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Abstract

Epstein Barr virus (EBV), a y-herpesvirus that latently infects over 90% of the
adult population, is known to play a role in the development of both B cell and epithelial
cell tumors. In a laboratory setting, transformation of primary B cells into
lymphoblastoid cell lines (LCLs) is used to model EBV infection and latency. LCLs have
a latency III gene expression profile akin to the EBV-associated tumors diffuse large B
cell lymphoma (DLBCL) and post-transplant lymphoproliferative disorder (PTLD).
During latency III, EBV expresses the full repertoire of latency genes including two
microRNA (miRNA) clusters, the BHRF1 cluster and the BART cluster. The BHRF1
miRNA cluster is composed of three virally encoded primary miRNAs (pri-miRNAs)
which are processed into four highly expressed mature ~22nt miRNAs that target
mRNA for translational inhibition or degradation: miR-BHRF1-1, 1-2, 1-2¥, and 1-3.
Virally encoded miRNAs have been shown to enhance pathogenesis by inhibition of
cellular genes. Thus, characterizing the role the BHRF1 miRNAs during latency is
important for understanding EBV pathogenesis.

Collectively, the BHRF1 miRNAs are crucial for EBV-induced transformation of
primary B cells into LCLs. They also play a role in LCL proliferation by enhancing cell
cycle progression of LCLs. However, the individual roles of the miRNAs in the BHRF1

cluster were previously not known. We sought to address this gap in knowledge by
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ectopically expressing the BHRF1 miRNA cluster in LCLs transformed with an EBV
bacmid that lacks the BHRF1 miRNAs (A123 LCLs). We hypothesized that ectopic
expression of the BHRF1 miRNAs would rescue the growth deficiency of A123 LCLs.
Because of technical difficulties inherent to previously established lentiviral vectors we
developed a new lentiviral vector bearing a reverse intron (pTREX) to express the
BHRF1 miRNAs at physiological levels. We demonstrated by flow cytometry, Western
blot, and TagMan qPCR that pTREX was better at expressing transgenes and miRNAs
than a lentiviral vector without an intron (pTRIPZ). We additionally showed by
infection assays that pTREX generated higher viral titers than pTRIPZ when encoding a
cluster of miRNAs. Thus, we were able to use the pTREX vector to show that ectopic
expression of the BHRF1 miRNAs at WT levels in A123 LCLs does not rescue the A123
LCL growth deficiency.

Since the BHRF1 miRNAs did not regulate growth through their canonical role
in trans, we investigated other processes that were dysregulated in A123 LCLs. In doing
so, we demonstrated that the BHR1-2 and 1-3 pri-miRNAs play a novel role in viral gene
expression. Processing, by the RNAse III protein Drosha, of the BHRF1 miRNAs out of
EBNA-LP transcripts, as part of the miRNA biogenesis pathway, allows the BHRF1
miRNAs to regulate EBNA-LP expression in cis. We used a meta-analysis of RNA-Seq
data and performed PacBio sequencing to show that splicing from EBNA-LP to the HF

exon, which contains the BHRF1-2 and 1-3 pri-miRNAs, occurs at a high frequency. This



had not been previously established due to the limitations of short reads used in RNA-
Seq analysis. Our PacBio sequencing also revealed several novel splice junctions that
prevent expression of EBNA-LP from the Cp and Wp promoters. We also show, using a
reporter assay, that the BHRF1-2 and 1-3 pri-mRNAs are able to regulate gene
expression in cis in a Drosha-dependent manner. Furthermore, targeting of the HF exon
with amiRNAs was capable of reducing EBNA-LP expression. We propose that during
EBV infection the BHRF1 miRNAs are encoded in the 3'UTR of EBNA-LP, and that their
processing by Drosha regulates EBNA-LP protein expression. We show, by 45U labeling
of nascent transcripts and Western blot, that the increase in EBNA-LP protein expression
observed in A123 LCLs is correlated with an increase in EBNA-LP regulated transcripts
and proteins. Taken together, we developed a new lentiviral vector, pTREX, which
allows for high protein and miRNA expression, and revealed that the growth deficit of
A123 LCLs is not due to miRNA regulation of cellular mRNAs in frans. By contrast, we
demonstrate a novel role of the BHRF1 miRNAs in regulating the expression of the
virally-encoded EBNA-LP protein through Drosha processing in cis. This is an
underappreciated role for miRNAs as there are very few examples of Drosha processing
regulating gene expression in cis. These results suggest that regulation of EBNA-LP
expression as important for LCL growth and transformation. Further studies examining
the role of EBNA-LP expression are necessary for understanding EBV-induced

transformation.
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1. Introduction

The goal of this dissertation was to investigate the role of the BHRF1 microRNAs
(miRNAs) in Epstein-Barr Virus (EBV) infection. EBV miRNAs are highly expressed, so
it became necessary to develop a new lentiviral vector to ectopically express the BHRF1
miRNAs at WT levels. This introduction, therefore, discusses lentiviral vectors and their

use, miRNAs and their role in viral infection, and EBV and its miRNAs.

1.1 Lentiviral vectors and their role in transgene expression

Lentiviral expression vectors are derivatives of the HIV-1 genome that were
fashioned into a safe and powerful tool for delivery of genes of interest into cells. They
provide many advantages such as a large packaging size (9.7 kb+ vs 4.7 kb for AAVs),!?2
are able to integrate into their host genome allowing for the development of stable cells
lines,® and can infect both dividing and non-dividing cells.*> At the same time, they do
suffer from some disadvantages including a lower titer than another commonly used
vector delivery system (Adeno-associated virus - AAV), inability to include introns in
the sense direction because of splicing from the viral RNA genome,® and can cause
issues when used for in vivo therapeutics because viral integration can lead to host gene
disruption.”

First generation lentiviral vectors had more risks associated with them because

they required fewer recombination events to generate WT, replication-competent HIV



and were not self-inactivating. Over time, researchers made vast improvements to the
lentiviral vector system, which essentially eliminated these risks. Some of these
improvements include creating self-inactivating vectors to prevent transcription from
the viral genome once inserted, using multiple plasmids to express viral gene
components to increase the number of recombination events necessary to generate
replication competent virus, and the removal of HIV-1 accessory proteins.!*!! Current
lentiviral vector systems are made up of the lentiviral plasmid of interest and 2 or more
helper plasmids. These are all transfected into packaging cells, usually human
embryonic kidney 293T cells, where transcription of the viral genome is driven either by
the viral transactivator (TAT) binding to the TAT response element (TAR) in the 5'LTR
of the viral vector or by an upstream heterologous promoter. This viral genome is then
packaged into virions which are pseudotyped with an envelope protein (commonly
VSV-G because of its broad tropism).’2?® This virus can then be harvested from the
supernatant of the producer cells and used to infect any cell of interest for exogenous

expression of a gene of interest.

1.2 miRNAs

Lentiviral vectors, described in section 1.1, are often used to express cellular or
virally encoded miRNAs as well as primary-miRNA (pri-miRNA) mimics called
artificial miRNAs (amiRNAs) in order to knockdown complementary mRNAs, thereby

regulating protein expression (Figure 1)."+'® miRNAs are a class of ~22nt long non-



coding regulatory RNAs that are each thought to target hundreds of mRNAs for
degradation or translational repression (Figure 1). In humans, miRNAs are thought to

collectively regulate >30% of the genome and >60% of the proteome.!*-2*
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Figure 1: miRNA biogenesis

The canonical miRNA biogenesis pathway begins by transcription of a capped and
polyadenylated pri-miRNA by RNA polymerase II (Pol II)."® Artificial miRNAs
(amiRNAs) can be cloned into a vector to generate pri-miRNAs that are processed



through the canonical biogenesis pathway.’® The ~90nt stem-loop in the pri-miRNA is
recognized by DGCR8 and cleaved by the RNAse III enzyme Drosha to release a ~70nt
long precursor-miRNA (pre-miRNA).2#2¢ Exportin 5 (Exp5) recognizes the pre-miRNA
and shuttles it out of the nucleus.?” The RNAse III enzyme Dicer recognizes the pre-
miRNA and cleaves off the terminal loop to generate a small RNA duplex.?® One strand,
called a mature miRNA, is then loaded into the RNA-induced silencing complex (RISC),
which includes one of four Argonaut proteins (Ago). The loaded miRNA programs RISC
to target mRNAs for degradation or translational inhibition.?>-2

1.2.1 miRNA biogenesis

Canonical miRNA biogenesis begins in the nucleus with the transcription of a
capped and polyadenylated primary-miRNA (pri-miRNA) by RNA polymerase II (pol
II).'* miRNAs are primarily encoded within introns (~85%) versus exons (~15%).
Additionally, those miRNAs present within exons are rarely found in protein-coding
transcripts.®>%” The pri-miRNA is recognized by the RNAse III protein Drosha and
DiGeorge syndrome critical region 8 (DGCRS) by its distinct stem-loop structure flanked
by single-stranded RNA and cleaved to create a 60-100nt stem-loop structure, generating
a precursor-miRNA (pre-miRNA).?#2 Drosha cleavage of the pri-miRNA is thought to
occur co-transcriptionally, leading to the degradation of the originating transcript.'638-40

The pre-miRNA is recognized by Exportin 5 and exported to the cytoplasm.?”4!
The terminal loop is then cleaved by Dicer creating a ~22nt RNA duplex.?® One strand,
usually with the less thermodynamically stable 5 end,*>* of the RNA duplex is loaded
onto the RNA induced silencing complex (RISC), which facilitates binding to the mRNA
target.”-*2 miRNAs can target mRNAs in two different ways. The first is through perfect

base paring which results in mRNA cleavage by Ago2 and nucleolytic degradation.



However, if the miRNA base pairs imperfectly or is associated with Agol, 3 or 4, the
targeted transcript will undergo translational repression or targeted degradation.®
Canonically, both methods require near perfect binding of nucleotides 2-8 from the 5’
end of the miRNA (the seed sequence) to the targeted mRNA24 to reduce protein

expression.20-2

1.2.2 miRNA roles in viral infection

Virally-encoded miRNAs have been shown to enhance or can even be necessary
for viral pathogenesis,*-5 evasion of host immune responses,>-¢ and many other aspects
of infection by targeting cellular mRNAs.”5 Furthermore, viruses are able to express
mimics of cellular miRNAs or upregulate cellular miRNAs to their advantage.*-* While
miRNAs have been found in many DNA viruses, including and especially in Alpha-,
Beta-, and Gamma-herpesviruses, very few examples exist in RNA viruses.50465
Herpesviruses often establish a latent infection which allows time for miRNA biogenesis
and inhibition of target mRINAs while the reservoir of protein is degraded according to
its half-life.’® RNA viruses on the other hand, are less likely to express miRNAs due to
many potential problems. First, some RNA viruses do not undergo a nuclear stage, so
they would not have access to Drosha for pri-miRNA processing.?*% Second, if the RNA
virus does have a nuclear stage, excision of a pri-miRNA by Drosha leads to the

degradation of the originating transcript, and thereby the RNA virus itself.164067.68 T ast,



many RNA viruses are cytolytic and result in cell death before mature miRNAs can be
generated and have an effect.

miRNAs provide unique advantages to viruses by requiring very little genomic
space and yet are able to regulate hundreds of genes.’>?! Additionally, it only takes a
single nucleotide polymorphism to re-target a miRNA.”20 miRNAs are also non-
immunogenic. This is especially useful for viruses that establish latent infections,

because it allows for host gene regulation without induction of an immune response.5*

1.3 Epstein-Barr Virus

Epstein-Barr virus is a large double-stranded DNA virus in the y-herpesvirus
subfamily. Greater than 90% of adults are latently infected with EBV, but generally do
not present with disease due to a robust T cell response. However, a naive young adult
that becomes infected with EBV can develop infectious mononucleosis. EBV can infect B
cells and epithelial cells and is associated with numerous malignancies in these two cell
types including diffuse large B cell lymphoma (DLBCL), post-transplant
lymphoproliferative disorder (PTLD), nasopharyngeal carcinoma (NPC), and Burkitt
lymphoma, from which EBV was initially isolated.®>”° Initial EBV infection of resting B
cells leads to the expression of the full set of latency proteins and non-coding RNAs,
termed latency III, culminating in the proliferation and immortalization of the infected
cell (Figure 1). The infected B cell then goes through a series of latency stages to down-

regulate its viral protein expression to avoid detection by the host immune system. This



ultimately leads to the latency 0 stage of infection where just the non-coding EBV-
encoded small RNAs (EBERs) and BART miRNAs are expressed. The full list of latency
stages and their associated malignancies are listed in Table 1.707!

Table 1: EBV gene expression and associated malignancies for different stages of
latency 707

Latency Stage Gene Expression Malignancies
0 EBERs and BART miRNAs Burkitt lymphoma
1 EBNAI, EBERs, and BART Burkitt lymphoma
miRNAs
2 EBNA1, LMP1, LMP2A/B Nasopharyngeal carcinoma
EBERs, BART miRNAs Hodgkin’s lymphoma
Gastric Carcinoma
3 EBNALI, 2, 3A, 3B, 3C, and Post-transplant
LP; LMP1, LMP2A/2B, lymphoproliferative disorder,
EBERs, BART miRNAs, diffuse large B cell lymphoma,
BHRF1 miRNAs LCL
Wp-restricted EBNAI, 3A, 3B, 3C and LP, Burkitt lymphoma
BHRF1, EBERs, BART

miRNAs, BHRF1 miRNAs

1.3.1 EBV latency proteins

EBV proliferation and transformation are driven by the EBV encoded latency
proteins EBNAI, 2, 3A, 3B, 3C and LP, LMP1, 2A and 2B, and BHRF1 (diagrammed in
Figure 2). EBNA-LP and EBNA2 are the first viral proteins expressed after initial B cell
infection from the Wp promoter through activation by B cell specific transcription

factors.”>7* Together EBNA-LP and EBNA2 co-transcriptionally activate the Cp



promoter to drive expression of EBNA-LP, EBNA-1, 2, 3A, 3B, and 3C, as well as the
LMP1 promoter (LMP1p).”>” Furthermore, EBNA2 drives expression of the LMP2A/B

promoters.®® EBNA1 can also be driven on its own from the Qp promoter during latency

I and II (Table 1 and Figure 2).51%

LMP2A/Bp EBER1/2 p» CpWp BHRF1 miRNAs Qp  BART miRNAs LMP1p
REEAB- D> esnan e =fearec JeawpL 1 i

| EBNALP |

Figure 2: EBV genome

Diagram of the EBV genome. During latency III, EBV expresses its full repertoire of
latency genes. This includes the latent membrane proteins LMP1, 2A, and 2B; the
Epstein-Barr virus nuclear antigen proteins EBNA-LP, 2, 3A, 3B, 3C, and 1; as well as the
non-coding RNAs EBERs 1 and 2 and the BHRF1 and BART miRNAs. EBNA2 and
EBNA-LP expression can be driven from both the Cp and Wp promoters. EBNA1, 3A,
3B, and 3C are driven from the Cp promoter. EBNA1 can also be expressed on its own
from the Qp promoter. LMP1, 2A, and 2B each have their own promoter. The EBV
genome exists as a circular episome in latently infected cells. This diagram is a linear
representation with the terminal repeats (TR) the point of circularization. Note: not to
scale.

EBV encodes a series of nuclear antigens from its Cp and Wp promoters (Figure
2). EBNAL is responsible for binding to the EBV genome in a region termed oriP in order
to tether the circularized EBV episome to the human chromosome. Additionally, EBNA1
ensures viral replication and segregation during host cell division and enhances
transcription from viral promoters.®*% EBNAI1 regulates multiple promoters, including
the RNA polymerase III promoters driving EBER1 and EBER2.%” While the EBERs are
not proteins, but rather non-coding RNAs, their expression is important for EBV biology

due to their ability to regulate the innate immune system, cytokine production, and



apoptosis.” EBNA2 and EBNA-LP, as transcriptional regulators, can act concordantly or
individually to enhance both viral and cellular gene expression.” EBNA2 binds DNA
indirectly using cellular transcription factors including RBP-Jk and PU.1.”-% Once
recruited, EBNA2 is able to drive transcription by recruiting histone acetyltransferases
and cellular transcription factor.”**> EBNA-LP is able to co-activate transcription by
negatively regulating histone deacetylases (HDACs) and transcriptional repressors at
transcriptional start sites.”*”” On the other hand, the EBNA3s can act to attenuate the
transcriptional activity of EBNA-LP and EBNA2 by binding to RBP-Jk and preventing its
association with DNA.%-10 The EBNA3s, however, can also act as transcriptional
activators. For instance, EBNA-3C, along with EBNA2, is capable of co-activating the
LMP1 promoter.310t Together, the EBNA proteins regulate viral and cellular gene
expression to drive proliferation and transformation of B cells and allow for viral
episome maintenance.

EBV also encodes a set of latent membrane proteins LMP1, LMP2A, and LMP2B.
The latent membrane proteins mimic cellular B cell proteins to enhance survival,
proliferation, and transformation of EBV infected B cells. LMP1 is a CD40 receptor
homolog and acts as a major oncogene during EBV infection.’”> LMP1, through its
constitutive activation of the pro-survival NF-KB pathway, is necessary for EBV-induced
transformation and survival.!%1% LMP2A mimics the B cell receptor transmembrane

protein, and through its constitutive activation is able to help maintain EBV latency.!®



LMP2B on the other hand is missing the cytoplasmic signaling domain present in
LMP2A, and so inhibits LMP2A activity.1%

The BHRF1 protein, while originally thought to only be expressed during lytic
infection, is now known to be expressed early during viral infection and maintains low
expression once latency is established.!”-1® BHRF1 is a BCL2 homolog which inhibits
apoptosis.'!® Studies showed that the BHRF1 protein is important for transformation as
deletion of the BHRF1 proteins results in a decrease in transformation. Additionally,
when both the BHRF1 protein and the second EBV-encoded BCL2 homolog BALF1 are

mutated, the virus becomes transformation-incompetent.1071%

1.3.2 EBV miRNAs

EBV encodes 25 pri-miRNAs grouped into two clusters called the BHRF1 cluster
and the BART cluster.!'"13 The BHRF1 cluster encodes three pri-miRNAs that are
processed by the canonical miRNA biogenesis pathway to produce 4 mature miRNAs:
miR-BHRF1-1, 1-2, 1-2%, and 1-3 (Figure 2)."* Expression of BHRF1-1, 1-2, and 1-3 pri-
miRNAs can be driven from the Cp/Wp promoters. Additionally, BHRF1-2 and 1-3 can
be expressed from the lytic BHRF1 promoter. Because BHRF1-1 overlaps with the lytic
promoter itself, it is not expressed from the BHRF1 promoter.'""2 The BHRF1 miRNAs’
promoters are only active during latency III and Wp-restricted latency, making their
expression limited to these latency stages (Table 1). The BHRF1 miRNAs are abundant

in the latency III infected LCLs and together account for roughly 2-14% of the total

10



miRNA population, comparable to some of the highest expressed cellular miRNAs in
LCLs.%¢1112 The BART miRNA cluster is composed of 22 pri-miRNAs which are encoded
within the introns of the BART transcripts.!'-1"* The BART miRNAs are expressed
during every stage of latency and are particularly abundant in epithelial carcinomas
(Table 1).112113

EBV-encoded BART miRNAs are capable of regulating viral gene expression.
The viral DNA polymerase BALF5 is regulated by miR-BART2!> and LMP2A is targeted
by miR-BART22.1"¢ LMP1 is thought to be targeted by the BART miRNAs; however,
which BART miRNAs target LMP1 is somewhat controversial.®"11711® Downregulation of
viral genes by these miRNAs, especially LMP1 and LMP2A, is potentially important for
evasion of the immune response.”'? BART miRNAs have also been implicated in
regulation of apoptosis. Namely, miR-BARTS3, 6, 8, 16 and 22 are able to downregulate
the pro-apoptotic proteins CASZ1, DICE1, OCT1, CREBBP, SH2B3, PAK2 and
TP53INP1, and DICE1.54121

Immune evasion is key for EBV infection as its latent proteins are highly
immunogenic. T cells are especially important for immune regulation of EBV,!%120 and
EBV is able to modulate many aspects of T cell biology using its miRNAs. For instance,
miR-BHRF1-3 is known to downregulate the expression of the T cell attracting
chemokine CXCL-11.> Furthermore, studies looking at global reduction of EBV-encoded

miRNAs have shown that EBV miRNAs are responsible for modulating both CD4+ and

11



CD8+ T cell responses.®* Notably, EBV miRNAs can reduce IL-12 expression to prevent
CD4+ cells from maturing into T helper cells as well as inhibit antigen processing and
reduce MHC class I and II presentation.>>%

The BHRF1-1 miRNA has been implicated in enhancing EBV lytic infection.
Specifically, miR-BHRF1-1 has been shown to inhibit the SUMO-targeted ubiquitin
ligase RNF4. RNF4 expression is associated with degradation of viral structural proteins,
so increased release of viral particles was observed in the presence of miR-BHRF1-1
targeting of RNF4.'2 Another study associated miR-BHRF1-1 with targeting p53 during
lytic infection to prevent apoptosis.””® However, this study used NPC cells that do not
express miR-BHRF1-1 because they express a latency II expression pattern (Table 1).
Further study in a more biologically relevant model is necessary to validate miR-BHRF1-
1 targeting of p53. It is unclear if these two results are relevant to in vivo infection as pri-
miR-BHRF1-1 overlaps with the lytic BHRF1 promoter , preventing BHRF1-1 expression
during lytic reactivation.’?* However, in spite of this overlap, the EBV-encoded miRNAs
are very stable, so it is possible miR-BHRF1-1 is present to affect cellular gene expression
during lytic replication.!

The BHRF1 miRNAs have also been implicated in growth and transformation of
B cells.#-5010125126 Early studies showed that mutating the BHRF1 miRNAs, either
through deletion or scrambling the sequence to prevent stem-loop formation, severely

inhibited the transformation efficiency of EBV and transformed LCLs exhibited a
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reduced growth rate.#> Additionally, mutation of the BHRF1 miRNAs demonstrated
increased acute infection in vivo, but all mice infected still developed a latent EBV
infection and tumor formation.'?> Further investigation revealed that deleting part of the
stem loop for either the BHRF1-2 or 1-3 pri-miRNAs had the greatest effect on
transformation and growth, while pri-miR-BHRF1-1 had little effect. Despite the
BHRF1-2 pri-miRNA mutation demonstrating the largest transformation and growth
deficiency, seed sequence mutations of miR-BHRF1-2 and 1-2* shown no transformation
or growth phenotype. Instead, the presence of the pri-miR-BHRF1-2 5" to pri-miR-
BHRF1-3 was shown to be important for miR-BHRF1-3 expression and miR-BHRF1-3
was proposed as the miRNA in the BHRF1 miRNA cluster necessary for efficient growth
and transformation.*® Further investigation is necessary to elucidate the mechanism of
BHRF1 miRNA regulation of growth and transformation (discussed in chapter 3 and
section 4.2.2.1).

The EBV-encoded miRNAs are evolutionarily conserved as positional homologs
in the EBV-related, nonhuman lymphocryptoviruses (LCV). Furthermore, several EBV
miRNAs also exhibit seed sequence homology to LCV miRNAs including miR-BHRF1-1,
miR-BHRF1-2 and 1-2%, and many of the BART miRNAs.!12118127128 While the sequence
homology is known, future studies are needed to investigate the possibility of conserved
functionality with EBV miRNAs. Together the BHRF1 miRNAs and BART miRNAs play

important roles in EBV biology including regulating its own gene expression, inhibiting
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apoptosis, evading the host immune system, enhancing lytic reactivation, and
transformation and growth. This dissertation seeks to expand on the current knowledge
of EBV miRNA biology by investigating the role of the BHRF1 miRNAs in regulating

gene expression as well as LCL growth and transformation.
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2. A lentiviral vector bearing a reverse intron
demonstrates superior expression of both proteins and
microRNAs

This chapter is based on research published in Poling, B. C. et al. A lentiviral vector
bearing a reverse intron demonstrates superior expression of both proteins and microRNAs. RNA

Biol. (2017).

2.1 Significance

The EBV-encoded BHRF1 miRNAs are expressed at very high levels in latently
infected LCLs, making up ~2-14% of the total miRNA population.®¢12 This makes
trans-complementation of LCLs missing these miRNAs challenging. We first turned to
the lentiviral vector pTRIPZ available from GE Healthcare/Dharmacon, which is
marketed to express artificial miRNAs (amiRNAs) (Figure 1 and 3). However, we ran
into two issues while using this vector. First, we were not able to express miRNAs at
more than 50% of WT levels. Second, we saw vanishingly low levels of the fluorescent
marker TurboRFP, likely due to processing of the amiRNA in the 3"UTR of TurboRFP by
Drosha. To combat this, we developed an improved vector by inserting an intron
upstream of the transgene marker. Introns have previously been shown to boost both
protein and miRNA expression.!?1% By generating the vector pTREX (Tetinducible

Reverse intron Expression), we were able to boost both miRNA and transgene marker
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expression by inserting them in a tet-inducible intron-containing transcript expressed

antisense to the lentiviral vector (Figure 3, 6, 7, and 9).¢”

2.2 Introduction

Retroviral and lentiviral vectors are widely used to express mRNAs or
regulatory RNAs, such as microRNAs (miRNAs), in both in vitro and in vivo settings.
While the titers that can be achieved using retroviral and lentiviral vectors are
maximally ~10% infectious units per ml, substantially lower than what can be achieved
with adeno-associated virus (AAV) based vectors, retroviral and lentiviral vectors offer
some clear advantages. Primarily, a larger packaging size (~9 kb for lentiviral vectors
versus only ~4.7 kb for AAV) and the ability to efficiently integrate into the genome of
transduced cells, thus potentially allowing the stable expression of the transgene of
interest.?

While lentiviral vectors are widely used due to their ability to infect non-
dividing cells, they do suffer from one clear disadvantage. Specifically, because lentiviral
vectors use RNA as their genome, any introns that are inserted into that genome are
generally rapidly lost due to splicing.® This means that current lentiviral vectors are only
able to express cDNA copies of the gene of interest. However, it is well established that
splicing can significantly boost the expression of mRNAs by promoting mRNA

polyadenylation, nuclear export, and accumulation.’?-%> While this positive effect is

16



often only 2 to 4-fold, some genes, including for example $-globin and preproinsulin, give
rise to very low levels of protein expression if the cognate pre-mRNA lacks all introns.!3?

A second, related, problem arises if the lentiviral vector is used to express one or
more miRNAs. During miRNA biogenesis the pri-miRNA stem-loop is recognized by
the nuclear microprocessor, consisting of the RNase III enzyme Drosha and its co-factor
DGCRS, which cleaves the stem ~22 bp away from the terminal loop to generate the pre-
miRNA hairpin intermediate. This processing event cleaves the pri-miRNA into three
fragments and, if the pri-miRNA is also an mRNA, results in a readily detectable
inhibition of the expression of not only the full-length mRNA but also any encoded
protein.'® This effect is significant when one pri-miRNA stem-loop is introduced into
the 3’ untranslated region (UTR) of an mRNA and becomes severe if a miRNA cluster,
containing multiple pri-miRNA stem-loops, is inserted into a 3’UTR. Perhaps as a result,
miRNAs of both cellular and viral origin are usually initially expressed either as long
non-coding RNAs or located within an intron.”” In the context of lentiviral expression
vectors, pri-miRNA stem-loops have historically been cloned into the 3'UTR of a
transgene, such as green fluorescent protein (GFP), which can be used to isolate cells
expressing high levels of the miRNA by FACS for the linked GFP."¥” However, the
expression level of the linked transgene will again be very low if multiple pri-miRNA

stems are inserted in cis. The titer of the lentiviral miRNA expression vector will be very

17



low for the same reason, i.e., cleavage of the vector genome by the microprocessor prior
to packaging.!31%

To address both these problems we have designed a lentiviral vector, the
Tetinducible Reverse intron EXpression vector pTREX, which allows transgenes to be
expressed as spliced mRNAs and also allows miRNAs to be expressed from an intronic
location, thus greatly facilitating the derivation of cells expressing high levels of either

heterologous transgenes or miRNAs.

2.3 Results

It is well established that splicing facilitates the accumulation of mRNAs
encoding proteins of interest, yet in the context of lentiviral vectors, genes are invariably
expressed as unspliced cDNAs.%12>-13 We previously examined the effect of splicing on a
wide range of genes expressed from transfected plasmids and observed positive effects
that generally ranged from 2- to 4-fold.'® Yet, for a subset of genes, including p-globin
and preproinsulin, the absence of a functional intron in the initial pre-mRNA transcript
resulted in a dramatic 10-40-fold drop in the level of protein expression. Therefore, we
hypothesized that a lentiviral vector that expressed mRNAs bearing a functional intron
in the 5UTR should at least modestly enhance the expression of most cDNAs and
strongly enhance the expression of a subset of mRNAs.

As our strategy to retain a functional intron in a lentiviral vector, we decided to

express lentiviral vector-derived transcripts containing that intron in the antisense
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orientation. However, if the promoter driving antisense transcription was constitutively
active, we would expect the antisense transcript to base pair with the vector genome to
generate long double-stranded RNAs (dsRNAs) in the vector-packaging cell line. These
dsRNAs might then activate innate antiviral immune responses, including repression of
mRNA translation by the protein kinase RNA-activated (PKR).1** We therefore decided
to express the antisense RNA using a regulated promoter, specifically a minimal
cytomegalovirus (CMV) immediate early promoter modified to include binding sites for
the tetracycline transactivator (TetO/CMV), in order to minimize dsRNA production. As
a starting point, and as the control for these studies, we used the commercially available
vector pTRIPZ (GE Healthcare/Dharmacon) shown schematically in Figure 3A. In this
lentiviral vector, the inducible TetO/CMV promoter drives the expression of a transgene,
which is TurboRFP in the parental pTRIPZ vector, linked to a 3’'UTR that contains
unique Xhol and EcoRI sites that can be used for the insertion of one or more pri-
miRNA stem-loops. A 3’ constitutive promoter, derived from the ubiquitin C (UBC)
gene, drives expression of the reverse tetracycline transactivator 3 (rtTA3) protein as
well as a puromycin (Puro)-selectable marker linked to the rtTA3 open reading frame
via an internal ribosome entry site (IRES). The pTRIPZ vector contains a self-inactivating
(SIN) 3’ LTR so that transductants generated using this vector express only two mRNAs:
a bicistronic mRNA encoding rtTA3 and Puro that is expressed constitutively and a

second mRNA, initiating from the TetO/CMV promoter, that expresses a fluorescent
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indicator gene and any inserted pri-miRNAs, that is only expressed efficiently in the
presence of the inducer doxycycline (Dox).

To generate a vector containing an inverted transgene linked to an intron, we
excised the sequence bearing the TetO/CMV promoter, the transgene and the adjacent
3’UTR from pTRIPZ and then reinserted the TetO/CMV promoter and transgene in the
reverse orientation (Figure 3B). We then inserted sequences encompassing an intron
found naturally in the 5’UTR of the rat preproinsulin II gene' into the 5’UTR of the
transgene, but in a modified form such that the intron now contained unique Xhol and
EcoRI sites (Figure 3). As a final step, we inserted a genomic poly(A) termination site
downstream of the transgene. The resultant pTREX vector therefore expresses precisely
the same bicistronic rtTA3/Puro mRNA as pTRIPZ while a second mRNA, again
controlled by the inducible TetO/CMV promoter, encodes a spliced mRNA encoding a
transgene inserted in the antisense orientation that terminates at the inserted antisense
poly(A) site (Figure 3B). Importantly, the pTREX lentiviral vector bearing Thyl.1 as a
transgene is, at ~7.7 kb, the same size as the equivalent pTRIPZ-derived Thy1.1
expression vector, thus facilitating a functional comparison without concerns as to any

confounding effects of vector size on packaging efficiency.
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Figure 3: Schematic representation of control forward (pTRIPZ) and novel reverse
orientation (pTREX) lentiviral expression vectors

(A) The forward orientation lentiviral vector pTRIPZ is commercially available (GE
Healthcare/Dharmacon). pTRIPZ allows expression of a transgene cloned between
unique Agel and Clal sites and miRNAs cloned between unique Xhol and EcoRI sites
present in the transgene 3'UTR. Both are transcribed from a tet-inducible minimal CMV
promoter (TetO/CMV). A 3" Ubiquitin C promoter (UBC) promoter drives the
constitutive expression of the reverse tetracycline transactivator 3 (rtTA3) protein as well
as a puromycin (Puro) selectable marker located 3’ to an internal ribosome entry site
(IRES). (B) The pTREX lentiviral expression vector was generated from pTRIPZ by
inverting sequences encompassing the TetO/CMV promoter and inserting an intron
derived from the rat preproinsulin II gene 5 of the inserted transgene. pTREX also
contains a poly(A) termination site located 3’ to the inserted transgene. Unique Xhol and
EcoRI sites located in the intron are used for miRNA expression. Transgenes are cloned
between the unique Agel and Xbal sites. Additionally, both vectors contain elements
necessary for the HIV-1 life cycle including the long terminal repeats (LTRs), ¢
packaging signal, Rev response element (RRE) and the central polypurine tract (cPPT) as
well as a woodchuck hepatitis virus post-transcriptional regulatory element (WPRE),
which enhances vector expression. The 3" LTR bears a large deletion in U3 rendering the
lentivirus self-inactivating (SIN).

2.3.1 Efficient pTREX vector production requires inactivation of the
pkr gene

As an initial test of the relative utility of the intron-containing pTREX lentiviral
vector relative to the conventional pTRIPZ vector, we inserted enhanced green
fluorescent protein (eGFP) as the transgene but did not insert any pri-miRNA stem-

loops. We transfected pTREX and pTRIPZ into 293T cells along with a vector, pCMV-
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AR8.74, that encodes the HIV-1 gag, pol, rev and tat genes, and a second plasmid,
pMD2.G, that expresses the vesicular stomatitis virus (VSV) glycoprotein. We then
examined the production of virion particles by Western blot of the producer cells (Figure
4A and 4B), by ELISA for released p24 capsid protein in the supernatant media (Figure
4C), and finally by quantifying the number of GFP+ cells produced upon transduction of
naive 293T cells using the supernatant media from the transfected cultures (Figure 4D).
Unexpectedly, we observed 5 to 10-fold lower levels of p24 production both
intracellularly in the producer cells (Figure 4A-B) and in the extracellular media (Figure
4C) as well as a >10-fold drop in vector titer (Figure 4D) when pTREX was used in place
of pTRIPZ. As the Gag expression vector used in these experiments, pCMV-ARS8.74, is
identical in all cultures, this result implied that pTREX was inhibiting the production of
the HIV-1 proteins encoded by pCMV-ARS.74, including Gag, in trans. As noted above, a
potential problem with a lentiviral vector that encodes an antisense transcript is the
inadvertent production of dsRNAs that induce antiviral innate immune responses such
as RNA interference (RNAi) and PKR-induced translational repression.* We therefore
hypothesized that the TetO/CMV promoter in pTREX was likely producing inhibitory
levels of the predicted antisense transcript in the packaging cells even in the absence of
added Dox. To test the hypothesis, we used two previously described cell lines derived
by gene editing of 293T cells, called NoDice and NoDice/APKR, that either lack a

functional dcr gene (NoDice) or lack both dcr and pkr (NoDice/APKR).141142
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As shown in Figure 4, ablation of the cellular dcr gene had at most a modest
positive effect on the expression of the processed HIV-1 Gag protein (p24) (Figure 4A-C)
and resulted in a slight drop in the production of infectious vector particles (Figure 4D),
most probably because of the slower growth phenotype of the NoDice cell line, which
lacks all cellular miRNAs, when compared to wild type 293T cells.!¥! In contrast, use of
the NoDice/APKR cells resulted in a dramatic increase in both intracellular (Figure 4A-B)
and extracellular (Figure 4C) p24 capsid expression that was statistically significant
(p<0.05). Moreover, the level of p24 Gag production and infectious vector particle
production was now identical for cells transfected with either pTREX or pTRIPZ (Figure

4).
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Figure 4: pTREX-based vectors are packaged efficiently in PKR-knockout (APKR)

cells

pTRIPZ and pTREX-based vectors expressing GFP were packaged in human 293T,
NoDice, or NoDice/APKR cells. (A) Lentiviral packaging efficiency analyzed by Western
blot detection of the p24 capsid protein in packaging cells. (B) Average quantification of
p24 Western blot band intensities, as performed in panel A, normalized to the 3-actin
internal control. (C) Amount of lentiviral particles released from each packaging line
measured by ELISA detection of p24 in the supernatant media. (D) Quantification of
percent GFP positivity in 293T cells 3 days post-transduction by Dox addition. Data
were analyzed by a Student’s t-test; *p<0.05, **p<0.01, ***p<0.001. Panels B through D
represent the average of three independent experiments. (Error bars = SD)

2.3.2 pTREX expresses higher levels of inserted transgenes

We next examined whether the intron-containing pTREX vector would indeed
express higher levels of inserted cDNAs, as predicted based on previous work.®12-135 As

an initial test, we packaged pTREX and pTRIPZ variants gfp as the transgene and then
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transduced naive 293T cells. Transduced cells were then selected using puromycin and
the selected cells induced by addition of Dox or left untreated. At that point, the level of
GFP protein expression was quantified by flow cytometry.

As shown in Figure 5A and 5B, we noted low but significant levels of GFP
expression even in the absence of Dox, which confirms that the uninduced TetO/CMV
promoter is indeed leaky, as proposed above. Of note, the background GFP expression
level was significantly lower with the pTREX vector than with the pTRIPZ-derived
vector (compare the grey shoulder in Figure 5A with 5B). As expected, addition of Dox
resulted in a dramatic induction of GFP in cells transduced by either vector, as measured
by the overall pattern of GFP expression (Figure 5A and 5B) and the mean fluorescent
intensity (MFI) (Figure 5D) of the induced cultures. Importantly, the level of GFP
expression was ~2-fold higher in cells transduced with the pTREX vector, when
compared to pTRIPZ (compare the peak fluorescence shown in panels A and B of Figure
5 indicated by the red line). However, the total number of GFP+ cells was comparable
with both pTREX and pTRIPZ (Figure 5C), as expected given that transduced cells had

been selected using puromycin resistance.
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Figure 5: pTREX shows superior transgene expression when compared to pTRIPZ

(A-D) 293T cells were transduced with the lentiviral vectors pTRIPZ or pTREX
expressing GFP as a transgene and selected with puromycin for 1 week. GFP expression
was then induced by treatment with Dox for 3 days or the cells were maintained in the
absence of Dox. GFP expression was then analyzed by flow cytometry. GFP signal
histograms are shown for (A) pTRIPZ-transduced cells, and (B) pTREX-transduced cells,
with counts of Dox-induced cells in green, and no Dox controls in gray. The average of
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four independent transductions is shown as (C) mean fluorescence intensity (MFI) of
GFP+ cells or (D) percent GFP+ of the whole population (error bars = SD). Data were
analyzed by a Student’s t-test; **p<0.01. (Error bars = SD). Cells transduced with the
PTREX vector showed an ~2-fold higher MFI, as indicated by red lines in panels A and B
and quantified in panel C. Transgene expression from pTRIPZ or pTREX-transduced,
puromycin-selected 293T cells were also compared via Western blot for the transgenes
(E) proinsulin and (F) human Dek, which also showed significantly higher expression
levels in the pTREX transduced cells, as indicated by the fold change in band intensity
shown in these panels.

While GFP expression from the intron-containing pTREX vector was only ~2-fold
higher than seen with the pTRIPZ vector lacking any introns, there are a significant
number of genes that have been reported to be highly or moderately dependent on
splicing for high transgene expression, including the rat preproinsulin II gene and the
human proto-oncogene dek.>'>13> We indeed observed a more significant phenotype
using these two cDNAs. In the case of the preproinsulin gene, levels of proinsulin
present in puromycin-selected cells transduced with pTREX were ~11-fold higher than
seen with pTRIPZ-transduced cells (Figure 5E) while, in the case of dek, the level of
protein production was ~3-fold higher when pTREX was used (Figure 5F). We therefore
conclude that pTREX grants more efficient expression of inserted transgenes and that

this positive effect can be highly significant for a subset of cDNAs.

2.3.3 The pTREX vector permits enhanced microRNA expression

While we anticipated that the intron-containing pTREX might prove capable of
expressing higher levels of inserted protein-coding genes, our primary goal in

developing pTREX was in the hope that this vector would permit the generation of high
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titers of lentiviral vector particles that express significantly increased levels of an
inserted miRNA, or miRNA cluster, in transduced cells. To achieve this goal, we first
inserted the murine Thyl.1 gene as the transgene in pTREX and pTRIPZ and then
inserted either a single pri-miRNA stem-loop, encoding human miR-155;% a pri-miRNA
cluster derived from Epstein-Barr virus (EBV) encoding the three viral miRNAs miR-
BHRF1-1, 1-2 and 1-3;"2 or finally, a large pri-miRNA cluster derived from Kaposi’s
sarcoma-associated herpesvirus (KSHV) that encodes the five KSHV miRNA miR-K1,
miR-K2, miR-K3, miR-K4 and miR-K5.14* These pri-miRNAs were inserted between the
Xhol and EcoRI sites present in the 3’'UTR of the Thy1.1 transgene in pTRIPZ or between
the Xhol and EcoRI sites found in the intron located in the 5UTR of the Thyl.l
transgene in pTREX. The three resultant vectors, as well as an empty vector lacking any
inserted pri-miRNAs, were then packaged in NoDice/APKR cells and used to transduce
HeLa cells. After puromycin selection and expansion, the HeLa transductants were
induced by Dox treatment for 3 days and then harvested for flow cytometric analysis of
the level of expression of the Thyl.1 protein (Figure 6 A-F), for RT-PCR analysis of the
expression of the Tyl.l1 transgene mRNA (Figure 6G-H) and finally for qRT-PCR
analysis of mature miRNA expression (Figure 7).

In the case of the empty vector transduced cells, we observed a bimodal
expression pattern for Thy1.1 with both pTREX and pTRIPZ giving rise to both a peak of

high expressing cells and a peak with low or negative Thyl.1 expression (Figure 6A).
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Curiously, even though all of these cells had been selected for puromycin resistance, and
therefore had been transduced, this was a particular problem for pTRIPZ. Specifically,
while ~80% of pTREX transduced cells were strongly Thy1l.1 positive, only ~15% of the
pTRIPZ transductants were scored as Thy1.1 positive (Figure 6E). The reasons for this
presumably epigenetic silencing effect, which was largely restricted to pTRIPZ
transduced cells, is unclear but this was seen with all pTRIPZ-derived vectors
expressing Thy1.1 (Figure 6E), but not GFP (Figure 5A), and was unaffected by whether
the pTRIPZ vector had also been designed to express miRNAs (Figure 6E).

As noted above, it is anticipated that insertion of pri-miRNA stem-loops into the
3’UTR of the Thy1.1 indicator gene, as is done in pTRIPZ, will reduce expression of that
gene at both the mRNA and protein level, and that this inhibitory effect will increase
when more pri-miRNA stem loops are inserted.!$1313 Conversely, we hypothesized
that insertion of pri-miRNA stem-loops into the 5’UTR intron present in pTREX would
have no effect on the expression of the linked Thy1.1 indicator gene at either the protein
or mRNA level.

As shown in Figure 6B to D, we indeed observed a reduction in the level of cell
surface Thy1.1 expression from the pTRIPZ vector if pri-miRNAs were introduced into
the 3'UTR of the Thyl.1 transgene, and this effect was profound when three (miR-
BHRF1-1, 2 and 3) or five (miR-K1 to K5) pri-miRNAs were introduced, though this

effect was statistically significant even with the single miR-155 pri-miRNA (p<0.001)
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(Figure 6F). In contrast, introduction of up to five pri-miRNA stem loops into the 5’UTR
intron present in pTREX had no detectable effect on Thyl.1 expression from this vector
(Figure 6B-D and 6F).

Similarly, analysis of Thyl.1 mRNA expression from the pTRIPZ-based miRNA
expression vectors using RT-PCR showed that while the predicted Thyl.1 mRNA was
detectable for the empty pTRIPZ Thyl.1 expression vector, and barely detectable with
the pTRIPZ vector expressing miR-155, the Thyl.1 mRNA became undetectable when
multiple pri-miRNA stems were present in the Thy1.1 3’'UTR present in pTRIPZ (Figure
6G). This does not reflect any problem with the PCR primers used, as shown by the
plasmid DNA control lanes. Conversely, when expression of the Thyl.l1 mRNA was
examined in cells transduced by the pTREX-based miRNA expression vectors, the level
of Thyl.l1 mRNA was uniform across all cultures regardless of the number of pri-
miRNAs inserted into the Thyl.1 5UTR intron (Figure 6H). Moreover, as the PCR
primers used in this analysis amplify across this inserted intron, these data also show
that the intron, as well as any inserted pri-miRNA stem-loops, had all been removed
from the mature Thyl.l mRNAs expressed in the pTREX transduced cells due to
splicing, even though these were clearly present in the starting plasmid DN As used here
as controls (Figure 6G). In conclusion, these data confirm that excision of the intron
present in pTREX is efficient and that splicing is not affected by the insertion of pri-

miRNA stems into this intron.
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Figure 6: pTREX expresses a higher level of a marker gene when pri-miRNAs are
present in cis

pTREX and pTRIPZ vectors bearing a Thy1.1 transgene were packaged in NoDice/APKR
cells and transduced into HeLa cells. Transduced cells were selected for puromycin
resistance, and then treated with Dox for three days. Thyl.1 positivity was measured
with an APC-conjugated antibody by flow cytometry. Thyl.1 histograms are shown for
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(A) empty vector, (B) miR-155, (C) miR-BHRF1-123, and (D) miR-K1-5-transduced HeLa
cells. pTREX is shown in blue and pTRIPZ is shown in red. The average of three
independent experiments is shown as (E) percent Thy1.1+ cells and (F) MFI of positive
cells. Student’s t-test, ***p<0.001. (Error bars = SD). Thy1.1 transcript abundance, and the
level of intron removal for pTREX, were determined by RT-PCR using total RNA from
(G) pTRIPZ and (H) pTREX transduced cells. PCR was also performed using the input
plasmid DNA, as a control for primer function and for unspliced RNA expression. RT-
PCR was performed for GAPDH as a loading control. Green arrows indicate primer
locations.

While the data presented in Figure 6 confirm that pTREX-based miRNA
expression vectors allow a much higher level of expression of the encoded indicator
Thyl.1 transgene due to avoidance of both Thyl.1 mRNA and vector RNA cleavage by
Drosha, these data do not address the key question of whether the observed higher
mRNA expression level also correlates with an increase in the mature miRNA
expression level in transduced cells. To determine whether this is indeed the case, we
transduced HeLa cells with the three pTREX and pTRIPZ-based miRNA expression
vectors described in Figure 6, as well as a fourth set of vectors encoding a two pri-
miRNA cluster derived from KSHYV, consisting of miR-K6 and miR-K7.** Transduced
cells were selected for puromycin resistance and then induced with Dox for three days
prior to harvesting total RNA and performing TagMan qRT-PCR for each encoded
miRNA as well as for endogenous U6 snRNA, as a normalization control. Note that this
protocol does not take advantage of the higher vector titers seen with pTREX relative to

pTRIPZ and also does not involve the selection of “Thy1.1 high” cells by FACS, which
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would be predicted to increase the expression of the linked miRNA(s), but rather
analyzes a mixed population of transduced, puromycin resistant cells.

As shown in Figure 7, we did not see a significant increase in mature miRNA
expression in pTREX relative to pTRIPZ if the single pri-miR-155 stem-loop was
expressed. However, in the case of the vectors expressing the two KSHV miRNAs miR-
K6 and K7, the three EBV miRNAs miR-BHRF1-1, 1-2 and 1-3, or the five KSHV
miRNAs miR-K1 through miR-K5, we observed a statistically significant (p<0.05) ~5-fold
or greater increase in the level of expression for all ten viral miRNAs. We therefore
conclude that pTREX offers substantial advantages over conventional miRNA
expression vectors, such as pTRIPZ, when the simultaneous expression of two or more

miRNAs from a single lentiviral vector is desired.
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Figure 7: pTREX expresses miRNA clusters at a significantly higher level than does
pTRIPZ

HeLa cells were transduced with miRNA expression vectors derived from pTREX and
pTRIPZ, selected with puromycin, and induced with Dox for 3 days before RNA was
harvested. miRNA expression levels were measured by TagMan RT-qPCR and fold
change calculated using the AACt method, normalizing to the miRNA expression level
observed in pTRIPZ, which was set at 1. Data shown represent the average of four
independent replicates analyzed using a one-sample t-test; *p<0.05, **p<0.01, ***p<0.001
(Error bars = SD).

2.3.4 The pTREX vector allows for higher titers when pri-miRNAs are
present

Although we see similar titers in APKR cells for both pTRIPZ and pTREX (Figure
4), we expect to observe a drop in titer when pri-miRNAs are inserted into pTRIPZ.
miRNAs present in the viral genome can be subject to Drosha cleavage, and thereby a
reduction in available lentiviral genomes for packaging. In order to look at viral titer
with and without pri-miRNAs we transformed HeLa cells with the pTRIPZ and pTREX
empty vectors and those containing the KSHV miRNAs miR-K1-5. Two separate
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concentrations of lentiviral plasmid were transfected into NoDice/APKR producer cells
to ensure we were not overwhelming Drosha’s processing ability. p24 expression levels
were measured to ensure equivalent transfection efficiency.

Since we observed a decrease in transgene expression with the presence of pri-
miRNAs (Figure 6), we chose to perform an infection assay using puromycin selection.
Puro resistance is driven off the separate UBC promoter, and therefore transduction
efficiency can be efficiently measured separate from miRNA production. Transduced
cells were allowed to grow in the presence of puro until colonies were visible and then
stained with crystal violet and colonies were counted. When pri-miRNAs are present in
the pTRIPZ vector we see a significant 4- to 6-fold reduction in viral titer (p<0.001).
Furthermore, pTREX has an ~4 fold increase in titer compared to pTRIPZ when miRNAs
are present (p<0.01). Interestingly, we do see a slight 1.75-fold increase in colonies from
pTREX empty vectors transduced HeLa cells compared to the pTRIPZ empty vector, but
this cannot explain the ~4-fold difference when pri-miRNAs are present (Figure 8).
Instead, pTREX is likely unaffected by Drosha cleavage, unlike pTRIPZ, and therefore
has more viral RNA genomes available for viral particle production.

We observed a decrease in titer with both pTRIPZ and pTREX when miR-K1-5 is
inserted; though not as dramatic in the case of pTREX (Figure 8B). This is probably due
to the increase in size of the lentivirus itself since miR-K1-5 is PCR-cloned from an ~840

bp sequence of the KSHV genome. Viral titer was previously shown to decrease with
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increasing proviral length.! From these data, we see an advantage in using pTREX for

pri-miRNA expression as it allows for a higher viral titer than pTRIPZ.
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Figure 8: pTREX generates higher titers than pTRIPZ when pri-miRNAs are present

(A) HeLa cells were transduced with virus produced from NoDice/APKR cells that were
transduced with either 1.2 pg or 0.2 ug of the lentiviral plasmid. Cells were selected with
puro and stained with crystal violet once colonies had formed. This was done for
pTRIPZ and pTREX empty vectors and miR-K-15 containing vectors. (B) Colonies from
four separate experiments were quantified (except for pTRIPZ miR-K1-5 0.2 ug which
only has three) and totals normalized to pTRIPZ empty vector counts for both 1.2 ug
and 0.2 ug. One-sample t-tests were used to compare pTRIPZ empty vector titers to
miR-K1-5 titers; ***p<0.001. Student’s t-test was used to compare between pTRIPZ miR-
K1-5 and pTREX miR-K1-5; **p<0.01, ***p<0.001. Error bars = SD.

2.4 Discussion

In order to effectively express BHRF1 miRNAs at a high level, we designed and
tested an inducible lentiviral vector, here called pTREX, which expresses an intron-

containing transgene in the antisense orientation. pTREX was designed to i) increase
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transgene expression, ii) increase the expression of encoded miRNAs and, iii) increase
the generally low infectious titer of lentiviral miRNA expression vectors. The latter
problem arises because pri-miRNA stem-loops inserted into the 3 UTR of a linked
indicator transgene, the method used previously to express pri-miRNAs using lentiviral
vectors (Figure 3),'¥ results in the cleavage of both the transgene mRNA and the vector
genomic RNA by the nuclear microprocessor complex. This issue has been reported
previously'*#13 and one suggested means of avoiding this problem is to co-transfect the
packaging cells with siRNAs specific for Drosha, which can reduce the amount of pri-
miRNA expression vector cleavage. However, by inserting the pri-miRNA stem-loops
into an intron transcribed in the antisense orientation (Figure 6) we were able to not only
avoid all vector and transgene RNA cleavage (Figure 6H), thus resulting in increased
titer and transgene expression (Figure 6F and Figure 8), but also generate transduced
cells that express an ~5 to 15-fold higher level of all members of pri-miRNA clusters
cloned into the pTREX vector intron, when compared to the similar pTRIPZ control
vector (Figure 7). We note that others have previously described plasmid-based miRNA
expression vectors in which the pri-miRNAs were!” inserted into an intron and these
plasmids were also reported to express higher levels of not only the encoded miRNAs
but also of the linked indicator genes.!#14

Because it is well established that introns can also facilitate the expression of

cloned cDNAs,*12-135 we also were hopeful that the pTREX vector would also allow
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increased transgene expression. In fact, this positive effect, while readily detectable, was
generally a modest 2-3- fold, as seen with cDNAs encoding GFP and human Dek (Figure
5). However, in the case of the preproinsulin gene, which we have previously shown to be
highly intron-dependent, protein expression was found to be ~11-fold higher with the
PTREX vector than seen with the control pTRIPZ vector (Figure 5). As a number of
genes have been reported to be highly dependent on splicing for effective protein
expression,'?-13 we believe the pTREX vector has the potential to be generally useful.
This is especially true given that even a modest ~2-3-fold enhancement in protein
expression, as previously reported for most cONAs when introns are introduced in cis,'%?
may prove experimentally important.

Despite the advantages presented by the pTREX vector in terms of both
transgene and miRNA expression, pTREX does have the disadvantage that it generates
low levels of dsRNAs in transfected packaging cells, resulting in inhibition of protein
expression presumably due to activation of PKR (Figure 4). Thus, the titers achieved
using pTREX in wildtype 293T cells, which are the workhorse packaging cell line for
lentiviral vector production, are low. This result may explain why we were only able to
find a small number of published papers describing retroviral or lentiviral vectors that
express their transgene using an antisense promoter. One report, by Karlsson et al., '
described a vector based on murine leukemia virus in which the human genomic 3-

globin gene, including both introns and the genomic promoter, was inserted in an
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antisense orientation and gave rise to upregulated expression of B-globin in transduced
erythroleukemia cells. Holehonnur et al.*¢ described a lentiviral vector that contains an
antisense expression cassette that includes an intron under the control of the neurotropic
14 1,3axCaMKII promoter and showed that this vector could successfully transduce
neurons in vivo. Finally, Cooper et al.® describe a SIN lentiviral vector in which the UBC
promoter, together with a UBC-derived intron, were used to express an indicator gene in
the antisense orientation in transduced cells. Of note, none of these papers discussed
how to optimize vector particle production in the transfected packaging cell line, which
for both lentiviral vector papers was the same 293T cell line used here, so how the
problem of PKR activation by dsRNAs was prevented is unclear. As noted in Figure 4,
we found that the induction of PKR activity by dsRNAs produced by pTREX, even
using the inducible TetO/CMV promoter in the absence of Dox, still resulted in the
potent inhibition of vector particle production. Fortunately, with the advent of facile
methods for gene editing in cultured human cells, it proved simple to mutationally
inactivate the pkr gene in the 293T packaging cell line'*? and thereby fully rescue the
efficient production of pTREX-derived lentiviral particles (Figure 4). We note that
because the pTREX vector bears a 3" LTR that is deleted for all enhancer and promoter
sequences present in the LTR “U3” region, pTREX is a self-inactivating (SIN) vector that
is incapable of initiating transcription in the 5" LTR in transduced cells. Therefore, we

did not anticipate that pTREX would produce any dsRNAs in transduced cells and in
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fact no evidence of toxicity was observed. Overall, we were able to address the three
concerns we had with the pTRIPZ vector by i) increasing transgene expression, ii)

increasing miRNA expression, and iii) increasing the titer when pri-miRNAs.

2.5 Methods
2.5.1 Cell Culture

293T and HeLa cells were grown in Dulbecco's Modified Eagle Medium (DMEM,
Sigma Aldrich) supplemented with 5% fetal bovine serum (FBS) and 10 ug/mL
gentamicin (Gibco, 15710064). NoDice, NoDice/APKR cells,'*142 and APKR cells were
grown in DMEM with 10% FBS and 1x Antibiotic-Antimycotic (Gibco, 15240062). 293T
cells were switched to 10% FBS media when used in experiments comparing with

NoDice or NoDice/APKR cells.

2.5.2 Plasmids

pTREX was created by PCR amplification of the Tet-inducible minimal
TetO/CMV promoter and transgene TurboRFP from pTRIPZ (RHS4696, Dharmacon)
followed by cloning in the reverse orientation at the same location in pTRIPZ. The 5’ rat
preproinsulin II intron,’ modified to contain internal Xhol and EcoRI cloning sites, was
PCR amplified and cloned 5 to the transgene. A bovine growth hormone genomic
polyadenylation site was then PCR amplified and cloned 3’ to the transgene. Primers
used for cloning can be found in Table 2(1-8). The integrity of all PCR amplified DNA

sequences was confirmed.
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Transgenes were inserted into the Agel/Clal or Agel/Xhol sites of pTRIPZ
(replacing TurboRFP). In pTREX, transgenes were inserted between the Agel/Xbal sites
(Figure 3). The enhanced GFP (gfp) gene was cloned from pLCE.?? Flag-tagged rat
preproinsulin and Dek cDNAs were derived from the plasmids pCMV/A1+2/INS and
PCMV/DEK, respectively.!®> Mouse Thyl.1 (CD90.1) was cloned from a MSCV-Thy1.1
expression vector (a gift from the Qi-Jing Li lab). Primers used for PCR amplification of
these sequences can be found in Table 2 (9-17).

All lentiviral miRNA expression vectors analyzed contained Thyl.1 as their
transgene. All pri-miRNAs were cloned between the Xhol and EcoRI sites present in
both pTREX and pTRIPZ. Human miR-155 was cloned using the Xhol/EcoRI sites
present in the pL-SIN-CMVAcGFP-miR-155 vector.®® miR-BHRF1-1 and 1-3 were
expressed from artificial miR-30-based expression cassettes.’> Sequences are given in
Table 2 (18, 19). miR-BHRF1- 2 was PCR cloned from the EBV genome and inserted
between the miR-BHRF1-1 and 1-3 expression cassettes. KHSV miRNAs miR-K1
through miR-K5, or miR-K6 and miR-K7, were PCR amplified from the KSHV genome
present in the BC1 cell line'® using primers listed in Table 2 (20-25).

Lentiviral packaging plasmids pCMV-AR8.74 and pMD2.G were gifts from
Didier Trono, (Addgene plasmids #22036 & 12259). pCMV-ARS8.74 expresses all HIV-1
proteins except for env, vpr, vif, vpu, and nef. pMD2.G expresses the VSV-G envelope

glycoprotein.
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2.5.3 Lentivirus transgene packaging and transduction

All transgene expression vectors were packaged by transfecting 5x10¢ 293T,
NoDice, or NoDice/APKR cells in 10 cm plates with 5.5 ug lentiviral vector, 6 ug pCMV-
AR8.74 helper plasmid, 2.5 ug pMD2.G, and 36.3 ul of polyethylenimine (PEI). Plasmids
along with PEI were pre-mixed in 1 ml of OPTI-MEM then added to cells 15 minutes
later. Culture media were changed the next day, and supernatants collected 3 days post-
transfection. Lentiviral particles harvested from each 10-cm plate were passed through a
0.45 um filter and then used to transduce two wells of a 6-well plate of 293T cells at

8x10° cells per well.

2.5.4 Lentivirus packaging efficiency

pTRIPZ and pTREX vectors expressing GFP were packaged in 293T, NoDice,
NoDice/APKR cells, and APKR cells. The packaging cells and supernatant media were
harvested 3 days post-transfection except in the case of comparing APKR cells to 293T
cells, which was harvested at 2 days posttransfection. Packaging cells were subjected to
Western blot analysis probing for PKR (Abcam ab32506), 3-Actin (Santa Cruz sc-47778),
and HIV-1 p24 (NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH: HIV-1 p24
Gag Monoclonal (#24-3) from Dr. Michael H. Malim).'¥-'4 Western blot bands were
quantified using Image] (Rasband WS. Image], U.S. National Institutes of Health,
Bethesda, Maryland, USA, imagej.nih.gov/ij/, 1997-2012). To assess vector packaging

efficiency, supernatants containing the two vectors packaged in 293T, NoDice, and

42



NoDice/APKR cells were subjected to HIV-1 p24 ELISA (Advanced Bioscience
Laboratories, HIV-1 p24 antigen capture assay #5421); and used to transduce 293T cells.
Transduced cells were treated with doxycycline shortly after transduction. Transduction
and transgene expression efficiency were measured by flow cytometric analysis of

cellular GFP expression 3 days post-transduction.

2.5.5 Post-selection transgene expression

pTRIPZ or pTREX vectors expressing GFP, preproinsulin, and Dek were
packaged in NoDice/APKR cells. Lentiviral particles were harvested 3 days post-
transfection and used to transduce 293T cells. Lentivirus-transduced cells were subjected
to puromycin selection (0.2- 0.5 ug/ml) starting 3 days post-transduction, and kept in
puromycin-containing media for 2 weeks with frequent media changes until cell death
could no longer be detected. Selected cells were treated with doxycycline for at least 2
days prior to harvest. GFP expression was analyzed by flow cytometry using a
BDFACSCanto II (BD Biosciences 338962) and proinsulin and Dek expression measured

by Western blot using an anti-Flag antibody (Sigma-Aldrich F3165).

2.5.6 microRNA and Thyl.1 expression

All lentiviral miRNA expression vectors were packaged by transfecting 3x10°
NoDice/APKR cells in a 6-well plate with 1.2 ug lentiviral plasmid, 1.2 ug pCMV-AR8.74
helper plasmid and 0.5 pg pMD2.G envelope plasmid. Plasmid DNA and 7.3 uL PEI

were mixed in 150 uL. OPTI-MEM and allowed to sit for 15 minutes before being added
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to cells. The culture media were exchanged for 2 ml of DMEM supplemented with 10%
FBS and gentamicin the following day. Supernatant media were collected 3 days post-
transfection and filtered through a 0.45 um filter onto HeLa cells plated at 3x10¢ cells per
10-cm plate on the previous day. Two days post-transduction, 1 pug/ml puromycin was
added and the cells cultured until colonies were visible. Cells were then collected and re-
plated into two wells of a 6-well plate (one for flow cytometry and one for RNA) and
Thy1.1/miRNA expression induced by treating with 1 ug/ml doxycycline for 3 days.

Thyl.1 expression was tested in Dox-induced cells by staining for Thyl.1
positivity and measuring expression by flow cytometry. Briefly, cells were collected by
centrifugation and then resuspended in 100 pl PBS with 5% FBS and 1 uL APC
conjugated Thy1.1 antibody (Biolegend 202526). Cells were allowed to sit in the dark for
20 minutes and then collected and resuspended in PBS with 5% FBS. Cells were then
subjected to flow cytometry on a BDFACSCanto II.

Transcript abundance and splicing was analyzed by RT-qPCR. Total RNA was
harvested from transduced, puromycin selected, Dox-induced cultures using TRIzol and
4 ug total RNA then reverse transcribed using an oligo-dT primer and SuperScript III
Reverse Transcriptase according to the manufacturer’s protocol (ThermoFisher
Scientific, 18080093). PCR was performed on the original plasmids and cDNA using
primers 26-29 listed in Table 2. cDNA was also analyzed for GAPDH mRNA expression

using primers 30 and 31 listed in Table 2.
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miRNA expression levels were analyzed by TagMan qRT-PCR. Total RNA was
harvested from Dox induced cells using TRIzol according to the manufacturer’s protocol
(Ambion, 15596018). 10 ng total RNA was reverse transcribed using the TagMan
microRNA reverse transcription kit (Applied Biosystems, 4366596) and miRNA specific
stem-loop primers (ThermoFisher Scientific). cDONA was diluted 1:3 and TagMan qPCR
was performed using TagMan Universal PCR Master Mix, no AmpErase UNG (Applied
Biosystems, 4324018) and a miRNA specific probe (ThermoFisher Scientific).
Endogenous U6 snRNA levels were determined by the same protocol as an internal
control. The relative miRNA expression levels were calculated by first normalizing to U6
then the pTREX expression level was normalized to the expression level seen using

pTRIPZ, which was set at 1.0.

2.5.7 Viral transduction assay

Lentiviral empty and pri-miRNA expression vectors were packaged by
transfecting 3x10° NoDice/APKR cells in a 6-well plate with 1.2 ug or 0.19 ug with 1 pg
pcDNAS3 filler plasmid (Thermo Fisher) lentiviral plasmid, 1.2 ug pCMV-AR8.74 helper
plasmid, and 0.5 ug pMD2.G envelope plasmid using PEI as described in 2.5.6.
Supernatant media were collected 3 days post-transfection and filtered through a 0.45
um filter onto HeLa cells plated at 1x10° cells per 6-cm plate on the previous day. Viral
producer cells were subject to Western blot analysis probing for p24 to check that

transfections occurred equivalently. Two days post-transduction, 1 pg/ml puromycin
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was added and cells were cultured until colonies were visible. Media was then removed
and cells treated with crystal violet (30% ethanol in PBS containing 0.04% crystal violet).
Colony numbers were calculated using OpenCFU.'*® Colony counts were normalized to

the pTRIPZ empty vector, which was set to 1.

2.6 Contributions

Unless otherwise specified research was performed by Brigid C. Poling
Dong Kang — generated the pTREX vector

Kevin Tsai — generated data for Figure 4 and Figure 5

Linda Ren — generated data for Figure 5

Edward M. Kennedy — generated the NoDice/APKR cell line
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3. The Epstein-Barr Virus-encoded BHRF1 miRNAs
Regulate Viral Gene Expression in Cis

This chapter is based on research submitted to Virology. “The Epstein-Barr Virus miR-
BHRF1 microRNAs Regulate Viral Gene Expression in cis” Brigid Chiyoko Poling, Alexander

M. Price, Micah A. Luftig, and Bryan R. Cullen

3.1 Significance

The BHRF1 miRNAs were previously shown to enhance LCL transformation
from primary B cells and enhance proliferation of fully transformed LCLs.** The
enhanced transformation and growth rate was assumed to be the result of trans
regulation of cellular mRNAs by the BHRF1 miRNAs. Here, we report that the
decreased growth rate of LCLs that do not express the BHRF1 miRNAs (A123 LCLs) is
not due to a trans effect, as ectopic expression of the BHRF1 miRNAs does not rescue
growth. In trying to elucidate other mechanisms responsible for the growth deficient of
A123 LCLs, we discovered a novel role of cis regulation by the BHRF1 miRNAs of the
virally encoded EBNA-LP protein. To date, there are only a few of examples of Drosha
processing of a stem-loop regulating protein expression in cis.*08151 Overall, our work
demonstrates a novel regulatory role of the BHRF1 miRNAs and, with the use of PacBio
sequencing, expands our knowledge of the alternative splicing patterns of the Wp- and

Cp-driven transcripts.
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3.2 Introduction

Epstein Barr Virus (EBV) is a double-stranded DNA virus in the y-herpes
subfamily, which infects greater than 90% of the global population. EBV is the causative
agent of various malignancies including diffuse large B cell lymphoma (DLBCL),
endemic Burkitt lymphoma, post-transplant lymphoproliferative disorder (PTLD), and
nasopharyngeal carcinoma.” Additionally, EBV infection of naive young adults results
in infectious mononucleosis. During primary infection, EBV infects resting B cells and
establishes a latency III stage of infection, which is associated with DLBCL (5-14% of
cases) and PTLD. During latency III, a B cell expresses the full repertoire of EBV latency
proteins (EBNA-LP, EBNAI, 2, 3A, 3B, 3C, LMP1 and LMP2A/B) as well as non-coding
RNAs, (Epstein Barr virus-encoded small RNAs (EBERs) and microRNAs (miRNAs)). In
the laboratory, this stage of latency is modeled by infecting primary B cells to generate
lymphoblastoid cell lines (LCLs).”

EBNA-LP and EBNA2 are the first viral proteins expressed after initial B cell
infection from the Wp promoter through activation by B cell specific transcription
factors.”>7* Together these proteins co-transcriptionally activate the Cp promoter to
drive expression of EBNA-LP, EBNA-1, 2, 3A, 3B, and 3C, as well as the LMP1 promoter
(LMP1p) (Figure 2).>7 Because the EBNA proteins are transcribed from the same
promoter, alternative splicing is important for their expression (Figure 12A). EBNA-LP

is the first open reading frame (ORF) after both the Cp and Wp promoters and requires
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complex alternative splicing patterns for proper expression. First, it relies on splicing
from the first exon for Wp-driven transcripts (WO0) early after infection or the second
exon for Cp-driven transcripts (C2) late in infection for the AT nucleotides in ATG,
which encodes the start codon methionine. Second, it must splice internal to the W1
exon at the W1’ splice site to incorporate the G in the ATG. It then continues to integrate
multiple copies of the W1/W2 exon repeats. The B95-8 viral strain encodes 11 W1/W2
repeats and it was previously shown that minimally five repeats are necessary for full
functionality.’® EBNA-LP finally splices from terminal W2 exon to the unique Y1 and Y2
exons (Figure 12A). The translational stop codon is present within the Y2 exon. Y2 can
then splice downstream to several different exons including those that encode EBNA1,
2, 3A, 3B, and 3C. If the initial ATG for EBNA-LP is not generated at the beginning of a
transcript, a large 5UTR for the downstream EBNA1, 2, 3A, 3B, and 3C proteins is
formed instead.'®

In addition to its proteins, EBV encodes two miRNA clusters named for their
location within the EBV genome. The BamH1 fragment H rightward facing 1 (BHRF1)
miRNA cluster consists of three pri-miRNAs, generating the miR-BHRF1-1, 1-2, 1-2%,
and 1-3 mature miRNAs, which surround the BHRF1 protein (Figure 12A). Additionally,
the BamH1 fragment A rightward transcript (BART) miRNA cluster is composed of 22
pri-miRNAs expressed from the BART transcripts.!’'-1"* The BHRF1 miRNAs are only

expressed during latency III and Wp-restricted latency. The BART miRNAs, on the other
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hand, are thought to be expressed during all stages of latency (Table 1).1211> While the
EBV-encoded miRNAs were discovered over a decade ago and crosslinking and
immunoprecipitation (CLIP) methods have allowed for the identification of their mRNA
target sites,®!> elucidating their role during EBV-infection has remained challenging.

So far, EBV-encoded miRNAs are known to be involved in immune evasion,-5¢
apoptosis,®?! and inhibition of tumor suppressors.'” Additionally, removal of the
BHRF1 miRNA cluster from the EBV genome has demonstrated a reproducible and
robust role in cellular transformation and growth;*-5012 however, the direct mechanism
of action has remained elusive. We sought to identify the mechanism of action by
ectopically expressing the BHRF1 miRNAs using a reverse intron lentiviral vector
pTREX® in LCLs that lacked the BHRF1 miRNAs (A123 LCLs). However, we were
unable to rescue the decreased growth rate of A123 LCLs compared to WT LCLs.
Furthermore, we observed that the A123 LCLs significantly upregulated the EBV protein
EBNA-LP. This led us to investigate the role of the BHRF1 miRNAs in regulating EBNA-
LP expression in cis rather than their canonical role in trans. We hypothesized that the
BHRF1 miRNAs encode the 3'UTR of EBNA-LP, and therefore cleavage of these pri-
miRNAs by Drosha would result in a reduction of EBNA-LP, leading to efficient growth

and transformation of B cells.
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3.3 Results

3.3.1 LCL growth is diminished without the BHRF1 miRNAs, however,
trans-complementation does not rescue growth

Previous studies implicated the BHRF1 miRNAs in enhancing transformation of
primary B cells into LCLs as well as increasing cell cycle progression of infected cells.*-%
The enhanced growth rate of WT relative to A123 infected B cells is further observed in
established LCLs. Our initial goal was to identify the individual BHRF1 miRNAs
responsible for efficient growth of transformed LCLs by first validating the decreased
growth rate of A123. Consequently, we performed growth curve analysis and found that
WT LCLs grow approximately twice as fast as A123 LCLs (Figure 9A).

We next wanted to establish that the BHRF1 miRNAs were necessary for efficient
growth by rescuing A123 LCL growth with ectopic expression of the BHRF1 miRNAs. To
this end, miR-BHRF1-1, 1-2, 1-2*, and 1-3 miRNAs were cloned into the antisense-
oriented intron of the pTREX lentiviral vector, since this vector demonstrates high levels
of miRNA expression (Figure 9B and C).” miR-BHRF1-1 and 1-3 are not well expressed
from their natural stem-loops when isolated from the EBV genome,*'% so they were
expressed from miR-30 expression cassettes.!> Additionally, miR-BHRF1-2/2* was cloned
into pTREX using its natural stem-loop and flanking sequences. We found that this
vector allowed for miRNA expression in A123 LCLs equivalent to or above expression

levels observed in WT LCLs (Figure 9C). Since miRNAs are largely thought to regulate
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mRNA expression in trans, 3¢ we hypothesized that ectopic expression of the BHRF1

miRNAs in A123 LCLs would rescue growth of these mutant LCLs to WT levels.

However, when we trans-complemented the A123 LCLs with the BHRF1 miRNAs, we

did not observe any rescue of the growth phenotype (p<0.05) (Figure 9D). This suggests

that the BHRF1 miRNAs do not enhance LCL growth through their canonical role of

mRNA regulation in trans by translational inhibition or mRNA degradation.3!44+4
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Figure 9: Ectopic expression of the BHRF1 miRNAs does not rescue A123 LCL growth

(A) Total intact cells were counted by flow cytometry for WT and A123 LCLs daily for
six days. A123 LCL total cell count was normalized to WT cell total. These data are the
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average of three donors. *p<0.05, **p<0.01; one-sample t-test. (B) Schematic of the pTREX
vector used to express the BHRF1 miRNAs.¢” Pri-miRNAs, mature miRNA sequence
shown in red, were cloned between the Xhol and EcoRI sites present inside the intron
upstream of Thyl.l. miRNA expression is driven from an antisense tet-inducible
minimal CMV promoter (TetO/CMV). pTREX also contains an ubiquitin C promoter
(UBC) promoter that drives the constitutive expression of the reverse tetracycline
transactivator 3 (rtTA3) protein as well as a puromycin (Puro) selectable marker located
3’ to an internal ribosome entry site (IRES). (C) pTREX BHRF1 miRNA expression was
analyzed by miRNA specific tagman qPCR. Expression in A123 LCLs using pTREX
BHRF1-123 was normalized to the matched WT LCL donor. Data are the average of
three donors. (D) LCLs were transduced with either the empty pTREX vector or the
BHRF1 miRNA expressing pTREX vector. After puro selection and doxycycline (dox)
treatment, total Thyl.1+ cells were counted every 3 days and normalized to WT cell
total. Data are the average of three donors. Significance determined by two-way
ANOVA with multiple comparisons; *p<0.05. Error bars = SD.

3.3.2 The EBNA-LP protein and its co-transcriptional activity are
upregulated in A123 LCLs

Our data suggest that the BHRF1 miRNAs do not regulate LCL growth in trans;
therefore, we sought to identify other factors that are dysregulated in A123 LCLs.
Previous studies showed that A123 LCLs display an upregulation of the EBNA-LP
protein.*4 Indeed, our data also suggest that EBNA-LP levels in A123 LCLs are between
5- to 20-fold greater than their WT counterpart (Figure 10). Unexpectedly, we identified
two donors that did not show an upregulation of EBNA-LP protein in A123 LCLs (Figure
10C and D). These two donors also had no growth difference between the WT and A123
LCLs (Figure 10E). This suggests that EBNA-LP overexpression is correlated with the
decrease in growth rate of A123 LCLs. Further studies are needed to understand the role

of EBNA-LP expression and LCL growth (discussed in section 4.2.2.1). The reduction of

53



EBNA-LP when the BHRF1 miRNAs are present cannot be explained based on the
model that the BHRF1 miRNAs are acting to downregulate EBNA-LP mRNA expression
in trans, as there are no predicted target sites for these viral miRNAs in the EBNA-LP
mRNAs using high throughput CLIP techniques.®"!>* Indeed, we do not observe any
reduction in EBNA-LP protein expression when the BHRF1 miRNAs are ectopically

expressed in A123 LCLs (Figure 10F).
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Figure 10: EBNA-LP is significantly overexpressed in A123

(A) Western blot of EBNA-LP expression in WT and A123 LCLs. A123 lysate was loaded
at increasing concentration left to right. BJAB lysate was loaded as a negative control. 3-
Actin was used as a loading control. (B) A123 LCL EBNA-LP expression normalized to
WT LCL levels. Data are an average of seven donors. p < 0.0001; one-sample t-test. (C)
Western blot of EBNA-LP expression in WT and A123 LCLs for a donor that did not
overexpress EBNA-LP. (D) Quantification of EBNA-LP Western blots for two donors
that did not overexpress EBNA-LP. A123 LCL EBNA-LP expression is normalized to WT
LCL expression. (E) Total intact cells were counted every 2-3 days by flow cytometry.
A123 LCL cell total were normalized to WT cell total. Data represents the average of two
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donors. Error bars = SD. (F) EBNA-LP Western blot for WT and A123 LCLs transduced
with pTREX and A123 LCLs transduced with pTREX BHRF1-123. BJAB lysate was
loaded as a negative control. Short and long exposures are shown. Quantified EBNA-LP
expression is labeled.

To determine if increased expression of the EBNA-LP protein correlated with an
upregulation of the Cp and LMP1 promoters, both of which are co-transcriptionally
activated by EBNA-LP and EBNA2,>791% we used 4-thiouridine (4SU) to label nascent
transcripts. Nascent transcripts were purified and their expression level was compared
to total transcript levels to determine half-life, nascent transcript expression, and total
transcript expression (Figure 11A-C). As expected, we saw a significant increase in
nascent and total Cp-driven and LMP1 transcripts compared to our control transcripts
GAPDH, B-Actin, and SETDB1 (Figure 11A, B), indicating that the overexpression of
EBNA-LP also leads to a specific increase in EBNA-LP co-transcriptional activity. While
we saw significant changes in transcription, we did not see any dramatic changes in
half-life (Figure 11A, C). In addition to the upregulation of EBNA-LP regulated
transcripts, we saw a significant increase in both total and nascent Wp driven transcripts
for some of our donors (Figure 11A, B). This corroborates published findings from our
lab.44 Taken together, we see increased transcription of EBNA-LP regulated transcripts,

which leads to increased total transcript expression.
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Figure 11: A123 LCLs show an increase in EBNA-LP regulated transcription and

protein expression

Transcript expression was tested by treating LCLs with 200 uM 4SU for an hour. Total
RNA was harvested and 4SU incorporated in nascent RNA was labeled with biotin and
isolated with magnetic streptavidin beads. Nascent and total RNA levels were measured
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by gqPCR and used to calculate (A) relative nascent transcription, (B) relative total
transcription, and (C) transcript half-life. GAPDH was used as a normalization control
and B-Aactin and SETDB1 were used as negative controls. Wp is W promoter driven
transcripts. Cp (C promoter driven transcripts) and LMP1 are known to be co-
transcriptionally activated by EBNA-LP. *p<0.05, one-sample t-test. Error bars = SD. (D)
Western blot of EBNA-LP-regulated viral proteins LMP1 and EBNA2 from WT and A123
LCLs. BJAB lysate was used as a negative control for viral proteins. (E) Quantitation of
Western blot analysis normalized to WT expression levels. Data represent the average of
6+ donors. *p<0.05, ** p<0.01; one-sample t-test. Error bars = SD.

In addition to an increase in EBNA-LP regulated transcripts, EBNA-LP regulated
proteins were also upregulated in A123 LCLs. We saw an upregulation of LMP1 in all six
donors tested and an upregulation of EBNA2 in six out of eight donors tested (Figure
11D and E). The EBNA2 exon (YH) is one of many exons that can be alternatively spliced
to from Cp and Wp driven transcripts.”>7678 The two donors without an upregulation of
EBNA2 may alternatively splice to non-YH containing exons at an increased level and
not YH itself leading to basal expression of EBNA2. That being said, EBNA2 is
upregulated in 75% of donors (Figure 11E). Thus, in addition to observing an
upregulation of EBNA-LP regulated transcripts, we saw an upregulation of EBNA-LP

regulated proteins.

3.3.3 The BHRF1 miRNAs downregulate EBNA-LP expression in cis

We next sought to address how disruption of BHRF1 miRNA expression relates
to the overexpression of EBNA-LP. Early reports indicated the BHRF1 pri-miRNAs are
encoded in the 3'UTR of EBNA-LP.1%-15% However, this was not thought to occur at an

appreciable level. As such, there have been no reports that the BHRF1 miRNAs have any
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effect on the level of EBNA-LP expression. We, therefore, sought to determine if the
BHRF1 pri-miRNAs are encoded in the 3'UTR of EBNA-LP, and if so, how often this
occurred.

The BHRF1 miRNAs are encoded within two exons. The first exon (H2) contains
the BHRF1-1 pri-miRNA. The second exon (HF) contains the BHRF1 open ORF and the
BHRF1-2 and 1-3 pri-miRNAs (Figure 12A). In order to determine if the H2 or HF exons
are incorporated as part of the 3'UTR of EBNA-LP transcripts, we performed a meta-
analysis of RNA-Seq data from 10 random donors from the 1000 genomes project
(Figure 12B).® Reads that failed to align to the human genome were aligned to the WT
EBV genome (Accession: NC_007605) using the hierarchical indexing for spliced
alignment of transcripts (HISAT2) splice-aware RNA-Seq alignment software.!® Splice
junctions were identified and quantified by visualizing data with the integrative genome
viewer (IGV).!®! These alignments revealed no splice junctions from any Cp or Wp-
driven exon 5" to H2 to the H2 exon. This suggests that pri-miR-BHRF1-1 is not encoded
in transcripts driven from the Cp and Wp promoters and thus cannot be part of EBNA-
LP’s 3'UTR. Instead, as previously proposed, miR-BHRF1-1 is likely excised from an
intronic location."'?1%2 Our data did provide significant evidence that the Y2 exon is
capable of splicing to the HF exon (Figure 12B). The Y2-HF splice junction read depth is
comparable to that of canonical, EBV splice junctions (Figure 12B). These data indicate

that the BHRF1 ORF and the BHRF1-2 and 1-3 pri-miRNAs are present as part of the
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3’UTR of EBNA-LP at a high frequency. However, because of the differential use of the
alternative splice acceptors W1 and W1’, where W1’ is necessary to generate the first
ATG of EBNA-LP expression, it is unclear if the EBNA-LP OREF is in fact encoded 5 to
the HF exon (Figure 12A).

Since the identification of EBNA-LP encoding transcripts that terminate at the
HF exon can only be determined by long sequencing reads, we performed PacBio
sequencing for WT B95-8 LCL transcripts. Total RNA was harvested and EBV specific
transcripts were isolated with a biotinylated oligo specific to the W2 exon followed by
isolation using streptavidin beads (Figure 15A). This enriched pool of EBV transcripts
was then analyzed using a PacBio RS II analyzer. We were able to enrich the Wp/Cp-
driven EBV transcripts by ~7000-fold over PacBio sequencing previously published from
unenriched LCL transcripts.'®31¢4 EBV transcripts make up a low percentage of total LCL
transcripts as seen in our RNA-Seq meta-analysis (EBV transcripts average 0.70% of total
reads). Therefore, despite our 7000-fold enrichment, we only identified 120 reads that
mapped to EBV of which 95 reads mapped to the Wp/Cp transcript region, 29 reads
contained the HF exon, and 5 reads encoded EBNA-LP (Fig 4C). These data suggest that
that the HF exon is present in a significant portion of Wp/Cp-driven transcripts (44%),
and importantly EBNA-LP encoding transcripts (40%). This indicates that Drosha
processing of the BHRF1-2 and 1-3 pri-miRNAs has the potential to reduce transcript,

and thereby protein, expression levels.
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Figure 12: EBNA-LP encoding transcripts are alternatively spliced to include the HF
exon at a high frequency

(A) Schematic of EBNA-LP alternative splice patterns. EBNA-LP transcription is driven
by either the Cp or Wp promoter. Both promoters encode an exon that terminates with
AT (C2 or WO0) that must splice internal to the first W1 exon, called W1’, to acquire the G
to make the ATG necessary to initiate EBNA-LP translation. EBNA-LP then splices to
W2 and can include anywhere from 1-11 copies of the W1/W2 repeats. The coding
region for EBNA-LP then terminates with the Y1 and Y2 exons. The H2 exon contains
the BHRF1-1 pri-miRNA and the HF exon contains the BHRF1 ORF and the BHRF1-2
and 1-3 pri-miRNAs. Known splice junctions are shown in black including to the U exon
that splices downstream to EBNA1, 3A, 3B, and 3C. Possible splice junctions that would
allow for inclusion of the BHRF1 pri-miRNAs in the 3’'UTR of EBNA-LP are shown in
blue. (B) RNA-Seq data from the 1000 genomes project was processed using HISAT21¢0
to identify splice junctions. Raw read counts are shown for H2 and HF splicing.
Canonical splice junctions are provided at the bottom for reference. (C) PacBio
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sequencing was performed on B95-8 EBV RNA isolated using a probe complementary to
the W2 exon. Of the Cp and Wp-driven transcripts sequenced, percentage that encoded
EBNA-LP, that terminate at the polyA signal present at the end of the HF exon, and
EBNA-LP transcripts that terminate at the polyA signal present at the end of the HF
exon are shown.

Drosha cleavage of a pri-miRNA results in the generation of a pre-miRNA and
degradation of the pre-miRNA flanking regions.!® In order to establish that Drosha
processing of the BHRF1-2 and 1-3 pri-miRNAs reduces EBNA-LP protein expression,
we cloned the 3'UTR of the BHRF1 ORF, which encompasses these two pri-miRNAs,
either from WT EBV or from the A123 EBV mutant in which the pri-miR-BHRF1-2 and 1-
3 stem-loops have been mutationally inactivated, 3’ to the Firefly luciferase (FLuc)
indicator gene. These constructs were transfected into 293T and RNAselll-/- cells'®> and
FLuc expression was determined relative to a NanoLuc control vector. 293T expression
data were normalized to RNAselll-/- expression data to identify reduction of luciferase
activity due to Drosha cleavage. As shown in Figure 13A, we see a significant reduction
of luciferase activity when pri-miR-BHRF1-2 and 1-3 are present in the FLuc 3'UTR,
which is rescued when the pri-miRNAs are mutated (p<0.01). In order to ensure efficient
processing of the BHRF1-2 and 1-3 pri-miRNAs by Drosha from the reporter construct,
we identified expression of the resulting pre- and mature miRNAs by Northern blot

analysis (Figure 13B).
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Figure 13: pre-miR-BHRF1-2/2* and 1-3 miRNA excision by Drosha regulates protein
expression in cis

(A) The BHRF1 3’'UTR that contains the BHRF1-2 and 1-3 stem loops was cloned from
both the WT and A123 EBV virus into the 3'UTR of a firefly luciferase expression vector.
These vectors along with a NanoLuc internal control were transfected into both 293T
cells and RNAselll-/- 293T cells'® and luciferase activity was measured. Expression level
was normalized to NanoLuc followed by an empty Fluc vector control. Relative 293T
luciferase expression was normalized to RNAase-/- 293T expression to observe
differences due to Drosha processing. Five biological replicates were performed.
**p<0.01, one-sample t-test, and student’s t-test. Error bars = SD. (B) Northern blots show
miRNA expression from the BHRF1 3'UTR Fluc vector. Blots were probed with a U6
prove to demonstrate equal loading. * Indicates pre- and mature miRNAs.

We next wanted to test the influence of HF exon destabilization on EBNA-LP
expression. Thus, we generated artificial miRNAs (amiRNAs) against the HF exon. A123
LCLs were transduced with these amiRNAs and Western blot analysis for EBNA-LP
protein was performed. We saw a reduction of EBNA-LP protein expression when HF
targeting amiRNAs were present (Figure 14). The observed reduction of EBNA-LP when

the HF exon is targeted by RNAi confirms that destabilization of EBNA-LP transcripts
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that contain the HF exon by Drosha processing would result in decreased EBNA-LP

protein expression.
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Figure 14: amiRNAs targeting the HF exon reduce EBNA-LP expression

(A) Donor one: WT and A123 LCLs were transduced with a non-targeting luciferase (luc)
amiRNA. The A123 LCLs were also transduced with an amiRNA against the BHRF1
exon (B_4). (B) Donor 2: only the A123 LCLs were traduced with two amiRNAs against
the BHRF1 exon (B_4 and B_11). These transduced LCLs were compared to the
originating non-transduced A123 LCLs. Transduced cells were selected with puro and
then induced with dox for 4 days before lysates were harvested. Western blot analysis
was then performed for EBNA-LP. B-Actin was used as a loading control. BJAB lysate
was loaded as a negative control. Fold knockdown relative to A123 LCL expression is
shown for EBNA-LP.

3.3.4 PacBio sequencing reveals additional novel Cp/Wp splice
patterns

PacBio sequencing is a powerful tool for elucidating novel transcription patterns
due to its ability to sequence full-length mRNAs. By performing PacBio sequencing on

EBV transcripts, we identified several novel splicing patterns. First, we observed a new
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alternative splice donor site within the C2 exon which we term C2" (Figure 15A and B).
This splice donor, when used, excludes the final seven base pairs of the C2 exon. This is
especially relevant to the EBNA-LP OREF since it leaves off the AT necessary for the start
codon. Since we observed C2’ used in 35% of our Cp-driven transcripts, we conclude
that this novel splice junction contributes significantly to the low level of Cp/Wp
transcripts that encode EBNA-LP (8%) (Figure 12C and Figure 15B). We looked for this
splice junction in our meta-analysis of the 1000 genomes RNA-Seq data'® and observe
the C2’ splice donor is used, as opposed to the C2 splice donor, 27% of the time,
validating our PacBio sequencing data.

We observed in our PacBio sequencing a significant number of transcripts that
have a G ->T mutation at the end of the first W1 exon (Figure 15A and C). We were
unsure if this mutation was present in the first or second W1 repeat in the B95-8 genome
as we sequenced reads with maximally 10 out of the 11 possible repeats. In order to
establish which repeat this G ->T mutation was present in, we designed primers to
uniquely clone out the first repeat. In doing so, we discovered that this mutation is
present within the first repeat. This mutation turns a GAG into a TAG at the last codon
of the W1 exon, generating a premature stop codon. Therefore, we hypothesized that
any transcript that contains this mutation would not encode EBNA-LP (78% of
transcripts sequenced) (Figure 15A and C). To test this, we cloned a cDNA that encodes

EBNA-LP with the T -> G mutation in the first W1 exon. The cDNA clone has four 4
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W1/W2 repeats in total. Finally, 3" to the Y1 and Y2 exons, the cDNA clone terminates
with the HF exon. This clone was inserted into an expression vector behind a CMV
promoter (Figure 15E). Surprisingly, when this construct was transfected into 293T cells,
EBNA-LP protein was detectable by Western blot, indicating that the stop codon is read
through (Figure 15F). The BHRF1 protein was also present, suggesting that bicistronic
transcripts that contain EBNA-LP and BHRF1 are capable of expressing both proteins
(Figure 15F). We observed another stop codon in EBNA-LP, generated by splicing
between W2 and W1’ 3’ to the first C2 or W0 -> W1’ splice event. This W2-W1" splice
event occurs five base pairs internal to W1, resulting in a frame shift of the ORF,
subsequently causing a premature stop codon to occur. Therefor this splice event is
expected to inhibit the expression of EBNA-LP. Since this internal W1’ splice event
occurs 40% of the time, it would significantly contributes to reduced EBNA-LP
expression.

The last novel splicing pattern we observed over the course of this study was
determined by shallow sequencing transcripts derived from A123 LCLs. With the goal of
establishing that EBNA-LP coding transcripts terminate with the HF exon, we
performed shallow sequencing on both WT and A123 LCLs. In doing so, we noticed
splicing from the Y2 exon to two splice sites 3’ to the BHRF1 ORF in the HF exon,
specifically within the miR-BHRF1-2* mature miRNA sequence, which is left intact in

the A123 mutation. This led us to conclude that these transcripts would no longer encode
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the BHRF1 protein. We did not detect this splicing event in either our shallow
sequencing or PacBio sequencing of WT LCL transcripts. This is likely because the novel
splice acceptor sites are not available for splicing due to the secondary structure of pri-

miR-BHRF1-2 in WT LCLs.
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Figure 15: Novel alternative splicing patterns of Cp and Wp transcripts

(A) Schematic of all novel splice patterns observed in B95-8 LCLs by PacBio sequencing.
We observed a novel splice donor internal to the exon C2 termed C2” shown in red. This
splice donor leaves off the last seven base pairs of C2. The first W1 exon after C2
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contains a G->T mutation at the third to last base pair rendering this a premature stop
codon, shown with a red bar and red T. Some transcripts contain a W2-W1’" splice
junction which would also generate a premature stop codon. The A123 LCLs exhibit
cryptic splice acceptor cites in BHRF1-2 shown in red as the splicing from the Y2 exon to
the BHRF1-2 stem-loop. Percentages exhibited in the PacBio sequencing are shown for
(B) C2" usage, (C) G->T mutations, and (D) internal W2-W1" splicing. (E) To test the
efficacy of the premature stop codon, a cDNA clone for EBNA-LP with the G->T
mutation in the first W1 exon, containing four W1/W2 repeats, and terminating with HF
was placed behind a CMV promoter. (F, left) This vector (stop codon containing-SC) was
then transfected into 293T cells and EBNA-LP and BHRF1 protein was detected by
Western blot. Mock transfected lysate was run alongside as a negative control. Western
blot for B-Actin was performed to show mock lysate loading. (F, right) EBNA-LP
expression from expression vectors expressing no-stop codon containing versions of
EBNA-LP that had been transduced into BJABs was included to show normal EBNA-LP
expression. The first column is a four W1/W2 copy of WT EBNA-LP. The second column
is a two W1/W2 repeat that contains mutations to render it functionally inactive.”81
Non-transduced BJAB lysate was included as a negative control. W1/W2 repeat numbers
are indicated. (G) Cryptic splice acceptors sites are shown in red. The conserved portion
of the BHRF1-2 pri-miRNA is indicated in blue, the miR-BHRF1-2* mature miRNA is
shown in red, and the mutant sequence left from deletion of the right side of the BHRF1-
2 pri-miRNA is shown in orange.

3.4 Discussion

Previous studies by our laboratory demonstrated that deletion of the BHRF1
miRNAs enhanced LCL transformation and growth.*-50126 In this study, we showed that
ectopic expression of the BHRF1 miRNAs does not rescue the growth rate of A123 LCLs
(Figure 9C). Additionally, we proposed a model where BHRF1-2 and 1-3 pri-miRNA
processing by Drosha in cis is important for regulation of EBNA-LP, and thereby EBNA-
LP regulated proteins (Figure 16). Further investigation is necessary to determine if the

overexpression of EBNA-LP and its regulated genes are responsible for the decrease in
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transformation and proliferation observed in A123 LCLs (discussed further in section

4.221).
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Figure 16: Model for how pri-miR-BHRF1-2 and 1-3 regulate EBV gene expression in
cis

In the context of WT infection (left side) the BHRF1 1-2 and 1-3 pri-miRNAs are often
alternatively spliced to be included in the 3'UTR of EBNA-LP. Drosha processing of
these pri-miRNAs leads to a decrease in EBNA-LP transcript levels and thereby EBNA-
LP protein expression. This leads to a lower level of transcription/protein expression of
EBNA-LP regulated transcripts such as LMP1. In contrast, when pri-miR-BHRF1-2 and
1-3 are deleted (right side) in the EBV A123 mutant, EBNA-LP and its downstream viral
gene targets are overexpressed, possibly resulting in reduced B cell transformation and
slower LCL growth.
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While it seems clear that the BHRF1 miRNAs play a role in transformation and
growth, the mechanism of action is unclear. By studying the individual role of BHRF1
miRNAs in growth and transformation, previous research revealed a miR-BHRF1-1
single mutant EBV virus had a negligible effect on LCL transformation.* Moreover,
mutation of the miR-BHRF1-2 and 1-2* seed sequences generated no difference in
transformation and cell cycle progression despite the ABHRF1-2 pri-miRNA mutant EBV
virus demonstrating the largest effect on transformation efficiency.*12° The Delecluse lab
showed that BHRF1-2 pri-miRNA processing is necessary for efficient processing and
expression of miR-BHRF1-3 and proposed that miR-BHRF1-3 is solely responsible for
the increase in transformation and growth.!” However, we showed that ectopic
expression of the BHRF1 miRNAs, including miR-BHRF1-3, in A123 LCLs failed to
rescue growth (Figure 9D). The requirement for the BHRF1 pri-miRNA stem-loop, but
seemingly not their activity, lends credence to the idea that the BHRF1 miRNAs play a
role in transformation and growth through cis regulation of EBNA-LP.

As previously reported, we saw a significant upregulation of the EBNA-LP
protein in A123 LCLs (Figure 10).494° With the upregulation of EBNA-LP protein, we also
saw upregulation of EBNA-LP regulated transcripts and proteins, namely the Cp and
LMP1 driven transcripts and the EBNA2 and LMP1 proteins (Figure 11). CLIP analysis
revealed no BHRF1 miRNA targets in Cp or Wp-driven transcripts, suggesting that the

BHRF1 miRNAs do not directly inhibit Cp/Wp transcripts.®!5 As expected, we did not
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observe reduced EBNA-LP expression when the BHRF1 miRNAs were ectopically
expressed in A123 LCLs (Figure 10F). Additionally, early reports identified “rare”
Cp/Wp transcripts with splicing from the Y exons to the HF exon.!®-15 Therefore, we
examined a possible role of the BHRF1 miRNAs in regulating EBNA-LP expression in
cis. Previous research by Arvey et al and Tierney et al. provides the strongest evidence of
Cp/Wp transcripts splicing to the HF exon. Arvey, A, et al. showed by RNA-Seq that
splicing from the Y2 exon to the HF exon occurred in 35% of all Cp/Wp-driven
transcripts.'” Tierney et al. showed by qRT-PCR that Y2-HF transcripts are highly
expressed in LCLs.!®® However, due to the nature of RNA-Seq and qRT-PCR, these
studies failed to identify if the sequence upstream of the HF exon encodes EBNA-LP, or
is instead a large 5’'UTR of the BHRF1 protein and the BHRF1-2 and 1-3 pri-miRNAs.
Our study expands on these studies by looking at long sequence reads by PacBio
sequencing. From this, we identified that ~55% of our Cp/Wp transcripts contain the HF
exon as their 3’'UTR and 40% of EBNA-LP containing transcripts terminate with the HF
exon (Figure 12C). Previous PacBio sequencing of LCLs did not perform an enrichment
for Cp/Wp-driven transcripts, and so failed to identify any splicing between the Y exons
and HF in latent LCLs.'** We, therefore, identified a novel and frequent splicing pattern
for EBNA-LP, allowing the BHRF1 miRNAs to regulate its protein expression in cis.
Another important point to consider is that the location of the BHRF1-2 and 1-3

pri-miRNAs 3" to both the BHRF1 and EBNA-LP ORFs is evolutionarily conserved
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amongst primate lymphocryptoviruses (LCV).112118127128 Additionally, the EBNA-LP
homologs in primate LCVs demonstrate identical functionality to EBV-encoded EBNA-
LP.1661¢ Although the miR-BHRF1-1, 1-2, and 1-2* seed regions are conserved with other
primate LCVs, mutating their seed sequence does not appear to affect
transformation.!18126128 ~ Additionally, the seed sequence for miR-BHRF1-3 is not
evolutionarily conserved amongst primate LCVs. 112118127128 Therefore, it appears that the
BHRF1 pri-miRNA location, not sequence, and Drosha processing serves an important
role in regulation of evolutionarily conserved EBNA-LP-like proteins in cis.

Supporting the role of the BHRF1-2 and 1-3 pri-miRNAs but not the BHRF1-1
pri-miRNA in cis regulation of EBNA-LP, previously published data demonstrated an
upregulation of EBNA-LP protein with BHRF1-2 or BHRF1-3 single pri-miRNA
mutants, but not with an pri-miR-BHRF1-1 single mutant.** Additionally, the
upregulation of the EBNA-LP activated promoter Cp was only observed with BHRF1-2
and BHRF1-3 single pri-miRNA mutants, indicating the upregulation of EBNA-LP was
correlated with an increase in EBNA-LP regulated transcription.** We determined the
ability of the BHRF1 miRNAs to regulate gene expression in cis through a luciferase
reporter assay. In doing so, we found that the BHRF1-2 and 1-3 pri-miRNAs were able to
downregulate luciferase activity in a Drosha dependent manner (Figure 13A). We also
showed reduction in EBNA-LP protein expression when the HF exon was targeted with

amiRNAs (Figure 14). This further demonstrates that destabilization of the HF exon,
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either by Drosha processing of pri-miRNAs or targeting by an amiRNA, is able to
regulate EBNA-LP expression. Taken together, we show that the BHRF1-2 and 1-3 pri-
miRNAs are often present as the 3’'UTR of EBNA-LP and are therefore capable of
regulating EBNA-LP protein expression and EBNA-LP regulated gene expression.

In addition to the high prevalence of EBNA-LP transcripts that terminate with
the HF exon, we observed several novel alternative slice patterns of the B95-8 Wp/Cp-
driven transcripts. We identified a G->T mutation in the first W1 exon, generating a
premature stop codon (Figure 15A and C). We also saw evidence that the stop codon is
ignored, allowing EBNA-LP protein expression from transcripts containing this
premature stop codon (Figure 15E and F). In agreement with this, previous studies
looking at the efficiencies of the three possible stop codons found UAG to be leaky.!”
Furthermore, there is an adenosine upstream of the UAG, which has been shown to
increase stop codon read through.'” Therefore, we hypothesize that the UAG stop codon
is misread as a glutamine or tryptophan, as these have been shown to most frequently
be inserted in place of the UAG stop codon.””® From discussions with Rob White, we
know that this G->T mutation is unique to the B95-8 strain, so it is unclear if this
mutation relates to EBV biology as a whole. We also observed two novel cryptic splice
acceptor sites in miR-BHRF1-2* (Figure 15A and G). This leads to splicing from Y2 into
the 3'UTR of the BHRF1 protein, preventing its inclusion in Cp/Wp transcripts (Figure

15G). This Y2-BHRF1-2* splice junction is an artifact of the A123 bacmid construct, as the
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pri-miR-BHRF1-2 stem-loop structure presumably prevents access to this splice
acceptor. In fact, we did not observe any Y2-BHRF1 3"UTR splice junctions in our PacBio
sequencing of WT B95-8 transcripts. Additionally, we identified a novel splice donor in
the C2 exon we termed C2’, which leaves off the AT base pairs that encode the start
codon for EBNA-LP (Figure 15A and B). Finally, we identified splicing from W2-W7’,
which generates a pre-mature stop codon (Figure 15A and D). Previous reports saw that
splicing from the W0 and C2 exons to W1 was preferential to W1".'® It is possible then,
that splicing from W2 to W1 is preferred, but not ubiquitous. The C2" and W2-WT’
splicing patterns occur frequently and prevent EBNA-LP expression from Cp/Wp driven
transcripts (Figure 15), suggesting that EBNA-LP regulation through alternative splicing
is important for EBV infection.

A study of different gastric carcinoma EBV strains as well as the B95-8 and Akata
EBV strains supports the role of the BHRF1 miRNAs in transformation and growth. This
study reported that strains with higher BHRF1 miRNA expression levels correlated with
increased transformation efficiency and growth.””' Furthermore, strains with lower
BHRF1 miRNA levels had increased LMP1 expression as well as decreased
transformation and growth rates.’”? LMP1 overexpression is of particular importance as
it has been previously shown to have cytostatic effects, therefore its overexpression
could lead to a decrease in growth.1”217 It is important to note that these studies did not

look at EBNA-LP expression. Our data supports these findings, suggesting that those
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strains with lower miRNA expression express a higher level of EBNA-LP, thereby
increasing LMP1 expression and induce LMP1-mediated growth inhibition (Figure 16).
This chapter adds to a very short list of proteins known to be regulated by
Drosha processing of a stem-loop in cis. In humans, DGCRS, follistatin-like 1 (FSTL1),
and Kaposi's Sarcoma-associated Herpesvirus's (KSHV) Kaposin B (KapB) mRNAs are
currently the only identified genes regulated in cis.*%1 Indeed, a genome wide study
of the human genome only found DGCRS to be regulated in this manner.* However,
there are a few additional examples of mRNAs regulated in cis in mice, including the
transcription factors neurogenin 2 and T-box brain 1.317417 Interestingly, in most of
these cases, the resulting miRNA is not thought to be expressed at high enough levels to
be functional, unlike the KHSV and EBV miRNAs. 40151174175 [t is therefore possible that
KHSV and EBV take advantage of using both the cis and trans regulatory abilities of
miRNAs to condense the size of their genome. Future studies are needed to explore gene
regulation in cis by other viral-encoded miRNAs (discussed in section 4.2.2.3) as well as
examine the possible role of EBNA-LP overexpression in growth and transformation

(discussed in section 4.2.2.1).

3.5 Materials and Methods
3.5.1 Cell Culture

LCLs and the EBV- Burkitt lymphoma line BJAB were grown in Roswell Park

Memorial Institute (RPMI) 1640 medium supplemented with 10% fetal bovine serum
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(FBS), 50 pg/ml gentamicin (LifeTechnologies), and 1x Antibiotic-Antimycotic (Gibco,
15240062). 293T cells were grown in Dulbecco's modified Eagle medium (DMEM)
supplemented with 5% FBS, 50 pg/ml gentamicin (LifeTechnologies), and 1x Antibiotic-
Antimycotic (Gibco, 15240062). NoDice/APKR*? and RNAselll-/- 293T' cells were
grown in DMEM supplemented with 10% FBS 50 pg/ml gentamicin (LifeTechnologies),
and 1x Antibiotic-Antimycotic (Gibco, 15240062). 293 EBV bacmid producer cells®* were
grown in RPMI 1640 medium supplemented with 10% FBS, 50 ug/ml gentamicin
(LifeTechnologies), and 100 pg/ml hygromycin B (Corning). All cells were grown at 37°C

with 5% CO..

3.5.2 LCL Production

LCLs were generated from peripheral blood mononuclear cells (PBMCs) using
both the WT and A123 EBV bacmids as previously published.*# Briefly 5.0 x 10° 293
bacmid producer cells were plated in a 15 cm dish the day before transfection. Fugene 6
(Promega) was used to transfect 8 pug of a BALF4 expression plasmid and 12 pg of a
BZLF1 expression plasmid.®% Three days post transfection, the virus containing
supernatant was filtered through a 0.45-um filter, concentrated using an Amicon pltra-
15 Centrifugal Filter Unit (Millipore), and stored at -80°C until use. Virus was titered on
BJAB cells looking at GFP positivity by flow cytometry on a FACS Canto II (BD) to
generate green BJAB units (GBU). PBMCs were infected in bulk with a multiplicity of

infection (MOI) of 1 GBU.
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3.5.3 Molecular clones

All miRNA and amiRNA vectors were generated by cloning into the pTREX
vector described in chapter 2 using the Xhol and EcoRI sites present within the intron 3’
to Thy1.1.” The pTREX BHRF1-123 miRNA expression vector was previously described
in section 2.4.2. amiRNAs targeting the BHRF1 3'UTR and a non-targeting luciferase
amiRNA (Luc) were cloned into the pTREX vector in the miR-30-based expression
cassette (sequences 1-3 in Table 3).

The BHRF1 3'UTR containing the BHRF1-2 and 1-3 pri-miRNAs from both the
WT and A123 EBV bacmids were PCR cloned into the 3'UTR of the pL-CMV-GL3 vector
between the Xhol and Notl restriction sites using primers 4 and 5 in Table 3.¢! The
NanoLuc luciferase protein was cloned in place of the GL3 firefly luciferase gene to be
used as an internal control between the Nhel and Xhol restriction sites to generate pL-
CMV-NanoLuc (primers 6 and 7 in Table 3) (Promega).

The EBNA-LP expressing vector with the G->T mutation in the first W1 exon was
generated by first reverse transcribing total B95-8 LCL RNA using SuperScript IV
according to the manufacturer’s instructions (ThermoFisher Scientific). EBNA-LP was
then PCR amplified from this template and cloned into the Agel/Notl sites in pLCE® to
generate pLC-LP-stopcodon termed SC (primer 5 and 8 in Table 3). Four W1/W2 repeat

containing WT EBNA-LP and two W1/W2 mutant repeat EBNA-LP were PCR cloned
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out of pSG5 vectors previously described”!® in place of the TurboRFP gene in pTRIPZ

(GE Healthcare/Dharmacon) (primers 9 and 10 in Table 3).

3.5.4 Lentiviral transduction and selection

All pTREX and pTRIPZ lentiviral vectors and were packaged in NoDice/APKR
cells plated at 5 x 10¢ cells per 15 cm dish and transfected the next day with 11 ug
pCMV-AR8.74, 4.4 pg pMD2.G, and 13.8 pg pTREX. Plasmids along with 73 pul
polyethylenimine (PEI) were pre-mixed in 1 ml of OPTI-MEM (Gibco) then added to
cells 15 minutes later. Cell culture media was changed the next day to LCL media
(section 3.5.1). Three days post-transfection culture media were passed through a 0.45
um filter and then used to transduce LCLs. Two days post-transduction LCLs were
treated with 0.2 pg/ml puromycin (puro). Puro was slowly added until cells grew well at
a final concentration of 0.8 ug/ml. LCLs were then induced with 1 ug/ml doxycycline
(dox) and subject to flow cytometry two days later to test for Thy1.1 positivity using an
APC-conjugated CD90.1/Thy1.1 antibody (BioLegend). Fully selected cells were used for
cell based assays.

Lentiviral packaging plasmids pCMV-AR8.74 and pMD2.G were gifts from
Didier Trono, (Addgene plasmids #22036 & 12259). pCMV-ARS8.74 expresses all HIV-1
proteins except for env, vpr, vif, vpu, and nef. pMD2.G expresses the VSV-G envelope

glycoprotein.
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3.5.5 Growth curve

Cell count/ml was determined by flow cytometry using AccuCount beads
(Spherotech, Inc.) and % Thy1.1+ for pTREX transduced vectors was determined using
an APC-conjugated CD90.1/Thy1.1 antibody (BioLegend). Five mls of LCLs were plated
at 250,000 cells/ml in T25 flasks using 25% filtered spent WT LCL media and 75% fresh
LCL media (section 3.5.1), and 1 pg/ml dox if transduced with pTREX. Cells were
counted by flow cytometry on a FACSCanto II (BD) using AccuCount beads
(Spherotech, Inc.) every 1-3 days and split back to 250,000 cells/ml. Cells transduced
with pTREX were also tested for % Thy1.1+. Cell counts were normalized to day 0 and
then normalized to the WT LCL cell count. For pTREX transduced LCLs, only Thy1l.1+

cells were considered for total cell counts.

3.5.6 Stem-loop real-time PCR

Mature BHRF1 miRNA levels were determined by stem-loop real-time PCR as

previously described in section 2.5.6.4967.176

3.5.7 Western blot

Cells were lysed in NP40 lysis buffer and sonicated. Protein amount was
normalized using a Pierce BCA protein assay kit according to the manufacturer’s
protocol (ThermoFisher Scientific). Expression of EBNA-LP, EBNA2, and LMP1 were

probed with antibodies JF186, PE2, and S12 respectively. 3-Actin (Santa Cruz sc-47778)
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was probed as a loading control. Band intensity was determined using GeneTools image
analysis software (Syngene).

To identify knockdown of EBNA-LP protein by amiRNAs directed against the
HF exon, A123 LCLs were transduced with the Luc amiRNA and HF exon targeting
amiRNAs BHRF1_4 and BHRF1_11 (1-3 in Table 3). WT LCLs were transduced with the
Luc amiRNA. Once fully selected with puro, as determined by Thyl.1 expression using
an APC-conjugated antibody (BioLegend) for flow cytometry, cells were removed from
puro media and induced with doxycycline. Four days post dox induction, cells were

harvested for Western blot.

3.5.8 4SU labeling

4-thiouridine (4SU) labeling was performed as a protocol modified from Duffy et
al.'”” Briefly, 25 mls of LCLs were plated at 350,000 cells/ml. The next day, cells were
treated with 200 uM 4SU for an hour. Cells were collected and total RNA was harvested
with TRIzol following the manufacturer’s protocol except that the last 70% ethanol wash
was replaced with an additional ethanol precipitation. 50 ug total RNA at 1 ug/ul was
combined with 5 ug MTS-Biotin-XX (Biotium) in 100 pl DMSO, 5 ul 1M Tris (pH 7.4), 1
ul 0.5 M EDTA, and 344 ul water. Tubes were covered with aluminum foil and allowed
to rotate at room temperature for 30 minutes. Excess biotin was then removed by adding
500 ul chloroform:isopropyl amyl (21:1) and spinning through a heavy phase lock gel

column (5 Prime) for 5 minutes at 4°C. The supernatant was removed and re-
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precipitated and brought up in 50 ul water. 10 ul were removed to be used as total input
RNA. 40 pl MyOne Streptavidin C1 Dynabeads (ThermoFisher Scientific) were washed
on a magnet three times with 0.IM NaCl. Beads were resuspended in 1x streptavidin
binding buffer (10 mM Tris pH 7.4, 1 mM EDTA, 2 N NaCl). Beads were added to the
remaining 40 pul RNA and allowed to rotate at room temperature for 30 minutes.
Supernatant was then removed using a magnet and beads washed six times with wash
buffer (100 mM Tris pH 7.4, 10 mM EDTA, 1 M NaCl). Nascent transcripts were then
removed from the beads by 3x treatment with 100 pl 100 mM dithiothreitol (DTT).
Nascent RNA was then reprecipitated and resuspended in 20 pl water. Nascent and
total RNA were reverse transcribed using the High-Capacity <cDNA Reverse
transcription kit according to the manufacturer’s protocol using 2 ug total RNA and 2
out of the 20 ul of nascent RNA (ThermoFisher Scientific). cDNA was diluted with 100
ul to make 120 pl total and 3 ul was used per qPCR reaction. qPCR was performed with
Power SYBR Green Master Mix (ThermoFisher Scientific) for WT and A123 total and
nascent transcripts using the primers 11-20 described in Table 3. Half-life was calculated
using the formula described by Dolken et al.'”® Note that nascent RNA was resuspended
in 20 pl instead of the original 40 pl, so the nascent total was divided by two. Nascent
transcription was determined by the AACt method normalizing all nascent transcript

expression first to GAPDH and then normalizing A123 nascent expression to WT, which
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was set to 1. Total transcription levels were determined the same way except using total

transcript expression levels.

3.5.9 RNA-Seq

Quality-controlled paired-end fastq files were pulled from ten random donors
from the 1000 genomes project.'® Reads were first aligned to the human genome (hg19)
using HISAT2.1%0 Unaligned reads were aligned to the WT EBV genome (Accession:
NC_007605). Data were visualized in IGV and splice junctions read depth was

quantified.¢!

3.5.10 PacBio sequencing

PacBio sequencing was performed by isolating Cp/Wp transcripts from total B95-
8 LCL RNA using a W2 3’-biotinylated oligo (21 in Table 3). Briefly, 50 ug total RNA was
mixed with 250 pmol of the W2 probe. RNA and probe were heated to 95°C for 5
minutes and then allowed to slowly cool to room temperature. 20 pl MyOne
Streptavidin C1 Dynabeads (ThermoFisher Scientific) beads were washed and
resuspended in 2x streptavidin binding buffer as described in section 3.5.8. RNA
annealed to the W2 probe and beads were mixed and rotated at room temperature for 30
minutes. Beads were washed with wash buffer as described in section 3.5.8. Isolated
transcripts were released from the beads by resuspending the beads in 100 pl wash
buffer, heating to 95°C for 5 minutes and immediately adding to a magnet and collecting
the supernatant. Isolated transcripts were then reprecipitated and resuspended in 20 ul
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water. Transcripts were then subject to an Iso-seq cDNA library preparation using the
SMARTer PCR cDNA synthesis kit (Clontech) and size selected for 800 - 2 kb and 2 kb+
sized transcripts. SMRTbell adapters were then added to the isolated libraries and
samples were sequenced on a PacBio RS II. Library preparation and sequencing was
performed by the Duke sequencing and genomic technologies shared resource core.
Sequence data was then aligned to the human genome (hg19) using GMAP.'”” Unaligned

sequences were then aligned to the B95-8 EBV genome (Accession: V01555.2).

3.5.11 Luciferase assay and Northern blot

293T cells and RNAse-/- cells were plated at 1x10° cells per well in a 24 well plate
for both luciferase assay and Northern blot. The next day cells were transfected with 1
ng pL-CMV-NanoLuc, 10 ng pL-CMV-GL3, pL-CMV-GL3 BHRF1-3'UTR, or pL-CMV-
GL3 BHRF1-3’UTR AmiRNAs, and 500 ng pcDNA3 as a filler along with 1.27 ul
polyethylenimine (PEI). Media was changed the next day and two days post-
transfection cells were harvested with 1x passive lysis buffer (Promega). Fluc and
NanoLuc expression was determined using the Nano-Glo dual-luciferase reporter assay
system (Promega). Fluc expression was normalized to NanoLuc expression. pL-CMV-
GL3 BHRF1-3'UTR and pL-CMV-GL3 BHRF1-3'UTR AmiRNAs relative expression were
normalized to the pL-CMV-GL3 relative expression level. Last, the 293T transfected cells

expression levels were normalized to the RN Ase-/- expression levels.
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Two days post-transduction total RNA was extracted using TRIzol extraction as
described above. 10 ug total RNA was run on a 15% TBE-Urea gel (BioRad). RNA was
transferred onto nylon membrane (Perkin Elmer) which was dried out and crosslinked
(Stratalinker, Stratagene). The membrane was then treated with express-hyb
hybridization solution (Clontech) for 1 hour at 37°C. U6 and miR-BHRF1-2, 1-2*, and 1-3
complementary oligos were labeled with gamma-p32 ATP using T4 PNK (NEB) (22-25
in Table 3). Labeled oligos were allowed to incubate with the nylon membrane for 1

hour at 37°C and then washed. Membranes were exposed to Biomax MS film.

3.5.12 Shallow sequencing

The first internal repeat 1 (IR1) was PCR cloned from B95-8 genomic DNA using
primers 26 and 27 in Table 3. Briefly, the p2089 EBV bacmid was Accl digested to
separate out the first repeat from all the following repeats (~7.6 kb versus 3.1 kb). The 7.6
kb fragment was gel purified. The W1 exon was then PCR amplified and cloned between
the Spel and Notl digestion sites in pGEM-5ZF+ (Progmega). The resulting vector was
sequenced using the SP6 sequencing primer.

EBNA-LP shallow sequencing was performed by first generating cDNA from
total B95-8 LCL RNA using SuperScript IV according to the manufacturer’s protocol
(ThermoFisher Scientific). EBNA-LP transcripts were then PCR amplified and cloned

into the Spel and Pstl digestion sites in pGEM-5ZF+ (primers 28 and 29 in Table 3)
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(Promega). Individual clones were isolated and sequenced using the T7 and SP6

sequencing primers.

3.6 Contributions

Unless otherwise specified research was performed by Brigid Chiyoko Poling
Alexander M. Price — helped with experimental design and data analysis for 4SU

labeling and PacBio sequencing
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4. Conclusions and Future Directions

In this dissertation, we presented a new reverse intron lentiviral vector that
demonstrated enhanced protein and miRNA expression. We used this vector to
ectopically express the BHRF1 miRNAs at physiological levels to show that the BHRF1
miRNAs themselves do not enhance LCL growth, contrary to what was thought in the
field. This finding lead to the novel discovery that EBNA-LP is regulated by the BHRF1-
2 and 1-3 pri-miRNAs in cis as well as characterization of several new splicing patterns

of the Cp/Wp driven transcripts.

4.1 Chapter 2: pTREX
4.1.1 Conclusions

In chapter 2, we developed an improved lentiviral vector system for expression
of a protein and/or one or more pri-miRNAs of interest. The original pTRIPZ (GE
Healthcare/Dharmacon) lentiviral vector was not capable of expressing the BHRF1
miRNAs at levels equivalent to that of WT LCLs and demonstrated low expression of
the fluorescent marker TurboRFP due to Drosha excision of the pri-miRNAs from the
TurboRFP transcripts. pTREX solved these concerns by expressing pri-miRNAs from an
intron 5 to the fluorescent marker in the antisense orientation from the lentiviral
genome (Figure 3). The pTREX vector demonstrated improved protein and miRNA

expression and exhibited no reduction of fluorescent marker expression with the
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presence of pri-miRNAs (Figure 5, 6, 7). Furthermore, there was an increase in viral titer
with pTREX compared to pTRIPZ when expressing a cluster of pri-miRNAs (Figure 8).
miRNA expression from the antisense orientation of pTREX prevents Drosha cleavage of
the pri-miRNAs from the lentiviral viral genome, allowing for a higher titer. We also
examined the use of NoDice/APKR 293T cells for viral production of the pTREX vector.
These cells prevent translational inhibition by dsRNA activation of PKR (Figure 4). This
vector can now be broadly used for studies that require high ectopic expression of a
protein or miRNAs. However, if a more subtle expression level is required, because
transgene and miRNA expression is Tet-inducible, expression can be modulated by the
concentration of doxycycline (dox) used.'® Because pTREX allows for regulation of both
the timing and expression level of the encoded transgene and miRNAs, pTREX can be
used to study proteins or miRNAs that are known to be detrimental to the target cell.
Additionally, the development of a NoDice/APKR cell line allows researchers to
efficiently produce virus using our pTREX vector as well as any other vectors or systems

that generate dsRNA.

4.1.2 Future Directions
4.1.2.1 Additional improvements to the pTREX vector

While we made significant advancements to the pTRIPZ vector with our pTREX
system, there is still room for improvement. We maintained the basic structure and size

of pTREX relative to pTRIPZ to allow for direct comparison of the two vectors; however,
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the concept of the reverse intron can be used to generate a superior vector. First, both
pTRIPZ and pTREX lentiviruses have a large amount of superfluous sequence in their
genome (~900 bp) which could be removed to allow for more room to express proteins
or pri-miRNAs of interest. Both vectors are ~7.1 kb without a transgene, which allows
for a 2.6 kb transgene insert before reaching the HIV genome size (~9.7 kb).! This could
be expanded to 3.5 kb if the unnecessary sequences were removed allowing for
expression of larger transgenes. The reduced size would have the added benefit of
increased titer, since viral titer has been shown to increase with decreased genome size.!
The pTREX vector can be further improved by using a more tightly regulated
Tet-inducible system. Tight regulation is especially important for expression of toxic
transgenes or miRNAs. Zhou et al. and Loew et al. both made improvements to the Tet-
inducible system since the version used in pTRIPZ/pTREX.'8!182 Notably, they reduced
leakiness and increased induced transgene expression. By incorporating these newer
Tet-inducible systems, lower expression in the absence of dox can be achieved. Finally,
by inserting digestion sites between all features, the pTREX vector can become more
modular. For instance, the pTRIPZ and pTREX vectors do not have convenient digestion
sites to remove the puromycin selectable marker. Therefore, changing out this selectable
marker is challenging. Generating a vector with unique digestion sites between all
promoters, genes, etc. would greatly expand the range and convenience of use. Now

that we have demonstrated improvement of protein and miRNA expression from
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insertion of an intron, these proposed improvements to the pTREX vector can be made
and tested for increased titer, lower background expression, and easier modification for

other uses.

4.2 Chapter 3: BHRF1 miRNAs
4.2.1 Conclusions

Chapter 3 uses the pTREX vector described in chapter 2 to ectopically express the
BHRF1 miRNAs in order to understand their role in LCL growth. The BHRF1 miRNAs,
particularly miR-BHRF1-3, were previously thought to regulate LCL transformation and
growth through their canonical role of translational inhibition and transcript
degradation.*-50120 However, we showed that ectopic expression of the BHRF1 miRNAs
does not rescue growth of A123 LCLs, suggesting that the BHRF1 miRNAs play a non-
canonical role (Figure 9D).

In trying to identify other abnormalities in A123 LCLs, we discovered a novel,
non-canonical role for BHRF1-2 and 1-3 pri-miRNAs in regulating EBNA-LP expression
in cis (Figure 10, 12, and 13). This is an underappreciated role of miRNA-induced
regulation, as there are very few examples of Drosha processing of a pri-miRNA
regulating gene expression in cis.*0%151 However, it is unclear if the upregulation of
EBNA-LP in A123 LCLs is related to transformation and growth (discussed further in
section 4.2.2.1). Interestingly, most examples of cis transcript regulation by Drosha

processing do not result in the production of a functional mature miRNA 40151174175
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However, both viral examples, KSHV and EBV, result in functional miRNAs.% Viruses,
because of their compact size and need to avoid immune surveillance, are likely more
prone to use both the miRNA biogenesis and regulatory mechanisms of Drosha
processing. Further exploration of miRNA regulation of viral transcripts in cis is
discussed in 4.2.2.3.

In addition to the novel role of the BHRF1 pri-miRNAs regulating viral gene
expression in cis, we discovered some previously unknown splice junctions present in
Cp/Wp driven transcripts. We characterized a novel, alternate splice donor site in the C2
exon that we termed C2’, identified a SNP in the first W1 exon that generates a
premature codon that appears to be read through, observed splicing from W2-W1’, and
found cryptic splice acceptor sites in the miR-BHRF1-2* mature miRNA sequence
(Figure 15). Some of these splice events are not relevant to the broader EBV field because
they are only present in the B95-8 strain (G->T SNP; correspondence with Rob White) or
are artifacts of the A123 bacmid construct (the cryptic splice acceptor sequences). We did,
however, characterize a series of splice events—the C2’ splice donor, the W2-W1” splice
pattern, and a high percentage of EBNA-LP transcripts that terminate with the HF exon
allowing the miRNAs to regulate mRNA expression in cis—that lead to decreased
EBNA-LP expression. Further studies of EBNA-LP overexpression are needed to shed

light on the necessity for proper EBNA-LP regulation (examined in sections 4.2.2.1).
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4.2.2 Future Directions
4.2.2.1 Role of EBNA-LP expression in LCL transformation and growth

This dissertation demonstrated that ectopic expression of the BHRF1 miRNAs in
A123 LCLs does not rescue the growth rate to WT levels (Figure 9D). Additionally, we
showed that EBNA-LP was overexpressed in LCLs when the BHRF1 pri-miRNA are
mutated (Figure 10). We therefore hypothesized that the overexpression of EBNA-LP is
responsible for the decrease in transformation and growth as it is overexpressed in both
early infection and established LCLs.* Because viral gene expression is very different
during early versus late infection, it is possible EBNA-LP overexpression plays different
roles early versus late in infection.”” During initial infection, EBNA-LP, EBNA2, and
BHRF1 are among the first viral proteins expressed.!”1%18 EBNA-LP and EBNA2 are
known to upregulate cyclin D2 (CCDN2) and c-Myc.'8¢1% Therefore it was proposed that
through upregulation of CCND2 and c-Myc, EBNA-LP is able to cause a hyper-
proliferative stage and induce the DNA damage response (DDR).'® The DDR is then
capable of preventing transformation through senescence.’!88 In fact, a slight
overexpression of EBNA-LP protein is observed in those cells that arrest after the initial
burst of proliferation versus those that continue to grow.'®® Therefore, we expect that the
A123 LCLs have increased EBNA-LP expression because the BHRF1 pri-miRNAs are not
present to regulate expression in cis, leading to enhanced expression of CCND2 and c-

Myc, as we saw with the EBNA-LP regulated EBNA2 and LMP1 proteins (Figure 11D
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and E). The upregulation of CCND2 and c-Myc could then lead to increased early
proliferation, thereby causing increased activation of the DDR and senescence, leading
to a significant decrease in the transformation efficiency of A123 LCLs. This could be
tested by staining WT and A123 LCLs early after infection for the DNA damage marker
y-H2AX, which would reveal if there is a global increase in the DDR in A123 LCLs.
Furthermore, treatment of WT and A123 infected B cells with a Chk2 inhibitor (Chk2i), as
previously described,!'818” to inhibit the DDR induced growth arrest should reveal any
enhanced influence of the DDR on senescence of A123 LCLs. Increased senescence of
A123 LCLs due to hyperproliferation can also be queried directly using a double-
staining protocol developed by McFadden et al. which allows for the identification of
early hyperproliferating cells that ultimately undergo senescence.!®® Finally, Western
blot analysis comparing expression levels of EBNA-LP, c-Myc, and CCND2 between WT
and A123 early infected B cells can reveal if overexpression of EBNA-LP is correlated
with increased c-Myc and CCND2 protein expression. Additionally, comparing the
EBNA-LP expression levels of cells that undergo proliferation and then senescence
versus those that continue to proliferate should help elucidate the role of EBNA-LP in
transformation.

Unlike early infection, once established, an LCL has very low activation of the
DDR. Additionally, late in infection, other viral proteins are expressed including

EBNA3C which has been shown to reduce the DNA damage induced proteins y-H2AX
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and tumor suppressor p53.1%1% Increased EBNA3C expression is also associated with
continued proliferation.!® We would therefore hypothesize that it is unlikely that the
DDR is responsible for the decrease in growth observed in A123 LCLs.’¥ In order to
validate that the DDR is not enhanced in A123 LCLs, the A123 LCLs can be treated with a
Chk2i, as stated previously, to see if relief of the DDR pathway induced senescence
enhances LCL growth. Additionally, EBNA3C could be transduced into A123 LCLs to
see if that rescues the decrease in A123 LCL proliferation, since EBNA3C has been shown
to reduce the DDR.™ If the DDR is induced at a higher level in A123 LCLs, reducing the
level of EBNA-LP expression and looking for changes in the level of DDR activation
would identify if the two are linked. While it seems unlikely that the DDR plays a role
during latent infection, the overexpression of EBNA-LP may be great enough to
upregulate the DDR, and thus senescence. The proposed experiments will allow for the
elucidation of the role of the DDR in A123 LCL transformation and growth.

Another possible mechanism responsible for the reduced A123 LCL growth rate
is overexpression of LMP1 in established LCLs due to increased EBNA-LP expression.
We would not expect LMP1 to have an effect early in infection, as it has been shown that
LMP1 is not expressed at high levels until late in infection and studies looking at LMP1
early in infection did not see an upregulation in A123 LCLs.#*'® LMP1 activates the
NFkB pathway, thereby inducing pro-survival pathways; however, LMP1

overexpression is known to have cytostatic affects.'”>1”> We have shown here that LMP1
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is overexpressed in A123 LCLs, so it is possible that A123 LCLs have a growth deficiency
due to this overexpression (Figure 11D and E). The role of LMP1 upregulation can be
tested by reducing the overexpression of LMP1 in A123 LCLs and performing either a
growth curve or cell cycle analysis to see if LMP1 depletion enhances growth. In order to
connect the role of LMP1 upregulation and the A123 decreased growth rate to EBNA-LP
overexpression, a direct connection between EBNA-LP overexpression and
growth/LMP1 expression needs to be established. This can be achieved two ways. The
first is by overexpressing EBNA-LP in WT LCLs and performing a Western blot for
LMP1 protein and also measuring LCL replication by growth curve or cell cycle
analysis. We would expect that when EBNA-LP is up-regulated, LMP1 protein
expression increases and LCL proliferation decreases. The second method for testing the
relationships between EBNA-LP, LMP1, and LCL growth is depleting EBNA-LP
expression in A123 LCLs. We showed that an amiRNA was capable of reducing EBNA-
LP expression, but not to physiological/ WT expression levels (Figure 14). Therefore, it
might be necessary to construct a lentiviral vector with multiple amiRNAs that
simultaneously target EBNA-LP. Expression of multiple pri-miRNAs from the same
construct is now possible with the development of our pTREX vector described in
chapter 2. As an alternate method for EBNA-LP knockdown, the Ko laboratory at Duke
University has shown efficient knockdown of their genes of interest in LCLs using the

Accell siRNA system (Dharmacon). Together, the proposed experiments will determine
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the role of EBNA-LP overexpression in latent infection and a possible connection to the

decreased proliferation of A123 LCLs.

4.2.2.2 BHRF1 miRNA regulation of the BHRF1 protein

While we show in chapter 3 that EBNA-LP is regulated by the BHRF1 miRNAs
in cis, this study did not look at regulation of the BHRF1 protein in cis. BHRF1-2 and 1-3
pri-miRNAs are present in the BHRF1 lytic promoter, the Cp promoter, and the Wp
promoter-driven transcripts. It is, therefore, likely that the BHRF1 pri-miRNA
processing influences BHRF1 protein expression. Unfortunately, the A123 LCL bacmid
convolutes studies of the BHRF1 miRNA by exposing cryptic splice acceptor sites
(Figure 15G), which, when used, prevents inclusion of the BHRF1 ORF in Cp/Wp-driven
transcripts. In order to study the role of the miRNAs in BHRF1 protein expression, these
cryptic splice acceptor sites would need to be removed which requires the deletion of an
additional 23 nucleotides. This new bacmid could then be used to observe BHRF1
protein levels and apoptosis, the described role of BHRF1, in the presence and absence
of the BHRF1 miRNAs.

BHRF1 protein expression is likely to be upregulated with the removal of the
BHRF1 miRNAs and cryptic splice acceptor sites. Studies have indicated that BHRF1
protein exhibits both the anti-apoptotic and cell cycle arrest functions of BCL-2.19-1% ]t
would be interesting to see if overexpression of the BHRF1 protein influences cell cycle

entry. This could be tested by overexpressing the BHRF1 protein in WT LCLs or

95



depleting BHRF1 protein overexpression in A123 LCLs and performing a cell cycle
analysis to observe any differences in the number of cells in S phase. We would
hypothesize LCLs overexpressing the BHRF1 protein would exhibit fewer cells in S-

phase due to BHRF1-dependent senescence.

4.2.2.3 Drosha processing of miRNAs to regulate viral gene expression in other
viruses

In expanding the research discussed in this dissertation to the broader field of
miRNAs and viruses, it would be interesting to identify other viral miRNAs that
regulate their own gene expression by Drosha cleavage in cis. Murine cytomegalovirus
and Marek’s disease virus 1 and 2 both encode miRNAs within protein containing
transcripts, so these would be good candidates for studying Drosha’s regulatory role in
cis.®® However, the most obvious viruses to study would be the primate
lymphocryptoviruses (LCV) in the gamma herpesvirus subfamily. Primate LCVs share
a similar pathology to EBV in that they are able to establish a latent infection in B cells
and are associated with B cell malignancies.’1% Additionally, EBV and primate LCVs
genomes are highly conserved in their gene organization, sequence conservation, and
protein function.’'”” Their miRNA location and seed sequences are also often
evolutionarily conserved.!?118127 Studies mutating these miRNAs, particularly the
BHRF1-2 and 1-3 pri-miRNA homologs, would reveal if regulation of an EBNA-LP-like

protein in cis is conserved evolutionarily. It would also be interesting to look for
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differences in transformation and growth of primate B cells infected with BHRF1
miRNA-homolog deleted LCV virus versus WT virus. In EBV, the BHRF1-2 pri-miRNA
seed sequences and BHRFI1-1 pri-miRNA are not necessary for efficient
transformation.*12 Additionally, miR-BHRF1-3 and its LCV homolog are not well
conserved."'2!8 Therefore, we hypothesize that we would observe a decrease in
transformation and growth in pri-miRNA mutated LCV cells, as we observed with EBV,
indicating that the location of these miRNAs is important and not the miRNA sequences
themselves. Additionally, since the primate LCVs have similar pathology and genome
structure to EBV, LCV infection can serve as a good model for studying the role of the
BHRF1 miRNAs in vivo.

In addition to EBV, Kaposi’s Sarcoma-associated herpesvirus’s (KSHV) has also
been shown to regulate its viral gene expression through pre-miRNA excision in cis.
Chris Sullivan’s laboratory demonstrated that KSHV miR-K10 and K12 are negative
regulators of Kaposin B (KapB) in cis and that aberrant expression of KapB resulted in
increased cell death.®® Rhesus monkey rhadinovirus (RRV) is a close relative of KSHV
and shares similar genome organization and protein homology.!”® While the seed
sequences of miR-K10 is conserved in RRV, the Kaposin gene is not.!”2° However, RRV
does appear to have a positional homolog to the Kaposin gene.? This exon appears to
be both an protein ORF and contains a pri-miRNA, miR-rR1-5.1-20! Studies investigating

the expression of this gene and changes in RRV biology with and without miRNA
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production by using a mutant viral strain have the potential to both elucidate the role of
the encoded protein and identify a novel role for miR-rR1-5 in cis gene regulation.

We have shown using an improved lentiviral vector (pTREX) that the BHRF1
miRNAs do not regulate LCL growth in trans and identified a novel role for pri-miR-
BHRF1-2 and 1-3 in regulating EBNA-LP expression in cis. This work leads to future
studies investigating the role of EBNA-LP expression in transformation and growth as
EBNA-LP overexpression is correlated with a decrease in both transformation and
growth. Furthermore, we’ve shown that EBV uses multiple mechanisms to regulate
EBNA-LP expression including several novel alternative splicing patterns as well as the
excision of the BHRF1 miRNAs from EBNA-LP containing transcripts. It also appears
that the cis regulatory role of the BHRF1 miRNAs is conserved in other LCVs and so
further research would reveal if regulation of viral protein expression in cis is

evolutionarily conserved.
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Appendix A

Table 2: List of relevant primers for Chapter 2—a lentiviral vector bearing a reverse intron demonstrates superior
expression of both proteins and microRNAs

Primer # Name Sequence

1 tetO-R 5-CAACAATTGCCGAGGTTCAAGACGAGTTTACT-3’

2 turboRFP-R 5-CATCTAGATTATCTGTGCCCCAGTTTGCTA-3

3 BHGpA-F 5-TCTAGAAGGCTCGACCGACTGTGCCTTCTAGTTGCC-3

4 BHGpA-R 5-CACACCGGCGTTGTCTTCCCAATCCTCCCCCT-3

5 Isn2 Intron-F 5-AAACCCGGGTAAGTGACCAGCTACAGTCGGAAAC-3’

6 Isn2 Intron-R 5-CAAACCGGTGTTGGAACAATGACCTGGAAGATA-3

7 Intron MCS-F 5-CTCGAGCACTGGATCCATATAGAATTCTTTGAGGGACGCTGTGGGCTCTTC-3
8 Intron MCS-R 5- GAATTCTATATGGATCCAGTGCTCGAGTCCCTGGAGTCTTGACTGGGG -3’

9 Preproinsulin-F 5- AACACCGGTTCCAACATGGCCCTGTGGATC -3’

10 Preproinsulin- 5-GACTCTAGACTATITATCATCATCATCCTTATAATCGTTGCAGTAGTTCTCCAG
pTREX-R TTGGTAGAGAG-3

11 Preproinsulin- 5-GACCTCGAGCTATITATCATCATCATCCTTATAATCGTTGCAGTAGTTCTCCAG
pIRIPZ-R TTGGTAGAGAG-3

12 Dek-F 5- AACACCGGTGCCACCATGTCCGCCTCGGCC-3

13 Dek-pTREX-R 5-GACTCTAGATTATTITATCATCATCATCCTTATAATCAGAAATTAGCTCTTTTAC

AGTTGTTTTTATGAAATCTTTTCTTTC-3’

14

Dek-pTRIPZ-R

5-GACCTCGAGTTATITATCATCATCATCCTTATAATCAGAAATTAGCTCTITTTAC
AGTTGTTTTTATGAAATCTTTTCTTTC-3’

15

Thy1.1-F

5-ACACCGGTGCCACCATGAACCCAGCCATCAGCGTC-3’

16

Thy1.1-pTREX-R

5-CAATCGATTCACAGAGAAATGAAGTCCAGG-3’

17

Thy1.1-pTRIPZ-R

5 -TCTAGAGGGTTTCACAGAGAAATGAAGTCCAGGG-3’




00t

18

BHRF1-1
miR-30 cassette

5-GTCGACAAGGTATATTGCTGTTGACAGTGAGCGTACTCCGGGGCTGTTCAGCT
TATGGTGAAGCCACAGATGCATAACCTGATCAGCCCCGGAGTTTGCCTACTGCC
TCGGACTTCAAGGGGCTACTCGAGTATGAATTC-3'

19

BHRF1-3
miR-30 cassette

5-CTCGAGAAGGTATATTGCTGTTGACAGTGAGCGAGTGCTTACACACATCCCCT
TATGGTGAAGCCACAGATGCATAACGGGAAGTGTGTAAGCACATGCCTACTGC
CTCGGACTTCAAGGGGCTAGAATTC-3

20 BHRF1-2-F 5-GAGTCGACTAGGATATTAGGCAAGGGTGACAC-3

21 BHRF1-2-R 5-GAGAATTCATACTCGAGTTAGAACACCACAGGCGTATATCCCA-3
22 miR-K1-5-F 5-CATCTGAGGTTGGACTGGCAGGGTG-3’

23 miR-K1-5-R 5-CATGAATTCCAAATCITITACGTGTTG-3

24 miR-K6-7-F 5-ATCTCGAGGCCAAACGGGCGATGGAAACTTGT-3’

25 miR-K6-7-R 5-CAGAATTCAGCCCGAACGTTCAGCTTTGCGTG-3'

26 pTREX-F 5-AAACCCGGGTAAGTGACCAGCTACAGTCGGAAAC-3

27 pTREX-R 5-CAATCGATTCACAGAGAAATGAAGTCCAGG-3’

28 pIRIPZ-F 5-CAGTCGACTGTTTGAATGAGGCTTCA-3’

29 pIRIPZ-R 5-CAGAATTCTGAATGCTCGAGAGTGATTTAATTTATACCA-3
30 GAPDH-F 5-AAGTATGACAACAGCCTCAAGA-3

31 GAPDH-R 5-CACCACCTTCTTGATGTCATCA-3’
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Appendix B

Table 3: List of relevant sequences and primers for Chapter 3 —the Epstein-Barr Virus-encoded BHRF1 miRNAs Regulate
Viral Gene Expression in Cis

Primer # | Name Sequence
1 amiRNA 5-CTCGAGAAGGTATATTGCTGTTGACAGTGAGCGACGTGAGTTTTACGCCGGCG
BHRF1_4 ATTGGTGAAGCCACAGATGCAATGGCCGGCCTAAAACTCACGATGCCTACTGCC

TCGGACTTCAAGGGGCTAGAATTC -3

2 amiRNA 5-CTCGAGAAGGTATATTGCTGTTGACAGTGAGCGCAGGAGGAAATGCTAAGAG

BHRF1_11 TTATGGTGAAGCCACAGATGCATAACTCTTACCATTTCCTCCTCTGCCTACTGCC

TCGGACTTCAAGGGGCTAGAATTC -3

3 amiRNA Luc 5-CTCGAGAAGGTATATTGCTGTTGACAGTGAGCGGACGTACGCGGATTACTTCG
AATGGTGAAGCCACAGATGCATTCGAAGTATTCCGCGTACGTGTGCCTACTGCC
TCGGACTTCAAGGGGCTAGAATTC-3

4 BHRF1 3'UTR-F | 5-CACTCGAGGCATTATAATTTAACCAAACAGT-3

5 BHRF1 3'UTR-R | 5-CAGCGGCCGCCCGTTAACATAACACATAGTATT-3

6 Nanoluc-F 5-CAGCTAGCCACCATGGTCTTCACACTCGAAGAT-3

7 Nanoluc-R 5-CACTCGAGTTACGCCAGAATGCGTTCGC-3

8 LP-ATG-F CATCCGGACTGCACGTGAGCATGGGAGACCGA

9 LP-pSG5-F 5-CAACCGGTAGGTCATAAGAATTCATGGGAGAC-3

10 LP-pSG5-R 5-ACGCGTAATCCTGCACTCGACTCTAGAGGATCT-3

11 GAPDH-F 5-AAGTATGACAACAGCCTCAAGA-3

12 GAPDH-R 5-CACCACCTTCTTGATGTCATCA-3’

13 B-Actin-F 5-CACACCTTCTACAATGAGCTGCGTG-3

14 B-Actin-R 5-ATGATCTGGGTCATCTTCTCGCGGT-3’

15 SETDB1-F 5-TCCATGGCATGCTGGAGCGG-3




<01

16 SETDB1-R 5-GAGAGGGTTCTTGCCCCGGT-3
17 LMP1-F 5-AATTTGCACGGACAGGCATT-3'
18 LMP1-R 5-AAGGCCAAAAGCTGCCAGAT-3
19 EBNA2-F 5-GCTTAGCCAGTAACCCAGCACT-3
20 EBNA2-R 5-TGCTTAGAAGGTTGTTGGCATG-3’
21 W2-oligo 5-CTTCTTAGGAGCTGTCCGAG-¥
pulldown
22 U6-Northern 5-CGTTCCAATTTTAGTATATGTGCTGCCGAAGCGA-¥
probe
23 BHRF1-2 5-TCAATTTCTGCCGCAAAAGATA
Northern probe
24 BHRF1-2* 5-GCTATCTGCTGCAACAGAATTT-3
Northern probe
25 BHRF1-3 5-TGTGCTTACACACTTCCCGTTA-3
Northern probe
26 IR1-F 5-CAACTAGTCCTAGGGGAGACCGAAGTGAAGG-3
27 IR1-R 5-CAGCGGCCGCCCTGAAGGTGAACCGCTTACCAC-Y
28 LP-shallow-F 5-CAACTAGTCCTCCTGCACGTGAGCATGGGAG-3¥

29

LP-shallow-R

5-CACTGCAGCATTTCCTCCTCCCCCCGAGTCTG-3’
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