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INTRODUCTION

I An Overview of the Legacy and Shift in Retroviral Studies

The beginning of retrovirus studies has much to do with finding the cause for cancer. The
story of how three scientists, Vilhelm Ellerman and Oluf Bang in 1908 and Peyton Rous in 1911
were able to show the transmissibility of cancer in chicken through inoculating cell-free tumour
extract is now famously being told and quoted as the beginning of the discovery of retroviruses
(Ellerman and Bang, 1908; Peyton., 1911). After the observations in avians, the first mammalian
tumor causing agent was isolated in 1936, where Bittner was able to show that breast cancer was
transmissible through the milk of the nursing mouse rmothers which had a very high incidence of
breast cancer (Bittner, 1942). Subsequently, more diseases are described to be correlated with the
existence of retroviruses in a variety of animals including mouse (Gardner, 1978), felines (Hardy;,
1982), caprines (Cork et al., 1974; Crawford et al., 1980) and humans (Uchiyama T, 1977).

Early retrovirus studies have largely involved microscopy analysis and classifications of
many classes of retroviruses based on its morphology and cell tropism (Coffin et al., 1997b). This
period can be known as the classic era where retroviruses are studied as a discrete and vigilant
entity from the living host cell. However, with the advent of molecular biology techniques that
allows large scale examination of proteins, RNA and DNA of retroviruses and cell properties, the
view of retrovirus has taken change expansively in this new era and we are perplexed with one
question.

Just what are the traits unique to a retrovirus? Astoundingly, unlike the classic era where
retrovirus is thought to possess distinctive characteristics, in the present era, retrovirus is practically
undistinguishable from a living cell in multi-ways. Reverse transcriptase activity that was once

thought to be the defining hallmark of retrovirus characteristic (Baltimore, 1970; Coffin et al.,
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1997d; Temin and Mizutani, 1970) is no longer exclusive to a retrovirus. Reverse transcriptase
activity is now known to be inherently important for various cell physiological activities such as
embryonic cell proliferation, differentiation and tumor progression (Sinibaldi-Vallebona et al.,
2006; Spadafora, 2004, 2008). Besides, it is also becoming more apparent that what contained
within the matured virion is much more than just viral genomic RNA and viral proteins.
Retroviruses are known to also package cellular RNAs and proteins and the enrichment of these
cellular products suggests that there is a selective mechanism for incorporation which functions
remains to be elucidated (Houzet et al., 2007; Muriaux and Rein, 2003; Onafuwa-Nuga et al., 2006;
Segura et al., 2008).

The most bewildering of all is perhaps the association of retrovirus with the newly
emerging field of membrane excreted vesicles for intercellular communications, the exosomes
(Mittelbrunn and Sanchez-Madrid, 2012; Vlassov et al., 2012). Retroviruses and exosomes are so
identical that it first led to the problems of isolating and purification of these two vesicles (Bess et
al., 1997; Gluschankof et al., 1997). The inability to carefully sort out between the two will have
major implications that lead to fundamental questions as to how to derive meaningful
interpretations on experiments done on retroviral studies? Notably, the most seemingly convincing
purification method were developed a decade later by immune-depleting the exosomes marker
acetylcholinesterase (AChE) to obtain highly purified HIV-1 and highly purified exosome
preparations (Cantin et al., 2008). As interests begin to grow in the field of exosomes (Thery, 2011)
that was previously thought to be merely cellular debris, unexpectedly, researches continue to
observe striking similarities between the two whether in vesicle biogenesis, membrane composition,
mediation by antigen presenting cells in migration within the body, and mode of activating humoral
responses (Cantin et al., 2008; Izquierdo-Useros et al., 2009; Narayanan et al., 2013; Nguyen et al.,
2003; van Kooyk and Geijtenbeek, 2003). These observations supported by empirical data have led

some researchers to introduce Trojan exosome hypotheses which state that the retroviruses have



adopted the non-viral exosome exchange pathway for the formation of infectious retroviral particles
and Env-independent mode of infection (Gould et al., 2003; Izquierdo-Useros et al., 2010).

The enduring list of indiscriminating features between retroviruses and living cells seems
to be dominating many if not most of the discoveries in the 21* century. Another discovery to attest
to this paradigm shift is the discovery of endogenous retrovirus (ERVS) in a variety of animals
(Herniou et al., 1998; Weiss, 1996) in addition to the findings that 8% of our genome is derived
from sequences with similarity to infectious retroviruses (Bannert and Kurth, 2004; Griffiths, 2001;
Li et al., 2001). Finding that our mammalian genome is represented by a significant proportion of
retroviral remnants had caused a critical question of whether retroviruses have always been an
invader to its host or did retroviruses originate from their host cells? While the quest to understood
the importance of the retroviral sequences in mammalian genome still has a long way to go,
consensually, we now understand that merely grouping living things into what is “host or cellular”
versus what is “viral” appears facade and an oversimplified view which would disengage us from
grasping a complete view of what natural science studies have to offer. Study of retrovirus is just
one of the kinds of instrument that is going to blur the definition between host and pathogens,
health and diseases. Therefore, by taking note of the resemblance and close existence between
retrovirus and host cell calls for the design of un-prototypical treatment that may help drive the
success of relieving AIDS-inclining patients.

Lastly, in discussing about the interests in the field of retroviruses, one can definitely not
be able to ignore the development of the use of retrovirus gene in therapeutic gene therapy.
Technically, gene therapy refers to the transfer of a gene that encodes a functional protein into a cell
or the transfer of an entity that will alter the endogenous gene in a cell (Kresina, 2002). The choice
of using retrovirus as the “vehicle” for facilitating the transfer of genetic material into the cell
derives from the defining hallmark of retrovirus sequences ability to reverse transcribe its genome

from RNA into DNA and further incorporating its own DNA into the host’s genome, thereby



establishing itself permanently as part of the host genome. Experimentally, retroviral vectors have
been used extensively in animals and it has also been used majorly for ex vivo gene therapy
(Durand et al., 2012; Kay, 2011; Suerth et al., 2012a; Suerth et al., 2012b). Needless to say, just the
idea of introducing a gene extraneously and using retroviruses as the basis for the vector will
immediately prompt anybody to think about the risks that it presents (Kappes and Wu, 2001; Wilson
and Cichutek, 2009). The future of scientific endeavours however is such that it will continuously
present us with more pressing issues such as knowing between the boundaries of scientific pursuits
that will not turn into disastrous events and advancing knowledge about life and biology for medical

purposes. Retroviruses, once again stand at the crossroad of this scientific feat.

1. General Properties of Retroviruses

The genome of retroviruses is composed of two copies of positive single-stranded RNA
genome of 7 to 10kb (Coffin et al., 1997c). Based on electron microscope morphology of virions
and analysis of genome sequences, retroviruses have been grouped into three subfamilies,
oncoviruses, lentiviruses and spumaviruses. However, based on comparison with the reverse
transcriptase (RT) gene, a more adaptable classification has been established and seven genera have
been introduced to classify retroviruses: alpharetrovirus, betaretrovirus, gammaretrovirus,
deltaretrovirus, epsilonretrovirus, lentivirus and spumavirus (Gifford et al., 2005; King et al., 2012;
Xiong and Eickbush, 1990). These seven genera can be broadly classified into two categories.
Alpha-, beta-, gamma- are genetically simple while delta-, epsilon-, lenti- and spuma- are
considered complex. A simple retrovirus is characterized by having only the gag, pol and env genes,
while complex retroviruses contain extra genes, which products have regulatory or accessory
functions, in addition to the gag, pol and env genes.

The simple retroviruses, including murine leukemia virus (MLV), are characterized by a



coding structure in which the gag, pol and env genes are flanked by two long terminal repeats
(LTRs), a 5’LTR and 3’LTR. Proteins responsible for the constitution of the inner structures of the
virion are encoded by the gag gene, which includes the matrix, capsid and nucleocapsid proteins.
The pol gene encodes the enzymatic proteins, i.e. the reverse transcriptase, protease, integrase and
RNase H and the env gene encodes the proteins protruding out from the viral particle surface,
namely the surface (SU) and transmembrane (TM) proteins (Coffin et al., 1997c).

Transcription begins from the R region of the 5’LTR and ends at the polyadenylation signal
located at the R region at the other end of the 3°’LTR. A 5’splice site (5’ss) is located in the 5’leader
sequence and a 3’splice site (3’ss) is located at the 3’ end of the pol gene. Only a singly spliced
mMRNA is usually found in simple retroviruses. Gag and Pol proteins are translated from the
unspliced full-length viral mMRNA, and the Env protein is translated from the spliced env-mRNA
(Coffin et al., 1997c). In contrast, it is reported that HIV-1 could generate up to 40 different spliced
RNAs using four 5’ss and nine 3’ss (Delgado et al., 2012; Seelamgari et al., 2004) in a complex
retrovirus. In recent years however, it has been reported that simple retroviruses harbor more used
alternative splice sites (Déjardin et al., 2000) than previously known. The functions of these
alternatively spliced variant remains to be elucidated but one of it, the SD’ RNA which utilizes a
5’ss within the capsid-coding region to the canonical envelope 3’ss has been reported that its

incorporation into the virion is required for optimal viral infectivity (Maurel et al., 2007).

1. Murine Retroviruses and disease

Most of the names used to coin MLVs are the reflection of the direct observations of the
malignancies caused by the retrovirus after inoculation into laboratory strain mice during the time
of the retrovirus discoveries. With the “cell-transforming” ability of retroviruses, among the

malignancies observed includes rapid sarcoma by Harvey sarcoma virus (Ha-MSV) (Harvey, 1964),



Kirsten murine sarcoma (Ki-MSV) (Kirsten and Mayer, 1967); FBR osteosarcoma virus,
lymphosarcoma caused by Abelson Murine Leukemia Virus (Ab-MLV) (Abelson and Rabstein,
1970a, b); splenomegaly by Friend spleen focus-forming virus (F-SFFV) (Troxler et al., 19773;
Troxler et al., 1977b); and hematological abnormalities by F-MLV (Friend, 1957), Moloney MLV
(Mo-MLV) (Moloney, 1960), and Rauscher-MLV (Rauscher, 1962). Subsequently, neurological
disorders and immunodeficiencies were also observed in the infected host, which is apparent
through complications such as complete or hindlimb paralysis, ataxia and tremor (Gomez-Lucia,
2005; Nagra et al., 1992). While the route of how MLVs cause diseases is still beyond complete
comprehension, studies of MLVs has provided the models for diseases caused by retrovirus
infection in explaining neoplasm transformation and encephalopathies. The standard models of how
malignancies and encephalopathies advance, both caused by MLVs, are distinct from each other.

In explaining about malignancies or the oncogenic potential of retroviruses, has led to the
naming of various oncogenic genes in cells known as proto-oncogenes. The proto-oncogene is
thought to be incorporated into the genome of the infecting MLVs through recombination processes.
As a result of this recombination, the retrovirus will possess a high transforming ability, however
with the loss of its replicative ability and the retrovirus is known to be replication “defective”. The
high transforming ability of the replication defective retrovirus is the result of co-operation with a
“helper” retrovirus that will provide the necessary genes and proteins that help the defective
retrovirus to induce host cell and replicate. Various proto-oncogenes that are incorporated into
retrovirus has been discovered to date (Maeda et al., 2008; Vogt, 2012) which includes growth
factors (V-sis); growth factor receptors (v-erbB); intracellular tyrosine kinases (v-src, v-fps, v-fes,
v-abl); members of the G protein family (H-ras, Ki-ras); and transcription factors (v-myc, v-erbA) .
The altered expression rates of the oncogenes are responsible for the tumorigenesis. Alternatively,
the transforming ability of retrovirus is explained through direct integration of the viral genome in

the vicinity of the regulatory genes which results in activation or silencing of the genes (Coffin et al.,



1997a; Vogt, 2012). How the incorporation of a proto-oncogene into the retrovirus genome or
integration of provirus into the host genome could be associated with such deadly consequences in
the host is unclear, but for the full transformation of the tissue, a cascade of proteins may have to be
activated or its expression altered. Similarly, for the transformation via provirus integration,
different regions of the host DNA may have to be integrated and infection is likely to take place
several times (Bishop, 1991; Dudley et al., 2002; Kung et al., 1991).

While the effect of malignancies is caused almost actively by the retrovirus ability to
integrate and replicate in target tissues, the effect towards neurological disorders are less direct.
Indirect mechanism of retrovirus in leading to neuropathogenecity includes observations that
severity or occurrence of clinical disease is not correlated with the virus expression or viral titer in
CNS parenchyma (Takase-Yoden and Watanabe, 1997). Microglia is mainly the infected cells in
CNS cell population and sometimes, astrocytes or oligodendrocytes, while neurons are rarely and
almost never infected (Gomez-Lucia, 2005). Mice are also only susceptible when retrovirus is
inoculated in newborn mice as no spongiform of neuron cells or clinical disease is observed when
experiments are done with prenatal and postnatal day 6 mice (P6) (Brooks et al., 1981; Czub et al.,
1991).

As immediate consequences derived from retrovirus replication in neuron cells could not
be seen, expression of cellular and viral proteins is bring forth to explain the toxicity towards
neuron cells. Production of cellular effectors, such as cytokines by astrocytes, endothelial and
microglia has been proposed to injure neurons (Askovic et al., 2001; Bonwetsch et al., 1999; Choe
et al., 1998; Miller and Meucci, 1999; Nagra et al., 1994; Peterson et al., 2001). Neurotoxicity is
also induced by oxidative stress (Jinno-Oue et al., 2003; Jolicoeur et al., 2003; Zachary et al., 1997).
Binding of Env proteins to mCAT-1 (a basic amino acid transporter which serves as the receptor for
ecotropic MLVs) has been proposed to mediate the induction of oxidative injury to neuron cells.

Through deprivation of arginine as the percursor block for nitric oxide (NO), homeostasis of NO is



disrupted (Lynch et al., 1996) which is leads to toxicity towards neurons and increase permeability
of the blood-brain barrier (Wilt et al., 2000).

The involvement of viral Env in inducing neuropathogenecity has been highly regarded
and demonstrated in multiple studies (DesGroseillers et al., 1984; Masuda et al., 1993; Masuda et
al., 1992; Paquette et al., 1989; Szurek et al., 1988; Takase-Yoden and Watanabe, 1997; Yuen et al.,
1986). For example, stress is induced at the ER level produced by the inefficient processing or
folding of neuropathogenic Env protein (Dimcheff et al., 2003; Dimcheff et al., 2004; Kim et al.,
2004; Portis et al., 2009; Qiang et al., 2004; Qiang et al., 2006; Szurek et al., 1990a; Szurek et al.,
1990b). Notably, two isoforms of mature SU protein can be derived namely the gp65 and gp70
variants. Since gp65 is the isoform observed to be incorporated into virions, it has been proposed
that neurotoxicity may emerge from the gp70. Furthermore, an association between the cellular
localization of the Env proteins has been documented (Portis et al., 1990). The authors reported that
when the effect of spongiform induction was most evident, the Env proteins accumulated in the

distal axons in the cerebellar cortex neurons, instead of in the neural bodies (Askovic et al., 2001).

IV.  The neuropathogenic determinant of Friend-MLV clone A8 and its relation to the

present study

In a previous study of the viral clone A8, we showed that a high level of expression of
A8-Env protein in rat brain was correlated with neuropathogenicity (Takase-Yoden et al., 2006;
Takase-Yoden and Watanabe, 2005; Watanabe and Takase-Yoden, 2006). Studies with chimeras
constructed from the A8 virus and the non-neuropathogenic Fr-MLV clone 57 identified a 0.3-kb
Kpnl-Aatll fragment containing the R-U5-5’leader sequence as an important determinant of
neuropathogenicity, in addition to the env gene of A8 as the primary determinant (Takase-Yoden

and Watanabe, 2005). Chimeric virus Rec5, which contains the A8-env gene on the background of



57, did not exhibit neuropathogenicity. In contrast, the chimeric virus R7f, which contains a 0.3-kb
fragment of A8 and the A8-env gene on the background of 57, induced spongiform
neurodegeneration. It has been shown that the expression level of Env protein in both R7f-infected
cultured cells and in brains of R7f-infected rats was higher than in the Rec5-infected cultured cells
and brains of Rec5-infected rats (Takase-Yoden et al., 2006; Takase-Yoden and Watanabe, 2005).
Comparison of the sequences between A8 and 57 revealed that they had 17 nucleotides difference
(Fig. 1-1) and within this fragment contains functional domains, such as a signal for poly (A)
addition to mRNA that works in the 3’ long terminal repeat (LTR), a primer binding site (PBS) for
reverse transcription, and a 5’ss. However the steps of gene expression at which the 0.3-kb fragment
may influence Env expression have yet to be elucidated.

Given that the 0.3-kb fragment containing the R-U5-5’leader sequence is the first
untranslated region that exists in all variants of retroviral transcripts, this region dynamically
impacts various stages of the viral life cycle. The R region, present at both ends of viral RNA,
mediates the jump of reverse transcriptase from the 5’ site to the 3’ site during the synthesis of
minus-strand DNA (Berkhout et al., 2001; Gilboa et al., 1979), possibly by mediating genome
circularization (Beerens and Kjems, 2010; Gee et al., 2006; Ooms et al., 2007). In addition, the
stem-loop structure of the R region is important for transcriptional activity and enhances gene
expression of a variety of retroviruses, including HIV, human T cell leukemia virus, bovine
leukemia virus, avian reticuloendotheliosis virus, MLV, mouse mammary tumor virus, human
foamy virus, and spleen necrosis virus (Bannwarth and Gatignol, 2005; Derse and Casey, 1986;
Hauber and Cullen, 1988; Jones et al., 1988; Kiss-Toth and Unk, 1994; Montagne and Jalinot, 1995;
Ohtani et al., 1987; Pierce et al., 1993; Ridgway et al., 1989; Trubetskoy et al., 1999). The end of
the U5 region is marked by the beginning of the primer binding site (PBS) for reverse transcription
(Aiyar et al., 1992; Lund et al., 1999; Morris and Leis, 1999). The surrounding region of U5 with

the 5’leader sequence (which extends from the PBS to the AUG codon of gag) has specific



sequences with distinct secondary structure features (Berkhout and van Wamel, 2000; Mougel et al.,
1993). There is strong evidence that this region is robust and that the secondary structures presented
are fine-tuned to regulate one stage of RNA processes, and they could also act as inhibitors for other
processes (Miller et al., 1997). For example, the stem loop of DIS-1, which plays a role in initiating
viral RNA dimer formation, is situated immediately downstream of the 5’ss. By deleting this stem
loop structure, the splicing efficiency of a modified Akv-MLV increased 5-10 fold, illustrating the
modulating effect of DIS-1 on the production of viral genomes (Aagaard et al., 2004). Interestingly,
sequences upstream of 5’ss have also been reported to be limiting factors for splicing regulation
(Kraunus et al., 2006). A secondary structure known as the B monomer was presented in Mougel et
al.(Mougel et al., 1993) and is a discerning trait in the MLV. This secondary structure, which is
adopted in the dimeric RNA form, has also been shown to limit the recognition of U1snRNA to the
splice donor, thereby also regulating the viral RNA production volume. Finally, the highly dynamic
encapsidation structure that has been studied extensively in the prototype of MLV, Moloney MLV
(Mo-MLV) (Basyuk et al., 2005; D'Souza et al., 2004; Miyazaki et al., 2010), is important for
dimerization of the genomic RNA (Badorrek et al., 2006; Prats et al., 1990). It includes an IRES
(internal ribosomal entry segment) (Berlioz and Darlix, 1995; Vagner et al., 1995) and also
functions in the transport of viral intron-containing RNAs from the nucleus to the cytoplasm
(Basyuk et al., 2005; Smagulova et al., 2005).

In Chapter 1, our goal was to apply kinetics analysis to study the effect of the 0.3-kb
fragment on viral gene expression and viral production of two viruses namely R7f, carrying a
0.3-kb fragment of A8 and the A8-env gene on the background of the non-neuropathogenic Fr-MLV
clone 57-and Rec5, carrying the A8-env gene on the background of 57. These analyses suggested
that the 0.3-kb fragment influenced the expression level of the Env protein by regulating the amount
of spliced-mRNA rather than the amount of total viral mRNA or viral production.

In Chapter 2, the role of the 0.3-kb fragment was further analyzed by utilizing luciferase

10



expression vectors. These luciferase expression vectors contain the full-length proviral genome of
Fr-MLV with the luciferase (luc) gene incorporated in place of the env gene. The effects of the
0.3-kb fragment on several steps affecting protein expression levels in cells were examined. The
results showed that the 0.3-kb fragment of A8 enhanced protein expression levels from the spliced
MRNA through up-regulating the efficiency of splicing compared with the 0.3-kb fragment of 57,
rather than through increased transcription, poly (A) addition to mRNA, or nuclear export of spliced
mRNA. Furthermore, we investigated more specifically the roles of the 17 nucleotides that differ
between A8 and 57 sequences in defining the function of the 0.3-kb fragment. Lastly, we discuss the

possible mechanism by which the 0.3-kb fragment participates in protein expression.
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CHAPTER 1

Kinetic Studies of the effects of the 0.3-kb fragment on viral
gene expression and viral production

+» Materials and Methods

e Viruses and cells
DNA clone of R7f and Rec5 was constructed as previously described (Takase-Yoden and
Watanabe, 2005). The infectious DNA clone of R7f and Rec5 was transfected into NIH3T3 cells,
and a virus-producing cell culture was established. The supernatants of these cells were used to
infect M.dunni cells, and virus-producing cultures were used in the experiments. NIH3T3 cells were
grown in Dulbecco’s Modified Eagle Medium — low glucose (SIGMA). M.dunni cells were grown
in RPMI11640. Both medium were supplemented with 10% fetal calf serum (MP Biomedicals) and

penicillin (GIBCO) and cells were incubated at 37°C; 7% CO, atmosphere.

e Time course analysis of viral proliferation
NIH3T3 cells were seeded at 2 x 10°cells in 10cm dish. The following day, supernatant of
R7f and Rec5 virus were infected into NIH3T3 cells at m.o.i 1. From 1 d.p.i. to 5 d.p.i., cells were

harvested and downstream assay were performed accordingly.

e Focal Immunoassay
Virus titer was determined by infecting M. dunni cells at 2 x 10* cells in 3.5-cm dish of 6
well plates. The next day, virus supernatant of dilution 1/10, 1/100 and 1/1000 were infected into
the cells in the presence of 10 ug/ml polybrene (Czub et al., 1991). Supernatants were refreshed
daily, and titration was done on 5 d.p.i.. Env protein on cell surface was stained with monoclonal

antibody 85-1 (lkeda et al.,, 1995). Cells were fixed in 0.5% glutaraldehyde and horse
12



peroxidase-conjugated sheep anti-Mouse 1gG whole antibody (GE Healthcare) was used as

secondary antibody.

e Immunoblot analysis

Western blot analysis was performed on R7f and Rec5 infected over a time course study.
Cells were washed with PBS and then lysed with 2% sodium dodecyl sulphate (SDS) and 0.5 mM
phenyl methyl sulfonyl fluoride (PMSF) and boiled for 5 minutes. Nucleic acids were sheared using
23G-needle. Sample buffer (5x) containing SDS, dithiothreitol (DTT), glycerol, and bromophenol
blue in Tris-HCI (pH 6.8) was added to the lysate. After boiling for 5 minutes, the lysates were
loaded onto a 5% SDS-polyacrylamide gel and electrophoresed. The proteins were then transferred
onto an Immobilon P membrane (Milipore) by electroblotting. To detect the Env protein and Gag
protein, goat anti-Rauscher MLV gp70 and anti-AKR p30°% (Quality Biotech Incorporated
Resource Laboratory) was used. Actin was detected using rabbit anti-beta-actin (Santa Cruz
Biotechnology) as a loading control. Horseradish peroxidase-conjugated anti-goat IgG antibody and
anti-rabbit 1gG (Santa Cruz Biotechnology) were used as a second antibody. The membrane was
developed with ECL plus reagents (Amershan Bioscience Corp.). These bands were visualised with

Image Master VDS-CL and quantified using ImageJ software.

e RNA extraction and quantification
RNA extraction was carried out using an RNase Mini Kit (Qiagen). RNA was treated with
RNase-free DNase (Qiagen) and 2ug of RNA were reverse transcribed using an OligodT,o primer
and SSIII reverse transcribing kit (Invitrogen). A portion of the resulting cDNA was subjected to
real-time PCR using an Applied Biosystems® 7500 Real-Time PCR System. The specific primers
and probes used for detection of total viral mRNA were as follows: forward primer Env-F

(AGGACCTCGGGTCCCAATAQG), reverse primer Env-R (TTAGGTAGCGGGAACGAAAGTT),
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and the TagMan probe: CCGAACCCCGTCCTGGCAGAC. Spliced viral-mRNA was detected
using s6 (GGGTCTTTCATTTGGGGGCTC), s2 (TGCCGCCAACGGTCTCC), and the TagMan
probe (CACCACCGGGAGCTCATTTACAGGCAC). Standard curves to quantify both mRNAs
derived from the luciferase expression vectors utilized vector splA8L (Yamamoto and
Takase-Yoden, 2009). The Ct (threshold cycle) values for all standard curves were produced within
13 to 35 cycles of amplification. Ct values that fell within the range of the standard curve were used
for quantifying the sample mRNA. In addition, gapdh-mRNA was quantified as an internal control
using TagMan Rodent GAPDH Control Reagents with the primer sets and probes supplied by the
manufacturer (Applied Biosystems). Standard curves to calculate the amount of mRNA were
generated using serially diluted gapdh T-easy vector. Negative control samples in which the

cDNA synthesis step was omitted, showed undetectable levels of amplification.

e Genomic DNA extraction and quantification
Cellular genomic DNA (gDNA) was extracted using a DNeasy Blood and Tissue Kit (Qiagen)
according to the manufacturer’s instructions. Real-time PCR was performed to quantify the amount
of viral DNAs wusing the following primers and probe: forward primer Env-F
(AGGACCTCGGGTCCCAATAG), reverse primer Env-R (TTAGGTAGCGGGAACGAAAGTT),
and the TagMan probe (CCGAACCCCGTCCTGGCAGAQC). introduced into the cells. The amount
of gapdh DNA was measured as an internal control using the TagMan Rodent GAPDH Control

Reagents.
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+» Results

This study is based on a background study which revealed that the 0.3-kb Kpnl-Aatll
fragment containing the R-U5-5’leader sequence was essential for the induction of spongiform
neurodegeneration and for the up-regulation of Env protein expression (Takase-Yoden and
Watanabe, 2005). Within the 0.3-kb fragment, 17 nucleotides differ between A8 and 57 sequences
(Fig. 1-1). The effect of the 0.3-kb fragment was studied based on two chimeric viruses, Rec5 and
R7f where each carries the 0.3-kb fragment of 57 and A8 respectively and an A8-env gene (Fig 1-2).
First, the effect of the 0.3 kb fragment on viral growth was determined. As shown in Fig. 1-3, a viral
titer of about 10* was achieved at 1 day post-infection (dpi) for both R7f and Rec5. The viral titer
increased to above 10° at 2 dpi and reached a lag phase from 3 dpi onwards. There was no
difference in the level of viral production between R7f and Rec5 throughout the 5 days of
incubation.

Next, we performed an immunoblot analysis to determine the amount of viral protein in
NIH3T3 cells over a 5 day incubation period. Significantly greater amounts of Env protein were
present in R7f-infected cells at 2 dpi compared to Rec5-infected cells (Fig. 1-4A). In contrast, the
amount of Gag protein in R7f-infected cells was similar to that in Rec5-infected cells (Fig. 1-4B).
These results are in agreement with those reported previously for rat glial cells F10 (Takase-Yoden
and Watanabe, 2005). The amounts of Env and Gag proteins at 1, 3, and 5 dpi were determined by
measuring the intensity of the band from the western blot membrane and normalised against the
intensity of B-actin and the amount of viral DNA in the infected cells (Table 1-1). The amounts of
Env and Gag proteins are shown relative to those in R7f-infected cells at 1 dpi. The relative amount
of Env in R7f-infected cells was 1.0, 8.3 and 10.3 at 1, 3, and 5 dpi respectively. In Rec5-infected
cells, the relative amount of Env was 0.5, 1.9 and 3.1 at 1, 3, and 5 dpi respectively. Thus, Env

expression in R7f was 3- to 4-fold higher than that of Rec5 at 3 dpi (p < 0.05) and 5 dpi (p < 0.005).
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R Kpnl 123 4
A8 1 |GCGCCAGTCC TCCGACAGAC TGAGTCGCCC GGGTACCCGT GTATCCAATA AATCCTCTTG
57 HEKKEKFERE KKK XRTRARKE FERERKKERXK KRRRRRRREF ARTCHRRFRAF XK GREXKE KK
R us 5
A8 61 CTGTTGCATC CGACTTGTGG TCTCGCTGTT CCTTGGGAGG GTCTCCTCAG AGTGATTGAC
57 HEKKEKFRRE KKK XRCKERKE FEREREKKEXK KX KKK KXREF KRFKERERAE R EXRFRR KK
uUs 5’leader PBS 6 7
A8 121 TACCCGTCTC GGGGGTCTTT CATT[TGGGGG CTCGTCCGGG ATICCGGAGAC CCTTGCCCAG
57 KERKKARKRRE KKKXKRKKKKE FARKEAXXRK KA KXRKRR KK KRFTRRKRAREX X RX R KRR KRN
5’ss 8
A8 181 GGACCACCGA CCCACCACCG GGAGGTAAGC TGGCCAGCAA TTGATCGGTG TCTGTCCATT
57 KERKKKKRK KKK K KKXKRKRK KK KK RKKK KKK Kk KKK KRKKF XRKKXRTHRAKX X EXRKRKK KK
9 10 11 12
A8 241 GTCCCGTGTC TTTGACTGAT TGTATGCGCC TGTGTCTGTA CTAGTTGGCC GACTAGCTCT
57 kkkkkkokkkk KkkRRThkkd FThkkkkkhkk krkChRThkkk khkhkhkrokk khkkkkk kK
13 14 15 16 17 Glyco-Gag start
A8 301 GTATCTGGCG GACCCGTGGT AGAACTGACG AGTTCGGGAT ACCCGGCCGC AACCCTGGGA
57 HEKCHRFERE KKK XRERKKE GRREXKKERKR GHREXKKNREC FRFRERE XK KR KRR K KKK
Aatll
A8 361 GACGTCCCAG G
57 EX T T T T

Figure 1-1
Alignment of the 0.3-kb Kpnl-Aatll fragment of A8 (accession no. D88386) and 57 (accession
no. X02794). Asterisks represent the sequence identity. PolyA: polyadenylation signal; PBS: primer
binding site; 5’ss: 5’ splice site; glyco-Gag start; the start codon of glycosylated-Gag protein.

Different nucleotides between A8 and 57 within the 0.3-kb fragment are numbered.
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Structures of the R7f and Rec5 viruses. In the viral genomes, solid regions indicate sequences
derived from the A8 virus and open region show sequences derived from the clone 57 virus. The
numbering of the nucleotides is based on the transcript. The primers and probes used for RT-PCR to
detect the corresponding mRNA are shown. The inset shows the 0.3-kb Kpnl-Aatll fragment.
Nucleotides marked by numbered black triangles are those that differ between clones A8 and 57.
The following functional domains are indicated: Poly (A), polyadenylation signal;, PBS, primer

binding site; 5’ss, 5’ splice site.
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Figure 1-3

Viral titers in cultured supernatants of cells infected with R7f or Rec5. Viral titers from 1 to 5
dpi were determined by focal immunoassays using Mus dunni cells. The graphs represent the

average value (£ SEM) of four independent experiments.
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Figure 1-4

Expression of Env protein (A) and Gag protein (B) in NIH3T3 cells infected with R7f or Rec5.
Lysates from the infected cells were analyzed by immunoblotting with anti-Env (gp70) and
anti-Gag (p30) antibodies. p65°%, Gag precursor protein. After reprobing, the blot was subsequently
stained using anti-R-actin antibody to control for loading differences. This figure is representative of
the results obtained. Experiments were performed using three independent samples and similar

results were obtained.
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By contrast, the relative amount of Gag in R7f-infected cells was 1.0, 2.9, and 4.1 at 1, 3, and 5 dpi
respectively. In Rec5-infected cells, the relative amount of Gag was 1.1, 2.4 and 3.0 at 1, 3, and 5
dpi respectively. There was no significant difference in the amount of Gag protein between R7f and
Rec5.

The effect of the 0.3 kb fragment on mRNA expression levels was also determined. First, total
viral mRNA of both viruses was measured by real-time RT-PCR using Env-F and Env-R primers
(Fig. 1-2) and normalized against the amount of gapdh-mRNA and viral DNA. We found that total
viral mMRNA was similar in R7f- and Rec5-infected cells over the course of the observation period
(Fig. 1-5A). Next, we measured spliced env-mRNA levels by real-time RT-PCR using s6 and s2
primers (Fig. 1-2), which amplify a fragment containing the splicing junction from the cDNA of
spliced transcripts; env-mRNA levels were normalized as described above. The amounts of spliced
env-mRNA of R7f and Rec5 were identical at 1 dpi. However, the amount of spliced env-mRNA of
R7f increased to about double that of Rec5 at 3 dpi (p < 0.01) and at 5 dpi (p < 0.005) (Fig. 1-5B).
The ratio of the amount of spliced env-mRNA to total viral mMRNA was estimated as 0.06, 0.14 and
0.13 in R7f-infected cells at 1 dpi, 3 dpi and 5 dpi, respectively, on the basis of the copy number of
env-mRNA and total viral mRNA (Table 1-1). In contrast, the ratios in Rec5-infected cells were
0.06, 0.08 and 0.07 at 1 dpi, 3 dpi and 5 dpi, respectively. Thus, the ratio of abundance of spliced
env-mRNA in R7f-infected cells was about double that in Rec5-infected cells at 3 dpi (p < 0.01) and

at 5 dpi (p < 0.01).
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Figure 1-5

Relative amounts of total viral mMRNA (A) and spliced env-mRNA (B). Total RNA extracted
from NIH3T3 cells infected with R7f or Rec5 were subjected to first strand cDNA synthesis. The
amount of mRNA was measured using real time PCR and the value was normalized against the
amount of gapdh-mRNA and viral DNA. The amount shown is relative to the amount of R7f on 1
dpi. The graphs represent the average value (+ SEM) of four independent experiments. Statistical

comparisons were performed using the t test; ns, differences were not significant.
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Relative amount? of Copy number® of The ratio® of
Virus dpi env-mRNA per

Env protein  Gag protein env-mRNA toﬁéﬁ[&al total viral mRNA

1 1.0+0.0 1.0+0.0 1.6+0.3x10* 2.9+0.6x10° 0.06+0.00
R7f 8.3+2.3* 29+0.3 1.7+0.4x10° 1.4+0.5x10% 0.14+0.02**

3
5 103+£1.2** 4109 3.0£0.4x10° 2.4+0.5x10%° 0.13+0.01****

1 05+0.1 1.1+0.3 1.6+0.5x10* 2.6+0.7x10° 0.06£0.01
Rec5 3 1.9+0.2 2.4+0.6 7.4+18x10* 1.1+0.3x10° 0.08+0.01
5 3.1+0.7 3.0+1.0 1.4+0.2x10° 2.0+0.4x10° 0.07%0.01

Table 1-1

Comparison of viral protein expression levels, env-mRNA and total viral mRNA levels, and
the ratios of the amount of env-mRNA to that of total viral mMRNA.

Statistical comparisons were performed using the t test.

*p < 0.05 vs Env of Rec5 at 3 dpi, **p < 0.005 vs Env of Rec5 at 5 dpi, *** p < 0.01 vs the ratio
of Rec5 at 3 dpi, ****p < 0.01 vs the ratio of Rec5 at 5 dpi.

#Means (+ SEM) of three independent experiments are shown.

®Means (+ SEM) of four independent experiments are shown. For quantification of the amount of
mRNA, 2 pg of total mRNA of virus-infected cells were used for reverse transcription. An aliquot
(1/200) of the cDNA sample was subjected to real-time PCR analysis. The copy number of
env-mRNA and total viral mRNA was normalized against the amount of gapdh-mRNA and viral
DNA.

“Ratio in each of four independent experiments was calculated; the mean ratio (+ SEM) is shown.
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+* Discussion

The contribution of the 0.3-kb fragment of clone A8 to the increase in the expression level of
Env protein was demonstrated in our previous studies (Takase-Yoden et al., 2006; Takase-Yoden
and Watanabe, 2005). In the present study, we sought to understand the role of the 0.3-kb fragment
in Env protein expression by investigating various stages of viral growth. By comparing R7f and
Rec5, the 17 nucleotides difference in the 0.3-kb fragment had no effect on viral production (Fig.
1-3), the level of expression of the Gag protein (Fig. 1-4B and Table 1-1), or the amount of total
viral mRNA (Fig. 1-5A). However, the 0.3-kb fragment of clone A8 showed about a 2-fold increase
in the amount of spliced env-mRNA (Fig. 1-5B). This result differs from that obtained in our
previous study, which found little difference in the amount of spliced env-mRNA in R7f-infected
cells and Rec5-infected cells (Takase-Yoden and Watanabe, 2005). The amounts of mRNA were
measured in the previous work using band intensities on electrophoresis gels in the linear range of
the PCR amplification; the current protocol measured viral mMRNA levels using real-time RT-PCR.
The difference between the studies might be due to the increased sensitivity of the real-time
RT-PCR method.

The increase in the amount of spliced env-mRNA was consistent with the increase in the
amount of Env protein in R7f-infected cells throughout the 5 day period after infection. However,
neither viral production nor total viral mRNA was consistent with the level of Env protein in
R7f-infected cells. Therefore, we suggest that the 0.3-kb fragment influences the level of Env
protein by regulating the amount of spliced env-mRNA rather than of total viral mMRNA or viral
production. The ratio of the amount of spliced env-mRNA to the amount of total viral mRNA in
R7f-infected cells was about 2-fold higher than that in Rec5-infected cells (Table 1-1). This fact
suggests that the 0.3-kb fragment might influence splicing efficiency. Other studies have shown that
region around the 5’ splice site forms a secondary structure, which has been determined in part by

chemical probing and functional analysis; formation of the secondary structure may regulate
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splicing by modulating accessibility to splicing factors (Kraunus et al., 2006; Zychlinski et al.,
2009). Another possibility is that the 0.3-kb fragment might also influence other post-transcriptional
processes such as poly (A) tail processing, nuclear-cytoplasmic transport of mRNA, and ribosome
recycling during the translation step. Indeed, the amount of spliced env-mRNA in R7f-infected cells
was 2-fold higher than that in Rec5-infected cells, whereas the amount of Env protein in
R7f-infected cells was 3- to 4-fold higher than in Rec5-infected cells. To fully elucidate the role of
the 0.3-kb fragment in Env protein expression, analysis using a vector containing the 0.3-kb
fragment and a reporter gene will be of value.

In the present study, we showed that the 0.3-kb fragment influenced the expression level of
the Env protein by regulating the amount of spliced env-mRNA in cultured cells. This finding
supports our proposal that the A8-derived 0.3-kb fragment increases the expression level of the Env
protein in brains of infected rats and that the high expression level of the Env protein is correlated
with neuropathogenicity (Takase-Yoden et al., 2006; Takase-Yoden and Watanabe, 2005; Watanabe
and Takase-Yoden, 2006). In a previous study, we examined the effect of the A8-derived 0.3-kb
fragment on the neuropathogenicity of chimeric viruses that had A8-env on a 57 background
(Takase-Yoden et al., 2006; Takase-Yoden and Watanabe, 2005). R7a virus, which has the A8
sequences from the U3 of the LTR to the end of the 0.3 kb fragment and has A8-env on a 57
background, showed neuropathogenicity. By contrast, the R7g virus, in which the 0.3-kb fragment
of R7a is replaced by a 57-derived 0.3-kb fragment, did not show neuropathogenicity
(Takase-Yoden and Watanabe, 2005). This finding reaffirmed the contribution of the 0.3 kb
fragment to neuropathogenicity. However, as the gag and pol genes of R7g are of 57 origin, then
constructing a chimeric virus that contains the 57-0.3 kb on a complete background of A8 sequences
may help to clarify the importance the 0.3-kb fragment in inducing neuropathogenicity. Additionally,
a reverse chimeric virus that carries the A8-0.3 kb fragment on a complete background of 57

sequences may help to elucidate whether or not the A8-0.3 kb fragment increases the expression
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level of the 57-Env protein. Our previous studies showed that the Rec6 virus, which has the 57-env
on a background of A8 sequences, could proliferate well in rat brains but did not induce spongiform
neurodegeneration (Takase-Yoden and Watanabe, 1997). This suggested that the 57-Env protein was
not able to induce spongiosis. However, it is not clear whether a chimeric virus that has the A8-0.3
kb fragment on a complete background of 57 shows neuropathogenicity. Therefore, we hope to
ascertain the effect of the 0.3-kb fragment on the expression level of Env and neuropathogenicity by

testing these chimeric viruses.
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CHAPTER 2

Mechanism by which the 0.3-kb fragment participates in protein
expression

+» Materials and Methods

e \ector construction

Luciferase expression vectors R7f-L and Rec5-L were constructed as described previously by
replacing the viral env gene with the luc gene (Yamamoto and Takase-Yoden, 2009) within its
proviral sequences (Takase-Yoden and Watanabe, 2005). The point mutations G to T (2608nt), G to
T (2614nt), and G to T (2629nt) were introduced into the pol gene of each recombinant plasmid.
R7fa-L was constructed by replacing the 57 sequences of Kpnl (32) and Aatll (361) with the A8
sequences in Rec5-L. R7fb-L was generated by replacing the A8 sequences of Kpnl (32) and Aatll
(361) with the 57 sequences in R7f-L. Mutation vector F1-L was constructed by mutagenesis of
R7f-L using the following forward primer:
CGCCCGGGTACCCGTATTCCCAATAAAGCCTCTTGCTG; and the  reverse  primer:
ACGGGTACCCGGGCGACTCAGTCTA. F2-L was generated by mutagenesis of F1-L using the
forward primer: TCTTGCTGTTGCATCCGACTCGTGGTCTCGCTGTT,; and the reverse primer:
AGTCGGATGCAACAGCAAGAGGCTTTATTG. F3-L was constructed by mutagenesis of F2-L
using the forward primer:
TTTGGGGGCTCGTCCGGGATCTGGAGACCCTTGCCCAAGGACCACCGA; and the reverse
primer: GATCCCGGACGAGCCCCCAAATGAAAGACCC. F4-L was generated by mutagenesis
of F3-L using the forward primer: AAGCTGGCCAGCAATTGATCtGTGTCTGTCC; and the
reverse primer: GATCAATTGCTGGCCAGCTTACCTCCCGGT. B1-L was generated by
mutagenesis of R7f-L using the forward primer:

ACCCGTGGTAGAACTGACGGGTTCGAGACACCCGGCCGCAA,; and the reverse primer:
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CGTCAGTTCTACCACGGGTCCGCCAGATA. B2-L was generated by mutagenesis of Bl-L
using the forward primer:
TTGGCCGACTAGCTCTGTACCTGGCGGACCCGTGGTGGAACTGACG; and the reverse
primer TACAGAGCTAGTCGGCCAACTAGTACAGAC. B3-L was generated by mutagenesis
of B2-L using the forward primer:
CCATTGTCCCGTGTCTTTGATTGATTTTATGCGCCTGCGTTTGTACTAGT; and the reverse
primer: TCAAAGACACGGGACAATGGACAGACACCG. R7f5m-L was constructed by
mutagenesis of R7f-L using the forward primer:
TCTTGCTGTTGCATCCGACTCGTGGTCTCGCTGTT; and the reverse primer:
AGTCGGATGCAACAGCAAGAGGATTTATTG. R7f.567m-L was constructed by mutagenesis of
R7f.5m-L using the forward primer:
TTTGGGGGCTCGTCCGGGATCTGGAGACCCTTGCCCAAGGACCACCGA; and the reverse
primer: GATCCCGGACGAGCCCCCAAATGAAAGACCC. Rec5.5m-L was constructed by
mutagenesis of Rec5-L using the forward primer:
TCTTGCTGTTGCATCCGACTTGTGGTCTCGCTGTT, and the reverse primer:
AGTCGGATGCAACAGCAAGAGGCTTTATTG. Rec5.567m-L was constructed by mutagenesis
of Rec5.5m-L using the forward primer: GGAGACCCTTGCCCAGGGACCACCGACC; and the
reverse primer: AAGGGTCTCCGGATCCCGGACGAGCCC. Structures of the expression vectors
were confirmed by digestion with restriction enzymes and sequence analysis. Basic recombinant

DNA procedures were performed according to standard protocols (Sambrook, 1989).

e Cell culture
NIH3T3 cells were grown in Dulbecco’s Modified Eagle Medium — low glucose (SIGMA)
supplemented with 10% fetal calf serum (MP Biomedicals) and penicillin-streptomycin (GIBCO)

and cells were incubated at 37°C in a 7% CO, atmosphere.  HelLa cells were grown under the
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same conditions as NIH3T3 except they were incubated in a 5% CO, atmosphere.

e Transfection and assay for luciferase activity
NIH3T3 cells (1 x 10°) were plated in 24-well plates with growth medium minus penicillin
and transfected the next day with 0.8 ug luciferase expression vectors, 5 ng of pRL-SV40
(Promega) using 2ul of Lipofectamine 2000 Reagent (Invitrogen, Carlsbad, CA, USA) diluted with
OPTI-MEM (Invitrogen). After 48 hours, cells were lysed and luciferase activities were measured
as Relative Light Units (RLU) using a luminometer with a Dual-Luciferase Reporter Assay System
(Promega) according to the manufacturer’s instructions. The luciferase activity of each sample was

normalized to that of Renilla (pRL-SV40) as an internal control.

¢ RNA extraction and quantification

RNA extraction was carried out using an RNase Mini Kit (Qiagen). RNA was treated with
RNase-free DNase (Qiagen) and 2ug of RNA were reverse transcribed using an OligodT, primer
and SSIII reverse transcribing kit (Invitrogen). A portion of the resulting cDNA was subjected to
real-time PCR using an Applied Biosystems® 7500 Real-Time PCR System. The specific primers
and probes used for detection of total mMRNA at the luc region were: LucF:
CGGCTTCGGCATGTTCA; LucR: TACATGAGCACGACCCGAAA: TagMan  probe:
CACGCTGGGCTACTTGATCTGCGG. Spliced-mRNA was detected using s6: GGGTCTTT
CATTTGGGGGCTC; s2: TGCCGCCAACGGTCTCC and the TagMan  probe:
CACCACCGGGAGCTCATTTACAGGCAC. Standard curves to quantify both mRNAs derived
from the luciferase expression vectors utilized vector splA8L (Yamamoto and Takase-Yoden, 2009).
In addition, gapdh-mRNA was quantified as an internal control using TagMan Rodent GAPDH
Control Reagents containing primer sets and probes (Applied Biosystems). Standard curves to

calculate the amount of mMRNA were created using serially diluted gapdh T-easy vector. The
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negative control samples without the cDNA synthesis step showed undetectable amplification.

e Genomic DNA extraction and quantification
Cellular genomic DNA (gDNA) was extracted using a DNeasy Blood and Tissue Kit (Qiagen)
according to the manufacturer’s instructions. Real-time PCR was performed to quantify the amount
of plasmid DNAs introduced into the cells. Primers and probe sets used to quantify the amount of
firefly luciferase expression vector introduced were the same TagMan primer and probe set used to
detect the amount of cDNA. The amount of gapdh DNA was measured as an internal control using

the TagMan Rodent GAPDH Control Reagents.

e Cell fractionation
Nuclear and cytoplasmic fractions were obtained from cultured cells using a PARIS kit
(Ambion) according to the manufacturer’s manual. As a control for the fractionation, an aliquot of
total RNA from each section was electrophoresed on a 1% agarose gel in
morpholinepropane-sulfonic acid (MOPS) buffer, and the cellular ribosomal RNAs were visualized

by ethidium-bromide staining.

e Determination of poly (A) tail length
Total RNA extracted from 24 hours post-transfected Hela-cells were ligated with RV3PC—
anchor primers. Reverse transcription was then carried out using an antisense sequence of the
RV3PC-anchor primer. To amplify the poly (A) tail of mRNA, a forward primer targeting the
3’end of U3 at LTR (AGCTCACAACCCCTCACTCGGC) was paired with a reverse primer
targeting the RV3PC-anchor sequence. To increase the likelihood of the reverse primer binding at

the poly(A) tail, ten thymines were added into the 3’end of the reverse primer sequence

(CTAGCAAAATAGGCTGTCCCTTTTTTTTTT). Likewise, to detect the poly (A) tail length of
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the gapdh-mRNA, a forward primer, Mgapdh3end (CCCTACTCTCTTGAATACCATCA), was set
at the junction before the poly(A) signal and was used with the same reverse primer targeting the
RV3PC-anchor sequence. The resulting PCR products were stained in ethidium bromide and
electrophoresed on an 8% polyacrylamide gel to visualize the spliced mMRNA. A 3% agarose gel was
used to visualize gapdh-mRNA. Within the pool of reverse-transcribed cDNA, the following
primers were wused to detect the presence of Iluc-mRNA: forward primer f-597
(GGGCTCGTCCGGGATC) and reverse primer s2 (TGCCGCCAACGGTCTCC); for
gapdh-mRNA, the forward and reverse primers from the Tagman Rodent GAPDH control reagents

(Applied Biosystems) were used.
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+» Results

The 0.3-kb fragment effects on luciferase protein expression and the amount of spliced
luc-mRNA

The purpose of the present study is to further investigate the function of the 0.3-kb fragment
in retroviral gene expression. Between the A8 and 57 sequences within the 0.3-kb fragment, 17
nucleotides differ (Fig. 1-1). To investigate the function of the 0.3-kb fragment in viral gene
expression, the full-length viral genomes of Rec5 and R7f were recombined with the luc gene, in
which the viral env gene was replaced with the luc gene to produce the luciferase expression vectors
Recb-L and R7f-L, respectively (Fig. 2-1). Both Rec5-L and R7f-L were constructed using the
complete virus 57 sequences, however, in R7f-L the 0.3-kb fragment was derived from the viral A8
sequence. The luciferase protein is translated from spliced mMRNA of these expression vectors. After
transfection of the vectors into NIH3T3 cells, luciferase activities were measured. The luciferase
activity of R7f-L increased by 2-fold compared to that of Rec5-L (p < 0.001) (Fig. 2-2A). To
determine the role of the 0.3-kb fragment positioned at the 5’LTR-leader sequence and the 3’LTR in
the expression vectors, R7fa-L and R7fb-L were constructed (Fig. 2-1). R7fa-L, which carries the
0.3-kb fragment of A8 only at the 5’LTR-leader sequence, exhibited the same amount of luciferase
activity as R7f-L, and the luciferase activity of R7fb-L, which carries the 0.3-kb fragment of A8
only at the 3°’LTR, showed luciferase activity that was lower compared to R7fa-L (p < 0.005) and
comparable to that of Rec5-L (Fig. 2-2A).

Furthermore, the effect of the 0.3-kb fragment on the luc-mRNA level was also determined.
The spliced luc-mRNA levels were measured by real-time RT-PCR using s6 and s2 primers (Fig.
2-1). These primers were designed to amplify a fragment containing the splicing junction region
from the cDNA of spliced transcripts. The amount of spliced luc-mRNA from R7f-L increased by
2-fold compared to that from Rec5-L (p < 0.001) (Fig. 2-2B). The amount of spliced luc-mRNA

from R7fa-L was the same as that from R7f-L. The amount of spliced luc-mRNA from
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Relative Luciferase activity (A) and relative amount of total mMRNA and spliced luc-mRNA
(B). The graphs show the mean values from 4-7 independent results and SEM are shown. The

statistical comparison was done using the t test, ns: differences were not significant.
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R7fb-L was lower than that from R7fa-L (p < 0.01) but was comparable with that from Rec5-L (Fig.
2-2B). The amount of spliced mMRNAs paralleled the luciferase activity. Next, to examine effects of
the 0.3-kb fragment on transcriptional activity, the amount of total transcripts from expression
vectors were measured by real-time RT-PCR using the LucF and LucR primers (Fig. 2-1). The

amounts of total mMRNA measured for all of the expression vectors were comparable (Fig. 2-2B).

The 0.3-kb fragment did not affect the poly (A) tail length of mRNA or the
nuclear-cytoplasmic distribution of luc-mRNA

In general, the poly (A) tail length of mMRNA is correlated with the efficiency of translation.
Therefore, to examine whether or not the 0.3-kb fragment influences polyadenylation of viral
mMRNA, the poly (A) tail lengths of mRNA from Rec5-L and R7f-L transfected Hela cells were
compared. Total RNA was harvested and anchored with the RVP3 primer before the first strand of
cDNA was synthesized with an anti-RVP3 oligo strand. To determine the poly (A) tail length, the
transcripts derived from Rec5-L and R7f-L were selectively amplified using the forward primer for
viral U3 sequences of the 3’LTR and the reverse primer for the RVP3 sequence. PCR products
viewed on electrophoresed gels showed no detectable differences in the smeared patterns indicating
the poly (A) tail lengths of transcripts derived from R7f-L and Rec5-L (Fig. 2-3). In this system, the
poly (A) tail lengths of transcripts containing both the unspliced mRNA and the spliced mRNA
derived from the vectors could be detected. Therefore, to confirm that the first strand of cDNA
synthesized with an anti-RVP3 oligo strand contained spliced-mRNA, from which luciferase protein
was translated, PCR was performed using the primer set of f-597 and s2. As shown in figure 2-3, a
113-bp band that came from spliced-mRNA was detected in both Rec5-L and R7f-L transfected
cells. As a control, the poly (A) tail length of gapdh-mRNA was examined in Rec5-L and R7f-L
transfected cells. In both of these cells, a 177-bp band for gapdh-mRNA was detected, and there

were no detectable differences in the smeared patterns indicating the poly (A) tail length of
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spliced total mRNA gapdh-mRNA
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Figure 2-3

Determination of poly (A) tail length. Total RNAs extracted from 24 hours post-transfected
Hela-cells were ligated with the anchor primer RVP3 oligo. First strand cDNA synthesis was carried
with an antisense sequence to the anchor primer. To detect poly (A) tail length, the transcripts
derived from Rec5-L and R7f-L were then selectively amplified using the forward primer for viral
U3 sequences of the 3° LTR and the reverse primer for the RVP3 sequence. To confirm that the first
strand of cDNA that was synthesised with an anti-RVP3 oligo strand contained spliced
luciferase-mRNA, PCR was performed using the primer set of f-597 and s2. As a control, the
gapdh-mRNA and poly (A) tail length of gapdh-mRNA were detected in Rec5-L and R7f-L

transfected cells. The PCR products were electrophoresed and visualized by ethidium-bromide

staining.
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gapdh-mRNA (Fig. 2-3).

Following the results showing that 0.3-kb fragment influenced the amount of spliced
messages and subsequently the expression of its corresponding luciferase protein, we set out to
determine the nuclear-cytoplasmic distribution of the spliced message. NIH3T3 cells transfected
with Rec5-L and R7f-L vectors were divided into nuclear and cytoplasmic fractions and total RNA
was extracted from each fraction. The separation of nucleus and cytoplasm was confirmed by
assaying for the presence of ribosomal RNAs. The mature 18S and 28S ribosomal RNAs were
detected predominantly in the cytoplasmic fraction (data not shown). In the cells transfected with
Recb-L, 12% of luc-mRNA was detected in the cytoplasmic fraction and 88% was in the nuclear
fraction (Fig. 2-4). In the cells transfected with R7f-L, 17% of luc-mRNA was detected in the
cytoplasmic fraction and 83% was in the nuclear fraction. In both types of cell, gapdh-mRNA was
predominantly in the cytoplasmic fraction, with 59% (Rec5-L) and 65% (R7f-L) of the
gapdh-mRNA in the cytoplasm and about 41% (Rec5-L) and 35% (R7f-L) remaining in the nucleus
(Fig. 2-4). The distribution of luc-mRNA in the nucleus and cytoplasm of the cells with introduced

Rec5-L and R7f-L was not significantly different.
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Figure 2-4

Nuclear-cytoplasmic distribution of luc-mRNA. Nuclear and cytoplasmic fractions were obtained

from NIH3T3 cells transfected with R7f-L and Rec5-L and RNA was extracted from each fraction.

The amount of spliced-mRNA and gapdh-mRNA in each fraction was quantified by real-time

RT-PCR. The mean values from 3 independent experiments and the SEM are shown. Statistical

comparison was done using the t test.
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Point mutation analysis

Further investigations were carried out to determine whether any of the nucleotides within the
0.3-kb fragment are key(s) to the observed luciferase expression effects. Using the same luciferase
expression vectors, a series of point mutations was incorporated into the R7f-L 0.3-kb fragment, in
which the 17 nucleotides that differ between the A8 and 57 sequences were gradually mutated into
sequences of 57 from the 5’ site. The luciferase activity of these vectors was determined (Fig. 2-5).
F1-L, which has its first four nucleotides exchanged for 57 sequences, showed results comparable to
those obtained for R7f-L. Interestingly, when further mutations were introduced at the 5™ nucleotide
in F2-L, the luciferase activity decreased to 67% (p < 0.001) compared to F1-L. The luciferase
activity of F3-L, in which further mutations were introduced at the 6" and 7" nucleotides, decreased
to 50% and was lower than that of F2-L (p < 0.001). The luciferase activity of F4-L, in which
further mutations were introduced at the 8" nucleotide, was the same as that of F3-L. On the other
hand, we constructed the B series vectors in which mutations were incorporated from the 3’ site of
0.3-kb fragment. When the 9" to 14™ nucleotides were further exchanged for their 57 counterparts,
the luciferase activity showed no significant difference compared to R7f-L in B2-L (101%) and
B3-L (87%).

After evaluating the results of experiments with the F series vectors, we asked if the 5, 6"
and 7" nucleotides alone could contribute to the regulation of luciferase activity. Towards this end,
we constructed: (a) R7f.567m-L, in which only the 5" 6™ and 7" nucleotides contain the 57
sequences and (b) another vector having the exact reverse order, Rec5.567m-L, which has only the
5™ 6" and 7™ sequences retained as A8 sequences. The luciferase activity of R7f.567m-L remained
at about 95% and could not be brought down to parallel that of Rec5-L, while its exact reverse
vector, Rec5.567m-L, had a significantly increased luciferase activity (86%) that was higher than

that of Rec5-L (p < 0.001).
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Figure 2-5
Luciferase activity of mutation series vectors. A series of vectors where the sequences from A8
were gradually mutated into 57 sequences were constructed and their luciferase activities were
quantified. Mutations from A8 to 57 are indicated by triangles. The mean values from 4-7
independent experiments and the SEM are shown. Statistical comparison was done using the t test.
ns: differences were not significant.

*: differences were not significant versus R7f-L.
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Secondary structure analysis

To explain how the 1% to 7" nucleotides might be important for luc-mRNA expression, we
mapped out the secondary structure formed by the sequence containing the 1st to 7th nucleotides of
the 0.3-kb fragment of the A8 and 57 sequences. The secondary structure, as shown in Figure 2-6
was predicted using MFOLD software. Appropriate regions were selected where the sequence
should be truncated by referring to previous studies that had utilized chemical structural probing,
NMR, and a functional analysis of Mo-MLV (D'Souza et al., 2004; D'Souza and Summers, 2004;
Mougel et al., 1993). Figure 2-6 illustrates the major functional secondary structures of MLV. At
first glance, there is not a striking difference between the two secondary structures generated,
despite the 7 nucleotides that differ between the A8 and 57 sequences. The most visible changes
actually occur upstream from the polyadenylation signal, where the 1%, 2" and 3" nucleotides are
incorporated into a stem structure in the A8 sequence, thereby lengthening the stem structure
compared to the 57 sequence. The site with the smallest conformational change contains the 5™, 6™
and 7™ nucleotides. These three nucleotides reside within a stem-loop structure that protrudes out
into the PBS. The possible roles played by these nucleotides are discussed further in the next

section.
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Figure 2-6

Predicted secondary structure of the 0.3-kb fragment of the A8 sequence (accession no.
D88386) and the 57 sequence (accession no. X02794). This representation shows the results of an
MFOLD simulation and the figure was drawn using VARNA software [ (Darty et al., 2009).
Nucleotides that differ between A8 and 57 are circles and numbered from 1 to 7. Important
regulatory signals are highlighted. PolyA: polyadenylation signal; PBS: primer binding site; 5’ss:
5’splice site; Stem loop A-D: packaging signal of retroviruses. Restriction enzyme site Kpnl is

shown.
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Alignment of the 0.3-kb fragment sequences among gamma retroviruses

Since point mutational analysis indicated the 1% to 7" nucleotides contribute to the luciferase
activities of the vectors, we compared the sequences including these nucleotides in gamma
retroviruses containing MLVs, Feline leukemia virus (FLV), and Gibbon ape leukemia virus
(GALV) (Table 2-1). The 1% guanine (G) nucleotide in A8 was well conserved among these gamma
retroviruses except for 57. The 2" and 3" nucleotides in A8 were adenine (A) and thymidine (T),
respectively, and the 4™, 5" and 6™ nucleotides in 57 were G, cytosine (C), and T, respectively.
These nucleotides were relatively conserved among the gamma retroviruses that were analyzed. The
7" guanine nucleotide in A8 was well conserved in not only MLVs but also in FLV and the GALV.
Among the sequences analyzed, only the Fr-MLV clone 57 virus had an adenine at the 7"

nucleotide.
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Accession

43

Name number 1st, 2nd, 3rd, 4th nucleotide 5th nucleotide 6th nucleotide 7th nucelotide
Murine leukemia virus
Exogenous ecotropic
Friend clone A8 D88386 CCCGTGTATCCAATAAATCCTCTT CGACTTGTGGT GGATCCGGAGA GCCCAGGGACC
Friend C|one 57 X02794 *****A*E********g****** *****g***** *****I***** *****A*****
Cas_Br_E X5754O *****************C****** *****G***** ********G** *******A***
SRS19-6 AF019230 *****;*;********;****** *****;***** % %k % %k ok ok k ok ok ok k *****i*****
RaUSCher NC 001819 *****;*;********;****** *****;***** *****;***** *****;*****
Graffi GV-1.2 A8187565 *****ECE“******Q****** ***A*Q****A *****f***** *****f*****
Amphotropic
Xenotropic



Endogenous ecotoropic
AKV
pSR3
BMb5eco
Polytropic
MCF1233
Unclassified
Abelson

Feline leukemia virus

Gibbon ape leukemia
Virus

J01998
M87550
AY252102
U13766

NC_001499

NC_001940
NC_001885
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Alignment of the 0.3-kb fragment sequences among the gamma retroviruses. Alignment of sequences around the 1% to 7"

Table 2-1

nucleotides (underlined). Asterisks represent sequence identity.
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+* Discussion

In the present study, to investigate the role of a 0.3-kb Kpnl-Aatll fragment containing the
R-U5-5’leader sequence, recombinant luciferase vectors were constructed by replacing the
viral-env-gene with the luc-gene in proviral sequences to produce R7f-L and Rec5-L (Fig. 2-1). As
shown in Fig. 2-2A, R7f-L exhibited about 2 times higher luciferase expression compared to
Recb-L. This result agrees well with experiments that utilized the chimeric viruses R7f and Rec5, in
which the Env protein expression level of R7f-infected cells was higher than that of Rec5-infected
cells (Takase-Yoden and Watanabe, 2005). Therefore, the experimental system using R7f-L and
Recb-L vectors is useful to analyze the function of the 0.3-kb fragment in Env protein expression.
Next, to examine whether the 0.3-kb fragment functions in the 5’LTR-leader sequence and/or in the
3’LTR, we constructed R7fa-L and R7fb-L. R7fa-L contains the 0.3-kb fragment of A8 sequences
only at the 5’LTR, and R7fb-L contains the 57 sequences at the 5’LTR but has the A8 sequences of
the R-US region at the 3’LTR (Fig. 2-1). The results of a luciferase assay showed that R7fa-L
mimics the expression level of R7f-L (Fig. 2-2A). R7fb-L, despite having partial A8 sequences at its
3’LTR, had a similarly reduced expression level of Rec5-L. These results suggested that luciferase
expression is dependent solely on the 0.3-kb sequences at the 5’LTR-leader sequence rather than the
sequences at the 3’LTR.

In the luciferase expression vector system of the present study, luciferase protein is translated
from spliced mRNA. When quantified in transfected cells, the amount of spliced luc-mRNA in the
cells transfected with R7f-L was about 2 times higher than that in the cells transfected with Rec5-L
(Fig. 2-2B). Furthermore, the amount of spliced luc-mRNA of R7fa-L was equivalent to the amount
of spliced luc-mRNA of R7f-L, and R7fb-L showed the same amount of spliced luc-mRNA as
Rec5-L (Fig. 2-2B). The amount of spliced transcripts from the vectors correlated with the
luciferase activities (Fig. 2-2A). These results indicated that the 0.3-kb fragment of A8 enhanced

luciferase expression levels by increasing the amount of spliced luc-mRNA. This raised the
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question of how the 0.3-kb fragment of A8 enhanced the amount of spliced luc-mRNA. Because the
amount of total transcripts, including unspliced mMRNA and spliced mRNA, was the same among
Rec5-L, R7f-L, R7fa-L, and R7fb-L (Fig. 2-3B), the 0.3-kb fragment seems to not affect the
transcriptional step. Other steps in the maturation of transcripts were also investigated, e.g. the poly
(A) tail length and the nuclear export of transcripts from vectors. We could not observe any
differences between the poly (A) tail length of mMRNA in the R7f-L versus the Rec5-L transfected
cells (Fig. 2-3). The nuclear-cytoplasmic distribution of spliced luc-mRNA was the same for the
R7f-L and the Rec5-L transfected cells (Fig. 2-4), indicating that the efficiency of nuclear export of
spliced luc-mRNA was the same for both R7f-L and Rec5-L. These results suggest that the 0.3-kb
fragment contributes to the splicing efficiency of transcripts and that luciferase expression is
enhanced by the role of the 0.3-kb fragment of A8 in promoting splicing. As shown in figure 2-3,
the poly (A) tail length of viral mMRNA was longer than that of gapdh-mRNA. The reason for this
phenomenon is not clear, but release of poly (A) polymerase from viral mRNA might be suppressed.
The nuclear-cytoplasmic distribution of mMRNA also differs between viral mMRNA and gapdh-mRNA.
It is generally known that nuclear export of mRNA is mediated by multiple protein factors that
couple steps of nuclear pre-mRNA biogenesis to mRNA transport (Cole and Scarcelli, 2006)
therefore, different factors might be recruited in viral mMRNA compared to gapdh-mRNA.

Next, to investigate the roles of nucleotides that differ between A8 and 57 within the 0.3-kb
fragment, we gradually mutated the 17 nucleotides that differ between them and tested their
respective luciferase activities. Among the vectors investigated, only the F3-L, which carries the 1°
to 7" nucleotides of 57 on the background of the A8 sequence, showed decreased luciferase activity
that paralleled that of Rec5-L, which has the 57 sequence (Fig. 2-5). Furthermore, R7f.567m-L,
which has only the 5", 6™ and 7™ sequences retained as 57 sequences, showed luciferase activity
that remained at about 95% and could not be brought down to parallel that of Rec5-L. These results

suggested that the 1% to 7™ nucleotide of the 0.3-kb fragment were important regulators of the
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luciferase protein expression level.

To illustrate how the 1% to 7" nucleotides of the 0.3-kb fragment may be functionally
important, a secondary structure was drawn for the fragment containing the 1% to 7" nucleotides of
the A8 and 57 sequences, as shown in figure 2-6. The 5", 6™ and 7" nucleotides, which mutational
analysis had shown were primary contributors to increased luciferase expression, reside within a
stem-loop structure that protrudes out into the PBS. It was previously reported that sequences
upstream of the 5’ss negatively regulate the splicing of MLV by forming a secondary structure
(Kraunus et al., 2006). Kraunus et al. argue that the stem structure plays a role upstream of the 5’ss
in determining the accessibility for cellular splice regulators. According to Zychlinski et al., the
stem structure or region surrounding the 5’ss regulates the splice donor to be accessed by UlsnRNA,
thereby regulating MLV splicing (Zychlinski et al., 2009). The stability and integrity of the
stem-loop structure containing PBS is important to determine the splicing efficiency: higher
stability of the stem-loop structure seems to inhibit splicing more efficiently. Similarly, in HIV type
1, it has been reported that the stable hairpin-structure of RNA containing the major 5’ss suppresses
the activity of the 5’ss (Abbink and Berkhout, 2008). Interestingly, as shown in figure 2-6, the 4™to
7" nucleotides take part in the formation of secondary structure around the 5°ss. Because the
secondary structure formed by A8 releases free energy of dG=-72.5kcal/mol, while 57 releases
dG=-75.1kcal/mol, the stem structure of the 57 sequence is likely more stable than the A8 sequence.
This suggests that the stem structure of the 57 sequence inhibits splicing more efficiently than the
stem structure of the A8 sequence, resulting in decreased luciferase activity. Kraunus et al. have
studied the AGGGA motif in the stem structure, which is a potential binding motif for hnRNPA1, a
splice repressor. The results of experiments in which the AGGGA motif was mutated have shown
that this sequence contributes to splicing efficiency through altering the secondary structure stability
rather than the sequence motif. The AGGGA motif in the A8 sequence is also found around the 7"

nucleotide, as shown by arrowheads in figure 2-6. This motif may be demolished by changing the
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A8-G sequence at the 7" nucleotide of 57 to adenine, which may decrease the binding of hnRNPAL,
the splice repressor; however, contrary to expectations, luciferase expression was decreased. In
examining the secondary structure, the base corresponding to the 7™ G on the ascending side of the
stem is U in the A8 sequence, while the base corresponding to the 7" A on the ascending side of the
stem is U in the 57 sequence (Fig. 2-6, boxed motif). Kraunus et al. reported that the higher
complementarity of bases facing each other in the boxed motif decreased the splicing efficiency.
This suggests that the 7™ nucleotide plays an important role in luciferase expression by participating
in the splicing step. Alignment of the gamma retroviral 0.3-kb fragment sequences showed that the
A8-guanine at the 7™ position is conserved among the FLV, GALV, and MLV sequences except for
57, while the A8-thymine and A8-cytosine at the 5" and 6™ positions, respectively, are less
conserved (Table 2-1). The 7™ nucleotide is likely to be important for gene expression of gamma
retroviruses, which might explain the different activities of the 0.3-kb fragments of A8 and 57. The
roles of the 1% to 4™ nucleotides are not yet known, but a change of secondary structure between A8
and 57 has been observed (Fig. 2-6) and this stem loop structure may also contribute to luciferase
expression through tertiary interactions with the stem loop structure formed by the sequence

containing the 5™ to 7 nucleotides.
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CONCLUSION

This study has tried to elucidate the molecular mechanisms for the regulation of gene
expression by a 0.3-kb fragment containing the R-U5-5’leader sequence of MLV. The 0.3-kb
fragment has been determined as an important determinant for inducing spongiosis, in addition to
the env gene of A8 as the primary determinant by the studies with chimeras constructed from a
neuropathogenic variant of Fr-MLV clone A8 and the non-neuropathogenic Fr-MLV clone 57. The
0.3-kb fragment contains a 17-nucleotide difference between the A8 and 57 sequences. We
previously showed that the 0.3-kb fragment influences expression levels of Env protein in both
cultured cells and rat brain, but the corresponding molecular mechanisms are not well understood.

First, we carried out kinetic studies using two recombinant viruses, R7f, which contains the
0.3-kb fragment of A8 and the A8-env gene on the background of 57, and Rec5, which contains the
A8-env gene on the background of 57. The viral growth curves, amount of total viral-mRNA, and
Gag protein was comparable between R7f and Rec5. Env protein expression was in agreement with
previous studies showing about 3- to 4-fold higher expression in R7f-infected cell compared to
Rec5-infected cells. In concordant to the level of Env protein, amount of spliced-env mRNA was
found to be higher in R7f compared to Rec5. These results suggested that the 0.3-kb fragment
influenced the expression level of the Env protein by regulating the amount of spliced env-mRNA
rather than the amount of total viral mRNA or viral production.

To fully elucidate the role of the 0.3-kb fragment in Env protein expression, we performed
analysis using a vector containing the 0.3-kb fragment and a reporter gene. Studies with expression
vectors constructed from the full-length proviral genome of Fr-MLV that incorporated the luciferase
(luc) gene instead of the env gene found that the vector containing the A8-0.3-kb fragment yielded a
larger amount of spliced luc-mRNA and showed higher expression of luciferase when compared to

the vector containing the 57-0.3-kb fragment. To examine effects of the 0.3-kb fragment on other
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processes of gene expression, the amount of total transcripts from the vectors, the poly (A) tail
length of their mRNAs, and the nuclear-cytoplasm distribution of luc-mRNA in transfected cells
were also evaluated. The 0.3-kb fragment did not influence transcription efficiency, mRNA
polyadenylation or nuclear export of luc-mRNA. Taken together, these data indicate that the 0.3-kb
fragment containing the R-U5-5’leader sequence of Fr-MLV influences the level of protein
expression from the spliced-mRNA by regulating the splicing efficiency rather than transcription,
nuclear export of spliced-mRNA, or poly (A) addition to mRNA.

Furthermore, mutational analyses were carried out to determine the importance of
nucleotides that differ between the A8 and 57 sequences within the 0.3-kb fragment. Results from
the point mutation analysis indicated that seven nucleotides upstream of the 5’ss were found to be
important in regulating the level of protein expression from spliced messages. Secondary structure
analysis as well as alignment study of sequences among gamma retroviruses suggested that
particularly, three nucleotide within the stem-loop structure affected the stability of the stem
structure that has been speculated to limit the recognition of the 5’ss.

Throughout the promoter and the 5° leader sequence of retroviruses, there is an aggregation
of cis-elements and structural conformations that regulate many steps within the replication of
retroviruses. This study, which demonstrated the involvement of the 0.3-kb fragment containing the
R-U5-5’1eader sequence in splicing, contributes to one of the myriad examples of the role carried

from the non-coding region of retroviruses.
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