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Abstract
Kaposi sarcoma-associated herpesvirus (KSHV) encodes a viral interleukin 6 (vIL6) that mimics
many activities of human IL6 (hIL6). Both vIL6 and hIL6 play important roles in stimulating the
proliferation of tumors caused by KSHV. Here, we provide evidence that a miRNA pathway is
involved in regulation of vIL6 and hIL6 expression through binding sites in their open reading
frames (ORF). We show a direct repression of vIL6 by hsa-miR-1293 and hIL6 by hsa-miR-608.
The repression of vIL6 by miR-1293 was reversed by disruption of the vIL6 miR-1293 seed match
through the introduction of point mutations. In addition, expression of vIL6 or hIL6 in KSHV-
infected cells could be enhanced by transfection of the respective miRNA inhibitors. In situ
hybridization of human lymph node sections revealed that miR-1293 is primarily expressed in the
germinal center, but is deficient in the mantle zone of lymph nodes where the expression of vIL6
is often found in patients with KSHV-associated multicentric Castleman’s disease, providing
evidence of an anatomic correlation. Together, our study indicates that IL6 expression can be
regulated by miRNA interactions in its ORF and provides evidence for the role of these
interactions in the pathogenesis of KSHV-associated diseases.
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Introduction
IL6 plays a critical role in cell proliferation, inflammatory response, and oncogenesis[1–3].
IL6 expression is regulated by NF-κB and is influenced by a variety of external stimuli.
Various RNA elements in the 3′ untranslated region (UTR) of IL6 mRNA contribute to IL6
mRNA degradation and regulate IL6 expression. These include an AU-rich element (ARE)
that interacts with AU-rich binding factor 1 (AUF1)[4] and tristetraprolin[5], and a non-
ARE element that interacts with Zc3h12a endonuclease[6].

miRNAs are non-coding regulatory RNAs in size of 21–25 nucleotides and modulate gene
expression by base-pairing with complementary nucleotide sequences (seed matches) in the
5′ and 3′ UTRs of target mRNAs[7]. miRNA-mediated gene suppression, in an RNA-
induced silencing complex (RISC), is the result of inhibiting translation and causing mRNA
decay [7]. There is evidence that let-7[8] and miR-26[9] miRNA can interact with their
correspondent seed matches in the 3′ UTR of human IL6 (hIL6) and regulate hIL6
expression. Other short-lived cytokine mRNAs are also subject to miRNA regulation,
including miR-16-1 repression[10] and miR-369-3 increase of TNFα expression[11], and
miR-155 indirect repression of IL4, IL5, and IL10 expression in activated T cells[12].

Kaposi sarcoma-associated herpesvirus (KSHV) is a lymphotropic tumor virus and is the
causal agent for Kaposi sarcoma (KS) [13], primary effusion lymphoma (PEL)[14], and a
form of multicentric Castleman’s disease (MCD)[15]. KSHV encodes a number of mimics
of human genes, including a viral IL6 (vIL6) with about 24.8 % amino acid sequence
identity and 49.7% sequence similarity to hIL6[16]. Unlike hIL6, vIL6 binds to the signal
transducer protein, gp130, without the need to bind to the hIL6 receptor-α. Nonetheless, it
induces similar cellular effects to hIL6[16–21]. IL6 promotes B cell and KS spindle cell
proliferation, with the increased expression of vIL6 and hIL6 being important in the
pathogenesis of KS, PEL, and KSHV-associated MCD[17,18,21,22] and is associated with
severe KSHV-associated inflammatory cytokine syndromes in patients co-infected with HIV
and KSHV[23]. vIL6 expression has been ascribed to transcriptional activation of the vIL6
gene by KSHV ORF50 [24] and by IFN-α [22]. KSHV ORF50 also transactivates the hIL6
gene[25]. Although generally considered a viral lytic gene[26], vIL6 is detectable at a low
level in uninduced PEL cells without expression of other viral lytic genes [20,27,28].

In this report, we examined the function of cellular miRNAs in the regulation of vIL6 and
hIL6 production. We found that vIL6 and hIL6 are regulated by two separate miRNAs, each
of which binds to a seed match residing in the open reading frame (ORF) of the respective
IL6. We also found that vIL6 is expressed primarily in a region of lymph nodes in which
there is little expression of the vIL6-suppressive miRNA.

Material and methods
Cells

HEK293 and HeLa cells were grown in Dulbecco’s modified Eagle’s medium with 10%
FBS. RKO and RKOdicer- cells[29] were grown in McCoy’s 5A medium with 10% FBS.
JSC-1 (KSHV+/EBV+)[30] and BCBL-1 cells (KSHV+)[31] were cultured in RPMI 1640
containing 10% FBS. Doxycycline-inducible TREx BCBL1-Rta and vector control cell lines
were cultured as described [32]. A HEK293 cell line stably harboring a wild-type KSHV
genome (Bac36 wt)[33] was maintained in DMEM medium with 10% FBS and hygromycin
at 150 ng/ml.
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Plasmids
To create a KSHV vIL6 (K2) ORF expression vector pNP4 (Figure S1), KSHV K2 (nt
17875 to 17264 of the KSHV genome [NCBI accession number U75698]) was amplified by
PCR from JSC-1 cell DNA with a primer pair of oNP34 and oNP35 (See all primer
sequences in Table S1), digested with NotI and BamHI, and cloned into a p3xFLAG-
CMV-14 vector. To create a miR-re vIL6 (pJGK10) vector, C17423A, C17424G, C17425A,
and C17427G mutations were introduced into vIL6 gene by overlapping PCR with the
paired primers oNP34 and oNP35 on a mixture of two separate PCR products: the first PCR
product was amplified from pNP4 by a primer pair of oJGK32 and oNP34, and the second
PCR by a primer pair of oJGK33 and oNP35. The overlapped PCR product was digested
with NotI and BamHI and cloned into a p3xFLAG-CMV-14 vector. To express a 3x FLAG-
tagged hIL6 (pJGK6, Figure S1), the human IL6 ORF (GenBank accession number
NM_000600) from the SC125236 plasmid (Origene, Rockville, MD) was amplified by PCR
with a primer pair of oJGK24 and oJGK25. The PCR product was then cloned into the
p3xFLAG-CMV-14 vector. The HA/FLAG-hAgo2 plasmid[34] was purchased from
Addgene (Cambridge, MA). All plasmids were confirmed by sequencing.

Transient cotransfection
Cells were cotransfected with the indicated plasmids in each figure using Lipofectamine
2000 for analyses 24 h after transfection. siRNA duplexes for Ago2 and miR-1293 were
transfected with Lipofectamine 2000. Pre-miR-NC#1 served as a negative control, Pre-
miR-608, Pre-miR-1293 and Pre-miR-214 were purchased from Ambion (Austin, TX). Cells
were transfected with Pre-miRs using Ambion siPORT-NeoFX and followed by vIL6 or
hIL6 vector 48 h after Pre-miR transfection.

Anti-miRs [Peptide nucleic acids (PNAs)-based miRNA inhibitors] for hsa-miR-1293, hsa-
miR-608, hsa-miR-214 and a negative control (NC), were purchased from Panagene Co.
(Daejeon, South Korea). Cell transfection with each anti-miR was performed according to
manufacturer’s instruction by direct addition of the testing anti-miR to culture medium. Cell
lysates were prepared and analyzed 3 days after transfection.

RNA-protein pulldown assay
RNA oligomers labeled with biotin at the 5′ end (Fig. 2D) were immobilized on
NeutrAvidin beads. The cell lysates were applied to RNA oligomer-immobilized beads in 1x
binding buffer [20 mM Tris-HCl (pH7.5), 200 mM NaCl, 6 mM EDTA, 5 mM potassium
fluoride, 5 mM β-glycerophosphate, and 1 tablet of protease inhibitors (Roche, Nutley, NJ)/
10ml]. Pulldown was conducted at 4°C overnight with rotation. Proteins on the beads were
washed 3 times with 1x binding buffer and dissolved in 2X SDS sample buffer for Western
blot analysis.

Western blot analysis
Protein samples from the pulldowns or prepared by lysis of cells in 1x RIPA buffer were
dissolved in 2x SDS sample buffer and were resolved by electrophoresis. Western blot
analyses were conducted with the following antibodies: monoclonal or polyclonal anti-vIL6
[35,36], polyclonal anti-Ago2 (Upstate, Waltham, MA), monoclonal anti-β-tubulin (Sigma),
and monoclonal anti-FLAG (M2, Sigma), together with corresponding horseradish
peroxidase-conjugated secondary antibodies (Sigma). The signal on blots was detected with
a West Pico or Femto chemiluminescence substrate (Thermo Scientific).
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In vitro transcription/translation assay
DNA templates for in vitro transcription of full-length vIL6 (pNP4) or miR-re vIL6
(pJGK10) were amplified from pNP4 or pJGK10 by PCR using a primer pair of T7 chimeric
oJGK46 and oJGK47 oligomer dT(T30/2 stop codons/vector sequence, which provides a
poly-A tail in mRNA.

In vitro translation of wt vIL6 and miR-re vIL6 in the presence of an miRNA duplex and
HA-tagged human Ago2 (HA-hAgo2) protein was performed by using Promega (Madison,
WI) rabbit reticulocyte lysate (RRL) as described [37]. Firefly luciferase (FL) mRNA served
as an internal control.

ELISA
hIL6 levels in the culture supernatant of KSHV-infected cells was determined by an IL6
Single-Analyte ELISArray kit (SABiosciences, Frederick, MD).

Immunohistochemistry and Immunofluorescence
Immunohistochemical staining of MCD lymph node sections was performed as described
[38] by using an anti-vIL6 antibody [36].

Stable Bac36 cells grown on coverslips and transfected with anti-miRs were fixed with 4%
paraformaldehyde in PBS for 15 min. The cells were permeabilized with 0.5% Triton X-100
in PBS for 10 min and blocked with 2% BSA in PBST (PBS containing 0.05% Tween 20)
for 1 h at 37°C. Anti-vIL6 antibody [36] was applied to cells for 1 h at 37 °C followed by
three washes in PBST, 10 min each. The cells were incubated with a corresponding
secondary antibody conjugated with Alexa Fluor 546 for 1 h at 37°C. Confocal fluorescence
optical slices, 2.0 μm in thickness, were acquired using a Zeiss LSM510 META (Carl Zeiss
MicroImaging, Inc., Thornwood, NY) microscope equipped with a 20x plan-apochromat
(N.A. 0.8) objective lens.

In situ hybridization (ISH)
ISH was performed based on a published protocol [39]. DIG-labeled LNA miRCURY
probes for detection of miR-155 (5′ DIG-labeling) and miR-1293 (5′ and 3′ double DIG
labeling) were purchased from Exiqon (Woburn, MA). Lymph node sections from patients
with KSHV-associated MCD or HIV-associated follicular hyperplasia approved by the NIH
Office of Human Subjects Research were deparaffinized with xylene for 5 min twice and
hydrated with ethanol dilutions (100%, 70%, 30% and DEPC water) for 2 min each (twice
for each step). After washing twice in PBS, 5 min each, the sections were deproteinated with
proteinase K (10 ug/ml) at 37°C for 5 min, fixed for 10 min in 4% paraformaldehyde, rinsed
twice in PBS, prehybridized for 1 h in 1X hybridization buffer in an ENZO ISH AP
Detection Kit (ENZO, Farmingdale, NY) at 37°C, and hybridized with a probe (500 nM) at
37 °C for 16 h in a humidified chamber. After hybridization, the slides were washed 2 times,
5 min each, in ISH wash reagent at 4 °C, blocked for 30 min in antibody blocking buffer,
and incubated for 1 h at 37 °C with anti-DIG-AP Fab fragments (1:100 in blocking buffer)
(Roche). After washed for 1 min in SignaSure Wash buffer (ENZO), the slides were
incubated with NBT/BCIP reaction mixture until color development, washed three times in
PBST, 5 min each, counterstained with FastRed nuclear staining reagent, rinsed with tap
water, dehydrated, and mounted for microscopy. Brightfield images were acquired using a
AxioVision software (v. 4.6) controlling a Zeiss axiovert 200M microscope equipped with
10x plan-apochromat (N.A. 0.45) air and 63x plan-apochromat (N.A. 1.4) oil objective
lenses and an Axiocam MRc5 color CCD camera (Carl Zeiss MicroImaging Inc.).
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qRT-PCR
First-strand cDNA was synthesized from 100 ng of total RNA using random hexamers and
SuperScript II RT. The qPCR was conducted using Platinum SYBR Green qPCR SuperMix-
UDG (Invitrogen). A primer pair of oJGK51 and oJGK52 was used for vIL6 amplification
and a primer pair of oJGK24 and oJGK25 for hIL6 amplification. For GAPDH
amplification, a primer pair of oZMZ269 and oZMZ270[40] was used.

TaqMan miRNA assays (Applied Biosystems, Foster City, CA) were used in accordance
with manufacturer’s protocol to detect endogenous miR-1293 and miR-608 from total cell
small RNA (10 or 100 ng ) prepared with Ambion miRNA isolation kit. The CT values of
qRT-PCR data from 3 repeats were analyzed by the 2-ΔΔCT method [41] and plotted to
against a standard linear equation generated by qRT-PCR on double-stranded synthetic
miR-1293 or miR-608 as described for lin-4 miRNA [42]. After dividing by a factor of total
small RNA per cell, the calculated values were averaged as a copy number (mean + SD) per
cell.

Results
miRNA pathway is involved in regulation of vIL6 and hIL6 expression by its effect on vIL6
and hIL6 ORFs

Since hIL6 expression can be regulated by several miRNAs through their interaction with
the 3′ UTR (~ 430 nts in length) of hIL6 mRNA[8,9], we considered the possibility that
KSHV-encoded vIL6 could be also regulated by miRNAs. However, vIL6 has a short (<70
nts) 3′ UTR region and there are no conserved seed matches with the miRNAs that bind to
the 3′ UTR of hIL6. Expanding the scope of our search, we attempted to identify putative
miRNA binding sites in both ORFs. By searching a miRNA database (http://
microrna.sanger.ac.uk), we identified a miR-214 seed match and a miR-1293 seed match in
a sequence conserved between the ORFs of vIL6 and hIL6 (Figure 1). To investigate
whether miRNA is involved in regulating IL6 expression, we used RNAi to knock down the
expression of Ago2 [43] in HEK293 cells and then transfected the cells with a vIL6 ORF
expression vector containing only the coding region. We found that the expression of vIL6
protein increased in the Ago2-deficient cells (Figure 2A). This was confirmed in RKOdicer-

cells, which have global reduction of mature miRNAs[29]. When a vIL6 or hIL6 ORF
expression vector was transfected into wild-type (wt) RKO or RKOdicer- cells, a substantial
increase of vIL6 and hIL6 expression was observed in RKOdicer- cells over wt RKO cells
(Figure 2B), indicating that miRNA regulates the expression of both vIL6 and hIL6 through
its effect on the corresponding ORF. We then focused on miR-1293 regulation of vIL6
because the identified miR-1293 seed match in vIL6 is a binding site for viral ORF57 [37]
and this seed match in hIL6 overlaps with miR-608. We then examined the binding of Ago2
to the predicted miR-1293 seed match in vIL6 (Figure 2C) as Ago2 is a major component of
RISC which associates with targeted mRNA via a miRNA seed match[44]. RNA-protein
pulldown assays in the presence of HEK293 or JSC-1 cell lysates were performed with a
biotin-conjugated vIL6 RNA oligomer with a wt or mt miR-1293 seed match. As expected,
Ago2 was found to bind to wt vIL6 RNA, but only weakly to the mt vIL6 RNA (Figure 2D),
providing evidence that an efficient Ago2 binding to the miR-1293 seed match region of
vIL6 is mediated by miR-1293.

Suppression of vIL6 expression by miR-1293 and hIL6 expression by miR-608, with each
binding to the corresponding IL6 ORF

The role of miR-1293 in vIL6 expression was examined by a miR-1293-resistant vIL6 (miR-
re vIL6) with mutations in the seed match within vIL6 ORF (Figure 3A). The expression
efficiency of this miR-re vIL6 in HEK293 cells in the presence of ectopic miR-1293 or a
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miR-NC (a non-specific miRNA control) was compared to the expression of a wt vIL6 by
transfection. We found that miR-re vIL6 showed increased expression relative to its wt
counterpart (2.4 vs 1) in the presence of ectopic miR-NC and ectopic miR-1293 inhibited the
expression of wt vIL6, but not miR-re vIL6 (Figure 3B). These data indicate that miR-1293
suppression of vIL6 is miRNA seed-match-specific, demonstrating that vIL6 is a direct
target of both endogenous and exogenous miR-1293.

As hIL6 expression was greatly increased in RKOdicer- cells (Figure 2B) and the ORF region
of hIL6 mRNA also contains overlapped miR-608 and miR-1293 seed matches in the
corresponding region of vIL6 (Figure 3C), the effects of both miR-608 and miR-1293 on
hIL6 expression were examined in transient cotransfection of HEK293 cells. We found that
only the miR-608 seed match of hIL6 is functional, and is responsible for miR-608
repression of hIL6 expression (Figure 3D). To verify the specificity of each miRNA to its
target, we generated a chimeric hIL6 by exchanging the corresponding region of hIL6 with
the target region of miR-1293 in vIL6 (Figure 3E–F) and demonstrated that the miR-1293
target region of vIL6 could convert miR-1293-resistant hIL6 into miR-1293-sensitive hIL6
(Figure 3G), concluding that vIL6 and hIL6 are separately regulated by miR-1293 and
miR-608 through their binding to specific seed matches in the corresponding ORF.

To discriminate the specificity of miR-1293 in repression of vIL6 protein expression from
possible indirect effects such as off-targets or RNA instability, the inhibition of vIL6
translation by miR-1293 was performed by an in vitro cell-free translation system using
RRL, modified from published protocols [45,46]. When miR-1293 was added to the
translation assays, a specific translational repression (~25% – 30%) was observed for wt
vIL6 RNA, but not for miR-re vIL6 RNA (Figure 4). The FL expression which was used as
an internal control was not affected by addition of miR-1293 to the assays. These results
indicate a direct role for miR-1293 in the translational repression of vIL6 expression.

Anti-miR-1293 and anti-miR-608 interrupt miR-mediated repression of IL6 expression
The finding that miR-re vIL6 could be more efficiently expressed than wt vIL6 in
transfected cells indicates that the endogenous miR-1293 in these cells could be a natural
inhibitor for IL6 expression. We therefore assessed first by qRT-PCR the copy numbers of
miR-1293 and miR-608 in KSHV-positive JSC-1 and BCBL-1 PEL cells, and in KSHV-
negative HEK293 cells. We found that each PEL cell contains ~12 copies of miR-1293 and
40–50 copies of miR-608, while each HEK293 cell has ~45 copies of miR-1293 and 150
copies of miR-608 (Table 1). To assess the suppressive effects of endogenous miR-1293 and
miR-608 on vIL6 or hIL6 expression, we then cotransfected HEK293 cells with a vIL6 ORF
expression vector along with anti-miR-1293 or a hIL6 ORF expression vector along with
anti-miR-608 and demonstrated that the cotransfection with a miRNA-specific inhibitor
remarkably increased vIL6 or hIL6 expression (Figure 5A). Quantitative analyses of vIL6
and hIL6 RNAs showed that the cells cotransfected with a miRNA-specific inhibitor
exhibited an increased level of the respective mRNA over the cells receiving a non-specific
anti-miR control (Figure 5B). These data indicate that endogenous miR-1293 and miR-608
are highly potent, despite their relative low abundance in the cells. The increased vIL6 or
hIL6 expression were specific only for anti-miR-1293 or anti-miR-608, but not for anti-
miR-214 (Fig. 5C), suggesting that ectopic miR-214 affects the expression of vIL6 and hIL6
(Fig. 5D) presumably via an indirect mechanism.

Considering that a low amount of vIL6 mRNA is constitutively expressed in a subset of PEL
that do not express other KSHV lytic genes[20], KSHV-infected JSC-1 and Bac36 cells with
no reactivation were analyzed for expression of vIL6 and hIL6 in response to anti-miR-1293
and anti-miR-608 transfection. Increased expression of vIL6 (Figure 6A) and hIL6 (Figure
6B) was obtained in the cells transfected with anti-miR-1293 or anti-miR-608 when
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compared to the cells transfected with a non-specific anti-miR control. This observation
could be duplicated in BCBL-1 cells (data not shown). However, we noticed that hIL6
expression in JSC-1 cells was increased only by 10% in the presence of anti-miR-608 over
the cells receiving an anti-miR control. Although the increase was significant, the narrow
increase in JSC-1 cells generally with low transfection efficiency seen for other B cells was
expected for hIL6 because the 3′ UTR of hIL6 is targeted additionally by miR-26 and let-7
[8,9]. Confocal microscopy of vIL6 expression in KSHV-positive Bac36 cells showed
enhanced expression of vIL6 after transfection of anti-miR-1293, relative to the cells
receiving an anti-miR control (Figure 6C). Together with the results from gain-of-function
of miR-1293 and miR-608 (Figure 3), the loss-of-function of miR-1293 and miR-608 in the
presence of their corresponding inhibitors provide further evidence that the PEL cells limit
the expression of both vIL6 and hIL6, respectively, by less abundant miR-1293 and
miR-608 which exhibited a minimal reduction during KHHV lytic induction (Fig. S2).

miR-1293 deficiency in the mantle zone of lymph nodes provides an environment for vIL6
expression

As assessed by immunohistochemical staining, vIL6 is mostly expressed in the mantle zones
of lymph nodes in patients with MCD [28]. We hypothesized that this differential expression
of vIL6 in lymph nodes might be associated with differential distribution of miR-1293. We
next conducted ISH to determine miR-1293 distribution in lymph nodes in correlation with
vIL6 expression. As shown in Figure 7, tissue sections of normal (A–I) and MCD lymph
nodes (J–R) did not manifest any hybridization signal when no hybridization probe was used
in the control sections (A–C; J–L). By contrast, the normal and MCD lymph node sections
hybridized with a miR-1293 probe revealed that miR-1293 was primarily expressed in the
germinal center (GC) (D–F; M–O), with the hybridization signals mainly in the cytoplasm
(E–F; N–O), whereas cytokine-inducible miR-155 which targets activation-induced cytidine
deaminase (AID) and transcription factor Pu.1 expressed in GC B cells for somatic
hypermutation and class-switch recombination to diversify antibody repertoire [47–50] was
mainly distributed, as suggested [39], in the mantle zone (MZ) region (Figure S3). Normal
lymph nodes expressed no vIL6 (G–I), but MCD lymph nodes expressed vIL6 primarily in
the enlarged MZ region (P–R). Thus, the relative deficiency of miR-1293 in MZ was
consistent with a permissive environment for vIL6 expression in the specified region (Fig. 7,
P–R) as reported [28]. Therefore, our results provide a possible biological mechanism for
the selective expression of vIL6 in the MZ of lymph nodes from patients with KSHV-
associated MCD (KSHV-MCD).

Discussion
In this report, we have demonstrated that miRNAs play an important role in the expression
of both vIL6 and hIL6. We found that both vIL6 and hIL6 contain a miRNA binding site
within their ORF, that these sites are bound by cellular miR-1293 and miR-608 respectively,
and that these bound miRNAs serve to suppress the translation of the respective proteins.
Consistent with this observation, the scope of functional miRNA-mRNA interactions have
been recently expanded from RNA 3′ UTRs to include the coding regions of the targeted
RNAs [51,52].

During virus infection, one conceivable mechanism for host cells to defend against virus
invasion is to inhibit virus pathogenicity by host cell miRNAs [52–55]. It is possible that
miR-1293, which suppresses KSHV vIL6, has developed in part to serve this purpose.
KSHV evades the immune system and coexists in a host for many years through a latent
gene repertoire and remaining quiescent. Regulation of vIL6 by miR-1293 may aid in this
process.
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The genes encoding miR-1293 (GeneID: 100302220) and miR-608 (GeneID: 693193) have
been mapped to chromosomes 12q13.12 and 10q24.31, respectively. To date, little is known
about their expression and function. We found that miR-1293 and miR-608 are expressed at
low copy number in HEK293, JSC-1 and BCBL-1 cells and exhibit only slight reduction in
PELs during lytic KSHV infection. The ability of endogenous miR-1293 and miR-608 to
suppress vIL6 and hIL6 in these cells was verified with individual miRNA inhibitors, anti-
miR-1293 and anti-miR-608, suggesting that both miR-1293 and miR-608 are highly potent
and do not need to be present in a high copy number to regulate gene expression. The levels
of miR-1293 can vary substantially among B cells located in anatomically different parts of
a lymph node. Although miR-1293 function in B cell regulation remains unknown, it may
play a role in the differential regulation of vIL6 in KSHV-MCD.

KSHV-MCD is a rare lymphoproliferative disorder characterized by polyclonal
proliferations of KSHV-infected mature B cells with plasmablastic features that involve in
lymph node tissues at multiple sites. Patients with MCD overexpressing vIL6 manifest high
fevers, weight loss, anemia, and low white blood cell counts[56,57]. In affected lymph
nodes of patients with MCD, a number of B cells are infected with KSHV, and a sizable
percentage of these express viral lytic genes[28,57] and another sizable subset of these
express vIL6 but not other lytic KSHV genes. Histologic evaluation of lymph nodes in
KSHV-MCD demonstrates that vIL6 expression is specifically limited to MZ, home of non-
responding B cells with a naive phenotype [28,58]. Until now, the reason for this differential
expression remains unclear[21,28]. In this report, we provide evidence that a selective lack
of miR-1293 in the MZ of lymph nodes may provide an environment permissive for vIL6
expression and a possible explanation for this unique feature of KSHV-MCD.

Cytokine-induced miR-155 in B and T cells has a role in GC development and function [47]
by targeting AID [48] and Pu.1 [49] expressed in GC B cells to diversify antibody repertoire
[47–50,59]. KSHV at latent infection expresses miR-K11 bearing the same seed sequence as
miR-155 [60,61]. We found that MCD lymph nodes with KSHV infection of naive B cells
[62] express miR-155 primarily in MZ, but less in GC. Whether there is a defect in BIC
expression to encode miR-155 [63] in the diseased GC B cells remains unknown. An
increased miR-155 expression in MCD MZ cells might simply reflect KSHV infection and
viral cytokine activation.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Conserved miRNA seed matches in the coding regions of both hIL6 (NCBI accession
number NM_000600) and vIL6 mRNAs (NCBI accession number U75698). * indicates
conserved sequences between hIL6 and vIL6. The box indicates the conserved region that
has the same seed match for both miR-608 and miR-1293 in hIL6 and a miR-1293 seed
match in vIL6.
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Figure 2.
Involvement of the miRNA pathway in regulation of IL6 expression. (A) Reduction of
endogenous Ago2 expression by siRNA promotes vIL6 production in HEK293 cells. The
cell lysates were immunoblotted 24 h after vIL6 expression vector transfection of HEK293
cells pretreated with Ago2 siRNA (40 nM) for 24 h. (B) Increased expression of vIL6 and
hIL6 in Dicer-deficient RKO cells. Both wt RKO and Dicer-knockout RKO cells
(RKOdicer-) were transfected with a vIL6 (top) or hIL6 (bottom) expression vector and were
immunoblotted for vIL6 or hIL6 expression 24 h after transfection. The upper band of hIL6
is N-glycosylated hIL6[64]. The numbers below each panel of blots in (A–B) indicate a
relative level of IL6 expression after being normalized to β-tubulin. (C) A putative human
miR-1293 seed match in the coding region of vIL6 mRNA. (D) The miR-1293 seed match
of vIL6 mRNA interacts with Ago2. Biotinylated RNA oligomers containing a vIL6 wild-
type (wt) miR-1293 seed match or a mutant (mt) seed match with mutations underlined and
by arrows were used for RNA pulldown and immunoblot assays with a fractionated
cytoplasmic extract from HEK293 cells ectopically expressing HA-Ago2 (top) or from
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JSC-1 cells. The proteins in the pulldowns were blotted with anti-Ago2 (JSC-1) or anti-HA
(HEK293 for Ago2) antibodies.
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Figure 3.
Inhibition of vIL6 and hIL6 expression by miRNAs. (A) Generation of a miRNA-resistant
vIL6 (miR-re vIL6) by introduction of point mutations into the miR-1293 seed match. (B)
Repression of vIL6 expression by ectopic miR-1293 in HEK293 cells. The cells were
pretreated with 10 nM Pre-miR-1293 or a negative control (NC) Pre-miR-NC for 48 h
before transfection with an indicated vIL6-FLAG expression vector. Cell lysates prepared
24 h after transfection were blotted for vIL6 expression by using an anti-FLAG antibody.
(C) Two putative, overlapped miRNA seed matches in the ORF of hIL6 mRNA
corresponding to the miR-1293 responsive region of vIL6 mRNA. (D) Repression of hIL6
expression by miR-608, but not by miR-1293. HeLa cells pretreated for 48 h with 10 nM
Pre-miR-608, Pre-miR-1293 or Pre-miR-NC were transfected with an hIL6-FLAG
expression vector for additional 24 h before Western blotting for hIL6 expression using an
anti-FLAG antibody. The numbers below panels B and D indicate a relative level of vIL6
and hIL6 in each sample after being normalized to β-tubulin. (E) The IL6 sequences for
swapping between hIL6 and vIl6. The vIL6 sequences indicated by the black box in (F) for
swapping are bolded to replace the corresponding hIL6 sequence in Italic. The conserved nts
between vIL6 and hIL6 are marked with *. (F) Diagram of the strategy for swapping the
vIL6 region (black box) into hIL6. (G) The vIL6 region responsive to miR-1293 functions in
hIL6 in the response to miR-1293-mediated repression. HEK293 cells transfected with Pre-
miR-NC or Pre-miR-1293 for 48 h were transfected again with the indicated IL6-FLAG
expression vector for additional 24 h before being immunoblotted with anti-FLAG M2 and
β-tubulin antibodies. The numbers below each sample set indicate a relative level of hIL6 in
each sample in a representative gel after being normalized to β-tubulin.
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Figure 4.
Translational repression of vIL6 by miR-1293 in vitro. (A) In vitro translation assay was
performed by using rabbit reticular lysate and miR-1293 over an in vitro transcribed wt vIL6
or miR-re vIL6 transcript. The numbers below the representative gel indicate the translation
efficiency of vIL6 mRNA relative to an internal control, firefly luciferase (FL) mRNA. (B)
Relative levels of vIL6 protein normalized to FL are shown from 5 separate reactions. Bars
represent mean ± SD (n=5). **, P<0.01 (t-test).
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Figure 5.
Enhancement of vIL6 or hIL6 expression by specific miRNA inhibitors. (A and B)
Inhibition of endogenous miR-1293 or miR-608 in HEK293 cells to promote expression of
vIL6 or hIL6. HEK293 cells were co-transfected with 200 nM of indicated anti-miRs along
with 100 ng of FLAG-vIL6 (Left) or FLAG-hIL6 (Right). Protein samples and total RNA
were prepared 24 h after transfection. Protein samples were analyzed by Western blot with
anti-FLAG antibody for vIL6 or hIL6 expression or anti-β-tubulin antibody for sample
loading (A). The amount of vIL6 or hIL6 RNA in the corresponding RNA samples was
analyzed by qRT-PCR assays (B). Bars represent means ± SD (n=3). ** and * indicate
P<0.01 and P<0.05 (t-test), respectively (B). (C and D) Inhibition of endogenous miR-214
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did not affect vIL6 or hIL6 expression (C), but ectopic expression of miR-214 did do (D).
See other details in (A).
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Figure 6.
Blockade of miR-1293 or miR-608 function by a miRNA-specific inhibitor to increase vIL6
or hIL6 expression in KSHV-infected cells. (A) Increased expression of vIL6 in KSHV+

JSC-1 cells and Bac36 wt cells by a miR-1293 antimir. JSC-1 cells and Bac36 cells with a
wild type KSHV genome (Bac36 wt) were transfected, respectively, with 400 nM and 200
nM of indicated anti-miRs. Protein samples prepared 3 days after transfection were
immunoblotted with anti-vIL6 or anti-β-tubulin antibodies. The numbers below panels
indicate a relative level of vIL6 expression after being normalized to β-tubulin. (B)
Increased expression of hIL6 in KSHV+ JSC-1 cells by a miR-608 antimir. JSC-1 cells were
transfected with indicated amount of anti-miRs. Culture media were collected 3 days after
transfection. An ELISA assay was conducted to detect secreted hIL6. Bars represent means
± SD (n=3). ** indicates P<0.01 (t-test). (C) Confocal microscopy images of increased vIL6
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expression in KSHV+ Bac36 wt cells transfected with an anti-miR-1293 inhibitor.
Immunofluoresence assay using an anti-vIL6 antibody was carried out over the cells
transfected with an indicated anti-miR. Bac36 cells with a wt KSHV genome expressing
GFP were merged with the cells expressing vIL6 (red) shown in the bottom panels. Scale
bar represents 10 μm.
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Figure 7.
Distribution of endogenous miR-1293 and vIL6 in lymph nodes. In situ hybridization was
performed on lymph node sections from a patient with HIV-associated folicular hyperplasia
(non-MCD, A–I) or with MCD (J–R) by using no specific probe (A–C and J–L) or a
miR-1293 detection probe (D–F and M–O). The purple color indicates miR-1293. After
NBT/BCIP reaction, tissue sections were counterstained with the FastRed nuclear staining
reagent. The same tissue sections on separate slides were immunostained by an anti-vIL6
mouse monoclonal antibody for vIL6 (blue color) protein expression (G–I and P–R). MZ,
mantle zone; GC, germinal center. (B, E, H, K, N and Q), a representative region showing
both MZ and GC from (A, D, G, J, M and P), respectively, was imaged at higher
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magnification. (C, F, I, L, O and R), the regions in the box of (B, E, H, K, N and Q) were
further enlarged, respectively. The images in (N )and (O) were adjusted for better contrast of
the fastRed in MZ. Scale bars represent 200, 50 and 20 μm from the left to the right in each
panel sets of three.
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Table 1

The copy numbers of miR-1293 and miR-608 in PEL and HEK293 cells.

Cell line miR -1293 miR -608

JSC -1 11.66±2.96 50.49±4.31

BCBL-1 11.43±3.38 41.52±1.54

HEK293 43.15±1.91 148.50±14.27

The copy numbers of miR-1293 and miR-608 in the indicated cell lines were determined by TaqMan real-time RT-PCR.
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