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GENERAL INTRODUCTION



Measles virus (MV) is a non-segmented negative-stranded RNA virus, which belongs to genus
Morbillivirus. Genus Morbillivirus is a member of Paramyxoviridae, which is composed of a variety
of pathogenic viruses to vertebrates. The family Paramyxoviridae is further grouped into two
subfamilies, the Pneumovirinae and the Paramixovirinae. The subfamily Pneumovirinae contains two
genera: genus Pneumovirus and Metaneumovirus. The subfamily Preumovirinae contains several
well-known viruses, such as human respiratory syncytial virus (hRSV) in the genus Preumovirus and
Human metapneumovirus (hMPV) in the genus Metapneumovirus. Subfamily Paramyxovirinae
contains five genera: genus Respirovirus, Rubulavirus, Avulavirus, Henipavirus and Morbillivirus.
Genus Respirovirus contains human parainfluenza virus type 1 and type 3 (PIV-1 and PIV-3), sendai
virus (SeV) and bovine parainfluenza virus type 3 (BPIV-3). These viruses cause respiratory diseases
in their natural host. Genus Rubulavirus contains human parainfluenza virus type 2, 4a and 4b
(hPIV2/4a/4b), mumps virus (MuV), and simian virus 5 (SV5). Genus Avulavirus contains avian
paramyxoviruses and newcastle disease virus (NDV). Genus Henipavirus contains hendra virus (HeV)
and nipah virus (NiV). Genus Morbillivirus contains measles virus (MV), rinderpest virus (RPV),
canine distemper virus (CDV), peste des petits ruminant’s virus (PPRV), phocine distemper virus
(PDV), and cetacean morbilliviruses, including dolphin morbillivirus (DMV) and porpoise’s

morbillivirus (PMV).

The morbilliviruses include pathogenic viruses important in their host species: MV in human,
CDV in carnivores, PDV in seals, cetacean morbillivirus in porpoises and dorphins, RPV in ruminants,
and PRRYV in small ruminants (Griffin 2007). Morbilliviruses share antigenic similarities and causes
similar diseases. MV causes an acute infectious respiratory disease seen mainly in children.
Persistence of MV develops some complications in the central nervous system (CNS) such as subacute
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sclerosing panencephalitis (SSPE). CDV causes gastroenteritis, pneumonitis, conjunctivitis, and
encephalitis in young dogs. Persistent infection of CDV leads to old dog encephalitis (ODE) or hard
pad disease. The ODE caused by CDV has similar features to SSPE of MV. Immunosuppression is the
common feature of morbillivirus infection. The replication of morbilliviruses occurs mainly in
lymphoid organs throughout the body and causes severe lymphopenia in acute infection. The CNS
infection of morbilliviruses has many questions regarding the mechanisms of virus spread and
pathogenesis. The MVs isolated from the CNS of SSPE patients (SSPE viruses) differ from the wild
type MV. SSPE viruses are defective in the release of virions from infected cells (Patterson et al.
2001). The neurons and oligodendrocytes is the most frequently infected cells in the brains of SSPE
patients, but it is unknown how the viruses invade these cells (Kirk et al. 1991). The viral RNA was
detected in the CNS of all SSPE patients, but the detection of viral antigen tended to be difficult when
clinical duration of SSPE became longer (Allen et al. 1996). Like the MV, CDV is detected in neurons

of ODE patients, and the replication of virus is defective (Axthelm, Krakowka 1998).

Live attenuated vaccines of morbilliviruses are quite effective to induce immune responses to
the infection. The vaccines of MV, CDV and RPV were successfully used to prevent the associated
diseases. RPV was eradicated from the globe in 2011 through the use of a safe and effective live
attenuated vaccine. The incidence of measles and SSPE was dramatically reduced after the vaccines of
MV were widely introduced to the world (Campbell et al. 2007). Global mortality of measles has
declined by 78% in 2008 relative to 2000 (Dabbagh et al. 2009). Measles elimination has been
sustained in WHO Region of the Americas since 2002, and three WHO regions, European, Eastern
Mediterranean and Western Pacific, are aiming to eliminate measles by 2015. Nevertheless, measles
outbreaks were still reported in recent years: Sub-Saharan Africa in 2009 and Europe in 2011. The
cause of serial outbreaks is seemed to be insufficient vaccine coverage. Some studies demonstrated

that vaccine-induced immunity declines over time, and that the immunity may be strengthened by



asymptomatic infection (van den Hof et al. 1999, Sonoda, Nakayama 2001). These reoccurrences of
measles imply a necessity to develop a new solution to eradicate measles. The reemerging of virus has
also been issued in CDV (Bolt et al. 1997, Haas et al. 1997, Gemma et al. 1996). The incidence of CD
was also increased in vaccinated dogs since late 1990s, and the epidemic virus phylogenetically
formed new clusters separated from the vaccine strains that were developed in 1950s (Gemma et al.
1996, Iwatsuki et al. 1997). CDV has also been expanding its host range in wildlife. CDV caused high
mortalities in lions, leopards, and tigers of national parks in Africa and American zoos in the 1990s
(Roelke-Parker et al. 1996, Harder et al. 1996). CDV was also identified as a causative agent of
epidemic deaths of seals in Lake Baikal from late 1987 to late 1988 (Mamaev et al. 1995). In 2008,
CDV infected rhesus monkeys and crab-eating monkeys in China and Japan (Sun et al. 2010,
Morikawa et al. 2008). The CDV strain isolated from the infected monkey had an ability to use human

receptor (Sakai et al. 2013). These studies suggest that CDV may have a potential to spread to human.

The genomes of morbilliviruses are approximately 16kb in length, and the viruses replicate in
the cytoplasm of the host cell. The genomes of morbilliviruses consist of six structural protein genes,
encoding nucleocapsid (N) protein, phosphoprotein (P), matrix (M) protein, fusion (F) protein,
hemagglutinin (H) protein, and large (L) protein. The P genes encode not only P proteins but also two
non-structural proteins, V and C proteins. The viral genomes form ribonucleoproteins (RNPs) by

binding with N, P, and L proteins.

H proteins interact with host cell receptors, and F proteins cause virus-cell fusion and cell-cell
fusion to facilitate virus entry into cells and viral spread between cells. The H and F proteins are
important for determination of viral tropism, and antigens for induction of neutralizing antibodies and
immunity against reinfection. The receptors of morbilliviruses are signaling lymphocyte activation

molecule (SLAM/CD150), CD46 (membrane cofactor protein, MCP), and PVRL4/nectin-4. H



proteins interact with the immunoglobulin variable (IgV) domain and the immunoglobulin constant
domain (IgC) of extracellular region of SLAM (Tatsuo, Ono & Yanagi 2001). The binding of the H
protein with SLAM is responsible for lymphotropism and immunosuppression of morbilliviruses
(Leonard et al. 2010). CD46 is a cellular receptor for vaccine and laboratory strains of MV, but other
morbilliviruses (such as RPV and CDV) are not able to use this receptor. PVRL4/Nectin-4 was
recognized as the third receptor for morbilliviruses (Noyce et al. 2011). The use of PVRL4 as a
receptor was confirmed in MV and CDV (Noyce et al. 2011, Pratakpiriya et al. 2012). These three
receptors cannot explain the neuropathology of morbilliviruses. Therefore, it is considered that the

other unidentified receptor should be in CNS.

The viral matrix (M) proteins, localized at the inner layer of plasma membrane of the
infected cells and envelope, are involved in virus budding from the infected cells. The M proteins
interact with the N proteins and the cytoplasmic tails of H and F proteins. The interactions of M
proteins with N,H, and F proteins are important for viral synthesis and assembly (Iwasaki et al. 2009).
Hypermutations of M proteins were observed in SSPE cases and responsible for absence of cell-free
virus particle (Patterson et al. 2001). Analysis of viral mutations from SSPE patients revealed
extensive A-to-I hypermutations implicating participation of ADAR (Adenosine deaminase acting on

RNA) (Cattaneo 1994).

The RNP complex containing the RNA genome and the N,P and L proteins, exhibit helical
symmetry and initiate intracellular virus replication. The RNP but not naked RNA is a template for
transcription and replication. The N proteins encapsidate the virus genomes and form nucleocapsids.
The amino terminal 400 amino acid of the N protein (N-CORE) composes the core region of the
nucleocapsid. The carboxyl terminal 125 amino acid of the N protein (N-TAIL) is intrinsically
disordered and located outside of the core region (Longhi et al. 2003). The L and P proteins constitute

viral RNA-dependent RNA polymerase (RdRp). The L proteins have enzymatic activities that are



required for nucleotide polymerization and the capping and polyadenylation of viral mRNAs (Griffin
2007). The P proteins directly interact with N-TAIL and mediate the association of RdRp with

nucleocapsids (Harty, Palese 1995).

The N proteins have an ability to migrate into the nucleus but other structural proteins do
not. The nuclear location signal (NLS) of N proteins is in N-CORE region and well conserved. The
nuclear export signal (NES) of N is located at positions 4-11 in CDV and RPV, and in N-TAIL region
of MV (Sato et al. 2006). The nuclear migration of N protein is not necessary for the virus replication
because the virus life cycle is undertaken only in cytoplasm of host. However, the nuclear inclusion
bodies of MV composed of N proteins and viral RNAs are observed in CDV and MV patients. The
meaning of nuclear inclusion bodies has not yet been elucidated, but it was suggested that the
accumulation of intranuclear inclusions of MV might be related with the pathogenicity of persistent
infection (Robbins 1983). The N-TAIL has been demonstrated to interact various host proteins,
including the heat shock protein Hsp72, translation initiation factor eIF3-p40, interferon regulatory
factor 3 (IRF-3), FcyRII, cyclophilin B (CypB), and peroxiredoxin 1 (Prdx1) (Zhang et al. 2002, Sato
et al. 2007, Servant et al. 2002, Laine et al. 2003, Watanabe et al. 2011, Watanabe et al. 2010). The
effect of the binding between the N-tail and host protein was studied in vitro but not in vivo except
Hsp72. T Carsillo, et al reported that Hsp72 affected measles virus neurovirulence, and that major
histocompatibility complex haplotype determined the effect of Hsp72 (Carsillo et al. 2009, Carsillo et

al. 2006).

The P proteins have two functional domains. The P carboxyl terminal domain (PCT) is well
conserved and contains all the regions essential for viral transcription. The P amino terminal domain
(PNT) is poorly conserved region. All paramyxovirus P proteins form oligomers through heptad
sequence repeats in the PCT region (Curran et al. 1995). This oligomerization domains of the SeV P

proteins are tetrameric (Tarbouriech et al. 2000). The crystal structure analysis of MV PCT showed



that MV PCT forms a compact bundle of three alpha-helices, and that long cleft between helices a2
and a3 in PCT embeds and induces folding of the N-TAIL (Johansson et al. 2003). The interaction
between PCT and N-TAIL is essential for viral RNA synthesis and imparts specificity of the N protein
to encapsidate viral, but not cellular RNAs (Longhi et al. 2003). P proteins have also been shown to
use and interact with proteins of the host. Serine/threonine phosphorylation of P protein is carried out
by cellular kinases, primarily casein kinase I (Das et al. 1995). The interaction of the P protein with
ubiquitin-modifying enzyme A20 and STAT1 contributes the immune evasion of virus (Yokota et al.

2008, Devaux et al. 2007).

The C and V proteins are translated from P gene (Bellini et al. 1985). The C protein has 186
amino acids and its reading frame is accessed by alternative translation initiation. The V protein is
produced by edition of P mRNA and shares the first 231 amino acids with the P protein. V protein has
68 amino acids zinc-binding cysteine-rich carboxyl terminal domain which is highly conserved in
paramyxoviruses (Paterson et al. 1995). The C and V proteins were reported to counteract the IFN
signaling. The V protein binds STAT1 and STAT2 and inhibit STAT-inducible transcription of host
antiviral genes (Palosaari et al. 2003). The V protein also prevents MDAS- and TLR7/9-mediated IFN
inductions (Pfaller, Conzelmann 2008, Childs et al. 2009). The C protein is also seemed to regulate
IFN induction, but the direct effect of the C protein on IFN induction has not been shown (Nakatsu et
al. 2008). The C protein also participates in the regulation of viral RNA synthesis. C proteins
colocalize with RNP complexes, and recombinant MVs lacking C protein are defective in controlling

viral RNA synthesis (Nakatsu et al. 2008, Nakatsu et al. 2013).

Transgenic mouse systems have been widely used as tools to analyze the effect of gene
expression in vivo that are unable to be reproduced in vitro. The transgenic mice expressing a viral

protein are useful in examining its implication in diseases and the interaction between host and the



virus protein in the persistent or asymptomatic infection. For example, the experiment with transgenic
mice carrying HTLV-1 genome suggested the involvement of HTLV-1 in chronic arthritis by observing
chronic arthritis (Iwakura et al. 1991). Transgenic mice are also well-used to evaluate the pathogenical
changes and the effect of antiviral agents in Hepatitis B virus and hepatitis C virus (Perlemuter et al.
2002, Guidotti et al. 1995, Weber et al. 2002). MV or CDV mRNA transcripts and proteins have been
detected in bone cells from the patients with Paget's disease, however, it was controversial whether the
MV participated in the development of osteolytic lesions. The analysis of the transgenic mice
expressing MV-N protein (MV-N) in osteoclasts showed elevated incidence of Paget's-like bone

lesions (Kurihara et al. 2011).

In Chapter 1, the author generated transgenic mice expressing MV-N under the control of
ubiquitous CAG promoter (MV-N mice). The author observed wasting symptom in mice with
restricted MV-N expression in muscle tissues. In Chapter 2, the myopathy in MV-N expressing tissues
was characterized. The author observed the accumultation of ubiquitin and autophagy-related proteins
in MV-N expressing muscle tissues. The alteration of autophagy by MV-N were also observed in vitro.
In Chapter 3, the author examined the neurodegenation that occurred in old MV-N mice. The increased
MV-N expression and TDP-43 proteinopathy was observed in brains of mice with symptoms. In vitro,
the expressing of MV-N induced neurite outgrowth and the upregulation of autophagy by MV-N was
also observed. These results imply the effect of the nucleocapsid proteins on myopathy and

neurodegeneration in persistent or asymptomatic MV infection.



CHAPTER 1

Generation of transgenic mice expressing measles virus

nucleocapsid protein



ABSTRACT

Measles virus (MV) forms inclusion bodies in infected tissues regardless of the existence of
infectious virion. Main component of the inclusion body is the nucleocapsid protein of MV (MV-N),
the most abundant viral protein in infected cells. Although MV inclusion bodies are frequently
observed in various tissues histopathologically after severe infection of MV, the function of them is
still unknown. The author observed weight loss and wasting in a part of transgenic mice expressing
MV-N. Accumulation of MV-N and degenerative myofibers were observed in muscles of these mice.
However, the MV-N expression and myopathy were not detected in MV-N mice without wasting

symptom. These results implicate MV-N as a potential etiologic factor in myopathy.
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INTRODUCTION

Measles virus (MV), a member of the Morbillivirus genus in the Paramyxoviridae family,
causes acute febrile infectious disease that remains an important cause of child death in developing
countries (Simons et al. 2012). Approximately in 1 in 10,000 cases, the acute infection develops
persistent infection, characterized by high frequency of mutations in MV, loss of infectious virions,

and development of subacute sclerosing panencephalitis (SSPE) (Bellini et al. 2005).

Implication of persistently infected MV was suspected as a environmental factor for non-
neurological diseases, such as Paget's disease (Kurihara et al. 2011), otosclerosis (Karosi et al. 2005,
McKenna, Mills 1989), and Crohn's disecase (Wakefield et al. 1993) by analyses of reverse
transcription-PCR (RT-PCR) or immunohistochemistry. In these diseases, the detection rate of MV
was higher than that in normal tissues (Kurihara et al. 2011, Kurihara et al. 2000, Kawashima et al.
2000). Kurihara et al. reported that the measles virus nucleocapsid protein (MV-N) induces osteoclasts
to exhibit the “Pagetic phenotype” (Kurihara et al. 2000). But, in other diseases, there is no evidence

that the presence of MV induces pathological changes.

The genome of MV consist of six structural protein genes, encoding nucleocapsid (N) protein,
phosphoprotein (P), matrix (M) protein, fusion (F) protein, hemagglutinin (H) protein, and large (L)
protein. The viral genome forms ribonucleoprotein (RNP) by binding with N, P, L protein, and it can

be a template for transcription and replication.

All of the MV replication steps are occurred in the cytoplasm. However, MV forms inclusion
bodies in the cytoplasm and nuclei of infected tissues. This phenomenom suggests that the formation
of MV inclusion bodies is independent of virus replication. In many studies of SSPE cases,
intranuclear MV inclusions were observed as the histopathological diagnostic marker and assumed to

participate in the pathogenicity (Lewandowska et al. 2001, Garg 2008). The N protein, which
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composes the MV inclusion bodies, is the only MV protein distributed in both cytoplasm and nucleus
(Giraudon, Ch & Wild 1984). Thus, it is suggested that the N protein may be important for

pathogenicity of persistent MV infection.

In this chapter, the author generated transgenic mice expressing N protein (MV-N mice)
ubiquitously to assess pathogenic functions of measles virus N protein (MV-N). A part of MV-N mice
showed wasting symptom, and the MV-N expression was well observed in muscle tissues in those

mice.
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MATERIALS AND METHODS

Generation of MV-N transgenic mice.

To introduce restriction enzyme sites, EcoRI at 5'-end and Notl at 3"-end, the nucleocapsid
gene of the HL strain measles virus (MV-N) was obtained from total RNA of MV-infected B95a cells
by RT with PrimeScript® Reverse Transcriptase (Takara Bio Inc.), followed by PCR using the
following primers: forward primer, 5'-CCCGAATTCATGGCCACACTTTTGAGGAG-3", and reverse
primer, 5'-GAAGCGGCCGCCTAGTCTAGAAGATCTCTGT-3". The amplified MV-N gene was
inserted into the EcoRI/Notl sites of a pPCAGGS expression vector containing the chicken beta-actin
promoter and cytomegalovirus enhancer, beta-actin intron and bovine globin poly-adenylation signal
(Niwa et al, 1991). The resulting plasmid, pPCAGGS-MV-N was digested with HindIII and Sall and
gel-purified. MV-N transgenic mouse lines were produced by injecting the purified HindIIT and Sall
fragment into the pronuclei of C57BL/6JxCS57BL/6J fertilized eggs. Genotyping was performed by
PCR using MV-N-specific primers: forward primer, 5°-AAACCCGGATGTGAGCGGGC-3", reverse
primer, 5°-GTGTCTGGGGCCGTAACCGC-3". The mouse endogenous gene was amplified by PCR

as internal control using the following primers: forward primer, 5'-CAGCTGGGGACCCTGTCTGCG

ATT-3", and revere primer, 5-GAGCTTTGGTCCCTAGCCTGGGT-3".

RT-PCR analysis.

Total RNA was extracted from mouse tissues using ISOGEN(Nippon Gene). The extracted
RNA was treated with DNase I (Roche), and reverse-transcribed using PrimeScript® Reverse
Transcriptase (Takara Bio Inc.) by random hexamer priming or oligo dT priming. The resultant cDNA
was PCR-amplified using TaKaRa La Taq polymerase (TaKaRa). For detection of the MV-N mRNA,

MV-N specific primers were used as described above. The GAPDH-specific primers (Forward primer,
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5"-TGCACCACCAACTGCTTAGC-3", and reverse primer, 5’ - TGGATGCAGGGATGATGTTC-3")
were used as internal control. To ensure that DNA did not contaminate RNA preparations, RNA
samples without RT enzyme were used as templates for PCR amplification. PCR amplicons were

visualized on agarose gel.

Clinical investigations of MV-N mice

The weight of MV-N mice was mornitored weekly. Peripheral blood was obtained from MV-
N mice and wild-type littermates at 8 or 9 weeks of age, then white blood cell number was counted by

mixing blood with Turk's solution.

Histopathological examination.

Tissues of mice were fixed in Mildform® (Wako Pure Chemical Industries), dehydrated,
embedded in paraffin, sectioned at Sum, and stained with haematoxylin and eosin for examination by
light microscopy. The following tissues of MV-N mice were examined by light microscopy: brain,
heart, lung, spleen, pancreas, intestine, bone (femur and tibia), skeletal muscle (femoral region).

Tissues from wild-type littermate and MV-N mice at the same age were used for the comparison.

Immunohistochemical analysis.

Paraffin sections were deparaffinized, rehydrated, and submitted to heat-mediated antigen
retrieval in EDTA buffer (ImM, pH 8.0). Endogenous peroxidase activity was blocked by the
application of 3% hydrogen peroxide for 10 minutes at room temperature. Blocking was performed
with Blockace (Dainihon Pharmaceutics) for 1 hour at room temperature or overnight at 4°C. Before
using mouse monoclonal antibody (mAb), blocking of endogenous IgG was carried out with
unconjugated AffiniPure Fab fragment donkey anti-mouse IgG (H+L) (Jackson immunoresearch) for 1

hour at room temperature. Sections were then incubated with primary antibody for 1 hour at room
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temperature or overnight at 4°C. The following antibodies were used as primary antibodies: anti-MV-
N rabbit polyclonal antibody (1:200 dilution). Sections were washed with Tris-buffered saline
containing 0.05% Tween 20 (TBS-T), and incubated with biotinylated goat anti-rabbit IgG or horse
anti-mouse IgG (Vector Laboratories, 1:750 dilution) for 1 hour at room temperature. The
immunoactivity was visualized using the avidin-biotin-peroxidase complex (Vectastain ABC Kkit,

Vector Laboratories) and the 3,3 diaminobenzidine (DAB) treatment.
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RESULTS

Generation and characterization of MV-N transgenic mice

To generate mice expressing MV-N in all tissues, MV-N gene was expressed under the
control of the CAG promoter. The linear MV-N transgene was microinjected into the pronuclear of
fertilized embryos. Approximately 150 mice were derived from microinjected embryos. Four Fy MV-N
mice were identified by PCR genotyping of tail DNA. (Figure 1-2A) All F; MV-N mice showed

mRNA expression of the MV-N transgene in the tail. (Figure 1-2B)

The wasting symptom seen in two Fy MV-N mice

All Fy MV-N mice grew normally initially, but weight of #36 and #39, two out of four F,
MV-N mice, decreased gradually from 8 weeks of age in comparison with that of their wild-type
littermates. (Figure 1-3) The loss of body mass was associated with a hunched posture, ruffled fur and
greatly reduced activity. The number of white blood cells was decreased in #36 and #39. (Figure 1-4)
At 15 and 17 weeks of age, the symptoms of #36 and #39 progressed rapidly and the mice died. In
contrast, the two remaining Fo MV-N mice (#1 and #2) were non-symptomatic and used for

establishment of transgenic lines.

Histopathological changes in MV-N mice with symptom

To determine the cause of weight loss and death in #36 and #39 (MV-N mice with symptom),
brain, heart, lung, liver, spleen, pancreas, intestine, bone (femur and tibia) and a skeletal muscle
(femoral region) of #36 were examined histopathologically. In pancreas, brain, lung, and bone, no
pathological change was observed except mild pulmonary edema. (Figure 1-5A) Spleen showed
depletion of leukocyte consistent with leukopenia in peripheral blood. (Figure 1-5B) Degenerative

lesions were also seen in all type of muscle, such as enlargement of nuclei in cardiac muscle, muscular
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atrophy in smooth and skeletal muscle (Figure 1-6, middle panel) Enlargement of nuclei in cardiac
muscle is seen in the patients of dilated cardiomyopathy (Schaper et al. 1991) and likely to be related
to the cause of death. Histopathological examination of muscle tissues obtained from offsprings of #1
and #2 mice (MV-N mice without symptom) was also performed to assess whether they had myopathy

like #36 and #39. MV-N mice without symptom showed normal morphology. (Figure 1-6)

MV-N expression was restricted to muscle tissue of MV-N mice with symptom.

To find direct relation between MV-N and these lesions, tissues described above were
immunostained with anti-MV-N antibody. Obvious MV-N expression was noted in cardiac, smooth,
and skeletal muscles of MV-N mice with symptom, but not in spleen, pancreas, brain, lung, and bone,
although the MV-N transgene was designed to express ubiquitously. MV-N was partially or rarely
observed in pancreas, brain, lung, bone, and spleen. (Figure 1-7) MV-N formed inclusion-like
structures in cardiac and skeletal muscles, whereas MV-N expressed homogenously in smooth
muscles. (Figure 1-8, middle panel) The author assessed the MV-N expression in MV-N mice without
symptom. MV-N expression was not detected in muscle tissues of MV-N mice without symptom.
(Figure 1-8, lower panel) Thus, the myopathy seen in MV-N mice with wasting symptom is related to

MV-N expression.
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DISCUSSION

Transgenic mice expressing viral antigen are valuable models to study the host-pathogen
interaction and uncover the pathogenesis of virus in vivo. In this chapter, the author generated MV-N

mice and observed the muscle-restricted expression of MV-N and occurrence of myopathy.

MV-N transgene was designed to express ubiquitously by using CAG promoter. However,
MV-N expression was detected distinctly in muscle tissues of symptomatic mice (Figure 1-8), while
negligible amount of MV-N was seen in most tissues of MV-N mice. (Figure 1-7) The author detected
MV-N transcripts in tail tissues of all Fo mice (Figure 1-2B) and muscle tissues of non-symptomatic
mice (data not shown). It is unknown what regulates MV-N transgene expression in vivo, but MV-N
expression may be dependent on integration site in genome or posttranscriptional or posttranslational
regulation. Altered expressions of viral transgene were already reported. For example, in hepatitis B
virus (HBV) transgenic mice, the expression of HBV was inhibited by TNF or IFN-y (Puro, Schneider
2007, Heise et al. 1999). In human immunodeficiency virus (HIV) type 1-transgenic mice, some
microbial infections and host factors induced integrated HIV expression (Equils et al. 2003, Gazzinelli
et al. 1996, Doherty et al. 1999). To identify the host factor associated with the expression of MV-N is

expected to elucidate the mechanism of MV persistence.

MV-N mice showed degeneration in cardiac muscle as well as skeletal muscle (Figure 1-6).
Some metabolic myopathies are associated with cardiomyopathies (Dalakas et al. 2000, Connuck et al.
2008). This implies the possibility that the myopathy by MV-N is occurred by metabolic disturbance.
In addition, MV-N formed inclusion body-like dots in cardiac and skeletal muscles, but not in smooth
muscles. The similar expression pattern of MV-N between cardiac and skeletal muscles suggests that

the mechanism of myopathy by MV-N may have similarities between cardiac and skeletal muscles.

Atrophy of spleen was one of symptoms of wasting MV-N mice, but MV-N was scarcely
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detected in spleen. (Figure 1-7B) The leukopenia and spleen atrophy seen in MV-N mice seems to be a
secondary symptom of cardiac degeneration or a result of MV-N expressing cell death. Barth
syndrome, a severe fatal inherited disorder, is characterized by dilated cardiomyopathy, skeletal
myopathy, and neutropenia (Barth et al. 1983). The neutropenia seen in this disorder is due to
inhibition of differentiation in hematopoietic stage. If defective metabolism is induced by MV-N in

hematopoietic stage, leukopenia could occur without expression of MV-N in blood cells.

To date, there were few studies addressing whether MV participates in myopathy, and no
MYV antigen was detected in a study of inclusion body myositis (IBM) cases (Chou 1986). The MV-N
expressing mice showed myopathies and possibility of myodegeneration due to MV-N.
Characterization of the myopathy seen in MV-N mice should promote better understanding of

pathological function of MV inclusion body.
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FIGURE LEGENDS

Figure 1-1. Generation of MV-N transgenic mice.

The transgene containing CAG promoter and MV-N ORF was microinjected into the pronucleus of
fertilized eggs. The blue arrow under the schematic of transgene represents the genotyping PCR

product. The eggs were implanted into pseudopregnant mice.

Figure 1-2. Detection of F) mice and expression of MV-N transcripts.

(A) PCR-based genotyping of Fy mice. Mouse tail DNA was used as a template. The PCR product
specific for the MV-N gene was obtained from 4 F, mice (#36, #39, #1, and #2). The mouse
endogenous gene was detected in all mice. The length of the PCR products were 380 bp (MV-N) and
457 bp (mouse endogenous gene). (B) MV-N mRNA expression in mouse tail tissues. Mouse tail
tissue was obtained at 4~39 weeks of age. MV-N mRNA was detected in all tail tissues of F, mice.
GAPDH mRNA was used as internal control. To control DNA contamination, RNA samples without

RT enzyme (RT-) were used as template for PCR with GAPDH-specific primers.

Figure 1-3. Weight loss in MV-N mice.

The weight of MV-N mice was compared with their wild-type littermates. Weight loss was observed in

#36 and #39 mice (A). The #1 and #2 mice grew normally (B).

Figure 1-4. Leukopenia in mice with wasting symptom

White blood cells (WBC) of MV-N mice were obtained at 8~9 weeks of age. For WBC count, Turk's
solution was used. The number of WBC was standardized with that in wild-type littermates. 3
littermates were used for comparison with each MV-N mice except #2. Each value represents the

average + standard deviation.
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Figure 1-5. H&E staining of non-muscle tissues of MV-N mice with symptom.

H&E staining of MV-N mice shows no abnormal pathology in pancreas, brain, lung, and bone except
for mild pulmonary edema (A). In spleen, leukocyte depletion was detected in MV-N mice with

symptom (B). The scale bar represents 100 pm.

Figure 1-6. H&E staining of muscle tissues of MV-N mice.

Muscles from wild-type mice and MV-N mice without wasting symptom showed normal morphology
with H&E staining (upper and lower panel). In MV-N mice with symptom (middle panel), bizarre
enlarged nuclei in cardiac muscle (arrows) were increased. The atrophy of smooth muscle fibers and
fibrous replacement were observed in intestine of MV-N mice with symptom. In thigh skeletal muscles
of MV-N mice with symptom, the size of myofibers of #36 was irregular and decreased relative to
wild-type and MV-N mice without symptom. The scale bar represents 50 pm. Inset shows an enlarged

view of the boxed region.

Figure 1-7. MV-N immunostaining of non-muscle tissues of MV-N mice with symptom.

MV-N was detected in pancreas of #39 and respiratory epithelium of MV-N mice (A). In spleen, M V-
N was detected in perivascular region but not in leukocytes (B). The scale bar represents 100 pm. The

enlarged views are shown in the insets.

Figure 1-8. MV-N immunostaining of muscle tissues of MV-N mice.

MV-N was detected in muscle tissues of MV-N mice with symptom (middle panel) but not in
wild-type mice (upper panel) and MV-N mice without symptom (lower panel). In MV-N mice with
symptom, MV-N formed dot-structure in cardiac muscle and skeletal muscle. Red arrows indicate the

MV-N-positive dots. MV-N expressed diffusely in smooth muscle. The scale bar represents 50 um.
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Figure 1-2
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Figure 1-3
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CHAPTER 2

The effect of measles virus nucleocapsid protein on myopathy
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ABSTRACT

Transgenic mice expressing measles virus N protein (MV-N mice) generated by the author
showed myopathy. The author characterized the features in detail and found that the pathological
feature of the cardiac and skeletal muscle is similar to hereditary inclusion body myopathy (h-IBM).
The author also detected accumulation of ubiquitin and autophagy-related proteins in the muscle. In
the mouse myoblast cell line C2C12, the author found the MV-N inhibited the myogenic
differentiation. The exhaustion of LC3 and increased p62 aggregates were also observed in MV-N
expressing C2C12 cells. These results suggested that the MV-N is associated with the myopathy

characterized by altered autophagic flux.
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INTRODUCTION

Measles virus (MV), a member of the Morbillivirus genus in the Paramyxoviridae family, is
an enveloped virus with a nonsegmented negative-strand RNA genome. The MV infection causes
acute febrile infectious disease and infrequently develops into neurological disorder such as subacute
sclerosing panencephalitis (SSPE). The live measles vaccine became available in the early 1960s, and
the vaccine against measles was very effective and reduced the incidence of measles including SSPE
worldwide. However, serological studies demonstrated that vaccine-induced immunity wanes over
time and is less protective than immunity acquired by natural MV infection (van den Hof et al. 1999,
Muller 2001). It was suggested that asymptomatic measles virus infection sustains vaccine-induced
immunity (Sonoda, Nakayama 2001, Ozanne, d'Halewyn 1992). MV genome was detected in
peripheral blood mononuclear cells (PBMC) of healthy people and various tissue samples obtained
from autopsy subjects without MV-related symptoms (Sonoda, Nakayama 2001, Katayama et al.

1998).

Although transmission from asymptomatic infections is seems to be very rare, these
asymptomatic MV infections has been suggested to have an association with a lot of diseases such as
multiple sclerosis, Paget's disease, otosclerosis (Kurihara et al. 2011, Gonzalez-Scarano, Rima 1999,

Niedermeyer et al. 2000).

It was debated largely during the 1970s-90s whether paramyxovirus is relevant to myopathy.
The microtubular filaments, demonstrated by electron microscopic examination of inclusion body
myositis (IBM) patients, resemble helical nucleocapsid protein found in paramyxovirus-infected cells
or in brain tissues of SSPE patients (Chou 1967). There have been several reports trying to detect
paramyxovirus antigens in IBM patients by immunohistochemistry. However, most of these studies

focused on mumps virus and studies trying to detect measles virus were rare. Chou SM demonstrated
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that mumps virus but not measles virus was detected in muscle biopsies of 8 IBM patients (Chou

1986).

The autophagy system is a degradative pathway that delivers the portion of cytoplasm,
organelles, glycogen, and protein aggregates to the lysosome. After induction of autophagy, isolation
membrane or phagophore elongates and subsequently encloses a portion of cytoplasm, which results in
the formation of autophagosome, a double-membraned structure. Then, the outer membrane of
autophagosome fuses with a lysosome and forms an autolysosome, leading to the degradation of
entrapped materials and inner autophagosomal membrane. Amino acids and other small molecules
generated by autophagic degradation are reused in cytoplasm. The steps of autophagy involve a set of
evolutionarily conserved gene products, the Atg proteins. The ULK/Atgl kinase complex, the
autophagy-specific PI3-kinase complex, and the PI3P effectors are important for the nucleation of the
isolation membrane. In elongation step, Atgl2- and LC3/Atg8-conjugation systems act as key
components. (He, Klionsky 2009) Most of the Atg proteins are observed on isolation membranes
during nucleation and elongation steps, but only microtubule-associated protein light chain 3
(LC3/Atg8) attachs to the complete autophagosome. Therefore, the LC3 is used as a marker of the

autophagosome. (Mizushima, Yoshimori & Levine 2010)

In normal muscle, autophagosomes are morphologically unremarkable. Autophagic vacuoles
have been found in degenerative myofiber of rimmed vacuolar myopathies, such as hereditary
inclusion body myopathy (h-IBM) and distal myopathy with rimmed vacuoles (DMRV) (Nishino
2003). The lesions of these myopathies are characterized by muscle loss, protein aggregates, and
detection of ubiquitin and p62/SQSTM1 (Sandri 2010b). The characteristics of rimmed vacuolar
myopathies appeared in the autophagy-related gene knockout mouse models (Sandri 2010a). These
results suggested that impaired function of autophagy may lead to muscle degeneration.

In Chapter 1, the author generated transgenic mice expressing MV-N (MV-N mice) and
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observed myopathy in MV-N mice. In this chapter, the author characterized the myopathy of MV-N
mice and noticed that myofiber degeneration of MV-N mice had similar features to h-IBM. The author

also studied the MV-N function in the inhibition of myogenic differentiation in vitro.
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MATERIALS AND METHODS

Immunohistochemical analysis.

Paraffin sections were deparaffinized, rehydrated, and submitted to heat-mediated antigen
retrieval in EDTA buffer (1mM, pH 8.0) or citrate buffer (10mM, pH 6.0). Antigen-retrieved sections
were processed to immunostaining as described in Chapter 1. The following antibodies were used as
primary antibodies: anti-MV-N rabbit polyclonal antibody (1:200 dilution, antigen retrieval in EDTA
buffer), anti-ubiquitin (P4D1) mouse mAb (Cell signaling, 1:250 dilution, antigen retrieval in citrate
buffer), anti-tau (TAU-5) mouse mAb (Calbiochem, 1:250 dilution, antigen retrieval in citrate buffer),
anti-p62 (2c11) mouse mAb (Abnova, 1:200 dilution, antigen retrieval in citrate buffer), anti-LC3A/B
rabbit polyclonal antibody (Cell signaling, 1:200 dilution, antigen retrieval in EDTA buffer) Before
using mouse monoclonal antibody (mAb), blocking of endogenous IgG was carried out with
unconjugated AffiniPure Fab fragment donkey anti-mouse IgG (H+L) (Jackson immunoresearch) for 1

hour at room temperature.

Cell culture and establishment of C2C12 cell line stably expressing MV-N

The mouse myoblast cell line C2C12 was purchased from the Cell Engineering Division of
RIKEN BioResource Center (Tsukuba, Ibaraki, Japan) and grown in Dulbecco’s minimal essential
medium (DMEM) containing 10% fetal calf serum (FCS). pCAGzc, which is a pCAGGS derivative
vector possessing zeocin resistance, was constructed as described previously (Watanabe et al. 2010).
The MV-N gene was amplified as described above and inserted into the EcoRI/NotI sites of a pCAGzc
to construct the expression plasmid pCAGzc-MV-N. C2C12 cells were transfected with pCAGzc-M V-
N using Lipofectamine 2000 (Invitrogen), and selected by use of 300 pg/ml of zeocin (Invivogen).

Several zeocin-resistant clones were picked, and MV-N expression was confirmed by
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immunofluorescence staining using anti-MV-N rabbit polyclonal antibody. In the same way, another

C2C12 cell line carrying an empty vector, pCAGzc, was established as a negative control.

Differentiation of C2C12 cells expressing MV-N or infected with MV

MV-N or pCAGzc-expressing C2C12 clones were seeded in a 12-well plate. The next day,
C2C12 cells were switched from growth medium to differentiation medium [DMEM containing 2%
horse serum and insulin (100ng/ml)] at confluence to induce differentiation. For the transient
transfection, C2C12 cells were transfected with pCAGGS or pCAGGS-MV-N using the 4D-
Nucleofector system (Lonza; program CM-137 and SF cell line 4D-Nucleofector X kit) following the
manufacturer's instructions. After overnight incubation, the transfected cells were seeded in a 12-well
plate and induced to differentiate. For the infection of MV, C2C12 cells were seeded in a 12-well plate
and infected with MV-EGFP (Terao-Muto et al. 2008) at a multiplicity of infection (MOI) of 1 (as
determined on B95a cells). The next day, the infected cells were induced to differentiate. The protease
inhibitors E64d and pepstatin A were purchased from the Peptide Institute (Osaka, Japan), and added

to cells at 10pg/ml 24h before harvest to inhibit lysosomal degradation of autophagosomes.

Immunofluorescence staining of C2C12 cells

Cells were fixed with 2% paraformaldehyde at room temperature for 10min and
permeabilized with PBS plus 0.2% Triton X-100 at room temperature for 10min. Blocking was
performed with Blockace as described above. After that, cells were incubated with anti-myosin (My-
32, Sigma), anti-p62 (2c11) mouse mAb (Abnova) and anti-MV-N rabbit polyclonal antibody for 1
hour at room temperature or overnight at 4°C. Secondary antibodies used were conjugated with Alexa
405, Alexa 488 or Alexa 568 (Invitrogen). DNA was counterstained with Hoechst 33342 (Lonza).

Cells were observed by confocal fluorescence microscopy.
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Western blot analysis of C2C12 cells

C2C12 cells were lysed with Laemmli's buffer and boiled for 5 min at 100°C. Samples were
subjected to SDS-10% or 15% polyacrylamide gel electrophoresis and transferred to polyvinylidene
difluoride (PVDF) membrane. The membranes were blocked with Blockace as described above and
then exposed to primary antibody (1:1000 dilution) for 1 hour at room temperature or overnight at
4°C, followed by incubation with a horseradish peroxidase-conjugated secondary antibody (Dako) for
1 hour at room temperature. Signals were detected by ECL Prime Western blotting detection reagent
(GE Healthcare) using LAS-4000 image analyzer (Fujifilm). The following antibodies were used as
primary antibodies: anti-MV-N rabbit polyclonal antibody, anti-LC3A/B rabbit polyclonal antibody
(Cell signaling), anti-p62 (2c11) mouse mAb (Abnova), anti-myosin (My-32) mouse mAb (Sigma),

anti-GAPDH (6C5) mouse mAb (Chemicon).

RT-PCR analysis

Total RNA was extracted from C2C12 cells using ISOGEN(Nippon Gene). The extracted
RNA was treated with DNase I (Roche), and reverse-transcribed using PrimeScript® Reverse
Transcriptase (Takara Bio Inc.) by random hexamer priming or oligo dT priming. The resultant cDNA
was PCR-amplified using Phusion high-fidelity DNA polymerase (Finnzymes). For detection of the
p62 mRNA, The following primers were used: forward primer, 5’-CAGCTGTTTCGTCCGTACCT-3",
and reverse primer, 5'-AAAAGGCAACCAAGTCCCCA-3". The GAPDH-specific primers described

in Chapter 1 were used as internal control.
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RESULTS

The myopathy in MV-N mice resembles h-IBM.

Skeletal muscle taken from #36 described in Chapter 1 showed a irregular fiber size, rimmed
vacuoles, and centralized nuclei consistent with h-IBM (Broccolini et al. 2009) (Figure 2-1). The
rimmed vacuoles were also observed in cardiac muscle of MV-N mice. Therefore, the author focused
on the similarity between myopathology of symptomatic MV-N mice and hereditary inclusion body
myopathy (h-IBM). There are several reports that describe a detection of accumulation of
phosphorylated tau (p-tau) and ubiquitinated proteins in cytoplasmic inclusion bodies of h-IBM
patients (Broccolini et al. 2009). In cases of measles, tau- and ubiquitin-positive neurofibrillary tangles
are demonstrated in subacute sclerosing panencephalitis (SSPE) patient (McQuaid et al. 1994). Based
on these reports, the author hypothesized that the MV-N expressed in muscular system promoted
accumulation of ubiquitin and p-tau. When the author immunostained with anti-ubiquitin antibodies,
ubiquitin was detected as aggregates in cytoplasm of the skeletal muscle and cardiac muscle of
symptomatic MV-N mice where MV-N formed inclusion-like structures (Figure 2-2). The ubiquitin
aggregates were also strongly positive in enlarged nuclei of cardiac muscle of MV-N mice. In muscle
tissues of WT mice, ubiquitin existed normally in nuclei. No ubiquitin immunoreactivity was seen in
the smooth muscle of WT and symptomatic MV-N mice (data not shown). The distribution of tau
protein in cardiac and skeletal muscle was the same, both in MV-N and WT mice, in contrast to our

expectation. (Figure 2-3)

The accumulation of autophagy-related protein in the myopathic muscle of MV-N

The involvement of impaired autophagy system in myofiber degeneration has been suggested

by detection of ubiquitin- and p62-positive protein aggregates in rimmed vacuolar myopathies
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including h-IBM (Nishino 2003, Sandri 2010b). The author compared the distribution of
autophagosome-associated proteins (p62/SQSTM1 and LC3) in ubiqutin-accumulated lesions with
that in normal tissues. In ubiquitin-positive cardiac and skeletal muscle, p62-positive aggregates and
vacuoles were also detected (Figure 2-2). These results indicate that the expression of MV-N in cardiac
and skeletal muscle may induce the formation of inclusion bodies composed of ubiquitin, and p62
similarly to rimmed vacuolar myopathies (Sandri 2010b). In WT mice, The LC3 was not accumulated
in both cardiac and skeletal muscle. However, in the skeletal muscle of symptomatic MV-N mice, LC3
was accumulated in the form of aggregates that were various-sized and often localized at the vacuole
boundaries (Figure 2-2). The accumulation of LC3 in skeletal muscle suggested that the impairment of
autophagy is related to formation of MV-N-induced inclusion body and degeneration of muscle. But

the detailed mechanism is seemed to be different between cardiac and skeletal muscle.

MV-N inhibits myogenic differentiation in C2C12 myoblasts.

To further investigate the relevance of MV-N to myopathy, the author introduced MV-N into
C2C12 mouse myoblasts. When myogenic differentiation is induced to C2C12, C2C12 cells start to
fuse each other and transform into myotube (Figure 2-4A). After myogenic differentiation was
induced, the level of myosin heavy chain (MyHC), a muscle differentiation marker, was low in MV-N
expressing C2C12 cells relative to the corresponding of control cells (Figure 2-4B). This result
indicates that MV-N inhibits muscle differentiation. The author wondered whether MV infection of
C2C12 mouse myoblasts might inhibit myogenic differentiation because the MV infectivity to skeletal
muscle was expected to be much lower than that to SLAM-expressing immune cells (Hashimoto et al.
2002). MV-infected mouse cell lines do not exhibit cytopathic effect (CPE) and the level of

synthesized viral proteins is much lower than those in lytically infected cells (Yanagi et al. 1994).
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Nevertheless, the myogenic differentiation of C2C12 cells was inhibited by MV-infection at a
multiplicity of infection (MOI) of 1 (Figure 2-5). The inhibition effect on myogenic differentiation by
MYV was more strongly observed in cells infected with MV before induction of differentiation then
those infected with MV after that (Figure 2-5). This result suggests that natural infection of MV can

inhibit the myogenic differentiation in a skeletal muscle despite of its low infectivity.

Stably expressed MV-N increases autophagic flux and exhausts LC3 in C2C12 myoblasts.

It was reported that the formation and lysosomal turnover of autophagosome increased during
myogenic differentiation of C2C12 cells (Tanida et al. 2006). The author investigated whether the
autophagosome formation was altered differentiating C2C12 cells. Interestingly, the level of total LC3
and p62 was decreased in MV-N high-expressing C2C12 cells, only when induced to differentiate
(Figure 2-6A). When autophagy is induced, LC3-I is lipidated to form LC3-II which attaches to
autophagosomal membranes. The LC3-II is degraded by autolysosomes which are formed by fusion of
autophagosomes and lysosomes (Mizushima, Yoshimori & Levine 2010). p62 is a famous autophagy
substrate, which is not degraded by ubiquitin-proteasome system (Komatsu, Ichimura 2010). To
eliminate the possibility that the p62 transcription is suppressed in MV-N expressing cells, the author
confirmed that the level of p62 transcript was not changed in MV-N expressing cells (Figure 2-6D).
Thus, the decreased level of LC3 and p62 suggested that the stably expressing MV-N increased the

autophagy flux and exhausted the LC3.

The author tested whether lysosomal turnover of autophagosome occurred in MV-N
expressing cell lines by using lysosomal inhibitors (E64d and pepstatin A). The amount of LC3-II was
significantly increased by lysosomal inhibitors in control cells and MV-N low-expressing cells (N1),
but not in MV-N high-expressing cells (N5 and N10), indicating the decreased lysosomal turnover of

autophagosome in MV-N high-expressing cells (Figure 2-6B). The amount of LC3-1I was not changed
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by lysosomal inhibitors in all differentiation-induced cells (Figure 2-6C). This may be due to

termination of autophagy required to differentiation.

The p62 aggregates were increased in differentiation-induced MV-N expressing C2C12 cells.

p62 forms aggregates with ubiquitinated proteins and is degraded by autophagy (Bjerkey et
al. 2005). The author wondered whether the p62 aggregates increased in MV-N expressing cells due to
the LC3 exhaustion. The p62 distribution was basal level in both control and MV-N expressing cells
before differentiation (Figure 2-7). Surprisingly, during myogenic differentiation, increased p62
aggregates were observed in MV-N expressing cell line except N10, in which p62 was significantly
decreased (Figure 2-7). The increase of p62 aggregates also occurred in low-MV-N expressing cells
(N1). These p62 aggregations in MV-N expressing cells imply the defect in protein degradation

pathway in MV-N expressing cells.
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DISCUSSION

In this chapter, the author characterized the myopathy observed in MV-N mice. The muscle
degeneration seen in MV-N mice had similar characteristics to h-IBM. Ubiquitin and autophagy-
associated proteins were accumulated in skeletal muscle (Figure 2-3). These results indicate that the

accumulation of MV-N induced h-IBM-like phenotype through alteration of autophagy.

The myogenic differentiation was suppressed in MV-N expressing C2C12 cells (Figure 2-4).
Furthermore, when myogenic differentiation was induced, the LC3 decreased in C2C12 cells strongly
expressing MV-N. Because the p62 (autophagosomal substrate) level was also decreased in these cells,
the decreased LC3 level is seemed to be outcome of LC3 overconsumption. Decrease of
autophagosome results in accumulation of protein aggregates in atg-knock mice (Levine, Kroemer
2008). In MV-N expressing cells, p62 aggregates were increased during myogenic differentiation,
whereas p62 expressed diffusely in control cells. The p62 aggregates may be degraded if the
autophagy act normally; otherwise, the p62 aggregates may be detrimental to cells. These p62
aggregates in MV-N expressing cells were similar to the accumulation of ubiquitin and autophagy-
related proteins in MV-N mice. The role of MV-N for autophagy requires further investigation on MV-

N mice.

Autophagy degrades certain intracellular pathogens including viruses (Levine, Deretic 2007).
Nevertheless, several studies have proposed that viruses may use autophagosomes as a scaffold of
viral RNA replication complexes (Jackson et al. 2005). Viruses are seemed to have many ways to
escape the degradation. Viral inhibition of autophagy was reported in HIV-1, influenza virus, and
herpesviruses. In HIV-1 infection, the formation of autophagosome promoted HIV yields, but the
degradation of HIV did not occurred due to the inhibition of autophagosome maturation by HIV

protein Nef (Kyei et al. 2009). The maturation of autophagosome (the fusion of autophagosome with
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the lysosome) was also blocked by matrix protein 2 (M2) of influenza A virus (Gannag¢ et al. 2009).
Herpesviruses inhibit autophagy by binding with Atg3 and Beclin-1, and evade innate immunity and
apoptosis (Lee et al. 2009, Orvedahl et al. 2007). The alteration of autophagic flux by MV-N might be

one of the survival strategies of measles virus.

There are two possibilities for the contribution of MV-N to myopathy. First, myofibers may
wane because of excessive autophagic flux induced by MV-N. Excessive autophagy participates in
loss of muscle mass. LC3 and Gabarap genes are upregulated in atrophying muscle. (Zhao et al. 2007)
In muscle atrophy models, the knockdown of LC3 palliated the muscle loss. (Dobrowolny et al. 2008,
Mammucari et al. 2007) However, the muscle atrophy by MV-N is expected to be temporary because
persistent expression of MV-N result in the exhaustion of LC3 which is essential for autophagosome
formation. Second, abnormal accumulation of proteins may occur if the LC3 exhaustion also occurs in
vivo. In MV-N mice, both the atrophy and protein accumulation were observed. This phenotype
implies the MV-N induced both two phenotype by the respective mechanism. In the initial phase of
MV-N expression, MV-N may induce atrophy of myofiber. However, if LC3 exhaustion occurs in
myofibers like in the MV-N expressing cells, undegraded proteins should accumulate. The protein
accumulation by MV-N may be weaker than that in lysosomal diseases because p62, which is needed
to aggregate proteins (Komatsu et al. 2007), is also decreased in MV-N expressing cells. Nevertheless,
p62 aggregates were observed in MV-N expressing cells. This means that the balance between the LC3
and p62 may determine the occurrance of protein aggregates in the MV-N expressing cell. Kurihara et
al. showed the coexpression of MV-N and mutated p62 dramatically increased the Paget's-like bone
lesions in mice (Kurihara et al. 2011). The mutation of p62 used in this report induces larger p62
aggregates than wild type p62 (Leach et al. 2006). The increased p62 aggregates by the mutation may

accelerate the outcome of LC3 exhaustion by MV-N.
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In Chapter 2, MV-N showed altered autophagic flux in vivo and in vitro. Autophagy is
involved in various biological processes such as starvation, cellular differentiation, cell death, aging,
neurodegeneration, immunity, and cancer (Levine, Kroemer 2008, Mizushima, Levine 2010). The
alterations in autophagy are involved in not only cardiac and muscle diseases but also
neurodegenerative diseases, Crohn's disease, and Paget's disease (Mizushima et al. 2008), which are
suspected to have relevance to MV (Honda et al. 2013, Wakefield et al. 1993, Kurihara et al. 2011).
The results of Chapter 2 provide new insight into the role of MV-N in these autophagy-associated

diseases.
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FIGURE LEGENDS

Figure 2-1. Characteristics of myopathy seen in MV-N mice.

The morphology of transverse sections of cardiac and skeletal muscle was assessed by Hematoxylin
staining. Rimmed vacuole (white arrows) and centralized nuclei (green arrows) are marked in skeletal
muscle of MV-N mice with symptom. The rimmed vacuole was also observed in the cardiac muscle.

The scale bar represents 50 pm.

Figure 2-2. Accumulation of ubiquitin, p62, and LC3 in cardiac and skeletal muscles of MV-N

mice with symptom.

The paraffin-embedded tissues used in Figure 2-1 were cut into sections and immunostained with
antibodies to ubiquitin, p62, and LC3. In WT mice, ubiquitin immunoreactivity was observed in the
nuclei. In MV-N mice, ubiquitin expression in cytoplasm was enhanced relative to WT mice. Ubiquitin
aggregates were observed in enlarged nuclei of cardiac muscle and cytoplasm. p62-positive aggregates
and vacuoles were detected in MV-N mice. Accumulation of LC3 was observed in skeletal muscle of

MV-N mice. The scale bar represents 50 pum.

Figure 2-3. Tau was not accumulated in MV-N mice with symptom.

The paraffin embedded tissues used in Figure 2-1 were cut into sections and immunostained with
antibodies to tau. The distribution of tau was not altered in MV-N mice. The scale bar represents 50

pm.

Figure 2-4. MV-N inhibits myogenic differentiation in C2C12 cells.

(A) Nlustration of the myogenic differentiation in C2C12 cells. C2C12 cells initiate to differentiate by
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fusing each other when switching from growth medium to differentiation medium. The differentiated
C2C12 cells express myosin heavy chain (MyHC). (B) C2C12 cells stably expressing MV-N (stable)
or transiently transfected with MV-N (transient) were induced to differentiate. Immunofluorescence
analysis was carried out 5 days (transient) or 7 days (stable) after induction of differentiation. Shown
are the representative images stained for MyHC (green) and MV-N (red). Nuclei were counterstained
with Hoechst 33342 (blue). The scale bar represents 100 um. The number of MyHC-positive cells was
decreased in MV-N expressing cells. The number of MyHC-positive cells was standardized with that
in control culture. Each value represents the average + standard deviation of triplicate cultures.

(*P<0.05, Student's t-test)

Figure 2-5. Myogenic differentiation was suppressed in MV-infected C2C12 cells.

C2C12 cells were infected with MV-EGFP (MV expressing the enhanced green fluorescent protein
(Terao-Muto et al. 2008) 1 day before or 3 days after induction of differentiation (multiplicity of
infection of 1) and subjected to immunofluorescence analysis at 7 days after induction of
differentiation. The growth kinetics of MV-EGFP is comparable to that of wild-type MV. The number
of MyHC-positive cells was decreased in MV-infected C2C12 cells. The number of MyHC-positive
cells was standardized by the same method in Figure 2-4. Each value represents the average + standard
deviation of triplicate cultures. (*P<0.05, Student's t-test) Representative images show the expression

of MyHC (blue) and MV-N (red). The scale bar represents 100 pum.

Figure 2-6. MV-N inhibits autophagosome formation in differentiating C2C12 cells.

Lysates from stable C2C12 cell lines were prepared at the time point of 0 day or 7 days after
differentiation induction, and analyzed by western blotting as described in the Methods. Lysosomal

inhibitor (E64d and pepstatin A) were added at 10pug/ml 24h before harvest. (A) The level of total LC3
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and p62 was decreased in MV-N high-expressing C2C12 cells (N5, N10) after the differentiation
induction. (B) The alteration of autophagy-associated proteins in the presence of lysosomal inhibitors
was compared in undifferentiated cells. The amount of LC3-II (an autophagosome marker) was
significantly increased by lysosomal inhibitors in control cells and MV-N low-expressing cells (N1),
but not in MV-N high-expressing cells (N5, N10). (C) The alteration of autophagy-associated proteins
in the presence of lysosomal inhibitors was compared 7 days after differentiation induction. The
amount of LC3-II was not changed by lysosomal inhibitors in all cells. (D) The p62 transcripts were
analyzed by RT-PCR. No significant difference was observed between control cells and MV-N

expressing cells. Mouse GAPDH transcripts were used as control.

Figure 2-7. The p62 aggregates were increased in differentiation-induced MV-N expressing

C2C12 cells.

The distribution was same between control and MV-N expressing cell lines before myogenic
differentiation. 7 days after differentiation, more amount of p62 aggregates were seen in MV-N

expressing cell lines except C2C12-N10. The scale bar represents 100 um.
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Figure 2-2
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Figure 2-4
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Figure 2-5
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Figure 2-6
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CHAPTER 3

The effect of measles virus nucleocapsid protein on neuropathology
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ABSTRACT

Measles virus (MV) causes subacute sclerosing panencephalitis (SSPE), a fatal disease of
central nervous system occurred long after the acute infection. For the development of efficient
diagnosis and treatment of SSPE, the elucidation of pathogenesis is needed. In Chapter 3, the author
found that neurological symptoms occurred in some of MV-N mice. The MV-N expression in brain
was increased in mice with symptoms, and the neuronal degeneration, loss of dendrites, and TDP-43
proteinopathy were observed in the MV-N expressing brain region. Furthermore, MV-N inhibited
retinoic acid-induced neuronal differentiation and elevated the autophagic flux in mouse
neuroblastoma N2a cells. This study suggests that the neurodegeneration is induced by MV-N
expression. Thus, MV-N mice generated in this study are useful model to unravel the pathogenesis of

SSPE and associated neurodegenerative diseases.
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INTRODUCTION

Measles virus (MV) causes subacute sclerosing panencephalitis (SSPE), a persistant infection
of MV, occurred long after the acute infection. SSPE strains have distinct characteristics from typical
measles virus strains. SSPE strains have mutations in M protein and F protein frequently (Cattaneo et

al. 1989). These mutations are inferred to contribute to the loss of virions (Rima, Paul Duprex 2005).

SSPE is a progressive fatal disease of the central nervous system. The clinical characteristics
of SSPE are variable, such as behavioral changes, cognitive decline, myoclonic jerks, seizures and
optic disturbances (Garg 2008, Brismar et al. 1996). In the early phase of SSPE, the lesions are
primarily arisen in the occipital regions of brain and spread to anterior portion of the cortex (Mawrin
et al. 2002). Histopathologically, inflammatory infiltration around brain vessels, white matter
demyelination, neuronal loss, and astrogliosis are observed in SSPE patients (Garg 2008). The
symptoms of SSPE are non-specific and confused with other neurological diseases. The diagnosis of
SSPE is confirmed by raised antimeasles antibody titers of cerebrospinal fluid or detection of MV
RNA genome from brain tissues. So far available treatment of SSPE is still not developed. Thus, The

development of efficient diagnosis and treatment of the disease is necessary.

In ultrastructural study of SSPE patients, the MV inclusion bodies were found in neurons and
oligodendrocytes (Lewandowska et al. 2001). However, It still remains unknown how these inclusion
bodies impact on the disease. It has been suggested that apoptosis of brain cells may contribute to the
neuropathogenesis of measles virus (McQuaid et al. 1997). The apoptosis was also observed in virus-
negative cells in the brain of SSPE patients. Thus the apoptosis is considered to be an indirect effect of

MV infection, such as cytokine-mediated responses.

The N protein is the main component of the MV inclusion body. In the brains of SSPE

patients, the N proteins are accumulated in the nuclei of infected cells (Liebert et al. 1986). However,
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in acute infection, most of N proteins are distributed in the cytoplasm because N proteins are retained
in cytoplasm by P proteins (Huber et al. 1991, Rima, Paul Duprex 2005). Altered nuclear body
differentiation was noted in virus-positive cells in study of canine distemper virus subacute
encephalitis, which is similar to SSPE (Oglesbee 1992). These results suggest that the N protein may

have pathological function in nucleus of persistently infected cell.

In Chapter 3, the author found that neurological symptoms occurred in some of MV-N mice.
The MV-N expression of brain was increased in mice with symptoms, and the neuronal degeneration
was observed in MV-N expressing region. Furthermore, MV-N inhibited the neurite outgrowth in

mouse N2a neuroblastoma cells.
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MATERIALS AND METHODS

Mice
Four Fo MV-N mice were generated in Chapter 1. Two Fo MV-N mice without wasting
symptom were bred and maintained. The MV-N mice used here were the second-generation progeny

of MV-N mice.

Histopathological examination

Tissues of mice were fixed in Mildform® (Wako Pure Chemical Industries), dehydrated,
embedded in paraffin, sectioned at Sum. Brain tissues were stained with Luxol fast blue/cresyl violet

(LFB/CV) and examined by light microscopy.

Immunohistochemical analysis

For immunohistochemical analysis, following antibodies were used as primary antibodies:
anti-MV-N rabbit polyclonal antibody, anti-GFAP rabbit polyclonal antibody (Sigma), anti-MAP2
mouse mAb (Chemicon), anti-TDP-43 rabbit polyclonal antibody (Proteintech), and anti-ubiquitin
(P4D1) mouse mADb (Cell signaling). Paraffin sections were deparaffinized, rehydrated, and submitted
to heat-mediated antigen retrieval. As an antigen retrieval buffer, author used EDTA buffer (1mM, pH
8.0) for MV-N and citrate buffer (10mM, pH 6.0) for GFAP, MAP2, TDP-43, and ubiquitin. Antigen-

retrieved sections were processed to immunostaining as described in Chapter 1.

Cell culture and induction of neuronal differentiation

Mouse neuroblastoma N2a cells were grown in Dulbecco’s minimal essential medium

(DMEM) containing 10% fetal calf serum (FCS). For the induction of neuronal differentiation, the
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growth medium were switched to DMEM containing 2% FCS and 20uM retinoic acid. The medium
was changed every 24h. Cells with a neurite longer than twice the diameter of the cell body were

judged as differentiated (Cowley et al. 1994).

Transfection of N2a cells

For the transient transfection of N2a cells, 5 x 10 cells were plated in a 24-well plate. The next
day, N2a cells were tranfected with pCAGGS or pCAGGS-MV-N using Lipofectamine LTX

(Invitrogen) following the manufacturer's instructions.

Immunofluorescence staining of N2a cells

Cells grown on coverslips in a 24-well plate were proceeded to fixation, permeabilization, and
immunostaining as described in Chapter 2. As primary antibody, anti-canine distemper virus N protein
mouse mAb 8G [an antibody cross-reacting with MV-N (Masuda et al. 2006)] and anti-beta-tubulin IIT

rabbit polyclonal antibody (Abcam) were used.

Western blot analysis of N2a cells

The sample preparation, SDS-PAGE and western blots were performed as described in Chapter
2. The protease inhibitors E64d and pepstatin A (Peptide Institute) were added to cells at 10pug/ml 24h
before harvest to inhibit lysosomal degradation of autophagosomes. The following antibodies were
used as primary antibodies: anti-MV-N rabbit polyclonal antibody, anti-beta-tubulin III rabbit
polyclonal antibody (Abcam), anti-TDP-43 rabbit polyclonal antibody (Proteintech), anti-p62 (2c11)
mouse mAb (Abnova), anti-LC3A/B rabbit polyclonal antibody (Cell signaling), and anti-GAPDH

(6C5) mouse mAb (Chemicon).
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RESULTS

The neurological symptoms in MV-N transgenic mice.

Two out of the four Fo MV-N mice produced in Chapter 1 were bred and maintained. As a
result of breeding, 18 males and 31 females were maintained over one year. Of these mice, two male
mice (#57 and #71) showed neurological symptoms at 16 and 20 months of age. Two mice showed
circus movement when they were suspended by their tail. These two mice usually exhibited reduced
activity. Mice having neurological symptoms were sacrificed and examined 1 week and 3 weeks after

the onset of symptoms.

The MV-N mice with neurological symptoms showed different MV-N expression pattern from

MV-N mice without symptom.

In order to assess the relevance between MV-N expression and neurological symptom, the
author performed immunohistochemical analyses on brains of MV-N mice (Table 3-1). In MV-N mice
with neurological symptoms, MV-N was detected in neurons of cerebral cortex, diencephalon,
mesencephalon, and medulla of #57 and all region of #71 (Figure 3-1). In MV-N mice without
neurological symptom, MV-N was detected in diencephalon and cerebellum region (Figure 3-2). In
diencephalon region, the MV-N immunoreactivity was limited in hypothalamus. These results indicate
that MV-N expression was increased in the cerebral cortex, diencephalon, mesencephalon, and

medulla regions of MV-N mice with neurological symptoms relative to those without symptom.

The lesions of MV-N mice with neurological symptoms

The author examined the brain sections of the MV-N mice using luxol fast blue/cresyl violet

(LFB/CV) stain. Loss of neuron in cerebral cortex was observed from MV-N mice with neurological
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symptoms (Figure 3-3A). Degenerative neurons were also noted in these cerebral cortex lesions

(Figure 3-3B). Demyelination in left cerebral peduncle was also observed in #57 (Figure 3-3A).

Some markers of brain cells were analyzed by immunohistochemistry. MAP2, a dendritic
marker, was not detected in cerebral cortex lesion (Figure 3-4). There was no difference between
normal tissues and lesions in GFAP (astrocytic marker) immunostaining (Data not shown). These

results confirmed that degeneration of neurons was occurred in MV-N expressing cerebral cortex.

Development of TDP-43 proteinopathy in MV-N mice with neurological symptoms

The author detected TDP-43 proteinopathy in MV-N mice with neurological symptoms.
Ubiquitinated TDP-43 is the major disease protein in the frontotemporal lobar degeneration (FTLD-U)
and Amyotrophic lateral sclerosis (ALS) (Neumann et al. 2006). In normal brains, TDP-43 distributes
in the nuclei of neurons. In the brains of FTLD-U patients, the expression of TDP-43 in nuclei was
dramatically reduced, and cytoplasmic TDP-43 aggregates were detected (Kwong et al. 2007). Author
investigated the distribution of TDP-43 in the brains of MV-N mice. The loss of nuclear TDP-43
staining was detected in one out of eight MV-N mice without neurological symptom (Data not shown)
and all MV-N mice with neurological symptoms (Figure 3-5). In MV-N mice with neurological
symptoms, the loss of nuclear TDP-43 staining was detected in where MV-N expression was detected,

except hippocampus, medulla, cerebellum region of #71.

MV-N inhibits retinoic acid-induced differentiation of N2a cells.

The neuronal degeneration seen in MV-N mice suggest that MV-N may have some roles in
degeneration of neuron. To examine the function of MV-N in neuron, the author transfected mouse
neuroblastoma N2a cells with MV-N. The N2a cells were differentiated using retinoic acid (RA)

treatment for four days (Shea, Fischer & Sapirstein 1985). In undifferentiated N2a cells, cellular
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morphology and viability were not different between MV-N expressing cells and control ones (Figure
3-6A and data not shown). However, when neuronal differentiation was induced in N2a cells, the

neurite outgrowth was suppressed in MV-N expressing N2a cells (Figure 3-6).

The neuronal differentiation was also assessed in MV-infected N2a cells. The MV infectivity
to N2a cells was low and cytopathic effect (CPE) was not occurred in MV-infected N2a cells (Figure
3-7A). However, the neurite outgrowth of differentiation-induced cells was inhibited by MV infection

(Figure 3-7).

Increase of the autophagic flux by MV-N in differentiation-induced N2a cells.

To evaluate the change in MV-N expressing N2a cells, the author analyzed the neuronal
marker beta-tubulin III and autophagy protein LC3 (Figure 3-8A). After the induction of
differentiation, both beta-tubulin III and LC3-II (an autophagosome marker) were markedly increased.
The level of TDP-43 was decreased slightly, but no difference was observed between control and MV-
N expressing cells. Before differentiation, the amount of beta-tubulin III and LC3-II was
approximately equal between MV-N expressing and control N2a cells. However, after differentiation,
MV-N expressing N2a cells exhibited higher beta-tubulin III expression and lower LC3-II expression

than control cells.

Then the author examined the expression of LC3-II under the presence of lysosomal
inhibitors to determine whether lysosomal turnover of autophagosome occurred in N2a cells (Figure 3-
8B). In differentiating N2a cells, the lysosomal turnover of autophagosome dramatically increased by

MV-N. This result indicates the function of MV-N to elevate the autophagic function.

It is reported that the autophagy is activated during neuronal differentiation, and that either
inhibition or stimulation of autophagy abrogates the differentiation (Zeng, Zhou 2008). Thus, the

inhibition of neurite growth by MV-N seemed to be caused by altered autophagy. However, the
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expression of beta-tubulin III was increased in MV-N expressing N2a cells unexpectedly. It is unclear

and remains to be investigated how increased beta-tubulin III affect MV-N expressing N2a cells.
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DISCUSSION

In this study, the author has analyzed the correlation between the neurological symptoms and
MV-N expression in MV-N mice. In mice with neurological symptoms, the MV-N expression of
cerebral cortex, midbrain, and medulla was increased relative to those without symptom. The neuronal
degeneration and abnormal TDP-43 staining were also observed in MV-N expressing brain regions.
The present data suggests that MV-N included in MV inclusion body may affect nervous system

pathologically in persistant infection.

The neurological symptoms seen in MV-N mice is seemed to be linked to lesions of cerebral
cortex because the lesions are common in MV-N mice with symptoms. The MV-N was detected in
hypothalamus of MV-N mice without symptom. Nevertheless, no lesion was detected in the thalamus.
In histopathological examination of mice with symptoms, the main lesion was the neuronal loss and
degeneration. Author also examined for the presence of inflammation, demyelination, and astrogliosis
which were seen in SSPE cases (Garg 2008). However, these lesions were not detected or were
restricted to a focal area. This difference suggests that many lesions seen in SSPE may be affected by

MYV infection indirectly, and that the neuronal degeneration may be directly associated with MV-N.

Author observed the loss of dendrites in the cerebral cortex lesion of MV-N mice. The
cerebral cortex dendritic degeneration was also reported in SSPE cases (Paula-Barbosa et al. 1980).
Similar to the result of this chapter, an ultrastuctural study described that this dendritic change is likely
subsequent to virus accumulation in dendritoplasm (Budka, Lassmann & Popow-Kraupp 1982).
Author also found TDP-43 proteinopathy in brains of MV-N mice. Altered distribution of TDP-43 is a
hallmark of neurodegeneration seen in several neurological disorders, such as FTLD-U and ALS
(Janssens, Van Broeckhoven 2013). TDP-43 is a highly conserved nuclear RNA-binding protein

involved in transcription and splicing regulation (Buratti, Baralle 2012). Mutation were identified in
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various genes from the patients with TDP-43 proteinopathy. A number of mutated genes seen in these
patients are thought to be associated with RNA processing and protein degradation. Thus, TDP-43
proteinopathy is considered as the result of impairment of RNA processing. MV-N can self-assemble
into nucleocapsid-like structure without other MV components (Fooks et al. 1993). It is unknown
whether nucleocapsid-like structure of MV-N contains cellular RNAs, but it was reported in other
paramyvirus that sole expression of N results in the assembly of nucleocapsid-like structure containing
cellular RNAs (Bhella et al. 2002). If MV-N can associate with cellular RNAs, it is expected that

alteration of RNA processing by MV-N may occur like TDP-43 proteinopathy.

MV-N inhibits retinoic acid-induced differentiation of N2a cells. This result suggests that
MV-N plays a role in neurodegeneration. To elucidate the mechanism of inhibition of neurite
outgrowth by MV-N, the author examined the autophagy proteins. The autophagic flux was increased
in MV-N expressing N2a cells as well as Chapter 2. The neuronal differentiation depends on a very
delicate balance of autophagic activity. Inhibition of autophagy resulted in the defect of neuroal
differentiation. But addition of rapamycin (an autophagy inducer) impaired the differentiation (Zeng,
Zhou 2008). Autophagy also plays a homeostatic role in differentiated neurons by removal of damaged
proteins and organelles, and the loss of autophagy causes neurodegeneration in mouse model
(Komatsu et al. 2006, Hara et al. 2006). The downregulation of autophagy is observed in TDP-43
proteinopathies, but the mechanism is still under investigation. Wang, et al have proposed two
possibilities for this phenomenon (Wang, Tsai & Shen 2013). First, the cytosolic TDP-43 inclusions
may trap the p62, essential for the autophagy. Second, the autophagy-related mRNA may become
unstable due to the loss-of-function of TDP-43. Further investigation of autophagy and TDP-43
function in author's in vivo and in vitro model should provide valuable insights to clarify the

mechanism of neurodegeneration.
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This study offered new prospects for revealing the mechanism of neurodegeneration by
measles infection. The MV virions disappeared in SSPE lesions, but it was unknown which
component of MV affected the lesion. Author observed the neurodegenerative lesions and inhibition of
neuronal differentiation using only MV-N. Furthermore, the phenotypes seen in MV-N expressing
cells showed the alteration of TDP-43 and autophagy. The studies of interaction of MV-N with TDP-
43 and autophagy are expected to provide the available treatment of SSPE and associated

neurodegenerative diseases.
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FIGURE LEGENDS

Figure 3-1. MV-N expression in MV-N mice with a neurological symptoms

Tissues of MV-N mice with neurological symptom and wild-type mice at the same age were used in
comparison. #57 showed a neurological symptom at 20 months of age. #71 showed the symptom at 16
month of age. MV-N immunostaining was performed on brain tissues of mice. In #57, MV-N
expression was noted in the neurons of cerebral cortex, diencephalon, mesencephalon, and medulla. In
#71, MV-N expression was observed in all region of brain. Illustration represents the expression
pattern of MV-N. Areas that express MV-N were graded, with ++ being MV-N in both cells and matrix

and + being MV-N in cells or matrix. The scale bar represents 50 pm.

Figure 3-2. MV-N expression in MV-N mice without neurological symptom

Tissues of MV-N mice without neurological symptom were immunostained with anti-MV-N at various
ages: 2 mice at 2 months of age, 4 mice at 12 months of age, and 2 mice at 24 months of age. The
relevance between the age and MV-N expression was not noted. MV-N was detected in diencephalon
and cerebellum region. In diencephalon region, strong MV-N immunoreactivity was observed only in
hypothalamus but not in other regions of diencephalon. Areas that express MV-N were graded with

same method used in Figure 3-1. The scale bar represents 50 um.

Figure 3-3. The lesions of MV-N mice with neurological symptoms

Luxol fast blue/cresyl violet (LFB/CV) stain was performed on brain sections of MV-N mice. (A) In
#57, loss of neuron in cerebral cortex region (1) and demyelination in mesencephalon region (2) were
noted. In #71, loss of neuron was noted in cerebral cortex (3) and diencephalon (4) regions. Right

panels show an enlarged view of the boxed area in left panels. The scale bar represents 50 um. (B)
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Degenerative neurons were also detected in both #57 and #71. Panels show the enlarged views of both

the normal region and lesion of MV-N mice.

Figure 3-4. Loss of dendrite in MV-N mice with neurological symptoms

Brain sections of MV-N mice were immunostained with anti-MAP2, a dendritic marker. MAP2
immunoactivity was reduced in cerebral cortex region in which loss of neuron confirmed by LFB/CV

stain. The scale bar represents 50 um.

Figure 3-5. Development of TDP-43 proteinopathy in MV-N mice with neurological symptoms

Brain sections of MV-N mice were immunostained with anti-TDP-43. Loss of normal nuclear TDP-43
staining patterns in neurons was detected in both #57 and #71. In MV-N mice without symptom, this
alteration of TDP-43 staining was detected in 1 of 8 mice. Illustration represents the distribution of
nuclear clearance of TDP-43. Areas where nuclear clearance of TDP-43 was seen were scored.
Prominent nuclear clearance (>10% of counted cells) was scored as ++, and occasional nuclear

clearance (<10% of counted cells) was scored as +. The scale bar represents 50 pum.

Figure 3-6. MV-N inhibits retinoic acid-induced differentiation of N2a cells.

N2a cells were treated with 20 pM retinoic acid (RA) for 4 days. MV-N was transfected into N2a cells
a day before differentiation. (A) The neurite outgrowth was assessed by immunostaining of beta-
tubulin III, a neuronal specific marker. In MV-N expressing N2a cells, neurite outgrowth was lesser
than that of control cells. Representative images show the expression of MV-N (red) and beta-tubulin
IIT (green). Nuclei were counterstained with Hoechst 33342 (blue). (B) Quantification of N2a cell

differentiation. Each value represents the mean + SD of triplicate cultures.
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Figure 3-7. Retinoic acid-induced differentiation was suppressed in M V-infected N2a cells.

N2a cells were infected with MV-EGFP for 24 hours then treated with 20 pM retinoic acid (RA) for 4
days. (A) The neurite outgrowth was assessed by immunostaining of beta-tubulin III, a neuronal
specific marker. In MV-infected N2a cells, neurite outgrowth was lesser than that of mock-infected
cells. Representative images show the expression of MV-N (blue) and beta-tubulin III (red). (B)

Quantification of N2a cell differentiation. Each value represents the mean + SD of triplicate cultures.

Figure 3-8. Increase of the autophagic flux by MV-N in differentiation-induced N2a cells.

Lysates from N2a cells were prepared at the indicated time points in the absence (A) or presence (B)
of lysosomal inhibitors (E64d and pepstatin A), and analyzed by western blotting as described in the
Methods. (A) Beta-tubulin III and LC3-II were increased in differentiation-induced control cells. The
level of TDP-43 and p62 was not changed significantly. In MV-N expressing cells, the amount of beta-
tubulin III was increased but the amount of LC3-II was decreased relative to control cells. (B) In the
presence of lysosomal inhibitors, the amount of LC3-II was more increased in MV-N expressing cells
than that in control cells. The lysosomal turnover was evaluated by subtracting the level of LC3-II

without lysosomal inhibitors from that with lysosomal inhibitors.
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Table 3-1: Expression of MV-N in MV-N mice

#57(20m)
#71(16m)

Mice
without
Neurological
Symptom

Cerebral
cortex

+

++

Hippocampus

Diencephalon
Mesencephalon

71

+

+

++

++

++

++

Medulla

++

+

Cerebellum

++
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Figure 3-3
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Figure 3-6
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Figure 3-7
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Figure 3-8
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CONCLUSION
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Measles virus (MV), a member of the Morbillivirus genus in the Paramyxoviridae family,
forms inclusion bodies in infected tissues regardless of the presence of infectious virion. MV inclusion
bodies were assumed to participate in the pathogenicity of SSPE because the amount of the .inclusion
bodies was proportional to the disease progression. Nevertheless, the function of MV inclusion bodies
is still unclear. The author attempted to address the function of MV inclusion bodies by introducing

MV-N, the main component of MV inclusion body, to mice and cells.

In Chapter 1, the author generated transgenic mice expressing MV-N. The expression of MV-N
was restricted to the muscle tissues of a part of transgenic mice. The mice which expressed MV-N in
their muscle tissues showed the wasting symptom and muscle degeneration. This phenotype strongly

implied the effect of MV-N on myopathy.

In Chapter 2, the author focused on the features of myopathy that occurred in MV-N mice. The
morphological features of myopathy in MV-N mice were similar to rimmed vacuolar myopathies, such
as hereditary inclusion body myopathy (h-IBM). The author also found the accumulation of ubiquitin
and autophagy-asssociated proteins in the degenerated muscles. In order to examine the association of
MV-N with myopathy in detail, MV-N was introduced to the C2C12, a mouse myoblast cell line. The
myogenic differentiation of C2C12 cells was inhibited by MV-N. The LC3, which is essential for the
autophagosome formation, dramatically decreased in cells expressing MV-N strongly. The p62, which
links ubiquitinated proteins to the autophagosome, was accumulated in MV-N after the induction of
myogenic differentiation. These results indicate that MV-N may be implicated in myopathy by the

alteration of autophagic flux.
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In Chapter 3, author examined the association of MV-N with neurological symptoms occurred in
old MV-N mice. The MV-N expression was increased in mice with neurological symptoms. The
following characteristics were observed in the brain lesions of MV-N mice with symptoms: neuronal
degeneration, loss of dendrites, and TDP-43 proteinopathy. In vitro, the author also found the
inhibition of retinoic acid-induced neuronal differentiation and increase of autophagic flux in MV-N
expressing mouse neuroblastoma N2a cells. These results suggest the neurodegeneration induced by

MV-N.

The author generated MV-N mice for the examination of MV inclusion bodies in persistent
infection, which mainly affect the nervous system. Unexpectedly, the phenotype of MV-N mice
primarily appeared in muscles. This unexpected result provides a potential role of MV persistent
infection on myopathy. Furthermore, the author observed the inhibition of myogenic differentiation
and altered autophagic flux by MV-N in the mouse myoblast cell line. The effect of MV-N is also
suggested in central nervous system by increased MV-N expression in mice with neurological
symptoms and by inhibition of neurite outgrowth by MV-N. The findings from MV-N mice and MV-N
expressing cells highlight the pathological function of MV-N in persistent infection of muscle and

nervous system, and the alteration of autophagy flux by MV-N.
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FmSC8 H  Analyses of the measles virus inclusion body in muscle and nervous system

(53 A « R RIS T DIRIB T A /L ZFF NMKZEFE DR BE O IRHT)

BRIZ A VA (MV) 18T A L ARFE LY A LA BB T RNA A /LA, Akl
RHEHEN, 292 WENVIER, REMGIZRE 2 ST, SR CRIELTZEFE O—HIANM
Frot &G s Lo i AWM 22 i 2% (SSPE) & 5| X2 237, SSPE D BENLBESILZRRZ Y AV
ANTZE BT IR GEANA S DD A )V ARLF- DI AT LA L E T2, FRIZET AV ADE AKITE
PR B3 OFARkE SSPE B OO T 5 BB SN D, ZOE AMRITRRIBY AL 2% Mk
T OUANAYT ) DBEINF LRI PREREINTL DT, £OF Theb LML S D DITRZ Y AV
ANZIMV-N)TdhD, £z, BIER O HH MV-N 0 mRNA 23 H S -l 3 s s C
WD, 20 mRNA D FEEERFEZ R o TODDNIARI TH D, RIFFETIIRRIE Y AV RAE KD
JRE AR R R LT ARDT20IT, EAKD LM Thd MV-N X VRS HRT AV =
=y 7= ABLOMRADMNT 21T 572, R SULLA T 3 ERVIERE D,

1 MV-NIRHNTG LAY 2 = 7= ZAD VEH)
WRIB A IV 2B AR OBEREZ TN DT-010, Wi FDOEFMERREHETD CAG ' —F—
OFE T TMV-NZREET I AV 2=y 7~ T A (MV-N Tg 7 A) ZAERL 7=, TERIOFE 5F .
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FHACDOT 7B == 2R EEN, F~ T AD R T MV-N mRNA 2B 52 LA s
LTc, AIED 7 70— A8 E TIEF LR LTZAS, £D%, 2ICO T 70X —< 7 A
DORENR RN ATEY RO 72 OFERBBE SN, TER BN 2 IED~T R34
AW TR LIz, H-E QTR T~ ADAMAE B AR v 7 R R TfE R, DA 4N, g
15 + B A 15 D 2 3 K OV O ZERE ML R S T2, ZOBBITEEEIRD MV-N Tg ~ 7 A T2
SNy o T, WITIERRRAL Y (75T MV-N OFEBLZ ] T R RO H-7= 2 Lo~
AZTIEMV-N DFEEDO FAEH . M OERICRBS Tz, BEEIRD MV-N Tg v 72T
X5 AR TO MV-N FEELZRO B0 T2, ZIHDFE RN, MV-N OFEHL A3 A A PE 2B
HUGDZEARBENTZ, 5 FTHZ VAL ABPICB O TR RIZH EVE R STV R0 -T2
P, AREBROME I LY R OB SO F WAL ICTA(E T D MV-N 2SR CR A A MEIC B 5975
AlREME D RIB S LT,

5 2 B MV-N OFf R B~ B OfRHT

%1 T TERESNZ MV-N Tg 7RI T, MV-N OFEBLO i W ZE M~ B2 T L=,
MV-N =T 2D F# A 3B L OO NIEE AEIA RTF =28 O B BRI T — L5
BafFoTWe, B AR ERMEIA NT — I AR — 77— RN 5352 & 23
EBEbiID, EFIIZORITE H L, P T YL T MV-N Tg vV ZADH PJRZE N Ol
F—b7 7V =B F O a i T, ZORER MV-N Tg =7 2D 36 L OVE#& 5 D I 28
T ubiquitin, p62, LC3 72X DA —h 77—y F N ERTHIEN D57,

WAZ MV-NIZ LD WD T TR 57- 01~ A TR C2C12 12 MV-N &3 AL,
B HIIA~D M EFHE L 72, ZOHKEFE, MV-N 2% C2C12 Ml i & M~ bz L E 52
EMGyinoTe, ZOMBIIE MV GG OH RSV, £2, MV-N 2Rt 5Bl 95 C2C12 #
CA =T 7O — S T ORBREET 2 AX Ty T 47 TRHMIILTERE SR . MV-N = 7 B4
JCIE LC3, p62 OFHENIEF K FL TWDIENI -T2, pb2 1TA—h7 7P —DRIRA 53
fif B’ T %, RT-PCR T MV-N @ BLHIE T p62 0 mRNA FEBLANED L7ain -7 2 Lanh,| p62
DD 1T MV-N @FEBAMILTOA— 7 70— IEVEORINIC I Sz e HEfls Tz, LC3 6
F—bT7 7V —OEITIZEV RS NDHO T, MV-N EFR BN T LC3 OB b Fife 72
A= 77 ORI DORERIEEE 2 b, Fio pb2 1Tk T 2w e e a2 AT o To ik 5 |
C2C12 M A B M ~D o b ZFEE LT, —H8> MV-N £t 3B C p62 DEESE D3N
L7z ZRHDZEND MV-N 34— 7 7 O — B A A LS 52 LIS O /3 b A Jii 45 AT Re
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DRIBEENT-, MV-N Tg w7 ADH R ZEICB N THA — 77— B4y T OERENRO LI

DT MV-NIZEDA =T 7 —DIEH A I A ZEPEICS B S RTREMEA m N & B A BiLD,

55 3 B :MV-N OFRRZENE~D B O AT

B 1IETERLIZ MV-N Tg U ADY S BIERTE ST 2IED T 707 o F —~< 0 A% SZFEHERT L
Q9 PED~T 2% VFELL LB LG R, 2 ITEO~0 26 ERES A E 18 3D R IR BLER S
iz, S AL AT IV FEIE MV-N Tg ¥V 2D MV-N FE81% 9 PLOBEER MV-N Tg ~
DAL AT AER | BERER MV-N Tg =D AT~ THIE MV-N Tg w7 2 TO MV-N FEEL 3
LizZEMbhnotz, £z MAP2, GFAP, TDP-43 124590 Y i | Luxol fast blue Y4757
fili R FEIE MV-N Tg =D 2D I 1T DRI D ZEME | JH 2, BRIRZSE Dk, Bifh, B LT
TDP-43 proteinopathy 72X ODIF A BBILES T,

WIT ., ~ 0 AP 2 B >k N2a Ml O R ZE ki R £ 7 /W C MV-N 23 AL, 2084
ATz, N2a ML F /A R ZIRANL . 4 B2 ICHOE R G 6 Coe R R SR AT L 745 5
MV-N FE 8L N2a il D ZE A & 413K 10% T, MV-N FEFREBLHILD40% IR TEHELUETL
720 N2a AR OOFRHE ZE L = 2RI 1T MV EYSHIIE ThRERRS NIz, Fo, v=AZ T uyT 1
7 C N2a Ml o~ — I — B LA — 7 7 ¥ — B 5y - O R Bl L& 3l L 75 5L
MV-N F B Cldoet BB IZ EL AR ~ — 7 — DR BLE B L O — 7 7 O — & MO H N
Blgsnge, R MRERITA =7 70— O E7TMRERF AR T 22ERMBNTND
DT, MV-N B TOA— b7 70— IE M INTARR ZEEH RROE T ICb-o T\ EE 2
bIb,

LI ED#ERIE MV-N ORIV~ DB 52 7RIR L TUD, FIC, FE~ T A TS S TDP-
43 proteinopathy (3 ZE e A SR IEAVIE (ALS) RCRTEHAIEARE Z MEE(FTLD-U) e & O AR ZE MR
BTHRESNIZHO T, MV BRI RO ML NG DI B OFE P L@ H H L
PHERIS Tz, Flo, MV-NIZE > TILE SO MREZE L & DL E I, SSPE 72 & TH LN ME
SRR OTIC MV-N S EHERNICBI 5 LD T L RE 45,

AFFFNZIBNT, MV-N BB T U AV ==y 7 v ADVEREZ DFFHTIZED  MV-N EFED T A
BB LOMREMICBE 53528 % R TRERNEO Iz, EBHIZ, in vitro T C2C12 Mfai L O
N2a #ifd~MV-N ZEA 52 L2 80 MV-N 3R B L O RO Mb 2 LET 228 4 —
N7 7= MR ST DL 3 Do Te, AMFFEDRURIZEY | FIE B OF AR IS LU R
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