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Abstract
Epstein‐Barr virus (EBV) is a ubiquitous human gamma‐herpesvirus which
chronically infects >95% of the global population, and can give rise to a number of
malignancies in B cells and epithelial cells. In EBV latently infected epithelial cells, such
as nasopharyngeal carcinoma (NPC) and gastric carcinoma (GaCa) cells, viral protein
expression is low. In contrast, a cluster of viral microRNAs (miRNAs) called miR‐BARTs
is highly expressed. MiRNAs are small non‐coding RNAs which regulate gene
expression by binding to complementary sequences in mRNAs. It is likely that miR‐
BARTs play a crucial role in EBV‐infected epithelial cells, however a comprehensive
understanding of miR‐BARTs is currently lacking. Here, I present two studies utilizing
the phenotypic and the target approaches, respectively, to demonstrate that miR‐BARTs
can inhibit apoptosis and activate the Wnt signaling pathway. To discover miR‐BARTs
that can inhibit apoptosis, I individually expressed miR‐BARTs in the EBV‐ GaCa cell
line AGS, and identified five miR‐BARTs that conferred this phenotype. To identify pro‐
apoptotic genes targeted by the five anti‐apoptotic miRNAs, I validated one previously
published target and identified nine novel targets by performing photoactivatable
ribonucleoside‐enhanced crosslinking and immunoprecipitation (PAR‐CLIP) in the
EBV+ NPC cell line C666. Next, I thoroughly demonstrated that the 10 candidate target
genes were substantially suppressed by expression of the relevant miR‐BARTs, as
measured by 3’UTR‐containing firefly luciferase (FLuc) expression, mRNA and protein
iv

levels, and knockdown of seven of the 10 candidate genes could suppress apoptosis,
mimicking the effects of relevant miR‐BARTs. On the other hand, in order to identify
miR‐BARTs that can activate the Wnt signaling pathway, I analyzed the PAR‐CLIP data
set of C666 cells and discovered nine anti‐Wnt signaling targets of miR‐BARTs,
including seven novel genes and two pro‐apoptotic genes identified above. Using FLuc
3’UTR indicator assays, I proved that the 3’UTRs of all seven newly identified anti‐Wnt
signaling genes were indeed targeted by the relevant miR‐BARTs identified by PAR‐
CLIP. Utilizing a Wnt signaling FLuc reporter TOPflash which measures the Wnt
signaling activation, I confirmed that expression of many miR‐BARTs that target Wnt
signaling inhibitors can indeed upregulate the Wnt signaling pathway. Together, my
results identified and validated a substantial number of novel targets of miR‐BARTs
involved in apoptosis and the Wnt signaling pathway, indicating that EBV may employ
miR‐BARTs to heavily target these two pathways to facilitate chronic infection.
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1. Introduction
1.1 MicroRNA biogenesis and cellular roles
MicroRNAs (miRNAs) are a class of ~22 nt small non‐coding RNAs which are
expressed by eukaryotic cells and a number of viruses [1‐3]. In most cases, miRNAs are
first transcribed by RNA polymerase II as pri‐miRNAs, and are cleaved by the RNase III
enzyme Drosha to generate RNA hairpins called pre‐miRNAs. The pre‐miRNA hairpins
are then exported by Exportin‐5 to the cytoplasm, and are subsequently cleaved by
another RNase III enzyme Dicer to generate double‐stranded RNA duplexes [1, 4, 5].
The double‐stranded duplexes are then incorporated into RNA‐induced silencing
complexes (RISCs) by binding to Argonaut proteins (Agos), and one strand of the RNA
duplex ultimately becomes a mature miRNA (Fig.1) [5]. MiRNAs regulate gene
expression by binding to complementary sequences, predominantly found in the 3’UTRs
of mRNAs [6]. MiRNAs can directly cleave mRNA targets via RISC‐associated Ago2,
resulting in mRNA degradation, if the targeted mRNAs bear comprehensively
complementary sequences to them [7‐10]. Alternatively and more commonly, if the
mRNAs only bear partially complementary sequences, targeting by miRNAs will result
in translational inhibition and mRNA destabilization (Fig. 1) [7, 11‐13]. Of particular
importance in miRNA:mRNA targeting is the complementarity of the ‘seed sequence’
from nucleotide position 2 to 8 from the 5’ end of the miRNA, as it has been shown from
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both functional and structural studies that perfect seed sequence complementarity is
crucial for miRNAs to bind to mRNA targets [6, 14].

Figure 1. Overview of miRNA biogenesis.
Pri‐miRNAs are cleaved by Drosha to become pre‐miRNAs which are
transported to the cytoplasm. In the cytoplasm, pre‐miRNAs are further processed by
Dicer to generate double‐stranded RNA duplexes. One strand incorporated into RISCs
ultimately becomes a mature miRNA. MiRNAs can regulate gene expression by either
mRNA degradation or translation inhibition.
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1.2 Viruses and miRNAs
1.2.1 Virally encoded miRNAs
Viral miRNAs serve as convenient tools for viruses to tap into gene expression
networks in infected cells. For example, viral miRNAs require limited viral DNA
sequences to be encoded and expressed, as a typical pre‐miRNA hairpin is only ~80 bp
long. In many cases, viral miRNA expression regions are even embedded into other viral
protein‐coding genes to make viruses more compact [15‐18]. The small size of miRNAs
also allows multiple viral miRNAs to be expressed and regulated from short genomic
regions [15‐18]. In contrast to viral proteins, viral miRNAs are not immunogenic, and
thus are especially beneficial to latent infection as it is important for viruses in this phase
of infections to evade host immune responses to develop quiescent long‐term infection.
From a functional perspective, a single viral miRNA can simultaneously target multiple
mRNAs, and it can also regulate different mRNA targets to various degrees, thus
optimizing the gene expression contexts to favor the viral life cycle.
A number of DNA viruses and retroviruses have been shown to express viral
miRNAs, especially during chronic infection (Table 1). However, to date, no RNA virus
has been shown to have the ability to encode miRNAs, probably because the cleavage of
vRNAs to generate miRNAs would destroy the genomic viral RNAs. In the infected
cells, viral miRNAs can manipulate viral transcriptomes, and some viral miRNAs, such
as EBV‐miR‐BART2 and HSV‐1 miR‐H4, are encoded antisense to viral protein‐coding
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mRNAs, so that they can directly regulate latent infection by suppressing the antisense
viral genes [15, 17]. However, in the majority of cases, viral miRNAs bind to cellular
mRNA targets to create a favorable environment for viral infection. Some miRNAs, such
as KSHV miR‐K11 and MDV miR‐M4, are functional homologs to oncogenic cellular
miRNAs to mimic their functions in cells [19, 20].
Together, viral miRNAs can regulate both cellular and viral gene expression. So
far, viral miRNAs expressed by several viruses have been shown to facilitate cellular
transformation [21‐23], promote proliferation and cell cycle [23‐25], inhibit apoptosis [26,
27] and dampen immune responses [28, 29]. These studies altogether demonstrated the
crucial roles of viral miRNAs in chronic viral infections and virus‐associated
malignancies. As many viruses encode multiple miRNAs (Table 1), simultaneous viral
miRNA expression may also synergically optimize cellular gene expression network to
ensure the long‐term survival of the viruses. However, as cellular targets of miRNAs are
difficult to identify, resulting from the fact that they only bear partial complementarity
to viral miRNAs, a full understanding of viral miRNAs is currently remains elusive.
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Table 1. Overview of virally encoded miRNAs.
Abbreviations: HSV‐1, herpes simplex virus‐1; HSV‐2, herpes simplex virus‐2;
MDV‐1, marek’s diseases virus type 1; MDV‐2, Marek’s diseases virus type 2; HVT,
herpesvirus of turkeys; ILTV, infectious laryngotracheitis virus; hCMV, human
cytomegalovirus; mCMV, mouse cytomegalovirus; EBV, Epstein‐Barr virus; KSHV,
kaposi’s sarcoma‐associated herpesvirus; RRV, rhesus monkey rhadinovirus; MHV‐68,
murine herpesvirus‐68; rLCV, rhesus, lymphocryptovirus; EEHV, Elephant
endotheliotropic herpesvirus; PrV, psedorabies virus; SA12, simian agent 12; MCV,
Merkel cell polyomavirus; JCV, John Cunningham virus; BKV, B.K. virus; SV40, simian
virus 40; PyV, polyoma virus; hAV, human adenovirus, HvAV, Heliothis virescens
ascovirus; TTV, torque teno virus; BFV, bovine foamy virus; BLV, bovine leukemia
virus; ALV‐J, avian leukosis virus.
Virus family

Herpesviruses

Polyomaviruses

Adenoviruses
Ascoviruses
Anellovirus
Retroviruses

Virus
HSV‐1
HSV‐2
MDV‐1
MDV‐2
HVT
ILTV
hCMV
mCMV
EBV
KSHV
RRV
MHV‐68
rLCV
EEHV
PrV
SA12
MCV
JCV
BKV
SV40
PyV
hAV
HvAV
TTV
BFV
BLV
ALV‐J

Host
Human
Human
Chicken
Chicken
Turkey
Chicken
Human
Mouse
Human
Human
Monkey
Mouse
Monkey
Elephant
Pig
Monkey
Human
Human
Human
Monkey
Mouse
Human
Insect
Human
Cow
Cow
Chicken
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# of pre‐miRNAs
8
6
14
18
17
7
11
18
25
12
15
9
32
5
11
1
1
1
1
1
1
2
1
1 or 2
2
5
1

Reference
[17, 30]
[18, 31, 32]
[33, 34]
[35]
[35]
[35]
[36]
[37, 38]
[15, 39, 40]
[16, 41]
[42]
[43]
[15]
[44]
[45]
[46]
[47]
[48]
[46]
[49]
[50]
[51]
[52]
[28]
[53]
[54]
[55]

1.2.2 Interaction of viruses with host miRNAs
Given the importance of miRNAs during viral infections, it is not surprising to
observe that viruses also manipulate host miRNAs. For example, viral infections can
strongly upregulate some cellular miRNAs, such as in the case that EBV infection in
naïve B cells boosts the expression of miR‐155 by more than 20 fold [56]. Conversely,
several viruses drastically inhibit certain cellular miRNAs by encoding ‘miRNA sponge‐
like’ inhibitors (e.g., HSUR 1&2 in Herpesvirus saimiri [57] and m169 in murine
cytomegalovirus (MCMV) can both target and degrade miR‐27 [58, 59]). Aside from
manipulating expression levels of certain cellular miRNAs, several viruses also
functionally interact with and hijack cellular miRNAs. For example, HCV has been
shown to recruit miR‐122 to the 5’UTR region of the viral genomic RNAs, and this
association with miR‐122 stimulates viral gene expression [60], boosts viral RNA
synthesis[61] and protects viral genomes from degradation [62, 63]. Recruitment of miR‐
122 to HCV RNAs also functionally sequesters miR‐122 from targeting cellular targets to
facilitate long‐term infection [64]. On the other hand, HSV‐1 makes use of a neuron‐
specific miRNA, miR‐138, to target a viral lytic transcript, ICP0, to suppress lytic
reactivation in neuron cells [65]. In contrast, adenovirus encodes two non‐coding RNAs,
VA I & II, to functionally inhibit miRNA biogenesis by inhibiting nuclear export and
Dicer processing [66, 67]. Together, these studies show that different viruses may
6

employ distinct strategies to manipulate cellular miRNAs to create a favorable
environment for infection and replication.

1.3 EBV and miRNAs
Epstein‐Barr virus (EBV) is a gamma‐herpesvirus which chronically infects ~90%
of the global population [68]. Latent infection of EBV is in most cases asymptomatic;
however, EBV has been shown to be associated with a number of B‐cell and epithelial
cell malignancies, including Hodgkin’s lymphoma (HL), Burkitt’s lymphoma (BL),
diffuse large B‐cell lymphoma (DLBCL), post‐transplant lymphoproliferative disease
(PTLD), nasopharyngeal carcinoma (NPC) and gastric carcinoma (GaCa) [68]. Infection
of EBV can immortalize naïve B cells to lymphoblastoid cell lines (LCLs) in vitro.
During latent infections, EBV develops distinct latency types, in which the virus
differentially expresses 6 EBNA proteins (EBNA‐1, 2, 3A, 3B, 3C and LP), 3 LMP
proteins (LMP‐1, 2A and 2B), 2 non‐coding EBER RNAs and 25 pre‐miRNAs. The 25 pre‐
miRNAs can be further divided into 2 clusters based on genomic regions, a 3 BHRF1
pre‐miRNA cluster within the BHRF1 gene and a 22 BART pre‐miRNA cluster in the
introns in the BART gene (Table 2) [15, 69, 70]. miR‐BHRF1 miRNAs are highly
expressed in latency III B cells, such as LCLs, but are absent in other latencies except for
Wp‐restricted latency III. On the other hand, miR‐BARTs are modestly expressed in B
cells in different latencies, but are especially highly expressed in latency II epithelial cells
7

such as NPCs (Fig. 2) [15, 40, 70‐72]. Consistent with this expression pattern, mutational
ablation of the miR‐BHRF cluster severely impairs B‐cell transformation and early
proliferation by EBV [21, 22], whereas deletion of all 22 miR‐BARTs at best presents a
modest phenotype in either transformation or proliferation [73, 74]. On the other hand,
resulting from the lack of feasible in vitro systems to study epithelial transformation, the
roles of miR‐BARTs in epithelial cells such as NPCs are not well understood. However,
studies using the GaCa cell line AGS strongly suggest that expression of miR‐BART is
crucial for oncogenesis of epithelial cells infected with EBV both in vitro and in vivo [25,
26, 75].
Apart from virally encoded miRNAs, EBV infection of B cells such as LCLs also
drastically alters cellular miRNA expression patterns. In latently infected LCLs, EBV
strongly induces oncogenic miRNAs such as miR‐155, miR‐146 and miR‐34a [76], and
inactivation of miR‐155 by miRNA inhibitors induces cell death and completely
abolishes cell proliferation [56]. Together, EBV can express viral miRNAs and
manipulate cellular miRNAs to favor chronic infections by promoting cell survival and
proliferation.
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Table 2. Viral gene expression programs in different latencies.
In latency III, all viral genes, including 6 EBNAs, 3 LMPs, 2 EBERs, BHRF1 and
BART miRNA clusters are expressed. However, in latency I & II, EBNA2, 3A‐C, LP, and
BHRF1 miRNA clusters are not expressed; in latency I, LMP1, 2A/B are also absent. In a
subset of BL cells (latency I), passage through cell culture or deletion of EBNA2 will
cause cells to alternatively use Wp to develop an expression program similar to latency
III.

Viral
expression

Associated
diseases/ cell
lines

Latency I

Latency II

Latency III

Wp‐Restricted

EBNA1;
EBERs; miR‐
BARTs

EBNA1;
EBERs;
LMP1,2A/B;
miR‐BARTs

EBNA1,2,3A‐C,
LP;
LMP1,2A/B;
EBERs; miR‐
BHRFs; miR‐
BARTs

EBNA1,3A‐C.
LP;
LMP1,2A/B;
EBERs; miR‐
BHRFs; miR‐
BARTs

BL

NPC; GaCa;
HD; T/NK
lymphoma

PTLD; DLBCL;
LCL

BL

9

Figure 2. EBV encodes 25 pre‐miRNAs.
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2. EBV BART miRNAs target multiple pro-apoptotic
cellular genes to promote epithelial cell survival
2.1 Summary
While miR‐BARTs are highly expressed in latency II epithelial cells such as
NPCs, their cellular roles are not well studied [15, 40, 71, 72]. Although previous
research has shown that expression of the miR‐BART miRNA cluster can inhibit
apoptosis in response to etoposide [26], a DNA damage inducer by inhibiting
Topoisomerase II, a full understanding of the genes directly targeted by miR‐BARTs
which can account for this phenotype is currently lacking. To obtain a comprehensive
understanding of how miR‐BARTs inhibit apoptosis, I first stably expressed all miR‐
BARTs, except for miR‐BART20, in the EBV‐ GaCa cell line AGS, and demonstrated that
miR‐BART3, 6, 8, 16 and 22 inhibited etoposide‐induced apoptosis. To study the genes
directly targeted by the five anti‐apoptotic miR‐BARTs that can explain this phenotype, I
tested previously identified genes targeted by BART miRNAs and comprehensively
profiled the BART miRNA targetome in the naturally EBV‐infected NPC cell line C666
by utilizing photoactivateable ribonucleoside‐enhanced cross‐linking and
immunoprecipitation (PAR‐CLIP). As a result, I identified a total of 10 pro‐apoptotic
genes, nine of which were captured by PAR‐CLIP. Using 3’UTR‐containing firefly
luciferase (FLuc) reporter assays, qRT‐PCR and Western blot, I thoroughly
demonstrated that expression of the cognate miR‐BARTs can directly target and
suppress the expression of the 10 candidate pro‐apoptotic genes. In addition, I utilized
11

artificial miRNAs (amiRNAs) to suppress the candidate genes and that individual
suppression of 7 of the 10 candidate genes can inhibit apoptosis, mimicking the effects of
relevant miR‐BART expression. Together, these data represent a substantial
advancement in our understanding of the role of the miR‐BART miRNAs during
apoptosis. As inhibition of apoptosis is crucial to promote oncogenesis, this study also
greatly enhances our knowledge of EBV‐associated malignancies.

2.2 Introduction
The accurate identification of mRNA targets, and more importantly, the
discovery of mRNA targets that are phenotypically relevant, remains the most difficult
challenge in understanding miRNA function. This is difficult partially because it is
impossible to correctly assign mRNA targets to miRNAs in the vast human
transcriptome only based on seed homology, as a 6mer sequence perfectly
complementary to the minimal seed region (position 2 to 7) of any given miRNA
theoretically occurs every ~4000 bps (46=4096). Furthermore, the targeting of miRNAs is
also complicated by other parameters, such as accessibility of certain regions in mRNAs
resulting from secondary structures or RNA‐binding proteins. This is even more
difficult in the case of virally encoded miRNAs as these are subject to rapid evolution
and, unlike cellular miRNA target sites, which have co‐evolved with host cell miRNAs,
cellular mRNA targets for viral miRNAs are generally not evolutionarily conserved.
12

Efforts to identify important mRNA targets for viral miRNAs have therefore generally
followed one of two approaches, which have been respectively referred to as the
“bottom‐up” and “top‐down” approach. In the “top‐down” approach, the investigator
first identifies a phenotype exerted by a miRNA then seeks to determine which mRNA
target(s) is responsible for this phenotype. Conversely, in the “bottom‐up” approach, the
investigator first uses computational methods or experimental techniques, such as
microarray analysis or a cross‐linking/immunoprecipitation approach, to globally
identify mRNA targets for a given viral miRNA, then seeks to confirm that the
phenotypic effect predicted upon downregulation of a given mRNA target is actually
observed. These approaches are not, of course, mutually exclusive, as tools for the global
identification of mRNA targets for a given viral miRNA can provide critical information
for efforts to identify the mRNA target(s) that explain a miRNA phenotype.
Epstein‐Barr virus (EBV) encodes two miRNA clusters that are differentially
expressed during latent EBV infection [15, 39, 40, 70]. In latency III, as seen for example
in lymphoblastoid cell lines (LCLs) of primary B‐cell origin, EBV expresses a high level
of the three viral pre‐miRNAs encoded in the miR‐BHRF1 cluster and moderate levels of
the 22 pre‐miRNAs encoded in the miR‐BART cluster [15, 70, 77]. Consistent with this
expression pattern, mutational inactivation of the miR‐BHRF1 cluster severely impairs
B‐cell transformation by EBV, with the resultant LCLs showing a slow growth
phenotype, while loss of all 22 miR‐BARTs has at most a modest effect on B‐cell
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transformation [21, 22, 73, 74]. Conversely, in EBV‐transformed epithelial cells that are in
latency II, including nasopharyngeal carcinoma (NPC) cells and EBV‐induced gastric
carcinomas, the miR‐BHRF1 cluster is not expressed while the miR‐BARTs are
transcribed at substantial levels [15, 40, 70‐72]. Whether the miR‐BART miRNAs are
required for the transformation of primary human epithelial cells by EBV remains
unclear, due to the lack of good in vitro systems to study this process. However, analysis
using the gastric carcinoma cell line AGS strongly suggests that this is likely to be the
case. AGS cells are normally EBV‐negative but can be readily infected by EBV to
establish a latent infection marked by high level expression of the miR‐BARTs, as well as
the viral EBNA1 protein and the EBER non‐coding RNAs, but only very low levels of the
other viral latent proteins, including LMP1 and EBNA2 [25, 78]. Strikingly, EBV+ AGS
cells show enhanced anchorage independent cell growth and the ectopic expression of
the miR‐BART miRNAs in AGS cells also inhibits apoptosis [25, 26, 79]. This latter result
is consistent with a number of reports that have provided evidence for the
downregulation of pro‐apoptotic cellular genes by individual miR‐BART miRNAs [26,
73, 79‐82]. However, at present a full understanding of how the EBV miR‐BART
miRNAs inhibit apoptosis to promote the viability of EBV‐infected epithelial cells
remains elusive.
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2.3 Materials and methods
2.3.1 Cell cultures and plasmids
C666, AGS and HEK293T cells were cultured using RPMI 1640, Ham’s F‐12 and
Dulbeccoʹs Modified Eagle Medium (Gibco), respectively, supplemented with 10% fetal
bovine serum and 10 μg/ml gentamicin. All cell cultures were maintained at 37C with
5% CO2.
Lentiviral miR‐BART miRNA expression vectors used for FLuc‐based 3’UTR
reporter assays were generated in the pLenti‐CMV‐Blasticidin (pLCB) backbone, and
individual ~300 bp EBV miRNA expression regions, as previously described [83], were
inserted into the 3’UTR of the blasticidin gene using unique XhoI and XbaI sites.
Functional expression of individual miR‐BART miRNAs was confirmed using miRNA
indicator assays, stem‐loop‐qRT‐PCR and deep sequencing.
Lentiviral miR‐BART miRNA expression vectors used for transduction of AGS
cells were generated in the pTRIPZ backbone (Open Bioystems) (doxycycline inducible
turboRFP, puromycin selectable), with EBV miRNA expression regions inserted into the
3’ UTR of the turboRFP gene using XhoI and EcoRI sites.
FLuc‐based 3’UTR reporter plasmids were generated using the pLenti‐SV40‐GL3
(pLSG) backbone [84] by inserting 3’UTRs of candidate cellular target mRNAs (see Table
3 for full description of the inserted sequences) into the 3’UTR of FLuc between unique
XhoI and XbaI sites. PCR primers used to clone the 3’UTRs are listed in Table 3. To
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generate mutant 3’UTR reporter plasmids, internal primers bearing transversion
mutations of the nucleotides pairing to seed positions 2, 4 and 6 of the miRNA were
utilized, together with the primers listed in Table 3, to clone mutant forms of the 3’UTR
regions from the wild‐type 3’UTR reporter plasmids by overlap extension PCR. To clone
a truncated SH2B3 3’UTR, an internal forward primer and the reverse primer listed in
Table 3 were utilized. The PCR primers used to clone the mutant 3’UTRs are listed in
Table 4.
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Table 3. Derivation of FLuc‐based reporter plasmids based on cellular mRNA 3’UTRs.
Shown are the sequences of the two PCR primers used to clone human mRNA 3’UTRs, using mRNA obtained from
293T cells, the native 3’UTR length, the PCR‐amplified 3’UTR length used in the indicator plasmids, the location of the BART
miRNA binding clusters identified by the PAR‐CLIP performed here using C666 cells and the miR‐BART interaction sites on
mRNA 3’UTRs proposed by others and reported in the literature.
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Primer
Name
CASZ1‐
FW‐XHO1
CASZ1‐
RV‐XBA1
FEM1B‐
FW‐XHO1
FEM1B‐
RV‐XBA1
OCT1‐
FW‐XHO
OCT1‐RV‐
SPE
ARID2‐
FW‐XHO
ARID2‐
RV‐NHE1
CREBBP‐
FW‐SAL
CREBBP‐
RV‐XBA

Sequence

3ʹUTR Full
Length

PCR
Length

PCR
Start

PCR
End

Cluster
Start

Cluster
End

2339

1373

829

2201

1866

1892

4623

1100

2

1101

22

42

11536

2051

9130

11180

10089

10127

2964

2856

39

2894

403

432

2664

2511

49

2559

567

596

Proposed
Site Start

Proposed
Site End

Comments

5ʹ‐caactcgagAAGAAAGCAGGCGTGGTGAGAG‐3ʹ
5ʹ‐caatctagaTTAATAACCAGGTGCCGAGGAGAC‐3ʹ
5ʹ‐caactcgagTGACTGGATATGTAAAGTCGTTT‐3ʹ
5ʹ‐caatctagaCAGACACAATTACCTTTCAAGTGGC‐
3ʹ
5ʹ‐caactcgagTGGGTAGAAGGGAAGACACCAAAG‐
3ʹ
5ʹ‐caaactagcAGATAACAAGGTCCAGCACGCAA‐3ʹ
5ʹ‐caactcgagAGCCACATTTCACATACTGTTACTG‐
3ʹ
5ʹ‐caagctagcAATGAGACGAGTTCTCAGGTGTGGG‐
3ʹ
5ʹ‐caagtcgACTGAAAATCCAGGCATCTAGG‐3ʹ
5ʹ‐caatctagACAGCATGAGACACAGCGTTGG‐3ʹ

N/A

Captured
in BC1
PAR‐CLIP
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SH2B3‐
FW‐XHO
SH2B3‐
RV‐SPE
TP53INP1‐
FW‐XHO
TP53INP1‐
RV‐XBA
PAK2‐
FW‐XHO
PAK2‐RV‐
XBA
PPP3R1‐
FW‐XHO
PPP3R1‐
RV‐XBA
TOMM22‐
FW‐XHO
TOMM22‐
RV‐XBA
DICE1‐
FW‐XHO
DICE1‐
RV‐XBA
STAT1‐
FW‐XHO
STAT1‐
RV‐XBA
CASP3‐
FW‐XHO
CASP3‐
RV‐SPE
BID‐FW‐
XHO
BID‐RV‐
XBA

5ʹ‐caactcgagAGGAGCACAGGCAGAAGTGTGAAC‐
3ʹ
5ʹ‐caaactagtTCTAGCTTGTGGGAGATGTTAGAGC‐
3ʹ
5ʹ‐
caactcgagACCTCTGAAAACCAAACCAGTACCT‐3ʹ

3321

3049

37

3085

1251

1271

4508

540

3928

4467

4411

4434

4242

1509

1479

2987

2229

2257

2107

1988

62

2049

770

794

972

940

9

948

102

125

525

520

6

525

6

30

1669

1616

7

1622

809

814

Not a seed

Not a seed

5ʹ‐caatctagaTGTAACTCCAGGTAGTGCAAAATG‐3ʹ
5ʹ‐ccactcgagTGGTATTATCTATGAGAACTTGAGC‐
3ʹ
5ʹ‐ccatctagaACGCCTGTAACTGCAGCACTTTG‐3ʹ
5ʹ‐caactcgagAAGACGTCCAGCAATGCTCTCT‐3ʹ
5ʹ‐caatctagACAACATGACGTATCATGCAGAAG‐3ʹ
5ʹ‐caactcgagTGCTGTTTGAGCTGTCTCAGTG‐3ʹ
5ʹ‐caatctagaCCTATTCCCCAGAAATCAGTACTAT‐
3ʹ
5ʹ‐caactcgagAATAGAATGTGGCCACTTATTTCAC‐
3ʹ
5ʹ‐caatctagaTAAAATAGAGCATTTATTGATGGAA‐
3ʹ

Captured
in BC1
PAR‐CLIP

5ʹ‐caactcgagAATTTTTTTCATCTTCTCTGGCGAC‐3ʹ
5ʹ‐caatctagaAGTGCAGTAAAATGAAACCATGCC‐
3ʹ
5ʹ‐caactcgagCCAAGTGAGAAGATGGTATATTTGG‐
3ʹ
5ʹ‐
caaactagtTTGAATGTATATTTTGAAATAAAAATG
G‐3ʹ
5ʹ‐caactcgagTGTATAGCTGCTTCCAGTGTAGACG‐
3ʹ
5ʹ‐caatctagaAGCGTGGTATGTATTGCATGCTG‐3ʹ

N/A
1576

1546

29

1574

388

401

1409

1286

50

1335

734

743
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PUMA‐
FW‐XHO
PUMA‐
RV‐XBA
PTEN‐
FW‐XHO
PTEN‐RV‐
NHE
ECAD‐
FW‐XHO
ECAD‐
RV‐XBA
EBF1‐FW‐
NHE1
EBF1‐RV‐
MFE1
BIM‐FW‐
SAL
BIM‐RV‐
XBA

5ʹ‐caagtcgacTTTTGCTTGTTCAAACCAACAAGAC‐
3ʹ
5ʹ‐caatctagaTTACCCTGTCAAAATTCATCAGTGC‐
3ʹ

DICER‐
FW‐XHO

5ʹ‐
caactcgagAGAAAGATAAGGTTTTCGAGAGGAG‐3ʹ

5ʹ‐caactcgagAAGAAGCCAGGAGAGGGACG‐3ʹ
877

686

112

797

487

492

6458

2457

742

3198

1762

1770

2049

1747

228

1974

1795

1800

3191

2831

134

2964

N/A

N/A

4217

4084

36

4119

N/A

N/A

1092

1097

1932

1937

5ʹ‐caatctagaATTCATTCCGGTATCTACAGCAGC‐3ʹ
5ʹ‐
caactcgagCATCTTAAGATCCACAAATGAAGGG‐3ʹ
5ʹ‐caagctagcCATTATCCTGTACACATCATATTGG‐
3ʹ
5ʹ‐caactcgagACTCTTTACATGGTGGTGATGTCC‐3ʹ
5ʹ‐caatctagaATTGTTTTCCTTTTCCACCCCC‐3ʹ
5ʹ‐caagctagcACAAACAAAATCACCGACCTTGC‐3ʹ
5ʹ‐caacaattgCCAGGGCAATGTTATGCAATCC‐3ʹ

4270
DICER‐
RV‐XBA

Not a seed

5ʹ‐caatctagaCCAGAAATTTACTTCCTGTTCACC‐3ʹ

3095

463

3557

2228

2233

2779

2784

Target
sites not
identified

Table 4. Oligonucleotides to construct mutant 3ʹUTRs
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Primer Name
DKcasz1‐inFw
DKcasz1‐inRv
DKfem1b‐inFw
DKfem1b‐inRv
DKoct1‐inFw
DKoct1‐inRv
DKarid2‐inFw
DKarid2‐inRv
Dkcrebbp‐inFw
Dkcrebbp‐inRv
DKsh2b3‐inFw
DKsh2b3‐inRv
DKPAK2‐inFw
DKPAK2‐inRv
DKTP53INP1‐inFw
DKTP53INP1‐inRv
DPppp3R1‐inFw
DKppp3R1‐inRv
DKsh2b3‐mutfw

Sequence
AACTTCATATTGCACAGTTGCACTATAAGCCATTGC
GCAATGGCTTATAGTGCAACTGTGCAATATGAAGTT
TAAAGTCGTTTAATGTCGAGGTAAAAAGTAAAGGAC
GTCCTTTACTTTTTACCTCGACATTAAACGACTTTA
TGCATTGTACTTCACATCGTATTGTGCTAGGTAGAT
ATCTACCTAGCACAATACGATGTGAAGTACAATGCA
TTTTTATATTTACAAATCGGATTAAGCTGGTTTGAA
TTCAAACCAGCTTAATCCGATTTGTAAATATAAAAA
ACACCCACACACATCTTTGTTTACATAATGGCTGAA
TTCAGCCATTATGTAAACAAAGATGTGTGTGGGTGT
CTGAAGTCAAATCTCTTTGTTTACAAGTGATACAAT
ATTGTATCACTTGTAAACAAAGAGATTTGACTTCAG
CAAATTTTACCATTCTATCTTAACAGTTGGATGGAT
ATCCATCCAACTGTTAAGATAGAATGGTAAAATTTG
TGTTAACACCTGTTCTATCTTATTGGGTTGTGGTGC
GCACCACAACCCAATAAGATAGAACAGGTGTTAACA
GCTTCATTCTGCTACTATCTTACTAGGAGCCATTGC
GCAATGGCTCCTAGTAAGATAGTAGCAGAATGAAGC
CAACTCGAGCAAGTGATACAATTCATAGGGGG

Lentiviral amiRNA expression vectors were generated in the pLenti‐CMV‐
Blasticidin‐Hairpin (pLCBH) vector. pLCBH was derived from pLCB by inserting a miR‐
30‐based amiRNA cassette [85] into the 3’UTR of the blasticidin gene between the
unique XhoI and EcoRI sites. Oligonucleotides used to clone specific amiRNAs are listed
in Table 5.
Table 5. Oligonucleotides used to construct amiRNA expression vectors.
Oligo Name

Sequence

DK‐CASZ1‐1‐T

5ʹ‐AGCGAGCCCACAGATAATCCAGCCGTTGGTGAAGCCACAGATGCAACGGCTGGTTTATCTGTGGGCA‐3ʹ

DK‐CASZ1‐1‐B

5ʹ‐GGCATGCCCACAGATAAACCAGCCGTTGCATCTGTGGCTTCACCAACGGCTGGATTATCTGTGGGCT‐3ʹ

DK‐CASZ1‐2‐T

5ʹ‐AGCGCCTACCACATCAACGACGATGCTGGTGAAGCCACAGATGCAGCATCGTCCTTGATGTGGTAGC‐3ʹ

DK‐CASZ1‐2‐B

5ʹ‐GGCAGCTACCACATCAAGGACGATGCTGCATCTGTGGCTTCACCAGCATCGTCGTTGATGTGGTAGG‐3ʹ

DK‐DICE1‐1‐T

5ʹ‐AGCGCCCATGAAGAGGTGAATACTGATGGTGAAGCCACAGATGCATCAGTATTGACCTCTTCATGGC‐3ʹ

DK‐DICE1‐1‐B

5ʹ‐GGCAGCCATGAAGAGGTCAATACTGATGCATCTGTGGCTTCACCATCAGTATTCACCTCTTCATGGG‐3ʹ

DK‐DICE1‐2‐T

5ʹ‐AGCGTCCACTAATGATTGGATAATACTGGTGAAGCCACAGATGCAGTATTATCGAATCATTAGTGGT‐3ʹ

DK‐DICE1‐2‐B

5ʹ‐GGCAACCACTAATGATTCGATAATACTGCATCTGTGGCTTCACCAGTATTATCCAATCATTAGTGGA‐3ʹ

DK‐ARID2‐1‐T

5ʹ‐AGCGTGACTGATAGAGAGTTCGTTAATGGTGAAGCCACAGATGCATTAACGAAGTCTCTATCAGTCT‐3ʹ

DK‐ARID2‐1‐B

5ʹ‐GGCAAGACTGATAGAGACTTCGTTAATGCATCTGTGGCTTCACCATTAACGAACTCTCTATCAGTCA‐3ʹ

DK‐ARID2‐2‐T

5ʹ‐AGCGCAAGTGGACTTTGGTATTAACGTGGTGAAGCCACAGATGCACGTTAATAGCAAAGTCCACTTC‐3ʹ

DK‐ARID2‐2‐B

5ʹ‐GGCAGAAGTGGACTTTGCTATTAACGTGCATCTGTGGCTTCACCACGTTAATACCAAAGTCCACTTG‐3ʹ

DK‐CREBBP‐1‐T

5ʹ‐AGCGCATGCTGCCTACTTCAGCTATCTGGTGAAGCCACAGATGCAGATAGCTGTAGTAGGCAGCATC‐3ʹ

DK‐CREBBP‐1‐B

5ʹ‐GGCAGATGCTGCCTACTACAGCTATCTGCATCTGTGGCTTCACCAGATAGCTGAAGTAGGCAGCATG‐3ʹ

DK‐CREBBP‐2‐T

5ʹ‐AGCGCATGGCCATTTCTGCTTCCCGATGGTGAAGCCACAGATGCATCGGGAAGGAGAAATGGCCATC‐3ʹ

DK‐CREBBP‐2‐B

5ʹ‐GGCAGATGGCCATTTCTCCTTCCCGATGCATCTGTGGCTTCACCATCGGGAAGCAGAAATGGCCATG‐3ʹ

DK‐SH2B3‐1‐T

5ʹ‐AGCGGTCGTGCCAGTTTCGAAGTGACTGGTGAAGCCACAGATGCAGTCACTTCCAAACTGGCACGAG‐3ʹ

DK‐SH2B3‐1‐B

5ʹ‐GGCACTCGTGCCAGTTTGGAAGTGACTGCATCTGTGGCTTCACCAGTCACTTCGAAACTGGCACGAC‐3ʹ

DK‐SH2B3‐2‐T

5ʹ‐AGCGCCCTGACAACCTTAACACCTTTTGGTGAAGCCACAGATGCAAAAGGTGTAAAGGTTGTCAGGC‐3ʹ

DK‐SH2B3‐2‐B

5ʹ‐GGCAGCCTGACAACCTTTACACCTTTTGCATCTGTGGCTTCACCAAAAGGTGTTAAGGTTGTCAGGG‐3ʹ

DK‐PAK2‐1‐T

5ʹ‐AGCGCCACCAGAGGTGGATACACGGATGGTGAAGCCACAGATGCATCCGTGTAACCACCTCTGGTGC‐3ʹ

DK‐PAK2‐1‐B

5ʹ‐GGCAGCACCAGAGGTGGTTACACGGATGCATCTGTGGCTTCACCATCCGTGTATCCACCTCTGGTGG‐3ʹ

DK‐PAK2‐2‐T

5ʹ‐AGCGTCATGCTAATCAACTGATCCACTGGTGAAGCCACAGATGCAGTGGATCACTTGATTAGCATGT‐3ʹ

DK‐PAK2‐2‐B
DK‐TP53INP1‐1‐
T
DK‐TP53INP1‐1‐
B

5ʹ‐GGCAACATGCTAATCAAGTGATCCACTGCATCTGTGGCTTCACCAGTGGATCAGTTGATTAGCATGA‐3ʹ
5ʹ‐AGCGAACTGAGCACCCTACAGTCTTTTGGTGAAGCCACAGATGCAAAAGACTGAAGGGTGCTCAGTA‐3ʹ
5ʹ‐GGCATACTGAGCACCCTTCAGTCTTTTGCATCTGTGGCTTCACCAAAAGACTGTAGGGTGCTCAGTT‐3ʹ
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DK‐TP53INP1‐2‐
T
DK‐TP53INP1‐2‐
B

5ʹ‐AGCGTGAGCTTTCGCCCATCCCAGTGTGGTGAAGCCACAGATGCACACTGGGAAGGGCGAAAGCTCT‐3ʹ
5ʹ‐GGCAAGAGCTTTCGCCCTTCCCAGTGTGCATCTGTGGCTTCACCACACTGGGATGGGCGAAAGCTCA‐3ʹ

DK‐OCT1‐1‐T

5ʹ‐AGCGCGAAAAAGAGGTGTTTCGTGTTTGGTGAAGCCACAGATGCAAACACGAATCACCTCTTTTTCC‐3ʹ

DK‐OCT1‐1‐B

5ʹ‐GGCAGGAAAAAGAGGTGATTCGTGTTTGCATCTGTGGCTTCACCAAACACGAAACACCTCTTTTTCG‐3ʹ

DK‐OCT1‐2‐T

5ʹ‐AGCGACAATATGGAAAATGAGGTGATTGGTGAAGCCACAGATGCAATCACCTCTTTTTCCATATTGA‐3ʹ

DK‐OCT1‐2‐B

5ʹ‐GGCATCAATATGGAAAAAGAGGTGATTGCATCTGTGGCTTCACCAATCACCTCATTTTCCATATTGT‐3ʹ

2.3.2 qRT-PCR and stem-loop qRT-PCR
qRT‐PCR for determination of relative mRNA expression and stem‐loop qRT‐
PCR for relative miRNA expression were performed based on vendor protocols. Briefly,
total RNA was first harvested using TRIzol (Ambion). For qRT‐PCR analysis, RNAs
were reverse transcribed using a high capacity reverse transcription kit (Applied
Biosystems) and assayed with Power SYBR Green PCR Master Mix (Applied
Biosystems). Relative gene expression was first normalized to GAPDH and was then
compared to the negative control. Primers used to detect distinct isoforms of CASZ1
mRNA were as previously described[86]. All the qPCR primers used are listed in Table
6.
Table 6. Primers used to perform the qRT‐PCR assays reported in this
manuscript.
Primer Name
FEM1B‐fw‐q
FEM1B‐rv‐q
CREBBP‐fw‐q
CREBBP‐rv‐q
ARID2‐fw
ARID2‐rv
SH2B3‐fw‐q

Sequence
5ʹ‐GGTCTGAAAGCGACATCCG‐3ʹ
5ʹ‐AAGCGTACCACCTTTGCGT‐3ʹ
5ʹ‐CGGCTCTAGTATCAACCCAGG‐3ʹ
5ʹ‐TTTTGTGCTTGCGGATTCAGT‐3ʹ
5ʹ‐CAGTGTGTCGGATTATCTGCG‐3ʹ
5ʹ‐GCATGACGTGCTTGCTTTCATT‐3ʹ
5ʹ‐TTGAGATGCCTGACAACCTTTAC‐3ʹ
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SH2B3‐rv‐q
PPP3R1‐fw‐q
PPP3R1‐rv‐q
PAK2‐fw‐q
PAK2‐rv‐q
TP53INP1‐fw‐q
TP53INP1‐rv‐q
CASZ1A‐fw‐q
CASZ1A‐rv‐q
CASZ1B‐fw‐q
CASZ1B‐rv‐q
DICE1‐fw‐q
DICE1‐rv‐q
OCT1‐fw‐q
OCT1‐rv‐q
GAPDH‐fw‐q
GAPDH‐rv‐q

5ʹ‐GCTCTAGGGCTGAGGGAATATG‐3ʹ
5ʹ‐CCTTTGGAAATGTGCTCACACT‐3ʹ
5ʹ‐GGATTCTGTTGTAACTCAGGCAG‐3ʹ
5ʹ‐TGAGCACACCATCCATGTTGG‐3ʹ
5ʹ‐AGGTCTGTAGTAATCGAGCCC‐3ʹ
5ʹ‐TTCCTCCAACCAAGAACCAGA‐3ʹ
5ʹ‐GCTCAGTAGGTGACTCTTCACT‐3ʹ
5ʹ‐GGATGCTGAGACAGATGAGTGC‐3ʹ
5ʹ‐CTGTCGGCATAGAGATGGTGTT‐3ʹ
5ʹ‐TCCCTCCGAGCCTCCGTAT‐3ʹ
5ʹ‐GGGTCCCTTCCACCCAAGA‐3ʹ
5ʹ‐AGCCGCCCTATGCTATCAAG‐3ʹ
5ʹ‐CAAGAGTCGTAAGTCCTTCAGC‐3ʹ
5ʹ‐ATGAACAATCCGTCAGAAACCAG‐3ʹ
5ʹ‐GATGGAGATGTCCAAGGAAAGC‐3ʹ
5ʹ‐AAGTATGACAACAGCCTCAAGA‐3ʹ
5ʹ‐CACCACCTTCTTGATGTCATCA‐3ʹ

For stem‐loop qRT‐PCR, total RNA preparations were reverse transcribed using
a Taqman miRNA reverse transcription kit (Applied Biosystems), and assayed with
Taqman Universal PCR Master Mix, no UNG (Applied Biosystems). The relative miRNA
expression level of individual miR‐BART miRNAs expressed in transduced AGS cells
was first normalized to endogenous U6, and then to the miR‐BART miRNA level
detected in C666 cells. All the EBV miR‐BART reverse transcription primers and stem‐
loop qPCR probes were purchased from Life Technologies.

2.3.3 Sub-G1 apoptosis assay
105 AGS cells were plated into each well of a 6‐well plate, and after 24 h, a final
concentration of 5 μM/ml etoposide (SigmaAldrich) (25 μM/ml for PARP cleavage) was
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added to the medium. After 24 h, both floating and adherent cells were harvested,
pooled together and fixed with 80% ethanol for ~4 h. Cells were then stained with PI
solution with RNase A (BD Pharmingen) and analyzed by flow cytometry. Data were
further analyzed by FlowJo (Treestar).

2.3.4 Western blot analysis
Cells were lysed in NP40 lysis buffer supplemented with Complete Mini EDTA‐
free proteinase inhibitors (Roche). Cell lysates were separated by SDS‐PAGE and
subsequently transferred to nitrocellulose membranes. Western blots were probed using
primary antibodies including anti‐FEM1B (sc‐67568, Santa Cruz), anti‐CASZ1 (sc‐135453,
Santa‐Cruz), anti‐DICE1 (sc‐376524, Santa Cruz), anti‐OCT1 (sc‐232, Santa Cruz), anti‐
ARID2 (sc‐166117, Santa Cruz), anti‐CREBBP (sc‐369, Santa Cruz), anti‐SH2B3 (sc‐
393709, Santa Cruz), anti‐PAK2 (sc‐1872, Santa Cruz), anti‐PPP3R1 (sc‐6119, Santa Cruz),
anti‐TP53INP1 (sc‐689919, Santa Cruz), anti‐beta‐Actin (sc‐47778, Santa Cruz), and anti‐
PARP (9542p, Cell Signaling). The secondary antibodies used included anti‐Goat IgG
(sc‐2020, Santa Cruz), anti‐Mouse IgG (A9044, Sigma) and anti‐Rabbit IgG (A6145,
Sigma). All images were obtained using G:BOX (Syngene) and GeneSys (Syngene)
acquisition software, and were subsequently analyzed by Genetools software (Syngene).
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2.3.5 Transfections and luciferase 3’UTR reporter assays
10 ng of a pLSG‐based 3’UTR reporter, 10 ng pLenti‐SV40‐Rluc, along with either
500 ng of a miR‐BART expression vector or a matched negative control, were co‐
transfected into 293T cells in 24‐well plates using polyethylenimine (PEI). Cells were
lysed ~72 h post‐transfection with passive lysis buffer (Promega) and FLuc and RLuc
expression analyzed using a dual luciferase assay kit (Promega). All 3’UTR reporter
assays were performed on three separate occasions using technical triplicates.

2.3.6 Generation of the small RNA deep sequencing library
The small RNA deep sequencing library for C666 cells was generated as
previously described [77]. Briefly, C666 total RNA was first harvested using TRIzol
(Ambion), and the small RNA fraction (~18 to ~24 nt) was subsequently isolated using
15% TBE‐Urea polyacrylamide gels (Bio‐Rad). The harvested RNAs were then ligated to
3’ and 5’ Illumina adapters, reverse transcribed using SSIII (Invitrogen) and subjected to
Illumina deep sequencing.

2.3.7 Generation of the PAR-CLIP deep sequencing library
The PAR‐CLIP library for C666 was generated as previously described [77, 84].
Briefly, C666 cells were first expanded to 30 150‐mm dishes at ~80% confluency, and
were then cultured in the presence of 100 μM 4‐thiouridine (4SU) for ~20 h. The cells
were then UV radiated at 365 nm for 1 minute, harvested and lysed on ice in NP40 lysis
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buffer. Cross‐linked Ago:RNA complexes were then immunoprecipitated using a pan‐
Ago antibody (ab57113; Abcam) and protein G Dynabeads (Invitrogen). Ago‐bound
RNAs were digested with RNaseT1, radio‐labeled, gel purified, proteinase K treated,
phenol‐chloroform extracted, ethanol precipitated and ligated to 3’ and 5’ Illumina
adapters. After reverse transcription and limited PCR amplification, the recovered
cDNAs were deep‐sequenced.

2.3.8 Bioinformatics
The C666‐derived small RNA deep sequencing library and PAR‐CLIP library
were processed as previously described [77, 84]. Briefly, sequencing reads were pre‐
processed using the FAST‐X toolkit (http://hannonlab.cshl.edu/fastx_toolkit/), and were
aligned to the human genome (hg19) and EBV1 wild type genome using Bowtie with up
to two (three for PAR‐CLIP) mismatches allowed.
The PAR‐CLIP library was further processed using the PARalyzer program, as
previously described [77, 84, 87]. Briefly, reads were first filtered allowing for up to three
mismatches but with only one or zero non‐T‐to‐C mutations. Subsequently, reads that
aligned to a unique genomic location, that contained at least one T‐to‐C mutation and
that overlapped by at least one nucleotide were grouped together as clusters. Clusters
with a read depth of at least five reads were presented as miRNA:mRNA interaction
sites in the PAR‐CLIP dataset. Each cluster in the PAR‐CLIP dataset was further
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examined for canonical miRNA seed match sites, using the miRNA expression data
generated from the small RNA deep sequencing library derived in parallel, and miRNAs
with seed matches equal to or greater than 7mer1A (perfect base pairing to seed nt 2‐7
with an A across from nt 1 of the miRNA, see [6]) to the cluster were identified as
candidate miRNAs putatively responsible for the cluster. The raw sequencing data from
the C666 small RNA deep sequencing and PAR‐CLIP analysis have been submitted to
the NCBI Sequence Read Archive (SRA), and both dataset can be accessed with the
accession number GSE67990. The sub‐accession numbers of the individual C666 small
RNA deep sequencing and PAR‐CLIP libraries are GSM1660655 and GSM1660656,
respectively.
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2.4 Results
2.4.1 Phentoypical screen showed five miR-BARTs can inhibit
apoptosis in epithelial cells.
Although no system for the study of transformation of primary human epithelial
cells by EBV is currently available, the human EBV‐negative epithelial cell line AGS,
derived from a gastric carcinoma, has emerged as a useful model system [25]. In
particular, infection of AGS with EBV, which results in latently EBV‐infected AGS cells
that express high levels of the miR‐BART miRNAs, has been associated with enhanced
anchorage independent growth in vitro, enhanced tumor formation in vivo in mice and a
reduction in apoptosis [25, 75, 79]. As apoptosis is well established as a key innate
immune response to viral infection [88, 89], and given several reports suggesting that
individual miR‐BARTs can target specific pro‐apoptotic cellular genes to promote cell
survival [26, 73, 79‐82], I decided to systematically analyze the anti‐apoptotic potential of
the 22 miR‐BART pre‐miRNAs in the human epithelial cell line AGS.
The phenotypic effect of a given miRNA is in part determined by the expression
level of the miRNA relative to its potential pool of mRNA targets so that ectopic
overexpression of a given miRNA can give rise to phenotypic effects that are not seen at
physiological levels of expression [90]. Therefore, to identify EBV miR‐BART miRNAs
with anti‐apoptotic potential, I decided to express each of the 22 miR‐BARTs at
approximately physiological levels using lentiviral miRNA expression vectors,
constructed as previously reported by inserting the entire pri‐miR stem‐loop, together
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with ~100 bp of 5’ and 3’ flanking sequence, into the 3’ UTR of the turbo red fluorescent
protein (turboRFP) gene present in pTRIPZ [24, 83]. After selection for the included
puromycin marker, the cells were sorted for high turboRFP expression (upper 30%) and
expanded. To analyze the expression level of each miR‐BART miRNA in each AGS
transductant, I harvested total RNA from each culture and then used qRT‐PCR to
compare the level of expression to that seen in the EBV latency II NPC cell line C666. As
may be observed in Fig. 3, I achieved stable expression of levels of several of the miR‐
BARTs in AGS cells that were comparable to the endogenous levels seen in C666. Eight
of the miR‐BARTs (miR‐BART 2, 7, 8, 9, 10, 11, 16 and 18) were expressed at levels
slightly above that seen in C666 while a further nine (miR‐BART1, 3, 5, 6, 14, 17, 19, 21
and 22) were expressed at levels close to, but slightly below, the levels seen in C666.
Finally, the remaining five miR‐BARTs were either expressed at levels >10‐fold lower
than seen in C666 (miR‐BART4, 12, 13 and 15) or were not detected (miR‐BART20, data
not shown). Therefore, these latter transductants can be viewed essentially as negative
controls.
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Figure 3. Expression of individual EBV miR‐BARTs in human AGS cells.
AGS cells were transduced with lentiviral vectors designed to express individual
miR‐BART miRNAs. After selection for antibiotic resistance, cells were sorted for high
turboRFP expression and expanded. miR‐BART expression levels were then quantified
by qRT‐PCR and are given here in comparison to the level detected in the EBV‐infected
NPC cell line C666, which was set at 1. Average of 2 replicates with SD indicated.

Previously, Marquitz et al. [26] reported that ectopic expression of clusters of EBV BART
miRNAs in AGS cells (either miR‐BART1, 3, 4, 5, 6, 15, 16 and 17 or miR‐BART7, 8, 9, 10,
11, 12, 13, 14, 18, 19 and 20) confers resistance to apoptosis induced by treatment with
etoposide and I therefore initially examined whether expression of any of these
individual BART miRNAs would exert a similar phenotypic effect. As shown in Figs. 4A
and 5B, I observed a significant reduction in the level of apoptotic cells in the AGS
cultures expressing pre‐miR‐BART3, 6, 8, 16 and 22 when compared to the other 18
cultures. This result, which was initially obtained by quantitation of the sub‐G1
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population of AGS cells by FACS, could also be largely confirmed by Western blot
analysis for cleaved and uncleaved PARP expression, with the AGS cultures expressing
miR‐BART6, 8, 16 or 22 showing significantly reduced levels of cleaved PARP after
etoposide treatment (I did not see a statistically significant reduction in the case of miR‐
BART3) (Figs.5A and 5B).

Figure 4. Several miR‐BART miRNAs exert an anti‐apoptotic phenotype.
(A) Percentage representation of the Sub‐G1 population in AGS cell cultures
individually expressing miR‐BART1 to BART10 either without drug treatment or after
treatment for 24 h with 5 μM etoposide. Neg: negative control lentiviral vector. Average
of 3 experiments with SD indicated. (*: Students’ T‐Test, p<0.05). (B) Similar to panel A
except looking at AGS cells engineered to express miR‐BART 11 to 19 or miR‐BART 21
or 22.
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Figure 5. Several miR‐BART miRNAs reduce the level of PARP cleavage
induced by etoposide treatment of AGS cells.
(A) Western blot showing PARP cleavage in AGS cells transduced with a
negative control lentivector, or with a vector expressing an anti‐apoptotic miR‐BART, in
response to no drug treatment or incubation in 25μM etoposide for 24 h. The upper
band corresponds to full‐length PARP while the lower band represents cleaved PARP. A
Western blot of beta‐actin is also shown as a loading control. (B) The ratio of cleaved to
uncleaved PARP detected after incubation with 25 μM etoposide. Average of 3
experiments with SD indicated. The cleaved to uncleaved PARP ratios seen in the
negative control cultures in each experiment were set at 1.

2.4.2 The anti-apoptotic phenotype of miR-BARTs cannot be well
explained by published literature.
The inhibition of etoposide‐induced apoptosis observed in Figs. 4 and 5 in the
cultures expressing miR‐BART6, 8, 16, 22, and possibly also miR‐BART3, presumably
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reflects the downregulation of one or more mRNAs with pro‐apoptotic potential by each
of these viral miRNAs. A number of possible mRNA targets for individual miR‐BARTs
have been reported, some of which have clear pro‐apoptotic potential [26, 73, 79‐82]. I
therefore wondered if the anti‐apoptotic activity of the five miR‐BART miRNAs defined
in Fig. 4 could be explained by these previously published target mRNAs. To address
this question, I generated indicator constructs in which the 3’ UTR of a cellular gene of
interest (either the complete 3’UTR or a segment of 540 bp or more, see Table 3) was
inserted 3’ to the firefly luciferase (FLuc) indicator gene [24]. Then, 293T cells were co‐
transfected with the relevant indicator construct, a miR‐BART miRNA or control
expression vector and an internal control plasmid expressing Renilla luciferase (RLuc).
At ~72 h post‐transfection, the cells were lysed and the relative expression of FLuc and
RLuc, in the presence and absence of the miR‐BART miRNA, quantified. In general, my
experience has been that this assay format produces a readily detectable, >20% reduction
in FLuc expression that is both reproducible and statistically significant. All miR‐BART
miRNA expression vectors tested were fully biologically active, as demonstrated by
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their ability to strongly downregulate a similar FLuc‐based indicator construct
containing a perfectly complementary target site inserted into the 3’UTR [83].

Figure 6. Published targets of miR‐BARTs do not fully explain an anti‐
apoptotic phenotype.
Upper panel: FLuc‐based reporter plasmids containing the 3’UTR of the
indicated cellular mRNAs were co‐transfected into 293T cells along with a vector
expressing the indicated miR‐BART, or an empty vector, as well as an RLuc‐based
internal control plasmid. At 72 h post‐transfection, induced Fluc and RLuc activities
were determined and normalized to RLuc. The negative control was then set at 1.
Average of three independent experiments with SD indicated. Lower panel: five
published targets of anti‐apoptotic miR‐BARTs with predicted pro‐apoptotic activity
indicated by +. (* Indicates the absence of a complete seed match between the 3’UTR and
the miR‐BART indicated).
As shown in Fig. 6, the 3’UTRs of the cellular mRNAs encoding DICE1 [81], a
proposed target for miR‐BART3, Dicer, a proposed target for miR‐BART6 [91], and
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TOMM22, a proposed target for miR‐BART16 [92], all produced a readily detectable
inhibitory effect on FLuc expression when present in cis in cells expressing the cognate
miR‐BART miRNA. In contrast, I did not see a significant reduction mediated by the
3’UTR of STAT1, a proposed target for miR‐BART8 [93], or by the 3’UTR of caspase 3
(CASP3) [73], a proposed target for miR‐BART16. I note that neither of these 3’UTRs
contains an intact seed target for miR‐BART8 or miR‐BART16, respectively, so the
observed lack of inhibition was not unexpected. While the 3’ UTR of CASP3 has been
suggested to function as a target for several miRNAs encoded by the human γ‐
herpesvirus KSHV [27], I did not observe a significant inhibition of an FLuc indicator
bearing the 3’UTR of CASP3 in the presence of miR‐BART3, 6, 8, 16 or 22, although the
modest, ~20% repression seen with miR‐BART3 did approach significance (Fig. 7B).
Similarly, the 3’UTR of the pro‐apoptotic cellular gene BIM, another proposed miR‐
BART target, also did not function as an effective target for miR‐BART3, 6, 8, 16 or 22 in
this indicator assay (Fig. 7A). It remains possible that the simultaneous expression of
several miR‐BARTs might induce a more marked inhibitory effect. Indeed, Marquitz et
al. [26] reported that an analogous indicator containing the BIM 3’UTR was not affected
by co‐expression of any individual miR‐BART miRNA but was inhibited by the
simultaneous expression of multiple BART miRNAs. However, as the anti‐apoptotic
phenotypes shown in Fig. 4 result from the expression of individual miR‐BART
miRNAs, it is apparent that mRNA targets relevant to these phenotypes must be
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significantly responsive to these individual miRNAs. Based on these results, it therefore
appears that while the anti‐apoptotic effect observed for miR‐BART3 (Fig. 4) might be
explained by downregulation of the pro‐apoptotic gene product encoded by cellular
DICE1 [81], the analogous effects exerted by miR‐BART6, miR‐BART8, miR‐BART16 or
miR‐BART22 are not readily accounted for by previously reported mRNA targets for
those miRNAs. Specifically, while I could confirm downregulation of Dicer mRNA
function by miR‐BART6 and TOMM22 mRNA function by miR‐BART16 (Fig. 6), neither
of these two proteins is known to be pro‐apoptotic [91, 94]. Conversely, I did not observe
significant downregulation mediated by the 3’UTRs of the pro‐apoptotic genes STAT1,
CASP3 or BIM in the presence of any of these individual miRNAs (Figs. 6 and 7). I
therefore next sought to globally identify the mRNA targets for the EBV miR‐BART
miRNAs in the naturally EBV‐infected epithelial cell line C666 using the previously
described photoactivatable ribonucleoside‐enhanced crosslinking and
immunoprecipitation (PAR‐CLIP) technique [77, 95, 96].

36

Figure 7. 3’UTR luciferase reporter assays of BIM and CASP3.
This assay was performed as described in Fig. 3 using FLuc‐based indicator
plasmids containing the BIM or CASP3 3’UTR. (A) Relative BIM 3’UTR reporter activity
in 293T cells co‐transfected with vectors expressing the indicated miR‐BART, compared
to the negative control. (B) Relative CASP3 3’UTR reporter expression in 293T cells co‐
transfected with vectors expressing the indicated miR‐BART, compared to the negative
control. Average of 3 independent experiments with SD indicated.

37

2.4.3 Identification of novel pro-apoptotic cellular mRNA targets for
the anti-apoptotic miR-BART miRNAs
I initially performed deep sequencing of the small RNA population (~18 to ~24 nt
in size) in C666 cells, as previously described [77, 84]. This resulted in a total of 26.6x106
reads, of which 25.8x106 (~97%) mapped to either the human or EBV genome. Of these,
23.9x106 (~93%) represent known mature miRNAs or miRNA passenger strands, with
6.7x106 (~28%) mapping to the EBV miR‐BART locus and the remaining 17.2 x106 reads
(~72%) representing known human miRNAs (Fig. 8A). Among the miR‐BARTs, I
recovered reads from all 22 known miR‐BART miRNA and miRNA passenger strands,
but only those miRNA passenger strands representing ≥10% of the total reads derived
from a given pre‐miR‐BART intermediate are shown in Fig. 8B. The most highly
expressed miR‐BARTs detected in C666 cells were miR‐BART2‐5p, miR‐BART9‐3p and
miR‐BART19‐3p.
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Figure 8. PAR‐CLIP analysis of the NPC cell line C666 identifies 792 putative
miR‐BART 3’UTR interaction sites.
(A) Deep sequencing of small (~18 to 24 nt long) RNAs expressed in C666 cells
identified ~23.9 X 106 miRNA reads of which 28% mapped to the EBV BART locus. (B)
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Assignment of deep sequencing reads to individual miR‐BART miRNAs or highly
expressed miR‐BART passenger strands. (C) Distribution of miRNA binding clusters for
cellular and EBV miR‐BART miRNAs identified by PAR‐CLIP in terms of their genomic
assignment. (D) Assignment of miRNA binding clusters to individual miR‐BARTs or
miR‐BART passenger strands.

Next I performed PAR‐CLIP to globally identify the mRNA targets for the miR‐
BARTs in C666 cells using an antibody that immunoprecipitates all four human
Argonaut (Ago) proteins. The PAR‐CLIP library gave 16.7x106 reads, of which 6.6x106
could be mapped to a unique sequence present in either the human or EBV genome.
Computational definition of binding site clusters and assignment to expressed miRNAs
[87] revealed that the majority of both the cellular miRNA and miR‐BART clusters
mapped to 3’UTRs, although significant numbers of clusters also were observed in
mRNA coding sequences (CDS) or in intronic regions (Fig.8C). Of the total number of
3’UTR miRNA binding clusters that were detected, 792 were computationally assigned
to one of the EBV miR‐BART miRNAs or to a miR‐BART passenger strand based on
seed homology. Comparison between miR‐BART miRNA reads and numbers of
captured 3’UTR clusters revealed that the two are moderately positively correlated,
consistent with previous studies showing a positive correlation between the expression
level and number of captured targets of a given miRNA in PAR‐CLIP (Fig. 9) [84].
Inspection of these mRNA targets, including a moderate number of potential
mRNA targets for the anti‐apoptotic miRNAs miR‐BART3, 6, 8, 16 and 22, revealed
several with known pro‐apoptotic activity including FEM1B and CASZ1a (miR‐BART3),
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OCT1 (miR‐BART6), ARID2 (miR‐BART8), CREBBP and SH2B3 (miR‐BART16) and
finally PPP3R1, PAK2 and TP53INP1 (miR‐BART22) (see Table 7 for a summary the
known functions of these gene products and relevant citations). As noted above, all of
these mRNAs contained 3’UTR targets, identified by PAR‐CLIP, that bear full seed
homology to the indicated miR‐BART miRNA (Fig. 10A). I therefore used PCR to clone
the 3’UTRs of each of these human mRNAs (see Table 3 for sequence coordinates) and
inserted these 3’ to the FLuc gene, as described in Fig. 6. As may be observed (Fig. 10B),
every 3’ UTR tested conferred substantial inhibition of FLuc activity in cells co‐
expressing the cognate miR‐BART miRNA that was statistically significant (p<0.05). All
these 3’UTRs contained a single predicted miR‐BART target site that was captured by
PAR‐CLIP except for CASZ1a, which also contained a captured site with seed homology
to miR‐BART18. However, this potential target was not responsive to co‐expressed miR‐
BART18 in co‐transfected cells (Fig. 10B).
In order to test whether the suppression of Fluc activity by a given miR‐BART is
indeed due to the seed homology present in the clusters captured by PAR‐CLIP, I
introduced transversion mutations at the 3’UTR nucleotides pairing to miRNA seed
positions 2, 4 and 6 in the captured clusters in most of these 3’UTRs. The exception was
the 3’UTR of SH2B3, where the predicted target site for miR‐BART16 was removed by
deletion. The 3’UTR of DICE1 was not mutated, as the single miR‐BART3 binding site in
this 3’UTR has been previously validated [81]. By assaying 3’UTR containing FLuc

41

reporters containing these mutations, in parallel with the wild‐type 3’UTR‐based FLuc
reporters used in Fig. 10B, I observed that loss of seed homology in the captured PAR‐
CLIP clusters resulted in the complete loss of miR‐BART mediated inhibition of FLuc
activity, consistent with my hypothesis that the clusters captured by PAR‐CLIP are
directly associated with the predicted miR‐BARTs (Fig. 11A). However, in the case of
CASZ1a, mutation of the single predicted miR‐BART3‐5p target site only led to a partial
recovery of FLuc activity, indicating an additional miR‐BART3 target site(s) is present in
the CASZ1a 3’UTR. Indeed, I computationally identified a potential miR‐BART3‐3p
target site, with full seed homology to miR‐BART3‐3p (Fig.11B) that was not detected by
PAR‐CLIP but that could account for this phenotype. This is interesting because it
indicates that both strands expressed from miR‐BART3 pre‐miRNA can target CASZ1a.
Together, this mutational analysis confirmed demonstrated that all 9 candidate 3’UTR
target sites are indeed binding sites for the predicted miR‐BARTs.
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Figure 9. Correlation between small RNA reads and number of captured 3ʹUTR
targets of miR‐BARTs.
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Table 7. Current literature on 10 candidate genes.

Listed is the published evidence arguing that these 10 candidate target mRNAs for the anti‐apoptotic miR‐
BARTs encode cellular proteins that are pro‐apoptotic and/or anti‐proliferative. Information including key
findings, references and PMID are shown.

Gene
Name

FEM1B
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DICE1

CASZ1

OCT1

ARID2

Findings

Reference

PMID

Attenuates oncogenic Gli antoregulatory loop

Glider AS et al, 2013

24076122

Mediates proteasome inhibitor‐induced apoptosis

Subauste MC et al, 2010

19908242

Activates CHK1

Sun TP et al, 2009

19330022

Overexpression induces apoptosis

Chan SL et al, 1999

10542291

Inhibits growth of prostate cancer cells

Filleur S et al, 2009

19906297

Promoter methylated in prostate cancer cells such as DU145 and LNCaP

Ropke A et al, 2005

16007164

Expression in lung and prostate cancers suppresses tumor growth

Wieland I et al, 2004

15254679

Inhibits cell cycle and restores pRb

Liu Z et al, 2013

23892435

Both isoforms of CASZ1 suppresses neuroblastoma cell growth

Liu Z et al, 2011

21490919

Inhibits migration and suppresses tumorigenicity in neuroblastoma

Liu Z et al, 2011

21252912

Activates GADD45 and induces G2/M arrest and apoptosis
Induces growth arrest in vascular smooth muscle cells by activating
GADD45

Hirose T et al, 2003

14586402

Bruemmer D et al, 2003

12881480

induced after exposure to DNA damage and binds to GADD promoter

Jin S et al, 2001

11420680

Expression level and transcription activity are enhanced by DNA damage

Zhao H et al, 2000

11103783

Overexpression induces apoptosis in Xenopus embryo

Beenstra GJ, 1998

10200537

Frequently mutated in papillary renal cancers

Kovac M et al, 2015

25790038
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CREBBP

SH2B3

Frequently mutated in hepatocellular carcinoma

You J et al, 2015

25701229

Truncation mutations in melanomas

Ding L et al, 2014

25393105

Frequently mutated in lung cancers

Huang HT et al, 2015

25370573

Mutation associates with pancreatic cancer

Zhu B et al, 2014

24585446

Frequently inactivated in colorectal cancer

Cajuso T et al, 2014

24382590

Frequently mutated in non‐small cell lung cancer
18.2% of HCV‐associated Hepatocellular carcinomas bear ARID2
mutation

Manceau G et al, 2013

23047306

Li M et al, 2011

21822264

Targeted by oncogenic miR‐155

Yin Q et al, 2008

18367535

Binds to and stabilizes P53 upon cellular stress
Depletion induces c‐myc, suppresses P21, and promotes cell growth
without growth factors

Ferreon JC et al, 2009

19357310

Rajabi HN et al, 2005

15522869

Releases pro‐apoptotic BAX from Ku70 by acetylation

Cohen HY et al, 2004

15023334

Ectopic expression upregulates PTEN expression

Vasudenvan KM et al, 2004

14729949

Co‐localizes with HIPK2 to acetylate P53

Hofmann TG et al, 2002

11740489

Targeted by HPV E6 to abrogate P53 mediated transcription

Zimmermann H et al, 1999

10400710

Employed by Adenovirus E1A to repress host genes upregulated by Rb

Ferrari et al, 2014

25525796

Blocked by Adenovirus E1A to activate P53
Sequestered by HTLV Tax to inhibit P53 activation and mediate viral
transcription

Somasundaram K et al, 1997
Suzuki T et al, 1999

10435595

Inhibited by KSHV LANA‐1 to abrogate IFN signaling

Cloutier et al, 2010

20048166

Inhibited by KSHV K8 protein

Hwang et al, 2001

11533213

9070653

Suppresses development of radiation‐induced B‐cell malignancies

Louria‐Hayon I et al, 2013

24297922

Loss of SH2B3 promotes lymphoid cell proliferation
Negatively regulates neurite outgrowth by repressing PLCgamma, MEK‐
EK1/2 and PI3K‐AKT

Perez‐Garcia A et al, 2013

23908464

Wang TC et al, 2011

22028877

Overexpression in fetal liver cells induces apoptosis

Tong W et al, 2005

15705783

SH2B3 deficiency partially mitigates hematopoietic stem cell aging.

Bersenev A et al 2012

22812478

PPP3R1
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PAK2

TP53INP1

Inhibits neuron proliferation after stroke

Ahlenius H et al, 2012

22496561

Down‐regulates SCF‐induced proliferation in Mast cells

Simon C et al, 2008

18753636

Induces TRAIL expression

Su Z et al, 2012

22197822

Inhibits anti‐apoptotic HIF‐1a by facilitating proteasome degradation

Li N et al, 2011

21256111

Binds to and increases P53 activity

Cheng et al, 2011

21910968

Sensitizes cells to Dasatinib treatment

Macleod et al, 2014

25253785

Activates pro‐apoptotic ASK1
Cooperates with CnA to mediate Ca2+‐induced apoptosis by
dephosphorylating BAD

Liu Q et al, 2006

16648474

Wang HG et al, 1999

10195903

Cleaved and activated by caspase and induces apoptotic body formation

Rudel T et al, 1997

9171063

Phosphorylates and negatively control c‐Myc

Huang Z et al, 2004

14749374

Induced by Ginkgolide B to mediate apoptosis

Ksuuw YD et al, 2009

19723096

Induced by Photodynamic treatment to mediate apoptosis

Chan WH, 2011

21541041

Deficiency of caspase activation of PAK2 leads to increased cell growth

Marlin JW et al, 2011

21499899

Induced by Caffeine in osteoblasts, activates JNK and apoptosis

Lu PZ et al, 2008

19325779

Induced by mycotoxin citrinin, activates JNK and apoptosis

Huang YT et al, 2009

18767140

Induced by Methylglyoxal to mediate apoptosis
Posttranslational myristoylation of PAK2 potentiates late apoptosis
events

Chan WH et al, 2007

17131386

Vilas GL et al, 2006

16617111

Casp3‐activated PAK2 phosphorylates MNK1 to inhibit protein synthesis

Wilkes MC et al, 2003

14612425

Required for Fas‐induced apoptosis in Jurkat T cells

Rudel T, 1998

Targeted by oncogenic miR‐155 in liver cancers

Liu F, 2015

25633840

Targeted by oncogenic miR‐106a in hepatcellular carcinoma

Yuan R et al, 2014

25510666

Enhances oxidative stress‐induced P53 activity via SUMOylation on P53
Promotes autophagy‐dependent apoptosis by interacting with LC3 and
ATG8

Peuget S et al, 2014

24608790

Seillier M et al, 2012

22421968

Suppression in beta‐cells inhibits apoptosis

Zhou Y et al, 2012

21965303

9551947

Decreases pancreatic cancer cell migration by suppressing SPARC
Targeted by miR‐155, and restoration inhibits pancreatic tumor
development

Seux et al, 2011

21339733

Gironella M, 2007

17911264

Deficiency in Mice showed increased incidence and multiplicity of tumors

Gommeaux et al, 2007

17242209

Induced by P73 and mediates cell cycle arrest and apoptosis
Binds to HIPK2 and P53 to activate transcription of p21, mdm2, pig3 and
bax

Tomasini R et al, 2005

16044147

Tomasini R et al, 2003

12851404

Induced by P53, and activates P53 by phosphorylation

Okamura S et al, 2001

11511362
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Figure 10. PAR‐CLIP analysis of RISC binding sites in C666 cells identifies
potentially pro‐apoptotic mRNAs targeted by anti‐apoptotic miR‐BARTs.
(A) Alignment of 3’UTR Ago binding clusters of nine putatively pro‐apoptotic
human genes to the 5 anti‐apoptotic miR‐BARTs. Underlined sequences represent the
7nt seed regions of the miR‐BARTs, which in all cases are fully complementary to the
target. (B) FLuc‐based reporter plasmids containing the indicated 3’UTRs were
repressed upon co‐expression of the indicated anti‐apoptotic miR‐BART pre‐miRNA. A
predicted site for miR‐BART18, which is not anti‐apoptotic, in the 3’UTR of CASZ1a
proved to be inactive. Average of 3 experiments with SD indicated.
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Figure 11. Luciferase reporter assays using wild‐type and mutant 3’UTRs
This assay was performed as described in Fig. 3 using FLuc‐based indicator
plasmids containing wild‐type or mutant candidate gene 3’UTRs. (A) Relative wild‐type
(in blue bars) and mutant 3’UTR (in green bars) FLuc activity detected in 293T cells co‐
transfected with vectors expressing the indicated miR‐BART, compared to a negative
control vector (Neg). Average of 3 independent experiments with SD indicated. (B)
Sequence alignment of a computationally identified target site for miR‐BART3‐3p
present in the CASZ1a 3’UTR.
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2.4.4 Stable expression of miR-BARTs in AGS cells suppresses
mRNA and protein levels of candidate genes.
If the pro‐apoptotic genes listed in Fig. 10 and Table 7 are indeed authentic
targets of the miR‐BART miRNA listed in the same figure, then expression of
physiological levels of that miR‐BART in AGS cells should result in a reduction in the
expression of that gene [1]. I initially performed qRT‐PCR analysis of control AGS cells
and of the AGS cells described in Fig. 3 that express close to physiological levels of one
of the five anti‐apoptotic miR‐BARTs (Fig. 4) looking at the nine cellular mRNAs listed
in Fig. 10 as well as the mRNA encoding DICE1 [81], a previously reported potentially
pro‐apoptotic target for miR‐BART3 confirmed by indicator assay in Fig. 6. As noted in
Fig. 12A, this analysis is more complex in the case of CASZ1, which is expressed in two
spliced variants, encoding CASZ1a and a shorter protein called CASZ1b, as only the
3’UTR found in the longer mRNA splicing isoform encoding CASZ1a is predicted to be
a target for miR‐BART3.
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Figure 12. Expression of miR‐BARTs in AGS cells reduced steady state mRNA
levels for 10 candidate pro‐apoptotic genes.
(A) Schematic representation of two alternatively spliced isoforms of the CASZ1
mRNA, encoding CASZ1a and CASZ1b. Only the CASZ1a mRNA is predicted to
contain a miR‐BART3 target. (B) Relative mRNA expression levels of candidate mRNAs
in AGS cells transduced with lentiviral vectors expressing physiological levels of one of
the 5 anti‐apoptotic miR‐BARTs (Fig.1), compared to control AGS cells (Neg; normalized
to 1). Average of 3 experiments with SD indicated. *: Students’ T‐Test, p<0.05.

As shown in Fig. 12B, I observed a significant (p<0.05) reduction in the level of
expression of all the predicted mRNA targets with the exception of the TP53INP1/miR‐
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BART22 combination, where the observed reduction in mRNA expression fell slightly
short of significance. Importantly, while expression of the CASZ1a mRNA was
significantly reduced in the presence of pre‐miR‐BART3, expression of the CASZ1b
mRNA was not, as predicted (Fig. 12A).
While miRNAs can clearly reduce the steady‐state expression level of target
mRNAs, evidence suggests that a major, and possibly the primary, effect of RISC
binding to the 3’UTR of a target mRNA is to reduce the translation of that mRNA. To
address whether the anti‐apoptotic miR‐BARTs indeed reduce the expression of the
proteins encoded by the 10 pro‐apoptotic genes listed in Figs. 10 and 12, I performed
Western analyses of all ten proteins in the transduced AGS cells expressing the
individual anti‐apoptotic miR‐BART miRNAs. Representative Western blots are shown
in Fig. 13A and a compilation of data derived from four independent experiments for
each of the 10 proteins is shown in Fig. 13B. As may be observed, these data uncover
statistically significant (p<0.05) decreases in expression for all 10 cellular proteins under
analysis, with the only non‐repressed protein being CASZ1b which, as shown in Fig.
12A, is encoded by a spliced mRNA isoform that is not expected to bind miR‐BART3. In
contrast, expression of the CASZ1a protein was, as expected, repressed upon miR‐
BART3 expression (Fig. 13A).
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Figure 13. Expression of miR‐BARTs in AGS cells suppressed protein
expression from 10 candidate pro‐apoptotic genes.
(A) Representative Western blots showing the level of protein expression for 10
candidate target genes in AGS cells stably expressing the indicated miR‐BART pre‐
miRNA compared to control AGS cells (Neg). Relative expression levels of each
candidate gene product were normalized to an endogenous beta‐actin control. Note that
only CASZ1a expression was significantly inhibited by pre‐miR‐BART3, while CASZ1b
expression was unaffected. Where more than one protein band was observed, the
relevant band is indicated by an arrow. (B) Relative protein expression levels of
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candidate pro‐apoptotic target genes in AGS cells stably expressing the indicated miR‐
BART pre‐miRNA, compared to control AGS cells (Neg; normalized to 1). Average of
four independent experiments with SD indicated. * Students’ T‐Test, p<0.05.

2.4.5 Expression of artificial miRNAs specific for pro-apoptotic miRBART target mRNAs phenocopies their anti-apoptotic effect
The work described so far has identified several putatively pro‐apoptotic cellular
mRNA targets for the five anti‐apoptotic EBV miR‐BART miRNAs miR‐BART3, 6, 8, 16
and 22 and shown that these are, in fact, downregulated at both the mRNA and protein
level in AGS cells expressing physiological levels of the miR‐BART miRNA in question.
However, these data do not address whether this downregulation is, in fact, causatively
related to the observed reduction in apoptosis. To test this hypothesis, I constructed two
lentiviral vectors expressing artificial miRNAs (amiRNAs) specific for each of the 10
candidate mRNA targets, a total of 20 vectors [85]. These were used to transduce AGS
cells that were then selected for blasticidin resistance and tested for knockdown of the
encoded protein target by Western blot. As shown in Fig. 14, 16 distinct amiRNAs
demonstrated some degree of knockdown ranging from >10‐fold to as little as ~30%, for
the targets CASZ1, OCT1, SH2B3, ARID2, PAK2, TP53INP1 and CREBBP as well as
DICE1. Unfortunately, I did not observe significant knockdown of PPP3R1 or FEM1B
with either amiRNA tested and these two potential targets were therefore not further
addressed. However, I was able to test the other 16 amiRNA‐ expressing AGS cell lines
for their ability to resist the induction of apoptosis seen upon incubation in 5 μM
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etoposide. As shown in Fig. 15, I observed a statistically significant (p<0.05) reduction in
apoptosis for both amiRNAs specific for CASZ1, DICE1, SH2B3, PAK2 and TP53INP1. I
also observed a significant reduction in apoptosis in one of the two cell lines expressing
an amiRNA specific for OCT1 and CREBBP, with the other cell line showing a trend
towards lower apoptosis that did not achieve significance due to a high standard
deviation between assay replicates. Finally, neither amiRNA specific for ARID2 resulted
in reduced apoptosis, suggesting that this protein is perhaps not, in fact, functionally
pro‐apoptotic in AGS cells. In conclusion, my data demonstrate that amiRNAs specific
for seven distinct cellular genes identified as targets for anti‐apoptotic EBV miR‐BART
miRNAs are able to phenocopy the anti‐apoptotic activity of these viral miRNAs.
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Figure 14. Stable expression of amiRNAs targeted to candidate pro‐apoptotic
genes represses expression of the encoded protein.
(A) to (H) Stable expression in AGS cells of one of two distinct amiRNAs
designed to target mRNA transcripts derived from each candidate pro‐apoptotic gene,
using lentiviral vectors, results in reduced expression of the encoded protein. Relative
expression levels, shown below each lane, were normalized to an endogenous beta‐actin
control and to the expression level seen in negative control (Neg) AGS cells, which was
set at 1.

56

Figure 15. Expression of amiRNAs designed to repress candidate pro‐apoptotic
miR‐BART target genes inhibits apoptosis in AGS cells.
Each AGS culture was transduced with a control lentiviral vector (Neg) or with a
lentiviral vector expressing an amiRNA specific for the indicated human gene and
selected for puromycin resistance. The Sub‐G1 population of AGS cells was determined
by FACS analysis, in the absence or presence of 5 μM etoposide, at 24 h after drug
addition and is given as a percentage of the total culture. Average of 3 independent
experiments with SD indicated. *: Students’ T‐Test, p<0.05.
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2.5 Discussion
The primary goal of this study was to determine if any of the miR‐BART
miRNAs expressed at high levels in EBV transformed epithelial cells have an anti‐
apoptotic phenotype and, if so, to identify and validate the cellular mRNA targets that
mediate this phenotype. This work was initially prompted by published reports arguing
that the expression of clusters of miR‐BART miRNAs in the gastric carcinoma cell line
AGS inhibits the apoptosis caused by exposure to the topoisomerase II inhibitor
etoposide [26] and reports, based largely on computational approaches, that identified
several individual pro‐apoptotic cellular genes as potential targets for specific miR‐
BART miRNAs.
Because the phenotypes exerted by miRNAs can be influenced by their
expression level [90], I initially decided to construct stable cell lines, derived from
human AGS cells, that individually expressed a close to physiological level of each of the
miR‐BART miRNAs using lentiviral vector transduction. As shown in Fig. 3, I was
indeed able to achieve a level of expression in AGS cells that was closely comparable to
that seen in the naturally EBV transformed NPC cell line C666 for 17 of the 22 miR‐
BARTs. Analysis of these cell lines then showed that five of the EBV miRNAs, that is
miR‐BART3, 6, 8, 16 and 22, were able to reduce the level of apoptosis seen after
etoposide treatment (Figs. 4 and 5). I next globally identified the mRNA targets bound
by RISC‐loaded miR‐BART miRNAs by PAR‐CLIP analysis of the EBV‐transformed
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epithelial cell line C666, using a pan‐Ago antibody. This resulted in the identification of
several cellular mRNA targets bound by the five anti‐apoptotic miR‐BARTs (Figs. 10 and
11), nine of which were predicted to encode proteins with pro‐apoptotic activity (Table
7). I was able to further validate these cellular mRNAs as authentic targets for the five
anti‐apoptotic EBV miR‐BART miRNAs by several criteria:
1) Insertion of the 3’ UTR, including the PAR‐CLIP identified miR‐BART seed
target, 3’ to the FLuc indicator gene conferred specific downregulation of FLuc
when the cognate miR‐BART miRNA was expressed in trans (Fig. 10B).
Moreover, this downregulation was dependent on the integrity of the seed target
(Fig. 11).
2) Expression of any one of these miR‐BART miRNAs at physiological levels in
AGS cells (Fig. 3) resulted in a specific and significant downregulation of the
level of expression of the endogenous mRNA and protein encoded by the
predicted target gene (Figs. 12 and 13).
While these four lines of evidence provide strong support for the hypothesis that
the 10 genes listed in Figs. 12 and 13 (nine of which are novel while one, DICE1, has
been previously described [81]) are indeed authentic targets for one of the five anti‐
apoptotic miR‐BARTs, they do not address whether these mRNA targets are directly
relevant to the observed anti‐apoptotic phenotype (Fig. 4). To address this question, I
constructed two artificial miRNA (amiRNA) lentiviral expression vectors specific for
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each of the potential miR‐BART mRNA targets tested in Figs. 12 and 13. These lentiviral
vectors, which are closely similar to the miR‐BART lentivectors used in Figs. 3, 4, 12 and
13, were then used to generate stably transduced AGS cell lines expressing these
amiRNAs. As shown in Fig. 14, I obtained two amiRNAs that each effectively and stably
downregulated the expression of eight of these potentially pro‐apoptotic genes in AGS
cells (I did not obtain amiRNAs able to stably downregulate FEM1B or PPP3R1, either
because my amiRNA designs were ineffective or because these proteins are required in
AGS cells). Analysis of the resultant 16 stable knockdown AGS cell lines obtained
showed a significant reduction in apoptosis levels after etoposide treatment in both cell
lines expressing an amiRNA specific for CASZ1, DICE1, SH2B3, PAK2 or TP531NP1 and
in one of the two cell lines expressing an amiRNA specific for OCT1 or CREBBP1.
Neither amiRNA specific for ARID2 showed an anti‐apoptotic phenotype, though both
effectively inhibited ARID2 protein expression (Fig. 15). I therefore conclude that I have
identified at least seven authentic pro‐apoptotic cellular mRNA targets that are
significantly downregulated upon expression of one of the anti‐apoptotic miR‐BART
miRNAs at physiological levels in human epithelial cells. These findings can at least
partly explain the previously reported anti‐apoptotic activity of the miR‐BART miRNA
cluster in AGS cells [26].
Of the seven anti‐apoptotic mRNA targets validated in this manuscript, i.e.,
CASZ1, DICE1, OCT1, CREBBP, SH2B3, PAK2 and TP53INP1, only one, DICE1 has been
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previously reported as an mRNA target for miR‐BART3 [81]. This was surprising, as a
number of other pro‐apoptotic cellular mRNAs have also been reported to be targets for
miR‐BARTs [26, 73, 79, 80, 82, 93]. However, as shown in Fig. 6 and Fig. 7, I was not able
to validate STAT1, CASP3 or BIM as targets for any of the five pro‐apoptotic EBV
miRNAs miR‐BART3, 6, 8, 16 and 22. It remains possible, as previously proposed, that
the simultaneous expression of multiple miR‐BARTs, as seen in EBV‐transformed
epithelial tumors, would result in significantly reduced expression of STAT1, CASP3
and/or BIM. However, I note that the 3’UTRs of STAT1 and CASP3, which have been
reported to be targets for miR‐BART8 and miR‐BART16 respectively [73, 93], do not
contain full seed targets for either of these two EBV miRNAs and neither 3’UTR was in
fact identified as a target for miR‐BART8 or miR‐BART16 binding in the PAR‐CLIP
analysis reported in Fig. 8D and Table 3.
In addition to the previously reported mRNA targets for the anti‐apoptotic miR‐
BARTs analyzed in Fig. 6, several other potentially pro‐apoptotic cellular mRNAs have
also been previously reported as targets for other miR‐BARTs that did not exert a
detectable anti‐apoptotic phenotype when expressed individually in AGS cells (Fig. 4).
These include BID, a proposed target for miR‐BART4 [79]; PUMA, a proposed target for
miR‐BART5 [80]; PTEN, a proposed target for miR‐BART7 [82]; E‐Cadherin (E‐CAD), a
proposed target for miR‐BART9 [97]; and finally, EBF1, a proposed target for miR‐
BART11 [98]. All of these miRNAs, except miR‐BART4, were expressed at physiological
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levels in the AGS transductants (Fig. 3), so the lack of a detectable anti‐apoptotic
phenotype was unexpected.
Analysis of my PAR‐CLIP data, obtained in C666 cells, as well as previous PAR‐
CLIP experiments, using Ago‐specific antibodies, performed using LCLs or PEL cells
latently infected with wildtype EBV, and expressing readily detectable levels of the miR‐
BARTs, failed to identify miR‐BART binding sites at the proposed locations in the
3’UTRs of any of these mRNAs. Moreover, FLuc‐based indicator constructs containing
3’UTRs derived from these five mRNA species either failed to show any evidence of
downregulation in the presence of the cognate miR‐BART expression plasmid (BID/miR‐
BART4; PTEN/miR‐BART7; E‐CAD/miR‐BART9) or showed a minimal level of
inhibition (PUMA/miR‐BART5 and EBF1/BART11) (Fig. 16). I note that the EBF1 3’UTR
does not, in fact, contain a seed target for miR‐BART11 and is therefore not predicted to
be highly responsive to this miRNA. Others have also failed to confirm the identification
of PUMA as an authentic target for miR‐BART5 using RISC immunoprecipitation or
indicator assays [26, 73], so the PUMA 3’UTR, despite the presence of a highly
complementary potential 3’UTR target, may not in fact be an authentic target for
downregulation by miR‐BART5.
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Figure 16. Stable expression of physiological levels of miR‐BART miRNAs
fails to effectively repress several previously published mRNA 3’UTR targets.
Upper panel: FLuc‐based reporter plasmids containing the 3’UTR derived from
the indicated cellular mRNAs were co‐transfected into 293T cells along with a vector
expressing the indicated pre‐miR‐BART, or an empty vector, as well as an RLuc‐based
internal control plasmid. At 72 h post‐transfection, induced Fluc and RLuc activities
were determined and normalized to RLuc. The negative control was set at 1. Average of
three independent experiments with SD indicated. Lower panel: Published mRNA
targets of miR‐BARTs without significant anti‐apoptotic potential in AGS cells (Fig.4),
with their predicted pro‐apoptotic activity indicated by + or +/‐, if this is uncertain. None
of the cellular 3’UTRs shown here contains a miR‐BART‐dependent RISC binding site
identified by PAR‐CLIP, as performed here using C666 cells, or previously using LCLs
or primary effusion lymphomas (PEL) cells infected with WT EBV.

In conclusion, I have identified a series of at least seven mRNA targets for EBV
miR‐BART miRNAs that encode pro‐apoptotic proteins. The BART miRNA‐induced
reduction in the expression of these proteins can at least partly explain the previously
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reported anti‐apoptotic activity of the EBV miR‐BART locus in EBV latency II epithelial
cells [26]. Clearly, this activity could be highly advantageous to EBV in ensuring the
survival of these latently infected cells despite the known ability of EBV to activate
innate immune pathways [99] that have the potential to induce programmed cell death
pathways and may also contribute to the development of resistance seen in a significant
percentage of EBV+ NPC tumors in patients undergoing chemotherapy or radiation
therapy [100, 101].

64

3. EBV miR-BARTs target Wnt signaling inhibitors to
promote Wnt signaling activation.
3.1 Summary
In Chapter 2, I demonstrated that miR‐BART miRNAs can inhibit apoptosis in
epithelial cells, however other cellular functions of the miR‐BARTs are currently not well
studied. PAR‐CLIP analysis of EBV+ C666 cells revealed that miR‐BART miRNAs target
a number of Wnt signaling inhibitors, indicating that miR‐BART miRNAs may activate
Wnt signaling through suppressing inhibitors of this pathway, thus promoting cell
proliferation [102]. To validate whether these miR‐BART miRNAs can inhibit Wnt
signaling inhibitors identified by PAR‐CLIP, I constructed individual pLSG‐based FLuc
reporters containing candidate 3’UTRs [24] and showed that co‐transfection of cognate
miR‐BARTs suppressed FLuc activity, and mutation of sequences bearing seed
homology to miR‐BARTs in clusters captured by PAR‐CLIP completely rescued FLuc
activity, indicating that candidate genes can be directly targeted and suppressed by miR‐
BARTs. To comprehensively understand whether miR‐BARTs can functionally activate
Wnt signaling, I stably expressed miR‐BARTs in HEK293T cells and my preliminary
results indicated that several miR‐BARTs, including miR‐BARTs shown by PAR‐CLIP to
target Wnt signaling inhibitors discussed above, can indeed upregulate the Wnt
signaling pathway reporter TOPflash, which bears 3x Wnt‐signaling‐sensitive TCF/LEF
motifs in the enhancer driving the firefly luciferase expression. As Wnt signaling has
been shown to be crucial to promote cell proliferation and innate immunity [102, 103],
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my preliminary results strongly indicate that in addition to inhibiting apoptosis, miR‐
BARTs can also activate the Wnt signaling pathway to facilitate chronic infection.
However, further analyses are required to prove that miR‐BARTs indeed modulate Wnt‐
signaling pathway.

3.2 Introduction
Wnt signaling is a signal transduction pathway very important in cellular
processes such as proliferation, differentiation and innate immunity [102, 103].
Constitutive activation of the Wnt signaling pathway has been shown to be crucial to
oncogenesis of various cancers such as gastric carcinomas and prostate cancers [104].
The name “Wnt” was coined from the two former names of the same gene, which was
separately discovered in drosophila and mouse and is now known as “Wnt‐1”. In
drosophila, Wnt‐1 was initially identified as the “wingless” gene because the mutation
of this gene led to deficient wing formation [105]. In mouse, it was separately identified
as “Integration‐1” or “Int‐1” because the activation of gene by adjacent integration of
mouse mammary tumor virus (MMTV) induced cancers [106]. The Wnt signaling
pathways can be divided into 3 sub‐pathways: the canonical pathway, the non‐canonical
calcium (Ca2+) pathway and the non‐canonical planar cell polarity (PCP) pathway (Fig.
17) [107]. So far it has been shown that the canonical Wnt pathway can promote cell
proliferation and inhibit innate immune responses, and the noncanonical Ca2+ pathway
66

can quench canonical pathway activation [107]. The PCP pathway has been shown to
regulate cell movement and polarity [107]. In the canonical pathway, when it is not
activated, transcription factor beta‐catenin is retained in the cytoplasm and is readily
degraded by the APC/Axin1 destruction complex. When the Wnt signaling pathway is
activated by extracellular induction by Wnt proteins, such as Wnt‐3a, signaling through
Disheveled (Dvl) blocks the APC/Axin1 destruction complex, and the released beta‐
catenin is transported into the nucleus and transcriptionally activates downstream target
genes such as cyclin‐D1 and c‐myc (Fig. 17). Activation of the non‐canonical pathway
can quench this activation via Nemo‐Like Kinase (NLK) in the nucleus (Fig. 17) [107].
So far, it has been shown that in many NPCs and LCLs, Wnt signaling is
deregulated [108, 109], and EBV can activate Wnt signaling by inducing the Akt
pathway through LMP2A [110]. Apparently, constitutive activation of the canonical Wnt
signaling pathway is conducive to chronic infection of virus, as canonical Wnt signaling
activation can inhibit apoptosis [104], promote proliferation [104], and dampen innate
immunity [103], thus ensuring the long‐term survival of viruses existent in the cells. As
EBV is associated with a number of human cancers, deciphering the link between miR‐
BART and the Wnt signaling pathway may partially explain the development of
resistance seen in a significant percentage of EBV+ NPC tumors in patients undergoing
chemotherapy or radiation therapy [100, 101], in addition to inhibition of apoptosis
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discussed in Chapter 2. However, it is currently not well understood whether or how
miR‐BART miRNAs affect this pathway.
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Figure 17. Overview of Wnt signaling pathway.

3.3 Materials and Methods
3.3.1 Cell cultures and plasmids.
HEK293T cells were cultured using Dulbeccoʹs Modified Eagle Medium (Gibco),
supplemented with 10% fetal bovine serum and 10 μg/ml gentamicin and maintained at
37C with 5% CO2.
Lentiviral miR‐BART miRNA expression vectors used for FLuc‐based 3’UTR
reporter assays were generated in the pLenti‐CMV‐Blasticidin (pLCB) backbone as
described in 2.3.1.
Lentiviral miR‐BART miRNA expression vectors used for transduction of
HEK293T cells were generated in the pTRIPZ backbone (Open Bioystems) (doxycycline
inducible turboRFP, puromycin selectable), as described in 2.3.1.
FLuc‐based 3’UTR reporter plasmids were generated using the pLenti‐SV40‐GL3
(pLSG) backbone [24] by inserting 3’UTRs of candidate cellular target mRNAs into the
3’UTR of FLuc between unique XhoI and XbaI sites. PCR primers used to clone the
3’UTRs are listed in Table 8. To generate mutant 3’UTR reporter plasmids, internal
primers mutating the nucleotides pairing to seed positions to a BamH1 site were
utilized, together with the primers listed in Table 8, to clone mutant forms of the 3’UTR
regions from the wild‐type 3’UTR reporter plasmids by overlap extension PCR.
The Wnt signaling reporter vector TOPflash containing 3x Wnt‐responsive
TCF/LEF binding sites in the enhancer region and TK promoter driving FLuc, and an
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internal control vector containing RLuc were obtained from Addgene. The pcDNA3‐
based Wnt3a expression plasmid was a gift from David Virshup lab at Duke‐NUS.
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Table 8. Derivation of FLuc‐based reporter plasmids based on cellular mRNA 3’UTRs.
Shown are the sequences of the two PCR primers used to clone human mRNA 3’UTRs, using mRNA obtained from
293T cells, the native 3’UTR length, the PCR‐amplified 3’UTR length used in the indicator plasmids, the location of the BART
miRNA binding clusters identified by the PAR‐CLIP performed here using C666 cells, and mutation PCR primers for
PPP2R5A and SIAH1.
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Primer Name

Sequence
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ZBTB33‐FW

5ʹ‐TGCGAACAAGTTAATTTGATCTGCC‐3ʹ

ZBTB‐RV

5ʹ‐AGTAGAACTTAAAGTCATGACAGGG‐3ʹ

FZD6‐FW

5ʹ‐TTTGTGTTACACTGGAAGTGACC‐3ʹ

FZD6‐RV

5ʹ‐ACAACATTTCCCATACAGTACATAG‐3ʹ

CXXC4‐FW

5ʹ‐AAGGCATTTGGAAATGAAGGGC‐3ʹ

CXXC4‐RV

5ʹ‐AACTTTACTGGGCAAATTGAATG‐3ʹ

PPP2R5A‐FW

5ʹ‐AAGCCTCCCACCTCTGCCGG‐3ʹ

PPP2R5A‐RV

5ʹ‐ATTAAATGCTGCTCAATCCCCC‐3ʹ

FOXO3A‐FW

5ʹ‐AGACCTACAGAGAAAACCCTTTGCC‐3ʹ

FOXO3A‐RV

5ʹ‐GTTTGTATGCTATTGCCTCTCACTC‐3ʹ

SIAH1‐FW

5ʹ‐AATGGCAATCAAACATTTTCTGG‐3ʹ

SIAH1‐RV

5ʹ‐TTACAAATACTGTGCATGACGATG‐3ʹ

RORA‐FW

5ʹ‐ATGATACAGGTCTTCATTCTATCCC‐3ʹ

RORA‐RV

5ʹ‐TAACTTGTCTAGCACCACACATCAG‐3ʹ

3ʹUTR Full
Length

PCR
Length

PCR
Start

PCR
End

Cluster
Start

Cluster
End

2965

2816

78

2894

1214

1240

1309

1229

32

1260

385

411

BART2

491

511

BART15

4011

3943

23

3965

1050

1076

1089

1064

6

1069

246

266

4983

1135

52

1186

359

381

1050

953

1

953

199

232

9172

1610

5573

7182

6233

6262

mPPP2R5A‐FW

5ʹ‐CCAATGTTTTAACTTCATGggatccATTAAATGGGTAGTT‐3ʹ

mPPP2R5A‐RV

5ʹ‐AACTACCCATTTAATGGATCCCATGAAGTTAAAACATTGG‐3ʹ

mSIAH1‐FW

5ʹ‐ATGAATTTTATCATCggatccATGAGTGAGATAATTATGG‐3ʹ

mSIAH1‐RV

5ʹ‐CCATAATTATCTCACTCATGGATCCGATGATAAAATTCAT‐3ʹ

Comment

3.3.2 Transfections and luciferase 3’UTR reporter assays
10 ng of a pLSG‐based 3’UTR reporter, 10 ng pLenti‐SV40‐Rluc, and either 500 ng
of a miR‐BART expression vector or a matched negative control, were co‐transfected
into 293T cells in 24‐well plates using polyethylenimine (PEI). Cells were lysed ~72 h
post‐transfection with passive lysis buffer (Promega) and FLuc and RLuc expression
analyzed using a dual luciferase assay kit (Promega). All 3’UTR reporter assays were
performed on three separate occasions using technical triplicates.

3.3.3 Wnt signaling reporter TOP-FLASH assay
Transduced 293T cells were plated in a 24‐well plate at a concentration of 20,000
cells/well. After 24 h, 50 ng of a Wnt signaling reporter TOPflash, containing FLuc
driven by the TK promoter with 3x Wnt signaling responsive TCF/LEF binding sites in
the enhancer region, 25 ng of internal control vector RLuc driven by the PK promoter,
500 ng of pcDNA3, and 0 ng or 2.5 ng of pcDNA3‐based Wnt3a expression plasmids
were co‐transfected into each well. After another 24 h, cells were lysed with passive lysis
buffer (Promega) and FLuc and RLuc expression analyzed using a dual luciferase assay
kit (Promega).
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3.3.4 Stem-loop qRT-PCR
To perform stem‐loop qRT‐PCR, total RNA preparations were reverse
transcribed using a Taqman miRNA reverse transcription kit (Applied Biosystems), and
assayed with Taqman Universal PCR Master Mix, no UNG (Applied Biosystems). The
relative miRNA expression levels of individual miR‐BART miRNAs expressed in
transduced AGS cells were first normalized to endogenous U6, and then to the miR‐
BART miRNA level detected in C666 cells. All the EBV miR‐BART reverse transcription
primers and stem‐loop qPCR probes were purchased from Life Technologies.
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3.4 Results
3.4.1 PAR-CLIP of C666 cells revealed that miR-BARTs can target Wnt
signaling inhibitors.
As described in 2.4.3, PAR‐CLIP of C666 cells comprehensively identified ~800
putative 3’UTR targets of miR‐BARTs including nine pro‐apoptotic genes. In order to
investigate other pathways targetd by miR‐BARTs heavily target, Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis [111] was performed to isolate enriched
pathways of 3’UTR targets of miR‐BARTs compared to cellular miRNAs. As shown in
Table 9, pathway analysis revealed that 3’UTR targets of miR‐BART are highly enriched
in the Wnt signaling pathway. As shown in Fig. 18A, further investigation of the Wnt
signaling genes captured by PAR‐CLIP showed that miR‐BARTs can putatively target
several Wnt signaling inhibitors, including ZBTB33 (miR‐BART2)[112], FZD6 (miR‐
BART2&15) [113], DICE1 (miR‐BART3) [114], CXXC4 (miR‐BART7) [115], PPP2R5A
(miR‐BART7) [116], FOXO3A (miR‐BART9) [117], SIAH1 (miR‐BART15) [118], CREBBP
(miR‐BART16) [119] and RORα (miR‐BART18) [120], indicating that miR‐BART may
target inhibitors to facilitate the activation of this pathway, leading to cell proliferation
and dampened innate immune response, as discussed above.
The nine Wnt‐signaling inhibitors captured by PAR‐CLIP and subsequently
validated by 3’UTR containing luciferase assays can be generally divided into three
categories depending on how they can suppress the canonical Wnt signaling pathway.
CXXC4, PPP2R5A, SIAH1 and DICE1 can directly or indirectly modulate the core
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canonical Wnt‐signaling pathway; FZD6 and RORα can activate the non‐canonical Ca2+
pathway which in turn suppresses the canonical Wnt‐signaling; ZBTB33, FOXO3a and
CREBBP can inhibit Wnt‐signaling by directly acting on the transcription level in the
nucleus. This indicates that miR‐BARTs may employ diverse strategies to ensure the
activation of canonical Wnt‐signaling, as observed in EBV+ nasopharyneal carcinomas
[108].

Table 9. KEGG analysis of EBV miR‐BART miRNA compared to cellular
miRNA 3ʹUTR targets in C666 cells.
EBV miR‐BART 3’UTR target enrichment compared to cellular miRNA targets
Term

P‐Value

Wnt signaling pathway

2.60E‐18

Pathways in cancer

4.00E‐11

MAPK signaling pathway

2.10E‐10

Endocytosis

1.40E‐09

Huntingtonʹs disease

3.30E‐09

Focal adhesion

7.50E‐09

Neurotrophin signaling pathway

1.00E‐08

Leukocyte transendothelial migration

1.50E‐07

Epithelial cell signaling in Helicobacter pylori infection

2.50E‐07

Chemokine signaling pathway

2.70E‐07

To validate the putative targets of miR‐BARTs captured in PAR‐CLIP, I cloned
3’UTRs of ZBTB33, FZD6, CXXC4, PPP2R5A, FOXO3A, SIAH1, and RORα, and inserted
either full length or at least 1135 bps of the 3’UTR regions into the pLSG vector
containing FLuc reporter. HEK293T cells were co‐transfected with the 3’UTR‐containing
pLSG vectors, an RLuc vector as the internal control, and relevant miR‐BART expression
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vectors or a negative control. As DICE1 and CREBBP have already been shown in 2.4 as
direct targets of miR‐BART3 and 16, respectively, I did not re‐test these two genes. At
~72 h post transfection, as shown in Fig. 18B, I found that all the 3’UTRs tested can be
significantly suppressed by co‐expression of cognate miR‐BARTs (P<0.05), suggesting
that these nine 3’UTR targets, seven of which are newly identified, are indeed targets of
miR‐BARTs. All 3’UTRs contain one miR‐BART binding site captured by PAR‐CLIP,
except for FZD6, which bears clusters for both miR‐BART2 and 15. Expression of miR‐
BART2 or 15 both suppressed the pLSG vector containing FZD6 3’UTR, suggesting that
this gene can be simultaneously targeted by two miR‐BARTs. To test whether the
suppression of 3’UTR by miR‐BARTs is directly caused by the presence of the clusters
captured in PAR‐CLIP, I generated mutant 3’UTRs for PPP2R5A and SIAH1, in which
the 6mer sequences in the clusters captured in PAR‐CLIP bearing the seed homology to
cognate miR‐BARTs from position 2 to 7 were mutated into a BamH1 recognition site
(GGATCC), and assayed in parallel with wild‐type 3’UTR vectors to see if mutation in
the clusters could rescue the luciferase activity. As shown in Fig. 18B (highlighted in
green), both mutations of PPP2R5A and SIAH1 completely rescued luciferase activity
when co‐transfected with cognate miR‐BARTs compared to a negative control,
suggesting the clusters captured in these two 3’UTRs, and likely also in other 3’UTRs,
are indeed the direct binding sites for miR‐BARTs.
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Although previous studies showed that miR‐BART9 could suppress E‐cadherin
[97] and BIM [26] protein expression, this suppression does not seem to be caused by
direct targeting of the 3’UTRs by miR‐BART9 (Fig. 16 and [26]). In contrast, PAR‐CLIP of
C666 cells identified FOXO3a as a putative target of miR‐BART9, and the targeting of
Foxo3a by miR‐BART9 was subsequently validated by the 3’UTR‐containing Fluc
reporter assays. As FOXO3a has been shown to trans‐activate E‐cadherin and BIM
mRNA expression, suppression of E‐cadherin and BIM by miR‐BART9 can be
alternatively explained by indirect suppression through downregulation of FOXO3a.
Together, from the perspective of targets, I discovered that Wnt signaling may be
another pathway that miR‐BARTs regulate to facilitate EBV infection in addition to the
apoptosis pathway. In total, I identified nine anti‐Wnt signaling genes putatively
targeted by miR‐BARTs, including seven novel genes and two genes discussed in 2.4.
The nine genes can be divided into three categories based on the mechanisms how they
can dampen the canonical Wnt signaling, suggesting that miR‐BARTs can utilized
various tactics to upregulate this pathway. Utilizing the 3’UTR containing Fluc reporter
assay, I demonstrated all the 3’UTRs of the seven newly identified Wnt signaling
inhibitors were indeed targets of miR‐BARTs, and suppression of Fluc expression were
directly associated with the target sites in the clusters captured by PAR‐CLIP. In
conclusion, miR‐BARTs suppress several Wnt signaling inhibitors, which may lead to
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activation of canonical Wnt signaling, which plays a crucial role in oncogenesis and
innate immunity [103, 104].

Figure 18. PAR‐CLIP analysis of RISC binding sites in C666 cells identifies
potentially anti‐Wnt signaling mRNAs targeted by miR‐BARTs.
(A) Alignment of 3’UTR Ago binding clusters of seven putatively anti‐Wnt
signaling human genes to the five anti‐apoptotic miR‐BARTs. Underlined sequences
represent the 7‐nt seed regions of the miR‐BARTs, which in all cases are fully
complementary to the target. (B) FLuc‐based reporter plasmids containing the indicated
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3’UTRs were repressed upon co‐expression of the indicated anti‐apoptotic miR‐BART
pre‐miRNA. Wild‐type 3’UTRs are highlighted in red, and mutant 3’UTRs of PPP2R5A
and SIAH1 are highlighted in green. Average of 3 experiments with SD indicated.

3.4.2 Screening of miR-BART-transduced HEK293T cells revealed that
several miR-BARTs can up-regulate Wnt signaling
To investigate whether miR‐BART miRNAs can regulate Wnt signaling, I
individually transduced HEK293T cells with miR‐BARTs using the vectors described in
2.4.1. After puromycin selection, the cells were sorted for high turboRFP expression
(upper 30%) and expanded. To analyze the expression level of each miR‐BART miRNA
in each transduced HEK293T cell line, I harvested total RNA from each culture and used
stem‐loop qRT‐PCR to compare the level of expression to that seen in the EBV latency II
NPC cell line C666. As can be seen in Fig. 19, except for miR‐BART20 which could not be
expressed in this vector, I was able to express all 21 miR‐BART miRNAs at levels of at
least 10% compared to native expression in C666 cells. Specifically, expression levels of
miR‐BART1, 2, 9, 10, 11, 14, 16, 17 and 18 were more than 2‐fold that of C666s, miR‐
BART3, 13, 14, 19, 21, and 22 were similar to C666s, and miR‐BART4, 6, 7, 12 and 15
were expressed between 10%~50% compared to C666 cells. The expression levels of miR‐
BART5 and 8 could not be determined because of experimental technical errors.
However, judging from my experience that HEK293T cells are generally more
transducible than the AGS cells utilized in 2.4, and the fact that the two miR‐BARTs
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were well expressed in AGS cells, it is likely that miR‐BART5 and 8 were also highly
expressed in HEK293T cells.

Figure 19. Expression of individual EBV miR‐BARTs in human HEK293T cells.
HEK293T cells were transduced with lentiviral vectors designed to express
individual miR‐BART miRNAs. After selection for antibiotic resistance, cells were sorted
for high turboRFP expression and expanded. miR‐BART expression levels were then
quantified by qRT‐PCR and are given here in comparison to the level detected in the
EBV‐infected NPC cell line C666, which was set at 1. Expression levels of miR‐BART5 &
8 were not determined because of technical errors.

Next, I split each transductant into 24‐well plates and transfected each well with
50 ng of a Wnt signaling FLuc reporter TOPflash, 25 ng of an RLuc plasmid as the
internal control, 500 ng of pcDNA3, and 0 ng or 2.5 ng of pcDNA3‐based Wnt3a
expression plasmids to monitor the canonical Wnt signaling activity with or without
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Wnt stimulation. At ~24 h post‐transfection, the cells were lysed and all relative FLuc
activities were compared to a negative control. As shown in Fig. 20A, a pilot experiment
testing the miR‐BARTs targeting anti‐Wnt genes discussed in 3.4.1 (miR‐BART2, 3, 7, 9,
16 and 18) all resulted in modestly upregulated FLuc activity, indicating that expression
of miR‐BARTs can indeed activate the Wnt signaling pathway. I did not test the
activation of Wnt signaling by expression of miR‐BART15 because of the low expression
level of miR‐BART15 in HEK293T cells. To comprehensively understand the influence of
miR‐BARTs on the Wnt‐signaling pathway, I expanded the TOPflash assay discussed
above to all transduced cell lines generated in Fig. 19. Because the fold upregulation of
the FLuc reporter activity with Wnt‐3a stimulation compared to no Wnt‐3a condition
varied across different experiments, all FLuc activities with or without Wnt‐3a
stimulation were respectively normalized to a negative control with or without Wnt‐3a
stimulation, respectively. As shown in Fig. 20B, I preliminarily reproduced the results in
Fig. 20A, and in addition expression of miR‐BART5, 8 and 10 also to boosted Wnt
signaling. However, the phenotypes shown here were at best modest; this can be
explained by the possibility that in HEK293T cells many anti‐Wnt signaling genes
supposedly targeted by miR‐BARTs are expressed at a low level, overshadowing the
possible phenotypes of miR‐BARTs. The SV40 large antigen expression in HEK293T cells
was also shown to upregulate beta‐catenin [121]. Therefore, another cell line, such as
HEK293, may be a better cell line to examine this question.
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In addition, although both Riley et al. [122] and my results (data not shown)
suggested that miR‐BART13 can suppress the 3’UTR of the pro‐Wnt signaling gene
CAPRIN2, I did not detect downregulation of TOPflash luciferase activity by expressing
miR‐BART13, suggesting that miR‐BART13 may simultaneously target one or multiple
Wnt signaling inhibitors to cancel this effect. Indeed, using PAR‐CLIP, I captured the
anti‐Wnt signaling genes TCF3 [123] and EAF1 [124] to be putative targets of miR‐
BART13, which can explain the lack of phenotype.
Together, my preliminary results showed that several miR‐BARTs, which target
anti‐Wnt signaling genes, can indeed activate Wnt signaling, as measured by Wnt‐
signaling reporter TOPflash. Therefore, this experiment serves as a potential link
between the anti‐Wnt signaling targets of miR‐BARTs and their pro‐Wnt signaling
phenotypes. In addition, several miR‐BARTs, which were not shown to target Wnt
signaling inhibitors captured by PAR‐CLP, also modestly upregulate TOPflash
luciferase, suggesting that these miRNAs may indirectly modulate Wnt signaling
pathway or their targets were not captured by PAR‐CLIP. However, further studies,
such as western blots, Wnt‐responsive target analyses and more phenotypic research,
are needed to unequivocally prove that miR‐BARTs can indeed serve as Wnt signaling
activators.
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Figure 20. Preliminary experiment of TOPflash assay indicated that miR‐
BARTs activated the Wnt signaling pathway.
(A) Pilot experiment of TOPflash assay in HEK293T cells transduced with
supposedly pro‐Wnt signaling miR‐BARTs compared to negative control. After 24 h of
culture in 24‐well plates, each well was co‐transfected with 50 ng TOPflash FLuc
85

reporter, 25 ng RLuc internal control construct, 500 ng pcDNA3, and 0 ng or 2.5 ng of
pcDNA3‐based Wnt3a expression plasmids. At ~24 h post‐transfection, cells were lysed
and FLuc and RLuc activities were determined. All relative FLuc activities were
normalized to a negative control co‐transfected with 0 ng of Wnt‐3a. The FLuc activity of
the negative control without Wnt‐3a stimulation was normalized to 1. (B) TOPflash
assay of all miR‐BARTs compared to negative control, as described in (A). All relative
FLuc activities with or without wnt‐3a stimulation were normalized to a negative
control with or without wnt‐3a stimulation, respectively. The FLuc activity of the
negative control co‐transfected with 0 ng or 2.5 ng of Wnt‐3a was normalized to 1.
Average of 3 experiments with SD indicated. Green bars indicate 1.
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4. Conclusion

4.1 The current literature of miR-BARTs
The primary goal of the two studies discussed above was to unravel the cellular
functions and targets of the miR‐BART miRNAs in order to achieve a better
understanding of their importance in EBV‐infected epithelial cancers. Although it is
known that EBV miR‐BARTs are highly expressed in epithelial cells such as NPCs [15,
25, 40, 70, 72], their cellular roles are not well understood because both the targets and
phenotypes of miR‐BARTs have not been well characterized.
Studies on the phenotypes of miR‐BARTs so far have shown that expression of
miR‐BART miRNA clusters in the AGS cell line could reduce apoptosis in response to
etoposide, and EBV‐infected AGS cells display enhanced anchorage independent
growth in vitro [25] and potentiated growth in vivo [75]. As all the miR‐BARTs were
expressed altogether in the cell models utilized in these studies, it was impossible to
pinpoint which miR‐BARTs could confer these phenotypes, whereas these studies
strongly suggested that miR‐BARTs play an important role in EBV‐associated
carcinogenesis. Several other papers, focused on specific miR‐BARTs, showed that
BART1, 7 and 9 could enhance epithelial‐to‐mesenchymal transition (EMT) [82, 97, 125]
to induce metastasis in NPC cell lines, however, results of these studies could not be
confirmed by Qiu et al. [75] showing that expression of all miR‐BARTs in AGS cells
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could not enhance metastasis or invasion in vivo, suggesting that the EMT phenotype is
either cell‐type‐specific or overstated. In addition, it has been reported that BART18 and
BART20 could block lytic reactivation by targeting MAP3K2 (a proposed target of
BART18) [126], and BZLF1 and BRLF1 (proposed targets of BART20) [127], but as most
assays performed in these two studies utilized miRNA mimics which would express
miR‐BARTs at unreasonably high levels that are not physiologically relevant, the
phenotypes described in these two papers were likely to be exaggerated.
On the other hand, studies focused on the targets of miR‐BARTs have provided a
number of genes supposedly inhibited by miR‐BARTs, whereas the approaches utilized
in these studies to validate the direct targeting by specific miR‐BARTs were
controversial and could lead to false‐positive results. For example, some studies took the
proposed miRNA binding sites out of their 3’UTR contexts, repeated them several times
and then inserted them into the 3’UTR region of luciferase‐based reporter plasmids.
Moreover, some other studies utilized RNA‐based miRNA mimics or miRNA hairpins,
both of which could produce unreasonably high levels of miR‐BART expression [79],
resulting in false‐positive suppression of the 3’UTR‐containing luciferase reporters, even
when the tested 3’UTRs did not contain full‐length seed complementarity. In my studies,
by investigating the current literature, I found out that at least half of the published
targets of miR‐BARTs were likely to be false‐positive results. The false‐positive targets of
miR‐BARTs include STAT1 (a proposed target of BART8) [93], CASP3 (a proposed target
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of BART3) [73], BID (a proposed target of BART4) [79], PTEN (a proposed target of
BART7) [82], E‐cadherin (a proposed target of BART9) [97], and EBF1 (a proposed target
of BART11) [98]. In the case of the pro‐apoptotic gene PUMA, which was reported by
Choy et al. [80]to be targeted by BART5, although I did observe a modest suppression of
PUMA by BART5 by the 3’UTR‐containing luciferase assay, this result could not be
reproduced by Marquitz et al. [26] who showed that expression of BART5 could not
suppress PUMA protein levels in AGS cells as detected by western blot, or by my study
as discussed in Chapter 2 showing that expression of BART5 in AGS cells could not
dampen apoptosis. In addition, it has been shown that PUMA in AGS cells is expressed
and suppression of PUMA in AGS cells using siRNAs indeed inhibited apoptosis [128].
These three lines of evidence suggest that PUMA is not likely to be a functional target of
BART5.
In addition, several papers have reported that several BART miRNAs targeted
oncogenes, such as CAPRIN2 (a proposed target of BART13) [122], BRUCE (a proposed
target of BART15) [129] and MAP3K2 (a proposed target of BART18) [126], however
these studies contradict with the basic concept that miR‐BARTs can confer pro‐
proliferative and anti‐apoptotic phenotypes as EBV delevops life‐long latency in cells. If
a miR‐BART is indeed anti‐proliferative and pro‐apoptotic, it is very likely that EBV
would quickly mutate this miR‐BART to avoid the cytotoxicity.
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Therefore, in order to better investigate the cellular roles and targets of miR‐
BARTs, one must at least fulfill three requirements:
1. One must show that specific miR‐BARTs, but not other miR‐BARTs,
could confer a certain phenotypes when expressed in the cells at
physiologically relevant levels.
2. To prove that 3UTRs of candidate genes can be directly targeted by miR‐
BARTs, one must show that the 3’UTRs harbor full‐length seed
complementarity.
3. When testing the targeting of 3’UTRs by specific miR‐BARTs, one should
use an experimental system which reduces the chance of chance of false‐
positive results, such as cloning essentially full length 3’UTRs, and using
DNA‐based miRNA expression vectors instead of RNA‐based reagents.

4.2 miR-BARTs target pro-apoptotic and anti-Wnt signaling
genes.
Here, by employing technically reliable approaches, I utilized both phenotypic
and target approaches to comprehensively demonstrate that miR‐BARTs can inhibit
apoptosis and activate Wnt signaling through suppressing pro‐apoptotic and Wnt
signaling inhibitors, respectively.
In order to investigate the relationship between miR‐BARTs and apoptosis as
suggested by previous studies, I utilized the phenotypic approach to link phenotypes to
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targets of miR‐BARTs. I first individually expressed all miR‐BARTs, except for miR‐
BART20, in epithelial AGS cells, confirmed the comparable expression of miR‐BARTs
relative to C666s, and demonstrated that five miR‐BART miRNAs, miR‐BART3, 6, 8, 16,
and 22, could significantly inhibit apoptosis in response to etoposide. The anti‐apoptotic
phenotype of the five miR‐BARTs could not be well explained by the current literature
as only DICE1, a previously identified target [81], could be validated by 3’UTR‐
containing FLuc reporter assays as a candidate target of miR‐BART3.
To discover novel targets of miR‐BARTs which could explain this anti‐apoptotic
phenotype, I comprehensively profiled 3’UTR targets of miR‐BARTs by performing
PAR‐CLIP in C666s, and identified nine novel pro‐apoptotic genes targeted by the 5
anti‐apoptotic miR‐BARTs. To investigate whether these nine genes are indeed direct
targets of miR‐BARTs, I co‐transfected 3’UTR‐containing FLuc plasmids with miR‐BART
expression vectors, and showed that co‐expression of relative miR‐BARTs indeed
significantly suppressed relative luciferase activity compared to a negative control, and
mutation of clusters captured by PAR‐CLIP rescued relative FLuc activities. I further
demonstrated that stable expression of cognate miR‐BARTs in AGS cells downregulated
both mRNA and protein levels of the nine pro‐apoptotic genes identified by PAR‐CLIP
and DICE1 described in the previous research [81]. Lastly, I demonstrated suppression
of seven of 10 identified miR‐BART targets in AGS cells could inhibit etoposide‐induced
apoptosis, mimicking the expression of cognate miR‐BARTs.
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In order to investigate the relationship between miR‐BARTs and Wnt signaling
pathway, I utilized the target approach to link targets of miR‐BARTs to phenotypes. I
first analyzed the PAR‐CLIP dataset performed in C666 cells and identified nine anti‐
Wnt signaling genes, seven novel genes and two genes identified above also as pro‐
apoptotic genes, which could be targeted by miR‐BARTs. I then utilized the 3’UTR‐
containing luciferase plasmids and demonstrated that co‐transfection of the relative
miR‐BART expression vectors suppressed FLuc activity which could be reverted by
mutation of sequences bearing seed homology to cognate miR‐BARTs. My results
showed that the nine anti‐Wnt signaling genes, seven of which are novel, are genuine
miR‐BART targets.
To investigate whether expression of miR‐BARTs could activate Wnt signaling, I
individually expressed all miR‐BARTs, except miR‐BART20, in HEK293T cells and
confirmed comparable expression relative to C666 cells. I then utilized the canonical
Wnt‐signaling FLuc reporter plasmid TOPflash and preliminarily showed that
expression of the miR‐BARTs that target anti‐Wnt signaling genes could indeed
modestly upregulate TOPflash luciferase activity.

4.3 The impact of my studies in the miR-BART research field
Together, via both the phenotypic and target approaches, I have demonstrated
that miR‐BARTs could facilitate EBV chronic infection through inhibiting apoptosis and
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activating the Wnt signaling pathway. My research is valuable to the miR‐BART
research field from at least five perspectives:
(1)

My studies identified many new targets of miR‐BARTs, thus
considerably expanding our knowledge of the miR‐BART targetome. I
validated a total of 16 novel targets using 3’UTR containing FLuc
reporter plasmids, and utilized mutation studies to show that the
suppression conferred by relevant miR‐BARTs were directly derived
from the target interaction sites captured by PAR‐CLIP. In the
apoptosis study, by measuring mRNA and protein levels, I further
demonstrated that all 10 candidate genes can be indeed suppressed by
cognate miR‐BARTs under physiologically relevant conditions.

(2)

My studies utilized the phenotypical approach to show that miR‐
BARTs can inhibit apoptosis, and activate the canonical Wnt‐signaling
as measured by Wnt signaling reporter TOPflash. I comprehensively
studied almost all the miR‐BARTs by stably expressing them at levels
comparable to physiological conditions. Therefore, my results are
more convincing that experiment models where miRNA mimics were
transiently introduced to the cells at a concentration of 10,000 folds
more than physiological conditions [79].
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(3)

I paired the phenotypical approach and the target approach to study
miR‐BARTs, and successfully linked the phenotypes to targets of miR‐
BARTs in the apoptosis study as discussed in Chapter 2, and
preliminarily linked the targets to the phenotypes of miR‐BARTs
involved in the Wnt signaling study as discussed in Chapter 3. I also
introduced amiRNAs against candidate targets of miR‐BARTs in
Chapter 2 and demonstrated that suppression of most candidates
indeed phenocopied the expression of relevant miR‐BARTs.

(4)

I thoroughly examined the current literature of miR‐BARTs and
demonstrated about half of the results were not reproducible and
several targets could not render the phenotypes observed in Chapter 2
and 3. My studies also provide alternative explanations to certain
phenotypes observed in the current literature.

(5)

My studies also provide technically reliable methodologies to
comprehensively investigate miR‐BARTs in future studies, both from
the perspectives of targets and phenotypes. I also generated a
comprehensive data set of the miR‐BART targetome in EBV+ NPC
cells, which can serve as a useful tool and guide for future studies.
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4.4 The significance of my research in understanding the roles
of miR-BARTs in EBV+ carcinomas
In order to chronically exist in cells, which in some cases results in
carcinogenesis, EBV can undertake four cellular roles: (1) inhibition of apoptosis; (2)
promotion of cell growth; (3) evasion from host immunity; (4) regulation of latency and
lytic reactivation. In my studies, I was able to demonstrate the roles of miR‐BARTs in (1)
and (2), and indirectly (3), therefore, my research provides important insights into how
miR‐BARTs could contribute to the understanding of the oncogenesis of EBV‐infected
epithelial cancers.
During oncogenesis, it has been shown that cancer cells are exposed to various
stimuli which can lead to apoptosis induced by DNA damage responses, such as
replication stress [130], telomere shortening [131] and hypoxia [132]. In addition, most
chemotherapies and radiation therapies in cancer treatment also induce DNA damage
response to sensitize cancer cells to cell death. In my first study, as discussed in Chapter
2, by inducing DNA damage response in cells by etoposide, I mimicked the apoptosis
which could be induced during oncogenesis and cancer treatement, and clearly
demonstrated how several miR‐BARTs could significantly dampen such apoptosis,
which could at least partially explain how EBV+ carcinomas overcome apoptosis during
oncogenesis and how miR‐BARTs could desensitize cells against cancer therapies. On
the other hand, Wnt signaling in many cancers is constitutively active [104], and
activation of this pathway can result in cell proliferation and survival, which provides a
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beneficial cellular context for cancers to grow. My second study, as discussed in Chapter
3, showed that several miR‐BARTs could suppress Wnt signaling inhibitors and
facilitate Wnt signaling activation as measured by TOPflash, which could lead to a pro‐
proliferative and pro‐survival phenotype in EBV+ carcinomas. Lastly, studies on
interferon signaling have shown that apoptosis and Wnt signaling also strongly
moderate responses to innate immunity. For instance, apoptosis has been shown as an
outcome of innate immunity as IFN‐α, β and γ can all induce apoptosis [133], whereas
DNA damage can also induce interferon signaling, such as etoposide can induce IFN‐ α
and γ [134]. Wnt signaling, on the other hand, has been shown to dampen interferon
signaling [103]. Therefore, inhibition of apoptosis and activation of Wnt signaling
resulting from the expression of miR‐BARTs also secondarily confer on cells the ability
to evade innate immune responses.
In conclusion, my results shed new light on EBV+ carcinomas by showing that
miR‐BARTs could facilitate EBV‐associated carcinogenesis via inhibition of apoptosis,
promotion of cell growth and evasion of innate immune responses. My research also
suggests that EBV+ carcinomas should not only be treated as cancers but also cancers in
which EBV functionally contributes to tumor progression by expressing miR‐BARTs.
Therefore, new therapies specifically targeting the virus, such as inhibitors of EBNA‐1 or
CRISPR/Cas9 vectors designed to destroy the viral genome, and drugs to induce lytic
reactivation of EBV in cancer cells, should be a focus of next‐generation cancer
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treatment, and the combination of therapies targeting EBV and the current chemo‐ or
radiation therapies should in theory then achieve a better result in patients with EBV+
carcinomas, which could lead to quicker remission and elongation of life‐span.
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