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Abstract

The relationship between Epstein Barr Virus (EBV) and miR-155 is well established. EBV
infection induces miR-155 expression, which is expressed at higher levels in EBV latency type I11
cells compared to EBV latency type | cells. However, the mechanism by which EBV latency genes
activate miR-155 expression is still unclear. Here we present data showing that DNA methylation
regulates miR-155 expression. We also provide evidence that the AP1 signaling pathway is
involved in EBV-mediated miR-155 activation, and that Bay11 influences signaling of the
miR-155 promoter AP1 element. Lastly, we show that LMP2A, LMP1 and EBNAs cannot activate
miR-155 expression alone, indicating that the regulation of miR-155 by EBV is dependent on
more than one EBV gene or cell signaling pathway. We conclude that the regulation of miR-155 in
EBV-positive cells occurs through multiple cell signaling processes involving EBV-mediated
chromatin remodeling, cell signaling regulation and transcription factor activation.
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Introduction

Epstein Barr Virus (EBV) is a ubiquitous DNA tumor virus associated with several
hematologic cancers and non-hematological tumors, such as Hodgkin’s lymphoma, Burkitt’s
lymphoma, nasopharyngeal carcinoma, and gastric cancer. EBV expresses lytic genes and
latent genes at different points in its infection cycle. The EBV immediate early genes (Zta
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and Rta) and EBV early genes (BMRF1, BGLF4, VCA) are expressed during EBV lytic
reactivation. The expression of different sets of latent genes such as the latent membrane
proteins (LMPs) and Epstein Barr nuclear antigens (EBNAs) determines the EBV latency
stage (latency type I, Il or 111). Whereas only one EBV latent gene (EBNAL) is expressed on
EBV latency type I cells, the full repertoire of latency genes; EBNA1, EBNA3A, 3B, 3C,
LP, EBNA2 and LMP2B are expressed in EBV latency type 111 where many cellular
transcription factors are upregulated including APL. The latent membrane protein 2A
(LMP2A) regulates ERK-MAPK (Chen et al., 2002a; Engels et al., 2012), PI3K/Akt (Pan et
al., 2008; Portis and Longnecker, 2004), NF-xB (Stewart et al., 2004), STAT (Shair et al.,
2012) and the Notch/Wnt pathway (Anderson and Longnecker, 2008; Garuti et al., 2014).
Latent membrane protein 1 (LMP1) is similarly involved in multiple cellular signaling
pathways, such as NF-«xB (Fries et al., 1999), hedgehog (Port et al., 2013), IRF7(Bentz et
al., 2012; Ersing et al., 2013; Ning et al., 2003), LKB1-AMPK (Pacchiarotti et al., 2013),
PI3K, ERK-MAPK, Wnt/b-catenin, miTOR, p38, JAK/STAT, and EGFR. EBNA3A, 3B and
3C interact with CBF1/RBPJ (kappa) (Maruo et al., 2005; Radkov et al., 1997; Radkov et
al., 1999). EBNAZ2 activates Notch signal transduction (Strobl et al., 2000) through its
interaction with CBF1 to regulate cell proliferation and survival.

The EBV EBNA promoters, Wp, Cp and Qp determine the latency type of EBV. Wp and Cp
drive expression of the latency replication factor, EBNAL as well as the EBV latency type
I11-specific genes EBNA2, EBNA3A-C and EBNA-LP. Qp only drives EBNAL expression in
EBV latency type I. The LMP promoters drive LMP1 and LMP2 expression in EBV latency
type Il and type Il (Schaefer et al., 1991; Zetterberg et al., 1999). Epigenetic mechanisms
such as DNA methylation contribute to Wp, Cp and Qp activity and EBV gene expression
by blocking the binding of transcription factors to DNA and/or by remodeling chromosome
structure. In addition to differences in viral methylation patterns between EBV latency type |
and type 111 cells, latency type differences in DNA methylation also exists in cellular DNA.
Low-level methylation of cellular genes in latency type 11 is associated with high expression
of cell transcription factors and the activation of cell signaling. DNA methylation typically
causes gene inactivation and silencing (Hutchins et al., 2002; Jones, 2003) and epigenetic
DNA methylation-associated gene silencing plays a major role in tumorigenesis.
Methylation of tumor suppressor genes generally leads to tumor development and
progression (Galm et al., 2005; Herman and Baylin, 2003; House et al., 2003a; House et al.,
2003b; Paz et al., 2003) whereas methylation of oncogenes inhibits tumorigenesis.

The 23 nucleatide (nt) non-coding RNA miR-155 is among the most abundant cellular
miRNAs expressed in EBV-positive LCLs (Skalsky et al., 2012) and is essential for the
growth and survival of LCLs in vitro (Linnstaedt et al., 2010). The basis for most EBV-
related cancers is also thought to include the dysregulation of oncogenic miR-155, and there
are binding sites for AP1 and NF-xB in its promoter region (Costinean et al., 2006; Eis et
al., 2005). Expression of miR-155 can be upregulated via cellular signaling pathways such
as the B-cell receptor (BCR) pathway (Yin et al., 2008b), the TGF-beta pathway (Kong et
al., 2008) and via NF-xB signaling (Wang et al., 2010). The conjugation of BCR and TGF-
beta signaling activates miR-155 expression in EBV-negative cells and induces the EBV
lytic cycle in EBV-positive cells (Mutu and Akata). However, these signaling pathways do
not appear to induce miR-155 expression in EBV-positive cells. EBV infection can induce
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miR-155 expression (Cameron et al., 2008; Imig et al., 2011; Jonigk et al., 2013; Yin et al.,
2008a; Zhu et al., 2014), and EBV latent genes such as LMP1 and LMP2A have been shown
to induce miR-155 expression (Du et al., 2011; Gatto et al., 2008; Rahadiani et al., 2008).
Nevertheless, the level of miR-155 activation by LMP1 and LMP2A is not comparable to the
level of miR-155 induction by EBV infection. We have reported that the DNA
methyltransferase inhibitor, 5-aza-deoxycytidine (5-aza-C) induces expression of both the
primary and mature forms of miR-155 in the EBV latency type I cells, Akata and Mutul

(Yin et al., 2008a), but the detailed methylation status of the miR-155 promoter in EBV
latency type I, 11 and 111 cells is not well documented. Albeit a report shows that
hypermethylation of miR-155-3p correlates with miR-155-3p repression in Mantle cell
lymphoma and other non-Hodgkin’s lymphomas (Yim et al., 2014). The mechanism
regarding how EBV activates miR-155 expression is not fully understood; however, it is very
clear that EBV latent infection activates AP1 protein expression, and that AP1 proteins
mediate BCR-regulated miR-155 in EBV negative cells (Yin et al., 2008b). Therefore, we
postulate that EBV-induced miR-155 expression occurs through AP1 proteins under the
condition of miR-155 promoter hypomethylation.

The induction of miR-155 expression in EBV positive cells is associated with EBV
oncogenesis and pathogenesis. The aim of this study is to analyze and identify the signaling
pathways that regulate EBV-mediated miR-155 expression, and to further evaluate which
EBV gene(s) play a key role in regulating miR-155 expression.

1. Methylation of the miR-155 CpG island is involved in the regulation of miR-155
expression in EBV positive cells

In line with our previous finding that BCR signaling induces miR-155 expression in EBV-
negative B lymphocyte cells (Ramos), we conjectured that BCR signaling could also activate
miR-155 expression in EBV-positive latency type | lymphocyte cells (Mutu and Akata). As
previously reported, the EBV latent genes, LMP1, LMP2A, EBNAs (3A, 3B and 3C), and
the lytic genes, Zta, Rta, BMRF1, were activated in anti-lgG-treated Akata and anti-IgM-
treated Mutu cells. However, there was no significant change in miR-155 expression
(Supplemental Fig. 1). This inability of BCR signaling in conjunction with induced high
expression of EBV latency genes to activate miR-155 may be due to methylation of the
miR-155 promoter in EBV-positive latency type | cells. Notably, there is no published
literature showing that BCR signaling promotes DNA demethylation.

In our previous research, we found that 5’-aza-dc induces both miR-155 and EBV latency
gene expression in EBV-positive latency type | cells, but not in EBV-negative cells (Yin et
al., 2008a). Moreover, another DNA methylation inhibitor Zebularine, which induces
cellular DNA demethylation but not EBV reactivation does not activate miR-155 expression.
These results indicate that DNA demethylation alone cannot induce miR-155 expression and
that activation of miR-155 expression requires both EBV latency gene expression and DNA
demethylation in EBV-positive cells. To investigate this issue further, first, we analyzed the
human miR-155 coding sequence (pri-miR-155) from —2000 to +500 relative to the
transcription start site (TTS) by the CpG island prediction algorithm, EMBOSS Cpgplot
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(http://www.ebi.ac.uk/Tools/seqstats/emboss_cpgplot/). We found that the miR-155
sequence contained a high confidence CpG island that spans from the 3’ end of the promoter
region through the entire first exon and ending 443 bases downstream from the TTS (Fig.
1A). Next, DNA methylation status of the miR-155 island was assessed in EBV-positive and
EBV-negative cells (Fig. 1B and Supplemental Table 1). Methylation in EBV latency type |
cells (Rael, Akata and Mutu) was higher (52-93%) than that of EBV-negative cells (Ramos,
DG75, BL41 and BL30) (3—34%) and EBYV latency type Il cells (JC5, Dana, Boston,
Alwife, JY and P3HR1) (2-5%). Both DNA methylation inhibitors, 5-aza-C and Zebularine,
reduced miR-155 CpG island methylation from 97-100% to 46-89% in EBV latency type |
cells, Mutu Bulk Cntl (Fig. 1B and Supplemental Table 1). This demonstrates that the failure
of Zebularin to activate miR-155 expression is not associated with miR-155 DNA
demethylation but instead may be associated with EBV latency type Il genes. Furthermore,
we have reported that infection of BL41 and BL30 cells with EBV induced miR-155
expression (Yin et al., 2008a). The level of DNA methylation at the miR-155 island in BL41
and BL30 was low (around 6%), and EBV infection did not change the methylation status
(Supplemental Table 1). However, a variety of EBV latency genes were highly expressed
after EBV infection (Yin et al., 2008a). These data suggest that EBV infection can induce
miR-155 expression in cells bearing low-level miR-155 CpG island methylation. Thus, the
demethylated miR-155 CpG island is likely critical for inducing miR-155 expression in
EBV-positive latency type | cells. Yet DNA demethylation alone cannot activate miR-155
expression without other cell signaling pathways that are activated by EBV genes or other
factors (such as the BCR signaling pathway).

2. AP1 factors are responsible for miR-155 expression in EBV latency type Il cells

We have previously demonstrated that AP1 proteins play a key role in regulating miR-155
expression in response to BCR activation in the EBV-negative lymphoma cell line Ramos
(Yin et al., 2008b). We have also shown that EBV induces miR-155 expression in EBV
positive latency type I11 lymphoma cells, and that miR-155 promoter activity is decreased
when the AP1 binding site is mutated (Yin et al., 2008a), implying that EBV genes may
induce miR-155 via the activation of AP1 signaling. Yet, it is unclear which AP1 proteins
activate miR-155 expression and through which signaling pathways activation of AP1
signaling occurs. To address this issue, we conducted an electrophoretic mobility shift assay
(EMSA), which showed that the AP1 proteins JunB and FosB, bind to the miR-155
promoter at high levels in latency type 11 cells (JY & X50-), but low levels in EBV latency
type I cells (Mutu and Akata). These proteins bind to the AP1 element of the miR-155
promoter and supershift the AP1 band (Fig. 2A). Furthermore, an in vivo chromatin
immune-precipitation (ChIP) binding assay with antibodies against AP1 proteins confirmed
the binding of JunB and FosB and also showed the binding of ATF3 and JunD to the
miR-155 promoter region in EBV positive latency type 111 cells X50-7 and IB4 (Fig. 2B). As
a negative control, PCR was performed using primers spanning the miR-155 intron 1 where
a lack of AP1 factor signals was observed.

AP1 activity can be induced by several cellular signaling pathways including MAPK
(JNKK, p38, PI3, MEKK) and NF-xB pathways that are known to be activated in EBV
positive cells. In order to determine which cell signaling pathway known to activate AP1 is
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involved in miR-155 expression in EBV positive latency type I11 cells, several cell signaling
inhibitors were applied in EBV latency type 11 cells (X50-7 and 1B4); followed by
measuring endogenous pri-miR-155 expression using qRT-PCR and analyzing AP1 protein
expression via western blotting. As shown in Fig. 3A-C, the MAP kinase inhibitor, UO126
and proteasome inhibitor, MG132 were not able to inhibit AP1 protein expression or pri-
miR-155 expression; however, the 1xB kinase inhibitor BAY 11-7082 (Bay11) inhibited both
pri-miR-155 and AP1 protein expression in these cells. A luciferase reporter assay showed
that mutation of the AP1 site of the miR-155 promoter resulted in diminished activity in
latency type 111 cells. Moreover, Bay11 inhibited the promoter activity in the wild type
miR-155 promoter (155pwt) but not in the AP1 mutant promoter (155pAP1mut) (Fig. 3D).

3. EBV genes stimulate miR-155 expression via the AP1 signaling pathway

Several studies including our papers have demonstrated that miR-155 is expressed in EBV
latency type 111 cells but not in EBV latency type | cells (Cameron et al., 2008; Jiang et al.,
2006; Kluiver et al., 2006; Yin et al., 2008a), indicating latency type 111 genes (EBNA-LP,
EBNA2, EBNA3A, EBNA3B, EBNA3C, LMP1 and/or LMP2) may play a critical role in
miR-155 expression. It has been reported that EBV latency genes are involved in inducing
miR-155 expression (Du et al., 2011; Rahadiani et al., 2008) and in regulating cell signaling
pathways that are known to activate AP1 activity (Chen et al., 2002b; Johansen et al., 2003;
Kieser et al., 1997; O’Neil et al., 2008). Our previous report has shown that the usage of
latency type 111 promoters Cp and LMP1 led to induction of miR-155 expression (Yin et al.,
2008a). In line with this finding, infection of BL-41 and Ramos with EBV showed variant
EBV latency promoter usage and miR-155 expression. Lower usage EBV latency promoters
(Wp, Cp, and LMP) display lower miR-155 expression levels, whereas higher usage of EBV
latency promoters is associated with higher miR-155 expression (Yin et al., 2008a). Since
Cp/Wp drives EBV latency type 111 gene expression, these data further verify that EBV
latency genes regulate miR-155 expression. However, it is not clear which EBV gene
regulates miR-155 expression and through which signaling pathways.

In order to explore which EBV genes play a critical role in miR-155 activation, we evaluated
EBV gene function individually in EBV-negative cells BL30 and DG75, in which the level
of DNA methylation at the miR-155 CpG island is low. In response to LMP1 and LMP2A,
cellular miR-155 expression exhibits induction as reported before (Du et al., 2011;
Rahadiani et al., 2008; Yin et al., 2008a) showing that LMP2A and LMP1 slightly induced
endogenous pri-miR-155 expression alone or corporately in LMP2A and/or LMP1 stable
expression cells, BL30 (Fig. 4A-C). We also found that LMP1, LMP2A, EBNA3C or
EBNA3A/3B/3C and EBNAZ2 can slightly induce endogenous pri-miR-155 expression
cooperatively after a 72 hour transient transfection in EBV-negative cells DG75 (Fig. 4D).
Furthermore, both LMP2A and EBNA3C promoted miR-155 promoter activity alone or
together (Fig. 5A). Mutation of the AP1 site of the miR-155 promoter reduced LMP2A and
LMP2A-EBNA3C-mediated miR-155 promoter activation, but not EBNA3C-mediated
miR-155 promoter activation (Fig. 5B). In order to further elucidate whether the AP1
signaling pathway plays a key role in miR-155 activation, we transiently expressed LMP2A
and/or EBNA3C and treated cells with MEK/ERK and NF-xB inhibitors. A luciferase assay
demonstrated that ERK inhibitors UO126 and PD98059 block LMP2A-mediated miR-155
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promoter activity. Bay11 inhibited LMP2A and EBNA3C-mediated miR-155 promoter
activity (Fig. 5C). These data indicate that LMP2A activates miR-155 expression through
the AP1 element and the ERK signaling pathway. However, EBNA3C-mediated miR-155
promoter activation is not dependent on AP1 activity, since neither the miR-155 promoter
AP1 mutant nor ERK inhibitors affect EBNA3C’s ability to induce miR-155 promoter
activity. Therefore, EBNA3C-mediated miR-155 activation likely occurs through another
promoter element. Notably, however, treatment with Bay11 can partially block EBNA3C-
mediated miR-155 promoter activation (Fig. 5C). In conclusion, some EBV genes can
stimulate miR-155 expression via AP1 elements, though we didn’t find any single or
combination of EBV gene/s capable of inducing miR-155 expression dramatically.

Discussion

Genetic and epigenetic research has shown that DNA methylation is related to
carcinogenesis. Although we have demonstrated that EBV induced the expression of
oncogenic miR-155 in EBV-positive latency type Il cells and in EBV-negative cells
(Ramos, BL41 and BL30) (Yin et al., 2008a), the miR-155 DNA methylation profiles have
not been reported in detail. Our results here demonstrate that pri-miR-155 contains a high
confidence CpG island spanning the promoter and the first exon. The analysis of
methylation status further elucidates lower DNA methylation at the miR-155 promoter
correlates with high miR-155 and EBV latency gene expression in EBV-positive latency type
I11 cells; and higher DNA methylation correlates with low miR-155 and EBV latency gene
expression in EBV-positive latency type | cells. Since EBV genes interact with DNA
methylation pathways (Hino et al., 2009; Tsai et al., 2006), EBV genes may regulate
miR-155 promoter methylation to promote miR-155 expression. In order to address this
issue, EBV-negative lymphoma cells (Ramos, BL41 and BL30) were infected with EBV
(B95-8 or B652) followed by analysis of miR-155 promoter methylation. We observed that
there is no significant change in DNA methylation of the miR-155 promoter after EBV
infection in Ramos, BL41 and BL30, which have low DNA methylation status in the
miR-155 promoter region. This may be because the level of methylation in these cells is
already low on miR-155 promoter region or because EBV infection does not change the
methylation status of miR-155 promoter. On the other hand, 5-aza-C can decrease DNA
methylation of the miR-155 promoter in EBV-positive latency type | cells, Mutu and Akata,
which have the highest DNA methylation status in the miR-155 promoter region. Of
relevance, we have previously shown that 5-aza-C can activate miR-155 expression in Mutu
and Akata cells (Yin et al., 2008a). These data suggest that EBV-induced miR-155
expression is not due to DNA demethylation in EBV-negative cells, and that DNA
demethylation is required for miR-155 expression in EBV-positive cells, but may not
regulate miR-155 expression alone.

Furthermore, our other studies on the role of EBV latent genes in the regulation of miR-155
didn’t reveal significant findings in latency type | cells exhibiting a hypermethylated
miR-155 CpG island. For example, we have studied the role of EBNAL in regulating
miR-155 expression by knocking down EBNA1 in Mutu cells. We have also evaluated the
function of EBV latent genes by stable transduction of EBV latent genes such as LMP1 or
LMP2A in EBV latency type | cells. Our studies did not reveal induction of miR-155 after
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diminishing EBNAL or overexpression of latency genes in EBV latency type | cells (data not
shown) We have previously shown that the AP1 proteins FosB and JunB bind to the
miR-155 promoter and result in miR-155 activation following BCR cross-linking (Yin et al.,
2008b). EBV latent infection is associated with AP1 activation. Here, we demonstrate that
the AP1 element is required for miR-155 expression in EBV-positive latency type 111 cells.
Also FosB and JunB, as well as possibly other AP1 proteins, ATF3 and JunD are likely
involved in EBV-induced miR-155 expression in EBV-positive latency type I11 cells through
binding to the miR-155 promoter. NF-xB p65 has been previously shown to play a role in
LMP1-induced miR-155 expression in EBV positive cells (Gatto et al., 2008; Thompson et
al., 2013). In order to investigate the NF-xB function in miR-155 activation, we blocked the
NF-kB signaling pathway by using the IkBa phosphorylation inhibitor Bay 11-7082.
Interestingly, we did not see that Bay11 acts through the major NF-xB site in the miR-155
promoter. Instead, expression of AP1 proteins JunB, ATF3 and FosB were inhibited
dramatically after Bay11 treatment. Moreover, Bay 11-7082 also reduced miR-155
expression. What is more, the MEK/ERK pathway inhibitor UO126 does not prevent the
expression of AP1 proteins or miR-155 expression in EBV-positive latency type 11 cells
(Fig. 3C). MG132, a proteasome inhibitor, did not affect AP1 protein expression or miR-155
expression, indicating that Bay 11-mediated AP1 protein inhibition is not dependent on
ubiquitination.

LMP2A and EBNA3C alone or cooperatively can activate miR-155 promoter activity, and
LMP2A activation of miR-155 is dependent on AP1 function since the reporter assay in Fig.
5B indicated that LMP2A-mediated miR-155 promoter activation decreases when the
miR-155 promoter AP1 site is mutated, and in the presence MEK/ERK inhibitors.
Therefore, LMP2A-mediated miR-155 expression is regulated by AP1 proteins through the
MAPK signaling pathway. Consistent with previous reports, LMP2A is involved in
influencing various signaling pathways, such as the B-cell receptor, MAPK and NF-xB
pathways. However, EBNA3C-mediated miR-155 activation appears unrelated to either of
the AP1 protein or MAPK signaling pathways. We intend to investigate next the role of
EBNA3s-regulated cellular signaling in regulating miR-155 expression. Our data
demonstrate that multiple EBV genes cooperate with each other in the induction of cellular
oncogene miR-155 expression, thereby contributing to various EBV-mediated malignancies.

Conclusions

In this manuscript, we defined a molecular mechanism by which EBV activates miR-155
expression in B-cell lymphoma cells (Fig. 6). Activation of miR-155 by EBV is one factor
contributing to lymphocyte oncogenesis. AP1 proteins and DNA hypomethylation are
essential elements for EBV-mediated miR-155 activation. Targeting miR-155, AP1 proteins
or DNA methylation may be an effective anti-cancer therapy for EBV-related lymphoma.

Materials and methods

Cell culture and treatments

Cells were maintained in RPMI 1640 medium (Invitrogen) supplemented with 10% fetal
bovine serum (FBS, Invitrogen) and 0.5% penicillin-streptomycin (Invitrogen). 293 cells
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were cultured in Dulbecco’s modified Eagles Medium (DMEM - Invitrogen) plus 10% FBS
and 0.5% penicillin-streptomycin. Retroviral transduced derivatives of cells cultured in the
above respective culture media plus 250 pg/ml hygromycin for pEHyg-LMP1transduced
cells and/or 1 mg/ml gentamicin for pMSCV-neo-LMP2A transduced cells (Yin et al.,
2008a). All cells were maintained at 37°C with 5% CO> in a tissue culture incubator. All
inhibitors including Bay11, UO126, UO124 and MG132 were purchased from Calbiochem.

Methylation analysis of CpG assay

DNA was prepared following the Qiagen protocol and the DNA was bisulfite modification
with EZ DNA methylation™ kit (ZYMO research), PCR and pyrosequencing analysis was
conducted by EpigenDx.

Transfection and luciferase reporter analysis

Either 1.25 pg of the wild type miR-155 promoter or mutant reporter plasmids (pGL3basic-
miR-155p, and pGL3basic-miR-155p-AP1mut, -NF-xBmut, -ETSmut and -PU.1muts) were
co-transfected with the indicated concentration of the pSG5-LMP2A and/or pcDNA3-
EBNA3C plasmid into 2 x 10% Mutu cells using Lipofectamine (Invitrogen) per the
manufacturer’s instructions. Cells were harvested 48 hours post-transfection and analyzed
for luciferase reporter activity according to the manufacturer’s protocol (Promega). Co-
transfection of pcDNA3-EBNA3A, -3B, -3C, pSG5-LMP2A, -LMP1, and -EBNA2 were
performed with Amaxa® Nucleofector™ Kit V in EBV-negative cells DG75 and cells were
harvested for RT-PCR after 72 hours.

Real-time RT-PCR analysis

Total RNA was prepared using an RNeasy plus mini kit (Qiagen, cat# 74136) and cDNA
was synthesized using the iScript cDNA Synthesis kit (BioRad, Cat# 170-8890). Real-time
RT-PCR for pri-miR-155 and G3PDH was performed using the published condition and
primers (Yin et al., 2008b). The relative gene expression was calculated by 2"22€T method,
in which AACt = (ACt average in the control cells) — (ACt in the EBV gene-transduced
cells), and AGt = (Gt value of pri-miR-155) — (Gt value of G3PDH).

Western blot analysis and antibodies

Cells were lysed in 1X SDS page loading buffer, sheared with ultrasound and heated at 95 C
for 10 minutes. Protein concentrations were determined using a ND-1000 spectrophotometer
(NanoDrop). Twenty-five pg of total protein was loaded in each well and separated in a 4—
20% Tri-HCI Criterion Precast gel (BioRad, cat# 345-0033), then transferred to a
nitrocellulose transfer membrane (Whatman Schleicher & Schuell, cat# 10 401196). The
membranes were incubated overnight at 4°C with primary antibody in Tris-buffered saline
(TBS) containing 5% low-fat powdered milk. The membranes were washed 3X (10 minutes
each) in TBS buffer, incubated for 1 hour at room temperature with the appropriate
secondary antibody in TBS buffer containing 5% low-fat powdered milk. Membranes were
washed 3X (15 minutes each) in TBS buffer and subjected to image analysis using an
Odyssey infrared imaging system (Li-Cor Biosciences). Actin, JunB, FosB, JunD and ATF3
antibodies were purchased from Santa Cruz Biotechnology.
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Generation of stable LMP1/LMP2A expressing cell lines

Cell lines with stable expression of EBV latency genes, pEHyg-LMP1 and/or pMSCV-neo-
LMP2A were generated using a retrovirus infections method following the published
protocol (Yin et al. 2008a) in the BL30 EBV-negative cell line.

Chromosome Immunoprecipitation (ChIP)

ChIP assay was performed as described before (Yin et al., 2008b). Briefly, 2 x 107 cells
were cross-linked with 1% of formaldehyde and lysed in 400ul of RIPA buffer. The
chromatin was sonicated to an average size of 600bp. The 400ug of resulting protein was
used for IP with antibodies, JunB, FosB, ATF3, JunD, H3 or Acetylate-H4, and 100 ug of
protein as input. The resulting immunoprecipitate and inputs were incubated with RNase A
for 1 hour at 37°C then digested for 5 hours using proteinase K. Samples were resuspended
in 20 pl of H,O for PCR after phenol/chloroform-extraction and ethanol-precipitation. PCR
condition and primers were used as described before (Yin et al. 2008b).

Electrophoretic Mobility Shift Analysis (EMSA)

EMSA experiments were carried out following the protocol described as previously (Yin et
al., 2008b). The AP1 probe and its competitor oligonucleotides are identical to those
previously described in Yin (Yin et al., 2008b).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

The DNA methylation of miR-155 CpG island regulates miR-155 expression in
EBV-positive cells.

AP1 signaling pathway is involved in EBV-mediated miR-155 activation.

The regulation of miR-155 by EBV is dependent on more than one EBV gene or
multiple cell signaling pathways.
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Fig. 1. Analysis of the miR-155 CpG island methylation profile in EBV-positive and EBV-

negative cells

DNA methylation was sequenced across part of the promoter and first exon of miR-155 from
—11 to 443 relative to the TTS. A. The sequence of the miR-155 CpG island and the
sequenced CpG sites are labeled in red. B. MiR-155 CpG island methylation status in EBV-
positive and EBV-negative cells. DNA methylation levels at indicated regions were shown as
a percentage value in the various cell lines. The analyzed cells include EBV latency type |
cells (Mutu, Akata and Rael), EBV latency type 11 cells (JC5, Dana, Boston, Alwife, JY and
P3HRL1) and EBV negative cell (DG75). Mutu Bulk Cntl, an EBV-positive latency type | cell
line, was treated with DNA demethylating agents Zebularine (Mutu Bulk Zeb) or 5-aza-

deoxycytidine (Mutu Bulk 5A).
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Fig. 2. AP1 proteins bind to the miR-155 promoter in EBV latency type 111 cells
A. An electrophoretic motility shift analysis (EMSA) was performed using the miR-155

AP1 elements as the probe; with or without competitor oligos, the wild type miR-155 AP1
(AP1wt) and the mutant miR-155 AP1 (AP1mut); and supershift was conducted with AP1
antibodies, JunB and FosB; in EBV latency type I cells (Mutul or Akata) or type 111 (X50-7
or JY) cells. — indicates without competitor oligonucleotide (oligo). B. A ChIP assay was

conducted with antibodies against Histone 3 (H3), acetyl-Histone 4 (Ac-H4) and AP1
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protein, JunB, FosB, ATF3 and JunD, and PCR with specific primers spanning the miR-155
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promoter (155p) region and non-specific primers spanning the first intron of the miR-155
gene (Intron 1) in EBV latency type 11 cells (X50-7 and 1B4). Input was 1/10 of each ChIP
reaction. ImageJ software was used for quantitation.
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Fig. 3. Bayl1 inhibits pri-miR-155 and AP1 gene expression in EBV latency type I11 cells
A-C. X50-7 (A) and 1B4 (B & C) cells were treated with an NF-xB inhibitor and MEK

kinase inhibitors for 48 hours and cells were harvested for RT-PCR to detect pri-miR-155
expression (top panel) and for western blot to detect AP1 protein expression (bottom panel).
Bay-U indicates treatment with Bay 11 plus UO126. Relative expression in percentage was
compared to the DMSO 272ACT value. D. A luciferase assay was performed to analyze the
activity of miR-155 promoters; wild type (155pwt) vs. AP1 mutant (155pAP1mut), in
response to treatment with signaling pathway inhibitor Bay11 in IB4 cells. The relative
luminescence units (RLU) fold change value is compared with the RLU measured in control
(Cntl), pGL3-basic.
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Fig. 4. EBV genes activate endogenous pri-miR-155 expression
A-C. Latency membrane proteins induced pri-miR-155 expression. Stable expression of

EBV genes, LMP2A (LMP2A-1 & LMP2A-2, L2A) and/or LMP1 (LMP1-1, LMP1-2 &
LMP1-3, L1) was performed in the EBV-negative cell line BL30, and RNA was extracted
for real-time RT-PCR to detect endogenous pri-miR-155 expression. D. Assessment of the
effect of EBV latent genes on pri-miR-155 expression. Transient transfection was conducted
to co-express EBNA3C, LMP2A and EBNA3C (E3C-L2A), LMP2A, EBNA3C, EBNA2
and LMP1 (E3C-L2A-E2-L1), or LMP2A, EBNA3A/3B/3C, EBNA2 and LMP1 (E3A-B-C-
L2A-E2-L1) in EBV-negative cells (DG75), and followed by RNA extraction for RT-PCR 72
hours post transfection. The relative expression fold change of pri-miR-155 was calculated
based on the 272ACT valye.
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Fig. 5. LMP2A and EBNA3C regulate miR-155 promoter activity
A. LMP2A and EBNA3C activate miR-155 promoter activity in a dose dependent manner.

Co-transfection of wild type miR-155 promoter (pwt) with LMP2A and/or EBNA3C at the
indicated concentrations into EBV-negative cells (MutuE1ldn) was performed and a
luciferase assay was conducted after 48 hours. The RLU fold change was calculated on the
basis of the RLU value without LMP2A and/or EBNA3C. B. The miR-155 promoter AP1
mutant (pAP1mut) was activated by 5ug of EBNA3C but not by 0.5ug of LMP2A or 0.5ug
of LMP2A plus 5ug of EBNA3C (LMP2A-EBNA3C). LMP2A and/or EBNA3C were co-
transfected with miR-155 promoter wild type (pwt) or miR-155 promoter mutants
(pAP1mut, pEtsmut, pNF-xBmut and pPU.1muts) into EBV-negative MutuEldn cells and
cells were harvested for a luciferase assay after 48 hours. The RLU fold change was
calculated on the basis of the RLU value of control (Cntl), pGL3-basic. C. MEK kinase
inhibitors inhibit LMP2A-mediated miR-155 promoter activity but not EBNA3C-mediated
miR-155 promoter activity. Wild type miR-155 promoter (pwt) was co-transfected with
LMP2A or/and EBNA3C, then cells were treated with the MEK inhibitors U126 or
PD98095, or with the NF-xB inhibitor Bay11, and a luciferase assay was carried out after 48
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hours. The RLU fold change was calculated on the basis of the RLU value of control (Cntl),
no LMP2A and/or EBNA3C.
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Fig. 6. The regulation of miR-155 expression by DNA methylation and AP1 in EBV-positive cells
In EBV latency type I cells, hypermethylated DNA at the miR-155 CpG island represses

miR-155 expression. In EBV latency type Il1 cells, hypomethylation of the CpG island
allows for miR-155 expression. What is more, EBV latency genes such as LMPs induce
expression of AP1 genes, which bind to the AP1 site on the miR-155 promoter to activate
miR-155 expression.
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