

Western blot analysis. Total cell protein was harvested from cell pel-
lets by using RIPA lysis buffer (Sigma) supplemented with 1X Halt pro-
tease and phosphatase inhibitor cocktail (Thermo Scientific). Cells were
lysed on ice for 10 min, and cell debris was removed by centrifugation at
13,000 rpm for 10 min. The Li-Cor Odyssey system was used for the
detection and quantitation of protein bands. The following primary anti-
bodies were used: mouse anti-IRAK1 (F-4; Santa Cruz Biotechnology),
rabbit anti-MYD88 (catalog number D8OF5; Cell Signaling), mouse anti-
GAPDH (7B; Santa Cruz Biotechnology), and mouse anti-actin (AC-74,
catalog number A5316; Sigma) antibodies. The following secondary anti-
bodies conjugated to infrared (IR) fluorescing dyes were obtained from
Li-Cor: goat anti-rabbit antibody IR800CW, goat anti-mouse antibody
IR680, and goat anti-mouse antibody IRS00CW. Results are presented as
IRAK1 or MYD88 expression levels normalized to actin levels, relative to
levels in mock-infected or negative-control miRNA-transfected cells.

RT-qPCR for IFN-« transcript levels and ELISA for IL-6 and IL-8
expression. HUVECs were plated at 7 X 10* cells/well in a 12-well plate 1
day prior to transfection. Cells were transfected with 0.5 wl Dharma-
FECT1 and 2 nM KSHV miRNA or 10 nM siRNA targeting IRAK1. At 24
hpt, cells were mock treated or treated with 5 ng/ml IL- 1« for 4 h. Super-
natants were harvested and analyzed by using IL-6 and IL-8 enzyme-
linked immunosorbent assays (ELISAs) (eBiosciences), according to
manufacturer’s instructions. Results are presented as the percent cytokine
expression relative to that of the appropriate negative control. Cells were
collected and split into two samples: one for the harvesting of total cell
protein for Western blot analysis of IRAK1 and MYD88 expression and
the other for the harvesting of total cell RNA for analysis of IFN-a tran-
script levels by quantitative reverse transcription-PCR (RT-qPCR). Total
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RNA was isolated from cell pellets by using the RNeasy microkit (Qiagen).
cDNA was generated from 250 ng RNA in reverse transcription reactions
using the SuperScript III first-strand synthesis kit (Invitrogen). PCRs were
performed with a total volume of 25 pl using SYBR green PCR 2 X master
mix (Applied Biosystems), 500 nM each primer, and 5 ng cDNA template.
The ABI Prism 7000 sequence detection system was used for amplification
with the following PCR program: 2 min at 50°C, 10 min at 95°C, 40 cycles
of denaturation at 95°C for 15 s, and annealing and extension at 60°C for
1 min. Results are presented as the change in IFN-a transcript levels nor-
malized to B-actin transcript levels using the comparative threshold cycle
(AAC;) method, relative to the appropriate negative control (which was
set to 1). The following primer sets were used: 5'-CTTCAACCTCTTTA
CCACAAAAGATTC-3" and 5'-TGCTGGTAGAGTTCGGTGCA-3' for
IFN-al and 5'-GTGACATTAAGGAGAAGCTGTGCTA-3’ and 5'-CTT
CATGATGGAGTTGAAGGTAGTT-3' for B-actin.

Microarray data and rank sum rank analysis. MIAME (minimum
information about a microarray experiment)-compliant HUVEC array
data can be found in the Princeton University MicroArray database (http:
//puma.princeton.edu/). Gene expression changes were ranked by com-
paring changes in the expression levels of all genes on one array. The most
downregulated gene in the presence of an miRNA received a rank of 1.
Calculated ranks for each gene from the appropriate array were added to
compute the rank sum. The rank sum values were then ranked to generate
the rank sum rank. The gene with the lowest rank sum rank (1) had the
largest gene expression changes across all microarrays analyzed. This re-
flects the biological meaning that this was the most repressed gene in the
presence a particular miRNA. The highest rank sum rank for this analysis
was 10,870.

Statistical analysis. Student’s ¢ test (unpaired and two tailed) was used
to determine the statistical significance of data wherever indicated, and P
values of less than 0.05 (denoted with asterisks) and less than 0.01 (de-
noted with double asterisks) were considered significant.

Microarray data accession numbers. BJAB and BCBL-1 array dataare
available under Gene Expression Omnibus accession numbers GSE12967
and GSE40093, respectively.

RESULTS

We previously described an analysis of a microarray data set ex-
amining changes in cellular gene expression in response to KSHV
miRNAs to make unbiased predictions of the cellular targets of
KSHV miRNAs (1, 55). Using a rank sum rank method, we ranked
genes based on their expression changes in the presence of KSHV
miRNAs or when KSHV miRNAs were inhibited. The rank sum
rank integrates microarray data from transient miRNA expres-
sion, stable miRNA expression, de novo KSHV infection, and the
inhibition of miRNAs in infected cells. A low rank sum rank re-
flects suppression in the presence of a specific miRNA (see Mate-
rials and Methods). IRAK1 was selected as a predicted target of
multiple miRNAs due to the low rank sum rank observed from the
microarray data (Table 1) and potential miRNA target sites pre-
dicted by TargetScan (18) (Fig. 1A).

miR-K9 targets the 3'UTR of IRAK1. To determine if virus-
encoded miRNAs directly target IRAK1, we transfected cells with
each of the KSHV miRNAs and a luciferase reporter plasmid con-
taining the 3'UTR of IRAK1 (Fig. 1B). Luciferase activity was sig-
nificantly downregulated in the presence of miR-K9 (42% down-
regulated at 48 hpt), miR-K1 (45% downregulated at 48 hpt),
miR-K3 (26% downregulated at 48 hpt), and miR-K3* (38%
downregulated at 48 hpt) relative to the activity in the presence of
anegative-control miRNA. The effect with miR-K9 was the stron-
gest and most consistent at both time points. We scanned the
3'UTR of IRAKI1 for potential binding sites of miR-K9 using two
different miRNA binding-site prediction programs, TargetScan
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TABLE 1 Summary of IRAK1 rank sum rank microarray data and
3’UTR luciferase reporter and Western blot results

Rank sum Luciferase at Western blot
miRNA rank? 48 h? at 48 h*
Negative control NA 1.00 1.00
K1 72 0.55 0.83
K2 96 0.94 1.00
K3 121 0.74 0.91
K3* 2,296 0.62 0.96
K4-3 229 1.06 0.89
K4-5 201 0.89 0.84
K5 2,609 0.84 0.99
K6-3 302 0.69 0.66
Ke6-5 1,058 0.95 0.69
K7 2,437 0.82 0.89
K8 1,338 0.87 0.85
K9 307 0.58 0.59
K9* 655 0.83 0.73
K10a 3,852 1.03 0.99
K10b 2,576 0.93 0.85
K11 12 0.92 0.98

“NA, not applicable.
b Relative change.

(18) and miRanda (9). Using site-directed mutagenesis, we made
mutations in the top site predicted by each program to disrupt
miR-K9 binding in the context of the luciferase reporter plasmid
(mutl, site predicted by TargetScan; mut2, site predicted by mi-
Randa) (Fig. 1C). The reporter plasmid containing mutl showed
a significant restoration of luciferase activity in the presence of
miR-K9, indicating that a valid, functional miR-K9 binding site
had been disrupted (Fig. 1D). The reporter plasmid containing
mut2 showed no difference in miR-K9-mediated inhibition from
the wild-type reporter plasmid (IRAK1), suggesting that this site is
not targeted by miR-K9. The mutations designed to disrupt
miR-K9 binding did not affect the regulation of luciferase activity
in the presence of miR-K4-3 or miR-K1. These data demonstrate
the binding of miR-K9 to a specific site within the IRAK1 3"UTR.

miR-K9 downregulates the expression of IRAK1. To examine
the effect of KSHV miRNAs on IRAKI protein expression,
HUVECs were transfected with each of the miRNAs, and total cell
lysates were analyzed by quantitative Western blotting. We ob-
served that miR-K9, -K6-3, and -K6-5 significantly downregu-
lated IRAK1 expression at 48 hpt (Fig. 2A). miR-K6-3 and miR-
K6-5 failed to inhibit luciferase activity in the 3'UTR reporter
assay (Fig. 1B), suggesting either that the binding sites for these
miRNAs are located outside the 3'UTR included in the reporter or
that the regulatory effects result indirectly from the downregula-
tion of another cellular protein. miR-K9 demonstrated the most
robust downregulation of IRAK1, with a stronger effect at 72 hpt
(53% downregulated in HUVECs [Fig. 2A] and 63% downregu-
lated in SLK cells [data not shown]). After the de novo infection of
SLK cells, we observed a modest but consistent downregulation
of IRAK1 (Fig. 2B). Similarly, we observed a significant repression of
IRAK1 7 days after the de novo infection of HUVECs compared to
mock-infected cells (see Fig. 5A). This result is important for show-
ing the inhibition of IRAK1 under physiologically relevant condi-
tions and correlates well with the level of downregulation at the
mRNA level observed for the array data set (see Fig. S1 in the
supplemental material). Finally, the inhibition of miR-K9 in in-
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FIG 2 miR-K9 downregulates the expression of IRAK1. (A) HUVECs were transfected with each of the KSHV miRNAs. Total cell lysates were harvested at 48
h (left) or 72 h (right) after transfection and analyzed by Western blotting. The top panels show representative images of IRAK1 and actin expression; the bottom
panels show the average change in IRAK1/actin ratios relative to levels in negative-control miRNA-transfected cells (neg2). Averages and standard deviations
were calculated from four independent experiments. “no” denotes no miRNA; “negl” and “neg2” denote two different negative-control miRNAs. (B) SLK cells
were infected with KSHV, and total cell lysates were harvested at 1, 2, and 3 dpi for analysis by Western blotting. Results are presented as the average changes in
normalized IRAK1 expression levels relative to levels in mock-infected cells. (C) BCBL-1 cells were transfected with control LNAs (LNA-NegA) or LNAs targeting
miR-K9 (LNA-K9) and analyzed by Western blotting. Results are presented as the average changes in normalized IRAK1 expression levels relative to levels in the
control. Averages and standard deviations were calculated from three independent experiments. The dashed line indicates IRAK1 expression in the neg2 control.

fected BCBL-1 cells using LNAs correlated with an increase in the
IRAK1 protein expression level (Fig. 2C). Together, these data
validate IRAK1 as a target of KSHV miR-KO9.

miR-K9-mediated downregulation of IRAK1 inhibits IL-1c¢-
and TLR7/8 agonist-induced NF-kB activation. IRAK1 is an im-
portant component of the TLR/IL-1R signaling cascade, leading to
NE-kB activation and the production of proinflammatory cyto-
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kines. We hypothesized that KSHV might benefit from the
miRNA-mediated inhibition of IRAK1 by blocking this signaling
cascade and dampening cytokine production and immune activa-
tion induced by external stimuli to the infected cell. SLK cells were
used to study NF-kB activation in the context of IL-1a stimula-
tion because they express both IL-1a and IL-1R and also because
endothelial cells are relevant for KSHV infection in the context of
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FIG 3 miR-K9-mediated downregulation of IRAK1 inhibits IL-1a- and TLR agonist-induced NF-kB activation and IFN-a expression. (A) SLK cells were
transfected with either miR-K9 or siRNAs targeting IRAK1, and total cell lysates were harvested at 72 hpt and analyzed by Western blotting. Results are presented
as the average changes in normalized IRAK1 expression levels relative to levels in neg2-transfected SLK cells. Averages and standard deviations were calculated
from three independent experiments. “no” denotes no miRNA; “neg2” denotes a negative-control miRNA; “siNeg” denotes a negative-control siRNA. (B) SLK
cells were cotransfected with the NF-kB luciferase reporter plasmid and the indicated small RNA, treated with IL-1a for 8 h, and assayed for luciferase activity as
a measurement of NF-kB activity at 72 hpt. Results are presented as the relative level of NF-kB activity in IL-la-treated cells (in relative light units [RLU]
normalized to the internal control). Averages and standard deviations were calculated from three independent experiments. (C) BJAB cells were transfected as
described in Materials and Methods, treated with a TLR7/8 agonist for 24 h, and assayed for luciferase activity as a measurement of NF-«B activation. Results are
presented as the relative activity in agonist-treated cells (in relative light units normalized to the internal control). Averages and standard deviations were
calculated from three independent experiments. “negl” denotes an additional negative-control miRNA (similar to neg2). (D) HUVECs were transfected with
miR-K9 and treated with IL- 1o as described in the legend of Fig. 5. RNA was harvested, and RT-qPCR was performed to measure transcript levels. Results show
expression changes relative to negative-control miRNA (neg2) or control siRNA (siNeg) levels. Averages and standard deviations were calculated from three
independent experiments.

KS. Transfection with miR-K9 or siRNA targeting IRAK1 resulted
in nearly 40% and 80% reductions in IRAK1 expression levels,
respectively (Fig. 3A). We then determined NF-kB activity follow-
ing IL-1a treatment. The treatment of cells with IL-1a stimulated
a 25- to 60-fold increase in NF-kB activation, as measured by
luciferase activity (data not shown). In the presence of miR-K9,
however, NF-kB activation was approximately 4-fold lower than
in cells transfected with negative-control miRNA (Fig. 3B). We
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also saw a 50% reduction in basal NF-kB activation in the presence of
miR-K9 in unstimulated cells (data not shown). siRNA targeting
IRAKI1 resulted in less than a 2-fold inhibition of NF-«B activation,
which was surprising considering the dramatic reduction in the
IRAKI expression level (Fig. 3A). This observation suggested that
miR-K9 might be regulating the expression of a second component of
the TLR/IL-1R signaling cascade, resulting in a more dramatic phe-
notype than that with siRNA, which targets only IRAKI.
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In the context of viral infections, TLR3, -7, -8, and -9 are es-
tablished as the predominant TLRs for viral recognition (23) and
have been shown to play a role in KSHV recognition and reacti-
vation (17, 52). However, the TLR3 signaling cascade does not
involve IRAK1 as a major component, and TLR7, -8, and -9 are
not expressed on endothelial cells. Therefore, we used KSHV-neg-
ative, Epstein-Barr virus (EBV)-negative B cells (BJAB cells) trans-
fected with miR-K9 or siRNA targeting IRAK1 to demonstrate an
effect on TLR-stimulated signaling in the NF-«B luciferase re-
porter assay. The transfection efficiency using the electroporation
of BJAB cells was only 30 to 40%, as determined by using a green
fluorescent protein (GFP) expression plasmid (data not shown).
In the luciferase assays, only transfected cells will contribute to the
results, making the phenotype driven by miR-K9 readily observ-
able. Cells treated with a TLR7/8 agonist showed a significant re-
duction in NF-kB activity in the presence of miR-K9, similar to
that mediated by siRNA targeting IRAK1 (Fig. 3C). These data
demonstrate that the KSHV miR-K9-mediated downregulation of
IRAKI1 results in a functional inhibition of NF-kB activity stimu-
lated by two different ligands (IL-1a and TLR7/8 agonist) in two
different, relevant cell types for KSHV infection (endothelial cells
and B cells). Furthermore, the IL-1a stimulation of alpha inter-
feron mRNA was modestly decreased by miR-K9 and siRNAs tar-
geting IRAK1 (Fig. 3D). Taken together, the repression of IRAK1
by miR-K9 inhibits the expression of known downstream compo-
nents of TLR and IL- 1« signaling.

miR-K9, miR-K5, and components of the TLR/IL-1R signal-
ing cascade. In Fig. 3B, we observed that miR-K9 inhibited IL-1a-
stimulated NF-kB activity more strongly than did siRNA targeting
IRAK1, which more robustly downregulated IRAK1 expression.
This finding suggests that miR-K9 may target more than one com-
ponent of the TLR/IL-1R signaling cascade. To explore this possi-
bility, we reanalyzed the microarray data set for other high-prob-
ability targets of miR-K9 that are involved in this pathway.
Interestingly, MYD88, a well-studied adapter protein critical for
TLR/IL-1R signaling, displayed a low rank sum rank for miR-K9
(relative to those of other miRNAs) (Table 2), contained previ-
ously described argonaute-associated sequences (PAR-CLIP clus-
ters) (14), and contained several TargetScan-predicted miRNA
binding sites, suggesting that MYD88 may also be targeted by
miR-K9 and other KSHV miRNAs (Fig. 4A). Several KSHV
miRNAs were examined for their ability to target MYD88 by use of
the 3'UTR luciferase reporter assay (Fig. 4B). Luciferase activity
was significantly downregulated in the presence of miR-K5 (39%
downregulated at 48 hpt), miR-K9* (20% downregulated at 48
hpt), and miR-K11 (44% downregulated at 48 hpt) relative to that
in the presence of negative-control miRNA. The mutation of the
predicted miR-KS5 site (within the PAR-CLIP cluster region) com-
pletely abolished the repression of the MYD88 3'UTR by miR-K5,
while the mutant was still repressed by miR-K11 (Fig. 4C). Inter-
estingly, miR-K9 did not appear to target the 3'UTR of MYD88
(Fig. 4B). In transiently transfected HUVECs, however, we found
that miR-K9 mediated a modest downregulation of MYD88 at 48
hpt (20%) (Fig. 4D). In addition, miR-K5 and miR-K3* had a
robust inhibitory effect on MYD88 protein expression, resulting
in 45% and 31% downregulation, respectively (Fig. 4D). After de
novo infection of HUVECs, we observed a repression of MYD88
protein expression (47% downregulated) (Fig. 5A) compared to
the expression level in mock-infected cells. We also observed an
increase in MYD88 protein expression levels when BCBL-1 cells
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TABLE 2 Summary of MYD88 rank sum rank microarray data and
3'UTR luciferase reporter and Western blot results”

Rank sum Luciferase at Western blot
miRNA rank 48 h? at48 h®
Negative control NA 1.00 1.00
K1 9,550 ND 0.91
K2 8,612 ND 0.86
K3 9,710 ND 1.07
K3* 3,958 ND 0.69
K4-3 6,881 0.96 0.88
K4-5 7,076 ND 1.10
K5 9,926 0.61 0.54
Ke6-3 7,296 ND 0.96
Ke6-5 8,933 ND 0.97
K7 6,460 ND 1.00
K8 2,851 ND 0.87
K9 3,077 0.85 0.80
K9* 7,100 0.79 0.91
K10a 7,296 ND 1.17
K10b 6,096 ND 1.00
K11 5,168 0.55 0.96

“NA, not applicable; ND, not determined.
b Relative change.

were treated with LNA miRNA inhibitors targeting miR-K5 (Fig.
5B). LNAs targeting miR-K9 did not show a significant change
in MYD88 protein expression. Finally, we observed a decrease in
MYD88 protein expression levels in three out of four KSHV-in-
fected clinical samples (two lymph node samples from a patient
with KS and PEL and one skin biopsy specimen from a KS lesion),
whereas none of the five KSHV-negative samples tested (primary
endothelial cells, normal skin, normal lymph node, and lymph
node with follicular hyperplasia) had substantially decreased lev-
els (Fig. 5C). Together, these data confirm that miR-K5 and
miR-K9 downregulate the expressions of two components of the
TLR/IL-1R signaling cascade. However, the modest repression of
the MYD88 protein by miR-K9 is unlikely to explain our observa-
tions in the NF-kB activity assay (Fig. 3B). The redundancy of
KSHV miRNAs targeting IRAK1 and MYD88 suggests the impor-
tance of regulating these components during viral infection.
miR-K9 and miR-K5 dampen production of proinflamma-
tory cytokines in response to IL-1a stimulation. The primary
result of signaling through IL-1R is the production of proinflam-
matory cytokines, especially IL-6 and IL-8 in endothelial cells
(40). We hypothesized that the miR-K9- and miR-K5-mediated
knockdown of IRAK1 and MYD88 would inhibit the IL-la-
driven expression of these cytokines, blocking the proinflamma-
tory effects of IL- 1R signaling. HUVECs transfected with miR-KO9,
miR-KS5, or a mix of both miRNAs showed a consistent reduction
in IRAK1 and MYD88 expression levels at 28 h posttransfection
(hpt) (Fig. 5D). At 24 hpt, miRNA-transfected HUVECs were
treated with IL-1a for 4 h, and total cell RNA and culture super-
natants were harvested for analyses of IL-6 and IL-8 mRNA and
protein expression levels. RT-qPCR analysis revealed significant
decreases in the levels of both IL-6 and IL-8 mRNAs in cells trans-
fected with the combination of miR-K9 and miR-K5 (miR-K9/
K5) upon stimulation with IL-1a (data not shown). The effect on
cells transfected with miR-K5 alone was similar for IL-6 mRNA
and less robust for IL-8 mRNA. miR-K9 alone had no effect on
cytokine mRNA levels, possibly due to the relatively weak down-
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regulation of both target proteins at this early time point. siRNA
targeting IRAK1 had a stronger effect than the viral miRNAs on
IL-6 mRNA and a similar effect on IL-8 mRNA. In the absence of
IL- 1o stimulation, IL-8 mRNA levels were reduced by 60% in the
presence of miR-K5 or miR-K9/K5, showing that MYD88 regula-
tion also affects the basal expression of IL-8 (data not shown). We
observed a similar but more variable reduction in IL-6 and IL-8
mRNA levels in SLK cells transfected with miR-K9 for 68 h fol-
lowed by IL-1a stimulation for 4 h (data not shown). These results
confirm the findings for a second cell type and suggest that a lon-
ger exposure to miR-K9 could produce a more prominent pheno-
type on cytokine mRNA expression.

Culture supernatants were analyzed for the presence of se-
creted IL-6 and IL-8 by ELISAs. In unstimulated cells, the presence
of miR-K9, miR-K5, miR-K9/KS5, or siRNA targeting IRAK1 re-
sulted in a similar 10 to 20% reduction of IL-6 and IL-8 levels (Fig.
5E). These data indicate that signaling occurs at low levels in the
absence of stimuli and that the downregulation of IRAK1 and
MYD88 using KSHV miRNAs can blunt the resulting cytokine
expression. Upon stimulation with IL-1a, the presence of miR-
K9/K5 resulted in a 40% reduction in IL-6 and IL-8 expression
levels, similar to that observed in the presence of siRNA targeting
IRAK1 (Fig. 5F). This correlates well with both the cytokine
mRNA levels and the relative inhibition of IRAK1 and MYD&88
expressions. These data demonstrate that a functional outcome of
the miR-K9- and miR-K5-mediated downregulation of IRAK1
and MYD88 is a reduction of IL-1a-stimulated proinflammatory-
cytokine production.

DISCUSSION

In this report, we have characterized two new cellular targets of
KSHV-encoded miRNAs, IRAK1 and MYD88, both of which are
involved in the TLR/IL-1R signaling cascade. It is important to
note that each target prediction method (microarrays, seed
matching, and others) and validation method (luciferase assays
and quantitative Western blotting) have various limitations. For
example, the genes repressed in the microarray analysis could be
direct miRNA targets or indirect targets. Since each assay mea-
sures gene expression differently, we cannot expect a perfect cor-
relation between various assays (Tables 1 and 2). Our analysis
sought to use a variety of methods and focus on miRNAs and
targets which showed the best correlation across multiple target
prediction and validation assays. We showed the targeting of
IRAK1 by miR-K9 and MYD88 by miR-K5 in 3"UTR luciferase
reporter assays, by assessments of protein expression after the
transfection of miRNAs or de novo KSHV infections, and by as-
sessments of the alleviation of regulation in latently infected B cells
in the presence of LNA miRNA inhibitors. MYD88 was also
shown to be downregulated in three out of four tested KSHV-
infected clinical samples, highlighting the relevance of this target.
Using an NF-kB reporter assay, we observed that miR-K9 inhibits
NF-kB activation in endothelial cells stimulated with IL-1oc and in
B cells stimulated with a TLR7/8 agonist. The transfection of en-
dothelial cells with miR-K9 and miR-K5 resulted in the down-
regulation of IL-6 and IL-8 mRNAs and protein expression stim-
ulated by IL-1a. Overall, we have validated IRAK1 and MYD88 as
two new targets of KSHV miRNAs and demonstrated an inhibi-
tion of proinflammatory-cytokine expression as a functional con-
sequence of this regulation. We do not propose that these KSHV
miRNAs function to repress NF-«B, IL-6, and IL-8 expression in
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all contexts, since NF-kB activity can be beneficial to the virus in
KSHV-infected lymphomas (25). Instead, we suggest that they
function to suppress activation stimulated by a host immune re-
sponse and external stimuli like IL-1cx.

IRAK1 expression is regulated by a cellular miRNA, miR-146a,
which also targets TRAF6 and IRAK2 (21, 46). The expression of
miR-146a is induced by NF-kB activation mediated by IRAKI,
leading to a negative-feedback loop during TLR/IL-1R stimula-
tion. This mechanism likely prevents the overstimulation and
overproduction of proinflammatory cytokines (36). KSHV and
EBV are both members of the gammaherpesvirus family yet share
no homologous miRNAs (51). EBV LMP1 induces the expression
of miR-146a by the activation of NF-«kB in infected cells, resulting
in the downregulation of IRAK1 and the inhibition of genes in-
volved in the interferon response (6, 33). miR-146a expression
was not detected in B cells latently infected with KSHV but was
highly expressed in B cells latently infected with EBV; the same has
been shown for the cellular microRNA miR-155, for which KSHV
encodes a homolog, miR-K12-11 (16, 33, 41). Thus, while EBV
modulates the expression of NF-kB-induced cytokines by acting
on cellular miRNAs (miR-146a and miR-155), KSHV encodes its
own miRNAs that regulate the same cellular targets. miR-146a
was, however, upregulated during the early stages of KSHV infec-
tion in lymphatic endothelial cells (26) and during infection of
HUVEC:s (38), suggesting differences in this signaling cascade be-
tween different cell types. Overall, these reports show that the
regulation of IRAK1 and the TLR/IL-1R signaling cascade is im-
portant for gammaherpesvirus infections.

In this report, we have demonstrated the KSHV miRNA-me-
diated regulation of IL-1a- and TLR7/8-mediated signaling (Fig. 3
and 5). As mentioned previously, IRAK1 is essential for TLR7/9-
stimulated IFN-a production, an antiviral response which occurs
primarily in plasmacytoid dendritic cells (pDCs) and also requires
MYD88 (24, 49). KSHV was recently shown to infect pDCs, re-
sulting in early activation and IFN-« secretion, with IFN-a levels
reaching a plateau or tapering off at around 72 h postinfection
(53). Thus, KSHYV infection of pDCs is relevant, and the expres-
sion of miR-K9 and miR-KS5 at later stages of infection may play a
role in turning off the antiviral interferon response.

The role of the miR-K9- and miR-K5-mediated targeting of
IRAK1 and MYD88 during KSHYV infection may extend beyond
the inhibition of the immune response. Several previous reports
suggested that the reactivation of KSHV from latency to lytic in-
fection is controlled by TLR signaling. Agonists of TLR7/8 in-
duced the reactivation of latent KSHV in B cells, leading to viral
lytic gene transcription and replication, while other TLR agonists
had no effect (17). However, previously reported experiments in
an epithelial cell line with a KSHV miRNA deletion mutant sug-
gested that increased NF-kB activity stimulated by miRNAs sup-
presses lytic reactivation (27). This is the opposite effect of NF-kB
activity on lytic reactivation compared to the effects of TLR7/8
agonists (which activate NF-kB). Similar to KSHV infection in B
cells, murine gammaherpesvirus 68 (MHV68) can be reactivated
by signaling through TLR3, -4, -5, and -9, and the establishment of
MHV68 latency requires MYD88 (11, 12). Thus, the KSHV-me-
diated downregulation of IRAK1 and MYD88 may blunt TLR7/8
signaling to prevent KSHV reactivation, providing an additional
means of controlling the latent-lytic switch. KSHV has been
shown to upregulate and activate TLR3 signaling, leading to the
expression of CXCL10 and IFN- during infections of monocytes
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by KSHV (52). Interestingly, TLR3 signals primarily in a MYD88-
independent manner (3) and therefore would not be regulated by
the mechanisms described in this report. Finally, IL-1R-mediated
signaling plays a role in establishing and maintaining senescence
through the senescence-associated secretory phenotype (SASP)
(7). The SASP involves primarily the expression of IL-6 and IL-8
stimulated by IL-1a and is negatively regulated by miR-146a by
inhibiting IRAK1 expression (5, 34). A recent paper showed that
the KSHYV latent protein v-cyclin promotes senescence in cells and
that this pathway is blocked by viral FLICE inhibitory protein
(v-FLIP) (28). v-FLIP was previously shown to upregulate miR-
146a upon ectopic expression and during KSHV infection of HU-
VECs (38). miR-K9 and miR-K5 may also participate in this co-
ordinated regulation of senescence during latency by reducing
levels of cytokines involved in the SASP.

Our current study demonstrates that KSHV-encoded miRNAs
regulate the TLR/IL-1R signaling cascade by targeting two com-
ponents of this pathway. Similarly, EBV upregulates a cellular
miRNA that also regulates multiple components of the TLR/IL-1R
pathway, suggesting the importance of this signaling cascade for
herpesvirus infections. The downregulation of proinflammatory-
cytokine expression is demonstrated here as a functional conse-
quence of miRNA targeting; however, future reports may reveal
additional functions in controlling viral reactivation and cellular
senescence. These studies will lead to a greater understanding of
KSHYV biology and pathogenesis.
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