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A human herpesvirus miRNA attenuates interferon
signaling and contributes to maintenance of viral latency
by targeting IKKe
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Type I interferon (IFN) signaling is the principal response mediating antiviral innate immunity. IFN transcription
is dependent upon the activation of transcription factors IRF3/IRF7 and NF-kB. Many viral proteins have been
shown as being capable of interfering with IFN signaling to facilitate evasion from the host innate immune response.
Here, we report that a viral miRNA, miR-K12-11, encoded by Kaposi’s sarcoma-associated herpesvirus (KSHYV) is
critical for the modulation of IFN signaling and acts through targeting I-kappa-B kinase epsilon (IKKg). Ectopic
expression of miR-K12-11 resulted in decreased IKKg expression, while inhibition of miR-K12-11 was found to
restore IKKe expression in KSHV-infected cells. Importantly, expression of miR-K12-11 attenuated IFN signaling
by decreasing IKKe-mediated IRF3/IRF7 phosphorylation and by inhibiting the activation of IKKe-dependent
IFN stimulating genes (ISGs), allowing miR-K12-11 suppression of antiviral immunity. Our data suggest that
IKKge targeting by miR-K12-11 is an important strategy utilized by KSHV to modulate IFN signaling during the
KSHYV lifecycle, especially in latency. We also demonstrated that IKKe was able to enhance KSHYV reactivation
synergistically with the treatment of 12-O-tetradecanoylphorbol 13-acetate. Moreover, inhibition of miR-K12-11
enhanced KSHYV reactivation induced by vesicular stomatitis virus infection. Taken together, our findings also suggest
that miR-K12-11 can contribute to maintenance of KSHYV latency by targeting IKKe.
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Introduction

Type I interferons, including IFNa and IFNR, are
key players in the innate antiviral response. Upon viral
infection, IFN expression can be rapidly induced via het-
erogeneous signaling pathways which are dependent on
types of invading pathogens and host immune cells. Gen-
erally, viral products, such as the viral genome and sur-
face glycoproteins, are recognized by pattern recognition
receptors, like the Toll-like receptors (TLRs), to trigger
various downstream cascades leading to the activation

Correspondence: Ke Lan

Tel: +86 21 63851321; Fax: +86 21 63843571

E-mail: lanke@sibs.ac.cn

Received 20 July 2010; revised 21 September 2010; accepted October
2010; published online 11 January 2011

of the transcription factors NF-xB and IRF3/IRF7,
ultimately resulting in IFN transcription [1]. In order
to establish successful infection, many viruses have
evolved mechanisms to interfere with IFN signaling
and evade the host innate immune response [2].
Kaposi’s sarcoma (KS)-associated herpesvirus
(KSHV), a human gamma herpesvirus, is the etio-
logical agent of KS, the most common malignance
in AIDS patients, primary effusion lymphoma (PEL)
and multicentric Castleman’s disease [3-5]. As with
other herpesviruses, KSHV is characterized by a life
cycle consisting of a latent phase and a lytic phase.
During the primary lytic infection, IFN signaling
modulation is required to suppress the innate im-
mune response and establish successful latent infec-
tion. Multiple viral proteins, such as VIRFs, ORF45,
RTA and K-bZIP, are involved in this process [6-9].
Unfortunately, IFN signaling modulation in viral la-
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tency remains poorly studied and underestimated. During
latency, KSHV-infected cells can experience secondary
infection with other viruses, including HCMV, HSV1 and
HHV6, which will induce the innate immune response
and KSHV reactivation [10-12]. Moreover, TLR7/8
signaling has been implicated in secondary pathogen-
induced KSHV reactivation [13]. These reports suggest
that controlling the innate immune response during the
latent stage of infection is not only important in fighting
host antiviral activity, but also contributes to KSHV la-
tency maintenance.

KSHYV encodes 17 mature miRNAs, which are derived
from 12 pre-miRNAs that are located in a latent locus
in the KSHV genome [14-17]. To date, some studies
have shown that KSHV-encoded miRNAs are involved
in regulation of viral gene expression, thereby playing a
role in maintenance of viral latency [18-20]. However,
the functions of these miRNAs remain largely unknown.
By using the DIANA microT v3.0 web server (http://di-
ana.cslab.ece.ntua.gr/microT/), IKKe (I-kappa-B kinase
epsilon) was predicted as a potential target of the miR-
K12-11 encoded by KSHV. IKKe is a non-canonical IKK
(I-kappa B kinase)-related kinase, which is responsible
for IRF3 and IRF7 activation in multiple IFN signaling
pathways [21, 22]. Moreover, IKKe is required for the
activation of a subset of IKKe—dependent IFN-stimulat-
ing genes (ISGs) [23]. Therefore, we hypothesized that
miR-K12-11 could attenuate IFN signaling and aid in
pathogen evasion of the innate immune response by tar-
geting IKKe.

Through the study described herein, we were able to
demonstrate that IKKe is a direct target of miR-K12-11.
Ectopic expression of miR-K12-11 decreased IKKe
expression, while inhibition of miR-K12-11 partially
restored IKKe expression in KSHV-infected cells. More
importantly, expression of miR-K12-11 was found to at-
tenuate IFN signaling and lead to suppression of antiviral
immunity. Thus, our findings provide the first evidence
that viral miRNA is capable of modulating IFN signaling
and facilitating viral infection. Since the innate immune
response is related to viral reactivation, and miR-K12-11
is expressed both in latent and lytic phase, we also
sought to define whether miR-K12-11 was involved in
KSHYV latency control by targeting IKKe. We found that
IKKe could synergistically enhance KSHV reactivation
induced by 12-O-tetradecanoylphorbol-13-acetate (TPA)
[24]. Moreover, inhibition of miR-K12-11 enhanced
KSHYV reactivation induced by vesicular stomatitis virus
(VSV) infection [13]. Thus, our findings suggest that
miR-K12-11 contributes to KSHV latency maintenance
by targeting IKKe.

Results

IKKe is a direct target of miR-K12-11

In order to study whether any of the KSHV miRNAs
are involved in modulation of the host innate immune
response, we employed DIANA microT v3.0 web server
(http://diana.cslab.ece.ntua.gr/microT/, The National
Technical University of Athens, Greece) to predict poten-
tial viral miRNA targets [25]. We employed the KEGG
(Kyoto Encyclopedia of Genes and Genomes) pathway
filter to screen TLR signaling pathway-related genes
among the predicted results, and we identified IKKe (gene
symbol IKBKE) as a potential target of miR-K12-11.
IKKe is a known multifunctional IKK-related kinase re-
sponsible for IRF3 and IRF7 activation in IFN signaling
pathways. Interestingly, IKKe had been previously im-
plicated as a target of miR-K12-11and its human homo-
logue miR-155 [26, 27], so we sought to confirm whether
IKKe was a direct target of miR-K12-11. Two putative
miR-K12-11 binding sites were predicted within the
IKKe 3" UTR (untranslated region) by DIANA microT.
We designated the sites as MRE1 (miRNA response
element 1) and MRE2 (Figure 1A). An IKKe 3" UTR re-
porter (pGL3-IKKe-UTR) and a positive control reporter
(pGL3-BACHI1-UTR) were constructed by sub-cloning
the appropriate 3" UTR sequence (sequence information
is provided in supplementary information, Table S1) into
the pGL3 control vector downstream of the luciferase
gene [26, 27]. We also constructed lentiviral vectors to
co-express pre-miR-K12-11 or pre-miR-155 along with
copGFP (indicator of infection), designated as pCDH-
miR-K12-11 and pCDH-miR-155, respectively. We
found that both pCDH-miR-K12-11 and pCDH-miR-155
were able to repress the pGL3-IKKe-UTR-driven lu-
ciferase activity by about 40%, as compared to that of the
control vector pCDH-copGFP. pGL3-BACH1-UTR lu-
ciferase activity was also repressed by both pCDH-miR-
K12-11 and pCDH-miR-155 (Figure 1B). Furthermore,
we found that pGL3-IKKe-UTR luciferase activity was
repressed by pCDH-miR-K12-11 in a dose-dependent
manner (Figure 1C).

In order to demonstrate that IKKe is a direct target
of miR-K12-11, we constructed several IKKe 3" UTR
reporter mutants: N, wild type; M1 with mutation in
MREI1; M2 with mutation in MRE2; and M12 with mu-
tations in both MRE1 and MRE2. Compared to wild-
type reporter N, reporter M1 was able to partially resist
the miR-K12-11 repression effect; reporter M2 and re-
porter M12 totally abolished the miR-K12-11 repression
effect (Figure 1D). These results indicate that MRE1 and
MRE?2 are both bona fide binding sites of miR-K12-11,
and the match between miR-K12-11 seed sequence and
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Figure 1 miR-K12-11 targets the 3' UTR of IKKe. (A) Diagram of two miRNA responding elements (MREs) within the 3' UTR
of IKKe. The seed match sites of miR-K12-11 in IKKe 3" UTR were predicted by DIANA MicroT. (B) miR-K12-11 down-regu-
lates IKKe 3" UTR reporter activity in HEK293T cells. HEK293T cells were co-transfected with pRL-SV40 (5 ng), pGL3-IKKe-
UTR (100 ng) and either pCDH-miR-K12-11, pCDH-mir-155 or pCDH-copGFP (500 ng). pGL3-BACH1-UTR (100 ng) was
co-transfected as positive control. (C) miR-K12-11 down-regulates IKKe 3" UTR reporter in a dose-dependent manner. pRL-
SV40 (5 ng) and pGL3-IKKe-UTR (100 ng) were co-transfected with either 0, 100, 200, or 500 ng of pCDH-miR-K12-11 (com-
pensated to 500 ng with pCDH-copGFP) into HEK 293T cells. (D) Mutations of MREs in IKKe 3’ UTR reporter abolish miR-
K12-11 down-regulation effect. N: wild type, M1: mutated MRE1, M2: mutated MRE2, M12: mutated MRE1 and MRE2. The
reporter luciferase activity was normalized to Relinna luciferase activity. (E) Inhibition of miR-K12-11 reverses its repression
effect on IKKe 3" UTR reporter. HEK293T cells were co-transfected with pRL-SV40 (5 ng), pGL3-IKKe-UTR (100 ng) pCDH-
miR-K12-11 (500 ng), together with pCDH-sponge/GFP(500 ng) or pCDH-copGFP (500 ng). Data are presented as mean +
SEM, n=3.

MREs in IKKe 3" UTR is critical for miR-K12-11 func-
tion.

Then, we designed and constructed an miR-K12-11
sponge in lentiviral vector, designated as sponge/K12-11
(Figure 2E, top). The miRNA sponge is a type of long-
effect competitive miRNA inhibitor, and is a transcript
expressed from strong promoters that contains multiple,
tandem binding sites to an miRNA of interest [28]. We
found that sponge/K12-11 partially reversed the repres-
sion effect of miR-K12-11 on IKKe 3’ UTR reporter
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activity (Figure 1E). Thus, we conclude that IKKe is a
direct target of miR-K12-11.

Ectopic expression of miR-K12-11 decreases the IKKe
protein level

Since miR-K12-11 was able to repress IKKe 3" UTR
reporter activity, we next sought to determine whether
ectopic expression of miR-K12-11 would decrease exog-
enous and endogenous IKKe expression. To this end, we
constructed an IKKe expression vector containing both
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the coding sequence and the 3" UTR of IKKe, designated
as Flag-IKKe-UTR. Flag-IKKe-UTR was co-transfected
with either pCDH-miR-K12-11 or pCDH-copGFP in
HEK293T cells and the exogenous IKKe expression was
evaluated 48h later by western blot probing with anti-
Flag antibody. miR-K12-11 obviously decreased the ex-
pression of exogenous IKKe by about 50%, as compared
to the vector only control (Supplementary information,
Figure S1).

In order to determine whether miR-K12-11 was able
to regulate endogenous IKKg expression, we prepared
lentivirus for pCDH-miR-K12-11 and pCDH-copGFP
and transduced miR-K12-11 or vector control into A549
cells, a lung cancer cell line commonly used to study in-
nate immune responses. At 72 hours post-infection, more
than 90% of A549 cells were found to be copGFP-pos-
itive. We designated these cells as A549/Ctrl and A549/
K12-11. Then, we carried out bulge-loop qRT-PCR to
confirm miRNA expression. We found that mature miR-
K12-11 was only detected in A549/K12-11 cells — the
expression of which was comparable to KSHV-positive
BCBLI1 cells but was completely absent in A549/Ctrl
cells (Figure 2A). Importantly, miR-155 was barely de-
tected in both A549/K12-11 and A549/Ctrl cells (Figure
2B). Thus, the potential confounding effect of miR-155
could be excluded from our experiments. Then, we used
immunofluorescence assay (IFA) to visually evaluate
IKKe expression in single cells. We found that the copG-
FP-positive (Figure 2C, arrow) A549/K12-11 cells (about
80%) always exhibited decreased IKKe expression, as
compared to the adjacent copGFP-negative cells (Figure
2C, bottom), while no such difference was observed in
the A549/Ctrl cells (Figure 2C, top). These data indicated
that miR-K12-11 was able to decrease endogenous IKKe
expression in A549 cells.

In order to determine whether miR-K12-11 regulates
IKKe expression at the transcriptional or translational
level, we used western blot and RT-PCR or qRT-PCR,
respectively. We found that IKKe protein level was de-
creased by about 40% in A549/K12-11 cells as compared
to the AS549/Ctrl cells (P < 0.01), while IKKe mRNA
was slightly increased in A549/K12-11 cells (Figure
2D). These data suggested that miR-K12-11 could target
endogenous [KKe expression by translational inhibition,
but not by direct mRNA degradation.

Then, we transduced sponge/K12-11 into A549/K12-
11 cells to determine whether competitive binding of
sponge/K12-11 to miR-K12-11 was able to rescue IKKe
expression. Indeed, the sponge-miR-K12-11 rescued
IKKe expression by about 20%, as compared to vector
control (P < 0.05; Figure 2E). We also demonstrated that
the rescue effect was not due to differential miR-K12-11

expression in these cell lines (Figure 2F). Based on these
experiments, we conclude that IKKe is an authentic tar-
get of miR-K12-11.

IKKe is down-regulated in KSHV-infected cell lines by
miR-K12-11

As expression of miR-K12-11 can regulate either ex-
ogenous or endogenous IKKe expression in HEK293T
cells and A549 cells, we sought to determine whether
IKKe was similarly regulated by miR-K12-11 in KSHV
naturally infected cells. First, we evaluated the endog-
enous expression level of IKKe in KSHV-infected PEL
cells, and performed comparisons to levels found in
KSHV-negative lymphoma cells. IKKe protein expres-
sion was remarkably lower in KSHV-infected PEL cells
than in KSHV-negative lymphoma cells (Figure 3A, top),
while IKKe mRNA levels varied (Figure 3A, bottom and
Figure 3B). Based on these data, we inferred that IKKe
was down-regulated in PEL cells by a post-transcription-
al mechanism.

Since IKKe is targeted by both miR-K12-11 and miR-
155, we sought to detect the expression of these two
miRNAs. Using bulge-loop qRT-PCR, we found that the
expression of miR-155 varied among those B cell lines.
Ramous and Loukes have high miR-155 expression;
BCBL1, BJAB, DG75 have low miR-155 expression;
and JSC-1 has hardly any miR-155 expression (Fig-
ure 3C), while miR-K12-11 is only detected in KSHV-
positive JSC-1 and BCBL1 cells (Figure 3D). Therefore,
we speculated that miR-K12-11 played an important role
in regulating IKKe expression in PEL cells, through its
translation inhibition function on IKKe. In order to test
this hypothesis, we transduced sponge/K12-11-copGFP
or pCDH-copGFP into BCBLI1 cells by lentivirus in-
fection. At 72 h post-infection, we used IFA to screen
single-cell IKKe expression. We found that about 80% of
copGFP-positive cells (Figure 3E, arrow) in the sponge
group had higher IKKe expression in comparison to ad-
jacent copGFP-negative cells (Figure 3E, bottom); no
such difference was observed in the control group (Fig-
ure 3E, top). These data showed that inhibition of miR-
K12-11 was able to rescue IKKe expression in BCBL1
cells. Therefore, we conclude that miR-K12-11 is likely
to be responsible for the regulation of IKKe expression
in KSHV-infected PEL cells.

We next sought to determine whether miR-K12-11
could also regulate IKKe expression in a KSHV de novo
infection system. KSHV/Bac36 virus was used to infect
AS549 cells. We designated this cell line as K/A549. We
found that IKK¢ protein was dramatically down-regulat-
ed in K/A549 cells, in comparison to the A549 cells (P
< 0.01; Figure 4A). In contrast, IKKe mRNA expression
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Figure 2 Ectopic expression of miR-K12-11 decreases the IKKe protein level. (A, B, F) miR-K12-11 or miR-155 expression
was detected in indicated cells. Bulge-loop qRT-PCR was used to detect mature miRNA expression of indicated cells. (C)
IKKe expression was decreased in miR-K12-11-overexpressing cells. IFA was used to screen single-cell IKKe expression in
A549/K12-11 cells or in A549/Ctrl cells. copGFP was used as the marker of successful transduction of the indicated vector. 3
to 4 random fields are subjected to statistics of IKKe repressed cell population among GFP-positive cells. (D) IKKe expression
was decreased at the protein level in A549/K12-11 cells. Endogenous protein expression of IKKe was detected by western
blot using the IKKe antibody. mRNA level was detected by RT-PCR and qRT-PCR (E). Sponge/K12-11 rescues |IKKe expres-
sion in A549/K12-11 cells. A diagram shows the design of sponge/K12-11 (top). The band intensities were quantified using
NIH Imaged. Data are presented as mean + SEM, n = 3. *P < 0.05; **P < 0.01.
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was only slightly decreased in the K/A549 cells (Figure
4A). We found that mature miR-K12-11 was only detect-

ed in K/A549 cells — the expression of which was com-
parable to BCBL1, but was completely absent in A549
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cells (Figure 4B), while miR-155 was hardly detected in
both cell lines (Figure 4C). To determine whether inhibi-
tion of miR-K12-11 could rescue IKKe expression, K/
A549 cells were infected with lentivirus of sponge/K12-
11-puro or control pCDH-puro. We found that IKKe
expression was rescued in sponge/K12-11-expressing
cells, as compared to control cells (P < 0.05; Figure 4D).
We also demonstrated that the rescue effect was not due
to differential miR-K12-11 expression in these cell lines
(Figure 4E). These data demonstrated that miR-K12-11
can also regulate IKKe expression in a KSHV de novo
infection system.

Expression of miR-K12-11 attenuates the IFN signaling
pathway

The above experiments showed that IKKe was an
authentic target of miR-K12-11; however, the functional
significance of the down-regulation of IKKe by miR-
K12-11 remained uncharacterized. IKKe is known to be
a critical modulator of the IFN signaling pathway, which
acts by phosphorylating IRF3 and IRF7. We hypoth-
esized that down-regulation of IKKe by miR-K12-11
could attenuate the IFN signaling pathway by decreas-
ing IRF3 phosphorylation, allowing the virus to inter-
fere with antiviral immunity. To test this hypothesis, we
employed the Sendai virus (SeV) infection as a model
pathogen to compare subsequent IFN signaling between
A549/Ctrl and A549/K12-11 cells. The cells were in-
fected with SeV for 1 h. We used qRT-PCR to check the
mRNA level of various genes in the IFN signaling path-
way. We found that /FFNB was activated by 6 h, while
IFNAI, IFNA2 and IFNA14 were activated by 12 h. The
relative mRNA expression for these four IFNs was de-
creased to about 50% at 12 h in the A549/K12-11 cells as
compared with the A549/Ctrl cells (Figure 5A). In addi-
tion, ISGs (like /P-10, ISG15 and ISG56) were relatively
less activated to different extents at 6 and 12 h in A549/
K12-11 cells, compared with A549/Ctrl cells; /L8, an
IFN non-related gene, was not activated in either cell line
(Figure 5B). In a previous study, IKKe was found to be
required for the activation of a subset of IKKe-dependent
ISGs in mice [23]. We sought to determine whether
IKKe-dependent ISGs also existed in humans, and were
affected by IKKe down-regulation. We chose three anti-
viral ISGs for evaluation: ADARI, OASI and IFIT3. We
observed that ADARI and OASI were slightly affected
by miR-K12-11, while /FIT3 was dramatically repressed
in A549/K12-11 cells, in comparison to A549/Ctrl cells
(Figure 5C). Taken together, these results demonstrated
that the expression of miR-K12-11 could repress activa-
tion of multiple IFN pathway-related genes.

We next examined whether miR-K12-11 could influ-

ence antiviral immunity in A549 cells. To this end, A549/
K12-11 and A549/Ctrl cells were challenged with VSV.
The VSV titer at 24 hpi (hours post infection) was mea-
sured using plaque assay. We found that A549/K12-11
had as high as 2-fold more of virus titer than the control
cells (P < 0.05; Figure 5D), suggesting that A549/K12-
11 had weaker antiviral immune response. These results
provided further demonstration that miR-K12-11 was
able to attenuate the IFN signaling pathway and interfere
with antiviral immunity.

We then tested if miR-K12-11 could inhibit the phos-
phorylation of IRF3 through targeting IKKe, since IKKe-
mediated IRF3 phosphorylation is responsible for the
activation of IRF3. We found that A549/K12-11 cells had
lower expression of IKKe (Figure SE, compare lanes 1, 2
and lanes 3, 4) and lower levels of phosphorylated IRF3
upon SeV infection (Figure SE, compare lanes 2 and 4;
the expression of p-IRF3 has been normalized to total
IRF3). Thus, it is likely that miR-K12-11 attenuates IFN
signaling by down-regulating IKKe-mediated IRF3 acti-
vation.

miR-K12-11 inhibits IKKe s synergistic effect on KSHV
reactivation

Recently, it has been shown that TLR8 activation or
VSV infection can reactivate KSHV lytic replication
[13], which suggests that activation of innate immunity
may be related to viral reactivation. In addition, it has
also been shown that miR155 can stabilize Epstein-Barr
virus (EBV) latency by attenuating IKKe-mediated NF-
kB activity [29]. Therefore, we sought to test whether
miR-K12-11 was involved in maintenance of KSHV
latency through its targeting of IKKe. We found that
forced expression of IKKe alone was unable to activate
RTA (a switch molecule of KSHV reactivation) expres-
sion in 293/Bac cells, a HEK293T cell line harboring the
KSHV/Bac36 episome (Figure 6A) [30]. However, when
we used TPA to induce KSHV reactivation, interestingly,
TPA alone was able to induce about 15-fold of RTA acti-
vation and in combination with IKKe could induce about
30-fold activation of RTA (Figure 6B). This suggests a
synergistic role for IKKe in KSHV reactivation. Further-
more, we transduced sponge/K12-11or a control vector
into K/A549 cells, and then we used VSV to infect these
cells and compared the KSHV reactivation rates. We
observed that RTA could be induced by VSV infection,
by about 4-fold in the control group and by about 6-fold
in the sponge group (Figure 6C). The same phenomena
were observed in the case of ORF65 (a late gene in-
volved in the KSHV lytic program, and functioning in
virion assembly). VSV alone was able to induce ORF65
by 4.5-fold, and when coupled with Sponge/K12-11 it
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induced ORF65 by about 7.5-fold (Figure 6D). These ex-
periments suggested that inhibition of miR-K12-11 was
able to enhance VSV-induced KSHYV reactivation. Based
on these data, we conclude that miR-K12-11 likely con-
tributes to KSHV latency control by targeting the IKKe
synergistic effect on KSHV reactivation.

Discussion

Type I IFN signaling is considered the most important
immune response in antiviral innate immunity. KSHV

utilizes multiple strategies to block IFN signaling in or-
der to evade being eliminated by the immune system and
to establish long-term latency in the host. Several viral
proteins have already been characterized for their abili-
ties to interfere with the IFN signaling pathway, includ-
ing the vIRFs, ORF45, RTA and K-bZIP [6-9]. Notably,
most of these proteins are expressed specifically in the
lytic phase, except VIRF3 [31]. It remains largely un-
clear, however, as to how KSHYV is able to control IFN
signaling during viral latency. Recently, a model was re-
ported in which a major latent protein, LANA, was able
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to inhibit /FNB expression by competing with IRF3 for
binding to the /FNB promoter [32]. Since activation of
IFNAs and IFNB are very heterogeneous [33], this pro-
posed model is unlikely to fully explain every molecular
scenario.

In this report, we demonstrated that viral miRNA-me-
diated gene regulation is used by KSHV to control IFN
signaling. We found that IKKe, an important modulator
in IFN signaling, is an authentic target of miR-K12-11.
Ectopic expression of miR-K12-11 decreased exogenous
and endogenous IKKe protein levels. Inhibition of miR-
K12-11 partially restored IKKe expression in KSHV-
infected cells. More importantly, expression of miR-
K12-11 attenuated IFN signaling by decreasing IKKe-
mediated IRF3/7 phosphorylation and inhibiting the
activation of IKKe-dependent ISGs, so that miR-K12-11
could suppress antiviral immunity (Figure 6E). During
the preparation of this manuscript, Boshoff et al. showed
that miR-132 was inducible by KSHV infection and
targeted CBP/P300-mediated IFN signaling [34]. This
result complements our novel finding of a viral miRNA
modulating host IFN signaling. In our experiment, we
used KSHV-free A549 cells to study the function of miR-
K12-11 in modulating IFN signaling, so that we can ex-
clude the confounding effects of other viral factors. Since
miR-K12-11 is largely expressed during viral latency, we
believe that miR-K12-11 is important for modulation of
IFN signaling during KSHV latency; however, further
studies are still needed to clarify the roles of different vi-
ral factors in this process.

Generally, IRF3 and IRF7 are phosphorylated by non-
canonical IKK kinases TBK1 and IKKe [21, 22], except
in some endosomal pathways in pDC [35]. The relation-
ship between IKKe and TBK1 is debatable. TBK1 is
universally expressed, while IKKe has some preference
for expression in immune cells and can be induced by li-
popolysaccharide [36]. Further evidence suggests that the
functions of IKKe and TBK1 are not totally redundant
in IFN signaling. A subset of antiviral ISGs were found
to be transactivated in the presence of IKKg[23]. More-
over, MAVS, an important adaptor in the IFN signaling
pathway, was shown to recruit IKKe but not TBK1 to the
mitochondria following viral infection [37]. As a result,
IKKe appears to play a unique role in the IFN signal-
ing pathway, as opposed to merely acting as a backup
of TBK1. In the study described herein, we showed that
miR-K12-11 decreased the expression of IFNs, common
ISGs and IKKe-dependent ISGs upon SeV infection.
Moreover, miR-K12-11 decreased IKKe-mediated IRF3
phosphorylation and therefore attenuated IFN signaling.
Thus, our data suggested that deregulation of IKKe by
miR-K12-11 exert profound effects on IFN signaling.
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Here, we also showed that overexpression of IKKe
alone was insufficient to activate RTA transcription, but
that overexpression of IKKe could synergistically en-
hance the reactivation effect of TPA. Meanwhile, inhibi-
tion of miR-K12-11 could enhance the induction effect of
VSV infection in K/A549 cells. Thus, we have provided
evidence that down-regulation of IKKe by miR-K12-11
facilitates KSHV latency maintenance (Figure 6E). In-
deed, it has been reported that miR-155 can stabilize the
EBYV latent program by attenuating NF-«kB activity, pos-
sibly mediated by IKKe targeting [29]. We thus infer that
IKKe targeting may be a common strategy to facilitate
latency maintenance for the gamma herpesviruses.

The event of secondary pathogen infection of KSHV
latently infected cells is known to lead to the activation
of the innate immune response, which may then promote
cell death and hamper KSHYV survival in the host. In
order to persist in the host, it is reasonable that KSHV
is induced to lytic phase and spreads its new virions to
new host cells [38]. However, it has been observed that
KSHYV latently infected PEL cells are always co-infected
with EBV [39]; viral co-infections have also been identi-
fied in KS cells [40, 41]. This finding suggests that some
negative regulatory mechanisms may exist to suppress
the secondary infection-induced innate immune response
and inhibit viral reactivation, so that KSHV can co-exist
with another virus in the same cell and maintain cell ho-
meostasis. In this paper, we have demonstrated that miR-
K12-11 is capable of attenuating IFN signaling during
the latent stage by targeting IKKe; moreover, we demon-
strated that miR-K12-11 can inhibit KSHV reactivation
induced by VSV infection. Thus, IKKg targeting by miR-
K12-11 may represent one of the negative regulatory
mechanisms in pathogen secondary infection.

Materials and Methods

Cell lines

BCBL1 (KSHV-positive PEL cells), JSC-1 (KSHV- and EBV-
positive PEL cells), and BJAB, Ramous, Loukes and DG75 (four
KSHV-negative B cells) cell lines were generously provided by Dr
Erle S Robertson (University of Pennsylvania, USA).

Vero/Bac36 (a Vero cell line harboring the KSHV genome in-
serted into a bacterial artificial chromosome) was a gift from Dr
SJ Gao (The University of Texas, USA). K/A549 was established
through infection of A549 cells with KSHV, as described [30], and
selected with 500 uM hygromycin (Calbiochem, San Diego, CA,
USA). A549/K12-11 and A549/Ctrl were established by infection
of indicated lentivirus, according to the manufacturer’s instruc-
tions (System Bioscience). 293/Bac, A549, and Vero cells came
from our in-lab stock.

Constructs
Wild-type or mutated 3" UTR reporters were constructed by
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cloning the appropriate 3' UTR sequence into the pGL3 control
vector (Promega, Madison, WI, USA) downstream of the firefly
luciferase gene (primers used are listed in Supplementary informa-
tion, Table S1). pCDH-miR-K12-11 and pCDH-miR-155 were
constructed by cloning pre-miR-K12-11 (amplified from BCBLI1
DNA) and pre-miR-155 (amplified from pSIF-BIC; kindly pro-
vided by Dr Mofang Liu, Shanghai Institute of Biochemistry
and Cell Biology, China) into pCDH-CMV-MCS-EF1-copGFP
(System Biosciences, Mountain View, CA, USA). pCDH-sponge/
K12-11 is constructed by annealing sponge primers (supplemen-
tary information, Table S1) and sub-cloning into vectors pCDH-
CMV-MCS-EF1-copGFP or pCDH-CMV-MCS-EF1-puro (System
Bioscience). Flag-IKKe was a gift from Dr Hongbing Shu (Wuhan
University, Wuhan, China). Flag-IKKe-UTR was constructed by
sequentially sub-cloning Flag-IKKe CDS (with stop codon) and
IKKs 3" UTR into pCDH-CMV-MCS-EF1-puro.

Viruses

SeV and VSV were kindly provided by Dr Bing Sun (Institut
Pasteur of Shanghai, China). Lentivirus was prepared according to
the manufacturer’s instructions (System Bioscience). KSHV was
prepared from Vero/Bac36 cells. Briefly, Vero/Bac36 cells were
synchronized at G1 phase by serum starvation for approximately
24 hours. Then, 10% bovine serum was added and cultured for
12-16 hours. After that, TPA (P1585; Sigma-Aldrich, St Louis,
MO, USA) and VPA (P4543; Sigma) were added to a final con-
centration of 25 ng/ml and 3 mM, respectively. At 120 hours post-
induction, supernatants were collected and filtered through a 0.45
um filter; filtrates were aliquoted and stored at —80°C until further
use.

Reagents and antibodies
Puromycine (P9620) was purchased from Sigma-Aldrich.
Anti-actin (A2066) and anti-IKKe (14907) were obtained from
Sigma-Aldrich. Anti-IRF3 (4962) and anti-p-IRF3 (Ser396, 4947)
were from Cell Signaling (Danvers, MA, USA). Anti-GAPDH
(M20006) was from Abmart (China).

In vitro expression reporter assay

Firefly luciferase 3" UTR reporter construct (100 ng per well),
miRNA construct or control plasmid (each, 500 ng per well) were
co-transfected along with pRL-SV40 Renilla luciferase construct (5
ng per well; Promega) into HEK293T cells in 12-well plates. Cell
extracts were prepared 48 hours after transfection, and luciferase
activity was measured with the Dual-Luciferase Reporter Assay
system (Promega). The firefly luciferase activity was normalized
to the Renilla luciferase activity. To carry out miRNA dose-depen-
dent experiments, pCDH-miR-K12-11 was transfected at 0, 100,
200, and 500 ng (compensated to 500 ng per well with control
vector).

Plague assay

A549 cells were infected with VSV at MOI=0.1 for 1 h. Cells
were washed with PBS and fresh media was added. The superna-
tants were harvested 24 h later and series diluted for use to infect
confluent Vero cells cultured in 12-well plates. At 1 h post-infec-
tion, supernatants were discarded and 3% methylcellulose was
overlaid. Three days later, the overlay was removed and cells were
stained for 20 min with 0.1% crystal violet (prepared with 27%

formaldehyde solution). Stained plaques were counted, averaged
and multiplied by the appropriate dilution factor to determine viral
titer as PFU/ml.

qRT-PCR

miRNA quantification: Bulge-loop™ miRNA qRT-PCR Primer
Sets (one RT primer and a pair of qPCR primers for each set)
specific for miR-K12-11 and miR-155 are designed by RiboBio
(Guangzhou, China). Briefly, the total RNA was extracted with
TRIzol Reagent (Invitrogen). Then, miRNA bulge-loop was re-
verse transcribed with the First-Strand cDNA Synthesis Kit (Fer-
mentas UAB, Fermentas International Inc., Burlington, Canada)
and quantified by qPCR using SYBR Green Real-Time PCR
Master Mix Kit (Toyobo, Osaka, Japan) according to the indicated
manufacturer’s instructions.

mRNA quantification: Similar as miRNA quantification, except
that cDNA is reverse transcribed using oligo(dT),; primer. The
primers used are listed in supplementary information, Table S1.
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