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General Introduction

Polyomaviruses (PyVs), members of the family Polyomaviridae, are nonenveloped
viruses carrying a circular double-stranded deoxyribonucleic acid (DNA) genome that
is approximately 5,000 base pairs (bp) in size. PyV genomes consist of three functional
regions: an early coding region, a late coding region, and a transcriptional control
region. The early coding region encodes the regulatory proteins, including small t
antigen (tAg) and large T antigen (TAg), which are necessary for viral genome
replication and viral gene transcription, also known as tumour antigens. The late
coding region mainly encodes the structural proteins, such as VP1, VP2, and VP3. The
transcriptional control region contains replication origin and promoter and enhancer
sequences, and regulates the replication of the viral genome and bidirectional viral
transcription for both early and late genes (Imperiale & Major, 2007).

Murine PyV (MuPyV) was the first PyV discovered in 1953 while studying
leukemia in mice (Ramqvist & Dalianis, 2009). The next member of the family to be
isolated was simian virus 40 (SV40). SV40 was identified as a contaminant in monkey
kidney cultures used to prepare the first poliovirus vaccine. This vaccine led to the
exposure of an estimated 100 million people to SV40 (Klein ef al., 2002).

For human PyVs, BK PyV (BKV) was the first PyV isolated from the urine sample
of a renal transplant patient, and JC PyV (JCV) was isolated from the brain tissue of a
patient with progressive multifocal leukoencephalopathy (PML) (Imperiale & Major,
2007). Up to date, twelve human PyVs have been reported (Korup et al., 2013).

Seroepidemiological studies were performed to confirm the presence of PyVs in
the human population using virus-like particles (VLPs), prepared from recombinant

VP1 (Kean et al., 2009; Sroller et al., 2013). This study showed that around 80% of



adults in the United States and Europe tested positive for BKV and JCV. It means that
these PyVs are very common in the global population. Seroprevalence data suggested
that these PyVs infection occurred during early childhood and that PyVs were
ubiquitous among adults. These data also suggest that PyVs have coevolved with
humans (Krumbholz et al., 2009).

Although the infection of PyVs frequently occurs early in childhood among
individuals living together, the distribution and transmission routes of PyVs remain
unclear. There are some reports that PyVs DNA was detected in urban sewage systems
(Sroller et al., 2013). Thus, it may also be spread by fecal-oral route of transmission or
a respiratory route (Bofill-Mas et al., 2010). In fact, BKV DNA is found infrequently
in the urine of healthy adults. Meanwhile, JCV viruria occurs universally, increasing
with age, with adult prevalence rates often between 20% and 60% (Knowles, 2006).

Some of human PyVs cause subclinical infections with lifelong persistence in their
natural nonimmunocompromised hosts. In particular in host immunity-compromised
acquired immune deficiency syndrome (AIDS) patients and organ transplant recipients,
the viruses can be reactivated and cause diseases such as nephropathy and cystitis, and
PML (Jiang et al., 2009). Moreover, JCV and BKV are classified as Group 2B
(possibly carcinogenic to humans) by the International agency for research on cancer
(IARC) (http://monographs.iarc.fr/ENG/Classification/).

Because diagnostic tools to detect viral genomes have been improved, many novel
PyVs have been reported recently. Among the detected PyVs, some has pathogenicity
to humans or nonhumans, such as birds and mammals except for humans. It is
controversial as to whether PyVs can be transmitted from nonhumans to humans, or
humans to nonhumans, and thereafter cause diseases. To examine potential threats of

the zoonotic transfer of PyVs between humans and nonhumans, the surveillance of



PyVs in wildlife is important. In the current study, I examined PyVs in nonhuman
primates (NHPs) in collaboration with the University of Zambia under permission
from the Zambia Wildlife Authority (ZAWA).

In chapter 1, I examined the presence of PyVs in NHPs in Zambia and identified
five full-length PyV genomes, one of which was found to be a novel PyV.

In chapter 2, I focused on characterization of a novel PyV. To test whether the
novel PyV genome could produce viral proteins in cultured cells, the whole circular
genome was transfected into mammalian cells. Furthermore, I generated VLPs to
examine the role of the novel PyV VP1 in virion formation.

In this thesis, I investigated PyVs from NHPs in Zambia. This study provides
information about the PyV prevalence in NHPs in Zambia and function of the carboxyl

(C)-terminal region of a novel PyV VP1 in virion formation.



Chapter 1

Surveillance of polyomaviruses from nonhuman primates in Zambia

Introduction

PyVs carry a circular double-stranded DNA genome of approximately 5,000 bp
and consisting of an early and a late coding region. Viral transcription is bidirectional
from the origin of replication, which lies within the noncoding, regulatory region. The
early coding region encodes tAg and TAg, whereas the late coding region encodes VP1,
VP2, and VP3. Some PyVs also carry an agnoprotein gene upstream of the VP2 gene,
which is thought to be associated with capsid assembly and enhancing viral release as a
viroporin (Suzuki et al., 2013; Suzuki et al., 2010; Suzuki et al., 2012); however, the
function of agnoprotein is still unclear. In contrast, avian PyVs carry a VP4 gene,
rather than the agnoprotein gene (Johne & Miiller, 2007). VP4 interacts with the
C-terminus of VP1 and may be incorporated into viral capsids (Shen ef al., 2011).

PyVs infect a broad range of birds and mammals, including humans. The advent of
advanced molecular biology techniques including polymerase chain reaction (PCR),
rolling circle amplification, and deep DNA sequencing led to the identification of
many PyVs, including human and nonhuman PyVs. Twelve human PyVs have been
identified to date: BKV, JCV, KI PyV [KIV; (Allander et al., 2007)], WU PyV [WUV;
(Gaynor et al., 2007)], Merkel cell PyV [MCPyV; (Feng et al., 2008)], human PyV 6
(HPyV6) and HPyV7 (Schowalter et al., 2010), trichodysplasia spinulosa-associated
PyV [TSV; (van der Meijden et al., 2010)], HPyV9 (Scuda et al., 2011), MW PyV

(MWPyV)/HPyV10/MX PyV (MXPyV) (Buck et al., 2012; Siebrasse et al., 2012; Yu



et al., 2012), STL PyV [STLPyV; (Lim et al., 2013)], and HPyV12 (Korup et al.,
2013). MWPyV, HPyV10, and MXPyV are probably different variants of a single
species (Yu ef al., 2012). Not all of these human PyVs have been definitely linked to
disease; however, some of these PyVs cause subclinical infections with life-long
persistence  in  immunocompromised  hosts. In  particular in  host
immunity-compromised AIDS patients and organ transplant recipients, the viruses can
reactivate and cause diseases (Jiang ef al., 2009). BKV causes nephropathy and cystitis,
JCV causes PML, MCPyV was found to be specifically linked to Merkel cell
carcinoma (MCC), a rare but aggressive form of skin cancer of neuroendocrine origin,
and TSV was found in a patient with trichodysplasia spinulosa (Jiang et al., 2009).
Moreover, MCPyV was classified as “probably carcinogenic to humans” (Group 2A),
and JCV and BKYV were classified as “possibly carcinogenic to humans” (Group 2B)
by IARC (http://monographs.iarc.fr/ENG/Classification/).

Nonhuman PyVs were identified from many species, such as bats, birds, elephants,
horses, marine mammals, rodents, ruminants, and NHPs. The NHP PyVs simian agent
12 (SA12) and B-lymphotropic PyV were identified from the kidney cells of a vervet
monkey (VM) and a lymphoblast cell line of an african green monkey (AGM),
respectively (Cantalupo et al., 2005; Pawlita et al., 1985). Although SA12 was
identified from an uninoculated vervet monkey kidney (VMK) culture, neutralizing
antibodies to SA12 were more detectable in baboons (101/151; 67%) than in VMs
(12/49; 24%) (Braun et al., 1980). For this reason, the natural host of SA12 is thought to
be baboons (Cantalupo et al., 2005). SV40 was identified as a contaminant in monkey
kidney cultures used to prepare the first poliovirus vaccine from the mid-1950s to 1963
(Klein et al., 2002). On the basis of transformation activity of SV40 in human cells

(Pipas, 2009), it has been suggested that SV40 infection occurring through the use of



contaminated vaccines may be a cause of some tumors in humans (Klein ef al., 2002).
Indeed, SV40 DNA has been reported in a variety of human tumors, such as
ependymomas, osteosarcomas, and mesotheliomas; however, the relationship between
SV40 and these human tumors is still controversial (Bergsagel ef al., 1992; Lednicky et
al., 1995).

Some of the nonhuman PyVs related to diseases, especially birds PyVs are
causative agents of acute diseases (i.e. hemorrhagic nephritis and hepatitis) with high
mortality rates (Johne & Miiller, 2007). It is controversial as to whether PyVs can be
transmitted from NHPs to humans and thereafter cause disease. To examine potential
threats of the zoonotic transfer of PyVs between humans and nonhumans, to avoid
further risk of infection with unidentified PyVs, and to investigate their involvements
in disease, the surveillance of PyVs in wildlife is important. In chapter 1, I examined
the presence of PyVs in NHPs in Zambia using a nested broad-spectrum PCR-based

assay targeting to VP1 region.



Materials and Methods

Sample collection and DNA extraction

Spleens and kidneys (n = 100 each) were collected from 50 yellow baboons (YBs;
Papio cynocephalus) and 50 VMs (Chlorocebus pygerythrus) in the Mfuwe area
(13°14'42.00" S, 31°38'54.07" E) in Zambia in 2009. DNA was extracted from these
organs by using the QIAamp DNA Mini Kit (Qiagen, Valencia, CA) according to the
manufacturer’s instructions. Mitochondrial cytochrome b gene was sequenced for
species identification using a forward primer
(5'-GATACGAAAAACCATCGCTGT-3") and a reverse primer
(5'-GCTCCATTTCTGGTTTACAAG-3') for YBs, and a forward primer
(5'-TGATATGAAAAACCACCGTTGT-3") and a reverse primer
(5'-GCTTTCTTTCTGAGTTGTCCTAGG-3") for VMs (Sasaki et al., 2013). This

study was authorized by ZAWA.

Detection of PyV genomes

To determine the presence of PyVs in extracted DNA samples, a nested
broad-spectrum PCR method was performed to amplify PyV VP1 by using degenerate
primers (Johne et al., 2005; Orba et al., 2011). A nested PCR was performed using 100
ng of extracted DNA and the High Fidelity PCR Master (Roche Diagnostics,
Indianapolis, IN) in 20 pL of reaction mixtures. The first round of PCR amplification
was as follows: 2 min of denaturation at 95°C, followed by 45 cycles of 94°C for 30
sec, 46°C for 1 min, and 72°C for 1 min, and a final extension step at 72°C for 5 min.
For the second amplification reaction, 0.5 puL of the first PCR product was used as the

template, and the same cycling protocol was used, except that the annealing step was



carried out at 56°C.

Sequence and phylogenetic analyses

PCR products resolved and visualized on ethidium bromide-stained 1.5% agarose
gel electrophoresis were purified, subcloned into the pCR4-TOPO vector (Invitrogen,
Carlsbad, CA), and then sequenced using the BigDye Terminator v3.0 Cycle
Sequencing on the ABI PRISM 3130 Genetic Analyzer (Applied Biosystems, Foster
City, CA). After sequencing, a similarity search was performed with a basic local
alignment search tool (BLAST). The whole PyV genomes were obtained by inverse
PCR using the PrimeSTAR GXL DNA Polymerase (Takara, Otsu, Japan) and primers
facing outwards from the initial PCR VPI1 gene products. Inverse PCR cycling
protocol comprised 2 min of denaturation at 94°C: followed by 40 cycles of 98°C for
10 sec, 60°C for 15 sec, and 68°C for 5 min, and a final extension step at 68°C for 5
min. Each whole PyV genome was then subcloned into the pCR4-TOPO vector and
sequenced.

Amino acid sequences of the following reference viral genomes were obtained
from the GenBank: African elephant PyV 1 (AelPyV1), AGM PyV (AGMPyV), Bat
PyV [BatPyV2a (AT7), BatPyV2b (R26F6), BatPyV2c (A504), BatPyV3a (A1055),
BatPyV3a (B0454), BatPyV3b (B1130), BatPyV4a (R104), BatPyV4b (C1109)], BKV,
Bovine PyV (BoPyV), Budgerigar fledgling disease PyV (BFDPyV), California sea
lion PyV (CsIPyV), Canary PyV (CaPyV), Chimpanzee PyV (ChPyV-Az, ChPyV-Bob,
ChPyV-Ta), Crow PyV (CrPyV), Dolphin PyV 1 (DPyV1), Equine PyV (EqPyV),
Finch PyV (FiPyV), Goose hemorrhagic PyV (GHPyV), Gorilla gorilla gorilla PyV
(GggPyV), Hamster PyV (HaPyV), HPyV6, HPyV7, HPyV9, HPyV10, HPyV12, JCV,

KIV, Mastomys PyV (MasPyV), MCPyV, Murine pneumotropic virus (MPtV),



MuPyV, Myotis PyV (MyoPyV), MWPyV, Orangutan PyV (OraPyV-Bor,
OraPyV-Sum), Pan troglodytes verus PyV [PtvPyVla (6444), PtvPyV1b (6520),
PtvPyV2a (6512), PtvPyV2c (5924), PtvPyV2c (5927), PtvPyV2c (6413)],
Piliocolobus rufomitratus PyV 1 (PrufPyV1), SA12, STLPyV, SV40, Squirrel monkey
PyV (SquiPyV), TSV, and WUV (abbreviations and GenBank accession numbers can
be found in Table 1). Multiple sequence alignments of the predicted tAg, TAg, VPI,
and VP2 open reading frames (ORFs) were carried out using the Molecular
evolutionary genetics analysis version 5 beta (MEGA 5 Beta) (Tamura et al., 2011).
The phylogenetic analysis was performed by using the neighbour-joining method with
1,000 bootstrap replicates (Felsenstein, 1985; Saitou & Nei, 1987). Phylogenetic trees

were also generated using the MEGA 5 Beta (Tamura et al., 2011).

Histological examination

The harvested tissues: brain, kidney, liver, lung, and spleen were fixed in 10%
phosphate-buffered formalin (pH 7.2) and embedded in paraffin. Histological sections
with a thickness of 3 um were prepared from paraffin-embedded tissues and stained

using Carrazzi’s hematoxylin and eosin (H&E) (Kobayashi et al., 2012).

Accession numbers
The GenBank/EMBL/DDBJ accession numbers for the complete nucleotide
sequences of the PyVs determined in this study are AB767294, AB767295, and

AB767297-AB767299 (Yamaguchi et al., 2013).



Table 1. Abbreviations and accession numbers of protein sequences of referenced PyVs.

Polyomaviruses (PyVs) Abbreviations tAg TAg VP1 VP2

African elephant PyV 1 AelPyV1 AGV77096 AGV77095 AGV77094 AGV77092
African green monkey PyV AGMPyV NP_848009 NP_848008 NP_848007 NP_848005
Bat PyV 2a (AT7) BatPyV2a (AT7) AFP94208 AFP94207 AFP94206 AFP94205

Bat PyV 2b (R266) BatPyV2b (R266) AFP94204 AFP94203 AFP94202 AFP94201

Bat PyV 2c¢ (A504) BatPyV2c (A504) AFP94200 AFP94199 AFP94198 AFP94197

Bat PyV 3a (A1055) BatPyV3a (A1055) AFP94183 AFP94182 AFP94181 AFP94180

Bat PyV 3a (B0454) BatPyV3a (B0454) AFP94192 AFP94191 AFP94190 AFP94189

Bat PyV 3b (B1130) BatPyV3b (B1130) AFP94212 AFP94211 AFP94210 AFP94209

Bat PyV 4a (R104) BatPyV4a (R104) AFP94188 AFP94187 AFP94186 AFP94185

Bat PyV 4b (C1109) BatPyV4b (C1109) AFP94196 AFP94195 AFP94194 AFP94193

BK PyV BKV CAA24301 CAA24300 CAA24299 CAA24297
Bovine PyV BoPyV NP_040789 NP_040788 NP_040787 NP_040785
Budgerigar fledgling disease PyV BFDPyV ADC34629 ADC34628 ADC34627 ADC34625
California sea lion PyV CslPyV ADC34412 ADC34413 ADC34409 ADC34410
Canary PyV CaPyV ADMS88651 ADMS88652 ADMS88650 ADMS88648
Chimpanzee PyV (Azzie) ChPyV-Az CBX23451 CBX23452 CBX23450 CBX23448
Chimpanzee PyV (Bob) ChPyV-Bob CBX23440 CBX23439 CBX23438 CBX23436
Chimpanzee PyV (Tanu) ChPyV-Ta CBX23446 CBX23445 CBX23444 CBX23442
Crow PyV CrPyV ABB04267 ABB04268 ABBO04276 ABB04274
Dolphin PyV 1 DPyV1 AGR44743 AGR44742 AGR44739 AGR44740
Equine PyV EqPyV YP 006383693 | YP_006383692 YP 006383691 | YP_ 006383689
Finch PyV FiPyV ABB04273 ABBO04274 ABBO04271 ABB04270
Goose hemorrhagic PyV GHPyV NP_849171 NP _849170 NP_849169 NP_849167
Gorilla gorilla gorilla PyV GggPyV ADQ54206 ADQ54205 ADQS54207 ADQ54208
Hamster PyV HaPyV AAA67116 AAA67118 AAA67119 AAA67121
Human PyV 6 HPyVe6 YP 003848920 | YP 003848919 YP 003848918 | YP 003848916
Human PyV 7 HPyV7 YP 003848925 | YP_003848924 YP 003848923 | YP 003848921
Human PyV 9 HPyV9 YP 004243707 | YP_004243706 YP 004243705 | YP_ 004243703
Human PyV 12 HPyV12 AGHS58116 AGHS58117 AGHS58115 AGHS58113

JC PyV \[6)% AAAS82103 AAA82102 AAAS82101 AAA82099
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Table 1. Abbreviations and accession numbers of protein sequences of

referenced PyVs (continued).

Polyomaviruses (PyVs) Abbreviations tAg TAg VP1 VP2
KI PyV KIV ABN09920 ABN09921 ABN09917 ABN09918
Mastomys PyV MasPyV BAJ53088 BAJ53087 BAJ53086 BAJ53084
Merkel cell PyV MCPyV YP 001651047 | ACI25294 YP 001651048 | YP 001651049
Murine pneumotropic virus MPtV ABM67406 ABM67405 ABM67407 ABM67408
Murine PyV MuPyV AAA46874 AAA46872 AAA46875 AAA46877
MW PyV MWPyV AFN02457 AFN02458 AFN02454 AFN02455
Myotis PyV MyoPyV YP 002261490 | YP 002261489 YP 002261488 | YP 002261486
Orangutan PyV (Borneo) OraPyV-Bor CAXS87752 CAX87750 CAX87748 CAXS87744
Orangutan PyV (Sumatra) OraPyV-Sum CAXR87761 CAX87759 CAX87757 CAX87754
Pan troglodytes verus PyV la (6444) | PtvPyVla (6444) ADQ54179 ADQ54175 ADQ54176 ADQ54177
Pan troglodytes verus PyV 1b (6520) | PtvPyV1b (6520) ADQ54181 ADQ54180 ADQ54182 ADQ54183
Pan troglodytes verus PyV 2a (6512) | PtvPyV2a (6512) ADQ54186 ADQ54185 ADQ54187 ADQ54188
Pan troglodytes verus PyV 2c¢ (5924) | PtvPyV2c (5924) ADQ54191 ADQ54190 ADQ54192 ADQ54193
Pan troglodytes verus PyV 2c (5927) | PtvPyV2c (5927) ADQ54196 ADQ54195 ADQ54197 ADQ54198
Pan troglodytes verus PyV 2c¢ (6413) | PtvPyV2c (6413) ADQ54201 ADQ54200 ADQ54202 ADQ54203
Piliocolobus rufomitratus PyV 1 PrufPyV1 AFU25599 AFU25598 AFU25596 AFU25597
Simian agent 12 SA12 AAV75980 AAV75979 AAV75982 AAV75983
Simian virus 40 SV40 AAB59925 AAB59924 AAB59923 AAB59921
Squirrel monkey PyV SquPyiV YP 001531350 | YP_001531349 YP 001531348 | YP 001531346
STL PyV STLPyV AGCO03172 AGC03170 AGC03169 AGCO03167
Trichodysplasia

TSV YP 003800008 | YP 003800007 YP 003800006 | YP 003800004
spinulosa-associated PyV
Vervet monkey PyV 1 VmPyV1 BAM71870 BAM71869 BAM71868 BAM71866
Vervet monkey PyV 2 VmPyV2 BAM71876 BAM71875 BAM71874 BAM71872
Vervet monkey PyV 3 VmPyV3 BAM71865 BAMT71864 BAM71863 BAM71861
WU PyV wuv ABQ09293 ABQ09292 ABQ09289 ABQ09290
Yellow baboon PyV 1 YbPyV1 BAM71848 BAM71847 BAM71846 BAM71844
Yellow baboon PyV 2 YbPyV2 BAM71854 BAM71853 BAM71852 BAM71850

11




Results

Detection of PyVs in spleens and kidneys from YBs and VMs

Under the permission from ZAWA, members of our laboratory collected spleens
and kidneys (n = 100 each) from 50 YBs (Papio cynocephalus) and 50 VMs
(Chlorocebus pygerythrus) in the Mfuwe area in Zambia in 2009. In total, 200 DNA
samples were extracted and screened for the presence of PyV sequences by using a
nested broad-spectrum PCR method with degenerate primers targeting the PyV VP1
region. The PCR results showed the presence of positive bands approximately 250 bp
in seven out of 200 DNA samples (3.5%), including two from yellow baboon spleens
(YBSs), one from yellow baboon kidneys (YBKs), three from vervet monkey spleens
(VMS:s), and one from VMKs (Table 2).

The PCR products were subsequently sequenced and analyzed by a BLAST search.
The BLAST search demonstrated that six DNA sequences were approximately 90%
homologous at the nucleotide level with the VP1 region of either AGMPyV or SA12,
whereas one sample (VMS96) showed only 74% nucleotide homology with the VP1
region of ChPyV (Deuzing et al., 2010) (Table 2). Among 50 YBs and 50 VMs, one

YB and one VM contained PyV genomes in both the spleen and kidney (Table 2).

Whole viral genome analysis

Next, I identified whole viral genomes of these seven detected PyV fragments by
an inverse PCR method using primers designed on the basis of the PCR-amplified VP1
nucleotide sequences described above. The whole PyV genome sequences were then
determined, whose sizes are approximately 5,000 bp (Table 2). I found YBS94 and

YBK94 to have an identical sequence of 5,181 bp (Yellow baboon polyomavirus 2;

12
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YbPyV2). Also, VMS95 and VMS97 have an identical sequence of 5,055 bp (Vervet
monkey polyomavirus 3; VmPyV3). All these viral genomes have a typical set of PyV
ORFs for the early (tAg and TAg) and late (VP1 and VP2/3) proteins, and those
obtained from YbPyV2 and VMK96 (VmPyV2) carry the genes encoding for
agnoprotein, whereas the other three (YbPyV1, VmPyV1, and VmPyV3) do not.

I also confirmed the whole PyV genome sequences using a different method. I
designed individual primer sets facing outwards in the VP2/3 region from the obtained
sequences against a different region from the initial VP1 gene product, and tried to
detect PyV genomes from the DNA samples isolated from tissues by using an inverse
PCR method. I detected the PyV genome from each sample, and purified it from
agarose gel and then directly sequenced the full genome. The complete nucleotide
sequences of the PyVs have been deposited in the GenBank database under the
following accession numbers: for YBS20 (YbPyV1), AB767294; for YbPyV2,
AB767295; for VMS96 (VmPyV1), AB767298; for VmPyV2, AB767299; and for

VmPyV3, AB767297.

Phylogenetic analysis of S identified viral genomes

Phylogenetic trees of the PyV proteins (tAg, TAg, VP1, and VP2) that were
constructed by the neighbour-joining method suggest that all the analyzed early (tAg
and TAg) and late (VP1 and VP2) proteins of YbPyV2 and VmPyV3 are closely
related to those of AGMPyV and HPyV9 (Fig. 1A-D). YbPyV2 and VmPyV2 were
also found to be more closely related to SA12, BKV, JCV, and SV40 than to other
known PyVs. Although VmPyV1 and VmPyV2 were identified from the same animal,
viral proteins of VmPyV2 are closely related to those of SA12, whereas viral proteins

of VmPyV1 are related to those of ChPyV and MCPyV. These results suggest that the
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Figure 1. Phylogenetic analysis of PyV-encoded proteins. Phylogenetic trees were
constructed using the (A) tAg, (B) TAg, (C) VP1, and (D) VP2 proteins. The PyVs
identified in this thesis are highlighted by orange (VmPyV1) and aqua color (VmPyV2,
VmPyV3, YbPyV1, and YbPyV2). The sequences of other reference PyVs were obtained
from GenBank (abbreviations and accession numbers are indicated in Table 1).
Phylogenetic analysis was performed by the neighbour-joining method with 1,000
bootstrap replicates, with percentages indicated on the nodes. Bars, amino acid residue
replacements per site.
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same VM was coinfected with different PyVs.

Interestingly, the VPI region of the VmPyV1 genome shares low nucleotide
homology (74%) with that of ChPyV (Table 2). I found that not only VP1 but also
other proteins of VmPyV1 shared low nucleotide homology with other PyVs such as
SV40, MCPyV, and ChPyV. According to the low homology between VmPyV1 and
other three PyVs (Table 3), VmPyV1 seems to be a novel virus. The VmPyV1 genome
consists of typical PyV ORFs (tAg, TAg, VP1, and VP2), but not agnoprotein (Fig. 2).
The alignment results also suggest that VmPyV1, like ChPyV, encodes the VP1 with
extra 150 amino acids (a.a.) in its C-terminal tail, in contrast to other known PyVs. In
summary, I identified five PyV genomes among the 200 DNA samples tested, and one

of them (VmPyV1) is a novel PyV.

PCR and histological examination of VM96 tissues

Although I attempted to examine the presence of PyV genomes in other tissues
(liver and lung) from VM96 using the same method, as I used to detect PyV genomes
in the kidney and spleen, I failed to detect any PCR positive signals. In addition,
histological analysis of tissues (brain, kidney, liver, lung, and spleen) from VM96

revealed that no noteworthy pathological findings in these tissues (Fig. 3).
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Table 3. Comparison of viral protein sequence similarities (%) between VmPyV1 and

the PyVs (SV40, MCPyV, and ChPyV).

Amino acid sequence similarity (%)

SV40 MCPyV ChPyV
tAg 34 42 70
TAg 38 45 74
VP1 51 51 77
VP2 17 46 77
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Figure 2. VmPyV1 genome organization. The whole VmPyV1 genome was 5,157 bp.
The positions and number of amino acids for tAg, TAg, VP1, and VP2 are indicated.

ori, Origin of replication. The dotted line indicates the predicted splicing site (nt 4,542—
4,938).
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Figure 3. Histological analysis of the brain (A), kidney (B), liver (C), lung (D), and spleen
(E) of VM96. Each section was stained with H&E. Bars, 100 um.
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Discussion

In chapter 1, five PyV genomes from wild YBs and VMs in Zambia were identified,
four of which were shown to be closely related to AGMPyV and SA12, on the basis of
the sequence and phylogenetic analyses of the full genomes and encoded proteins.
These five PyVs were detected in spleens or kidneys of two YBs and three VMs,
among 50 YBs and 50 VMs examined. In these four positive animals (YB20, YB94,
VMO5, and VM97), I also attempted to examine the presence of PyV genomes in other
tissues, such as liver and lung; however, I did not obtain any positive findings.

On the basis of the phylogenetic analysis of viral proteins, VmPyV1 seems to be a
novel PyV and is related to ChPyV and MCPyV. ChPyV has been identified in the
faeces of chimpanzees (Deuzing et al., 2010), whereas MCPyV has been identified
from human MCC, which is a rare but aggressive type of skin cancer (Feng et al.,
2008). The genome structure of VmPyV1 comprises common ORF structures of Py Vs,
such as tAg, TAg, VP1, and VP2, but not agnoprotein (Fig. 2). Comparison with other
PyVs also revealed that VmPyV1 encodes an unusually long VP1 of 503 a.a. Similarly,
some PyVs possess longer VP1, such as PrufPyV1 [502 a.a.; (Scuda et al., 2013)],
ChPyV [497 a.a.; (Deuzing et al., 2010)], CsIPyV [495 a.a.; (Wellehan ef al., 2011)],
BatPyV [472 a.a.; (Fagrouch ef al., 2012)], and MCPyV [423 a.a.; (Feng et al., 2008)],
whereas typical PyV VP1s have approximately 360 a.a. (SV40 VP1, 364 a.a., and JCV
VP1, 354 a.a.). The alignment of VP1 from VmPyV1 and SV40, MCPyV, and ChPyV
are shown in (Table 3). Interestingly, according to a previous report, in which ChPyV
VP1 was expressed in yeast cells, the diameter of generated VLPs (approximately 45
nm) was the same as that of typical PyV particles, even though the ChPyV VP1 was

497 a.a. long. The results suggest that the number of amino acids is not related to the
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diameter of virions (Zielonka et al., 2011). However, the functions of this long
C-terminal tail of VP1 are still unknown. Moreover, I performed PCR and histological
analyses of tissues from VM96, and found that there were no positive signals in PCR
analysis, and no histological findings.

In the past few years, a number of PyVs have been identified in animals, including
humans (Anthony et al., 2013; Korup et al., 2013; Scuda et al., 2013; Stevens et al.,
2013; Yamaguchi ef al., 2013). African great apes have also been shown to be infected
with PyVs that are closely related to MCPyV (Leendertz et al., 2011), which has
provided evidence for the hypothesis that PyVs can be transmitted between humans
and wild animals. In some parts of rural Africa, because humans and NHPs may live in
close proximity, an accidental contact between people and these animals can occur
(Hockings et al., 2010). Therefore, concern must be raised regarding close contact
between humans and NHPs to avoid infection of pathogens, including PyVs. The
surveillance of wildlife needs to be continued to examine the transmission possibility
of infectious agents.

In conclusion, I detected PyV genomes from NHPs in Zambia and also identified a
novel PyV from VMS, which was designated as a vervet monkey polyomavirus 1,
VmPyV1.

In chapter 2, I focused on further characterization of the VmPyV1.
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Summary

To examine PyV infection in wildlife, I investigated the presence of PyVs in
Zambia with permission from the Zambia Wildlife Authority. I analyzed 200 DNA
samples from the spleens and kidneys (n = 100 each) of YBs and VMs (n = 50 each). I
detected seven PyV genome fragments in 200 DNA samples using a nested
broad-spectrum PCR method, and identified five full-length viral genomes using an
inverse PCR method. Phylogenetic analysis of virally encoded proteins revealed that
four PyVs were closely related to either AGMPyV or SA12. Only one virus detected
from a VMS was found to be related, with relatively low nucleotide sequence identity
(74%), to the ChPyV, which shares 48% nucleotide sequence identity with the human
MCPyV identified from MCC. The obtained entire genome of this virus was 5,157 bp
and had tAg and TAg, and VP1 and VP2 ORFs. This virus was tentatively named
vervet monkey PyV 1 (VmPyV1) as a novel PyV. Comparison with other PyVs
revealed that VmPyV1, like ChPyV, had a longer VP1 ORF. In conclusion, I detected
PyV genomes from NHPs in Zambia and also identified a novel PyV from a VMS,

which was designated as VmPyV1.
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Chapter 2

Analysis of vervet monkey polyomavirus 1

Introduction

In the past few years, novel human and nonhuman PyVs have been identified
(Anthony et al., 2013; Korup et al., 2013; Orba et al., 2011; Scuda et al., 2013;
Stevens et al., 2013). In chapter 1 of this thesis, I identified a novel PyV, vervet
monkey PyV 1 (VmPyV1), in a VM by using a nested broad-spectrum PCR method
(Yamaguchi et al., 2013). The obtained entire VmPyV1 genome is 5,157 bp in size and
has tAg, TAg, VP1, and VP2 ORFs. VmPyV1 genome encodes the unique extended
C-terminal VP1 of 503 a.a., whereas typical PyVs such as SV40 and JCV genomes
encode VPIs with lengths of 364 and 354 a.a., respectively (Yamaguchi et al., 2013).
VPI1s with the long C-terminal regions are also observed in some other PyVs such as
PrufPyV1 [502 a.a.; (Scuda et al., 2013)], ChPyV [497 a.a.; (Deuzing et al., 2010)],
CsIPyV [495 a.a.; (Wellehan ef al., 2011)], BatPyV [472 a.a.; (Fagrouch et al., 2012)],
and MCPyV [423 a.a.; (Feng et al., 2008)].

The virions of PyVs are nonenveloped and icosahedral with a diameter of
approximately 45-50 nm and an outer surface consisting mainly of the capsid protein
VPI1. The PyV capsid is formed by 72 VP1 pentamers, each of them is arranged in a T
= 7 icosahedral lattice (Liddington ef al., 1991). Other capsid proteins, VP2 and VP3,
extend from the core into the axial cavity of the pentamers. Although it has been
reported that the C-terminal tail of VP1 extends out of the pentamer and contacts the

neighboring pentamers (Kawano et al., 2006; Liddington et al., 1991; Stehle et al.,
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1996), the function of the long C-terminal region of VmPyV1 VP1I is still unclear.

It is known that recombinant PyV VPls expressed in Escherichia coli (E. coli),
yeast cells, insect cells, or mammalian cells are able to self-assemble into VLPs
without viral genomic DNA and VP2/VP3 (Chang et al., 1997; Chen et al., 2001;
Kobayashi et al., 2013; Ou et al., 1999; Tolstov et al., 2009; Zielonka et al., 2011).

In chapter 2, I focused on a novel PyV, VmPyV1. To test whether the VmPyV1
genome produce viral proteins in cultured cells, the whole circular genome was
transfected into mammalian cells. Moreover, I generated VmPyV1 VLPs and
examined their morphology by using electron microscopy to determine the role of

C-terminal region of VmPyV1 VPI in virion formation.
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Materials and Methods

Cells

HEK293T, a human embryonic kidney 293 cell line expressing SV40 TAg, cells
were maintained under the condition: atmosphere of 5% CO, at 37°C in Dulbecco’s
minimum essential medium, supplemented with 10% fetal bovine serum (FBS), 2 mM
L-glutamine, penicillin (100 U/ml), and streptomycin (0.1 mg/ml). All experiments

using HEK293T cells were carried out in collagen-coated dishes (Iwaki, Chiba, Japan).

Transfection of VmPyV1 genome

The full VmPyV1 genome was subcloned into the Kpnl site of pUCI19 vector
(pUC19-VmPyV1) (Clontech, Mountain View, CA). The pUC19-VmPyV1 was
digested with Kpnl (Takara), and the VmPyV1 genome was extracted from an agarose
gel and purified using the MonoFas Column (GL Science, Tokyo, Japan). Purified
DNA was self-ligated in the presence of T4 DNA ligase at 16°C overnight (Takara).
Subsequently, DNA (2 pg) purified by the phenol-chloroform-isoamyl alcohol
extraction method was transfected into HEK293T cells with the FuGENE HD

according to the manufacturer’s instructions (Roche Diagnostics).

Reverse transcription-PCR (RT-PCR)

At 4 days post-transfection (dpt) with the VmPyV1 genome, cells were lysed in the
Trizol Reagent (Invitrogen) for ribonucleic acid (RNA) isolation. Total RNA was then
subjected to reverse transcription by using random primers and the SuperScript III
Reverse Transcriptase (Invitrogen). To detect VmPyV1 complementary DNA (cDNA),

PCR was performed using the Takara Ex Taq in 20 pL of reaction mixtures (Takara).
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TAg cDNA was amplified using a forward primer
(5'-TCCACCTGCATGGCTAACTTCTG-3") and a reverse primer
(5'-GGAGCGAGTACTGCAAAAAAGTGAG-3"). The PCR conditions were as
follows: 2 min of denaturation at 94°C, followed by 25 cycles of 98°C for 10 sec, 65°C
for 30 sec, and 72°C for 1 min, and a final extension step at 72°C for 5 min. Similarly,
to detect the late cording region for VP1 ¢cDNA, PCR was performed using a forward
primer (5'-TTCCACATGTTTGCTGTTGGGG-3") and reverse primer
(5'-TTCATGTCAGGGTCAGCTGGC-3"). PCR products visualized on ethidium

bromide-stained 2% agarose gel were purified and then directly sequenced.

Immunocytochemical and immunoblot analyses

At 4 dpt, cells were washed with phosphate buffered saline (PBS), fixed in 100%
methanol for 5 min at —30°C, and then blocked with 1% bovine serum albumin (BSA)
in PBS with 0.5% Triton X-100, followed by incubation with the polyclonal anti-SV40
VP1I antibody overnight at 4°C (Kasamatsu & Nehorayan, 1979). Cells were visualized
with secondary antibodies (Alexa Fluor 488 Goat Anti-rabbit IgG; Invitrogen) and
4’ 6-diamidino-2-phenylindole dihydrochloride (DAPI; Invitrogen) for 1 hr at room
temperature. Fluorescent images were captured and analyzed using a microscope
(IX70; Olympus, Tokyo, Japan), charge-coupled device camera (DP30BW; Olympus),
and DP Controller software (Olympus).

For immunoblot analysis, cells were harvested in lysis buffer [10 mM Tris-HCl
(pH 7.5), 5 mM ethylenediaminetetraacetic acid (EDTA), 150 mM NaCl, 10% glycerol,
1% Triton X-100, 1% deoxycholic acid, 0.1% sodium dodecyl sulfate (SDS), 50 mM
NaF], supplemented with complete protease inhibitor cocktail (Roche Diagnostics).

Cell lysates were centrifuged at 20,400 x g at 4°C for 15 min, and resulting
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supernatants were subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and then immunoblotting with the anti-SV40 VP1
antibody overnight at 4°C. After washing the membrane with TBST (Tris-buffered
saline containing 0.05% Tween 20), the membrane was incubated with horseradish
peroxidase-conjugated (HRP) anti-rabbit IgG for 1 hr at room temperature (Biosource
International, Camarillo, CA). The chemiluminescence signals were visualized using a
VersaDoc 5000MP (Bio-Rad, Hercules, CA), and images were analyzed using

Quantity One software (Bio-Rad).

Plasmids and transfection for VmPyV1 VLPs

For expression of VmPyV1 VP1, the full-length VmPyV1 VP1 gene was amplified
from the VmPyV1 genomic DNA (GenBank accession number; AB767298) with Xhol
and Notl restriction sites added to the 5' and 3' ends, respectively. The PCR product
was cloned into the Xhol-Notl restriction sites of a pCMV-FLAG vector, so that a
FLAG tag was added to the amino (N)-terminal of expressed VP1. The C-terminal
deletion mutant (1-387 a.a. residues of VmPyV1 VPI1) (A) with a stop codon (TAA)
was also amplified and cloned into the vector. These plasmids were transfected into
HEK293T cells individually using the Lipofectamine 2000 according to the

manufacturer’s instructions (Invitrogen).

Immunocytochemical and immunoblot analyses for VmPyV1 VLPs

HEK293T cells transfected with the plasmids were collected at 2 dpt. The cells
were washed with PBS, fixed in 100% methanol for 5 min at —30°C and blocked with
1% BSA in PBS containing 0.5% Triton X-100, followed by incubation with an

anti-SV40 VP1 antibody overnight at 4°C. The cells were visualized with secondary
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antibodies (Alexa Fluor 488-conjugated Goat Anti-rabbit IgG; Invitrogen) and DAPI
(Invitrogen) for 1 hr at room temperature. All the fluorescent images were captured
and analyzed using a microscope, a charge-coupled device camera, and DP Controller
software (all from Olympus).

For immunoblot analysis, the cells were harvested in lysis buffer (described above),
supplemented with complete protease inhibitor cocktail (Roche Diagnostics). Cell
lysates were centrifuged at 20,400 % g for 15 min at 4°C, and the resulting supernatants
were subjected to SDS-PAGE and immunoblotting with the following primary
antibodies for overnight at 4°C: an anti-SV40 VP1 antibody and an anti-actin antibody
(MABI1501; Millipore, Bedford, MA). Actin was used as a loading control. After
washing the membrane with TBST, the membrane was incubated with the following
secondary antibodies for 1 hr at room temperature: HRP-conjugated anti-rabbit IgG
and HRP-conjugated anti-mouse IgG (both from Biosource International). The immune
complexes were detected with Immobilon Western HRP Substrate (Millipore). The
chemiluminescence signals were visualized using a VersaDoc 5000MP (Bio-Rad), and

images were analyzed using Quantity One software (Bio-Rad).

Electron microscopy

Ultra-thin-section electron microscopy was performed as described previously
(Noda et al., 2002). In brief, 2 dpt cells were fixed with 2.5% glutaraldehyde in 0.1 M
cacodylate buffer (pH 7.3) for 20 min at 4°C. The cells were scraped from the dish and
fixed with 2% osmium tetroxide in the same buffer for 1 hr at 4°C. Pellets were
dehydrated with a series of ethanol gradients (50%, 70%, 90%, and 99.5%) followed
by propylene oxide, embedded in Epon 812 Resin mixture (TAAB Laboratories

Equipment, Berkshire, England), and polymerized for 3 days at 60°C. Thin-sections
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(70 nm) were stained with uranyl acetate and lead citrate.

For negative staining, purified fractions fixed with 0.25% glutaraldehyde were
adsorbed to collodion-carbon-coated copper grids (Nisshin EM Corporation, Tokyo,
Japan) and negatively stained with 2% phosphotungstic acid solution (pH 5.8). All
samples were examined with an H-7650 electron microscope at 80 kV (Hitachi, Kyoto,

Japan) (Maruyama et al., 2014).

Sucrose gradient sedimentation analysis

Sucrose gradient sedimentation analysis was performed as described previously
(Suzuki et al., 2012). Briefly, 3 dpt cells were harvested in 10 mM Tris-HCI (pH 7.5),
2 mM MgCl,, and 0.25% Brij 58 (Sigma, St. Louis, MO). The cellular lysates were
subjected to three cycles of freezing and thawing, and cellular debris was removed via
centrifugation at 500 x g for 10 min at 4°C, and the resulting supernatants overlaid
onto a preformed 30-50% sucrose gradient in 20 mM Tris-HCI (pH 8.0). Samples were
centrifuged at 192,000 x g for 1 hr at 4°C (SW55 Ti rotor; Beckman Coulter, Brea,
CA), each 400 pl fraction was taken from the top for 12 fractions. Each fraction was
subjected to SDS-PAGE and immunoblotting with an anti-SV40 VPI1 antibody
overnight at 4°C. After washing the membrane with TBST, the membrane was
incubated with the HRP-conjugated anti-rabbit IgG for 1 hr at room temperature
(Biosource International). The immune complexes were detected, and the
chemiluminescence signals were visualized.

JCV VLPs were prepared as previously described (Kobayashi et al., 2013). In brief,
BL21 (DE3) pLysS competent cells (Stratagene, La Jolla, CA) were transformed with
the pET15b plasmid (Novagen, Madison, WI) encoding the full-length JCV VP1 gene,

and VLPs were purified.
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Results

Transfection of the VmPyV1 genome

To test whether the VmPyV1 genome produce viral proteins in cultured cells, the
whole circular genome was transfected into HEK293T cells. At 4 dpt, the cells were
harvested and examined for the presence of viral messenger RNAs (mRNAs) and
proteins.

To identify TAg and VP1 mRNA transcripts specific for VmPyV1 in transfected
cells, TAg and VP1 primers were generated. TAg primers were designed to cover a
predicted splicing site of the early mRNA (Fig. 2, dotted line) (Johne & Miiller, 2003).
VmPyV1 TAg spliced mRNA transcripts and VP1 specific mRNA transcripts were
both verified by RT-PCR (Fig. 4A). By RT-PCR for TAg, two closely separated PCR
products were observed (approximately 1,200 and 800 bp in size) [Fig. 4A, upper
panel, reverse transcription (RT) (+) lane 2]. Both bands were purified from an agarose
gel and then directly sequenced. The sequence of the 1,200 bp PCR product was
consistent with that of the VmPyV1 genome, suggesting that this PCR product was an
unspliced TAg mRNA transcript. The sequence of the 800 bp PCR product was in
accordance with the sequence of the VmPyV1 genome devoid of 4,542-4,938
nucleotides (Fig. 2, dotted line), thus suggesting that this PCR product was a spliced
mRNA of VmPyV1 TAg. Since the HEK293T cells express the SV40 TAg (Soneoka
et al., 1995), I checked the sequence alignment between SV40 TAg and the spliced
mRNA and confirmed that the 800 bp product was not derived from SV40 TAg. A
PCR product was detected by RT-PCR for VP1, and the size of the product was similar
to that of the PCR product from the VmPyV1 genome (approximately 600 bp in size)

[Fig. 4A, lower panel, RT (+) lanes 2 and 4]. The 800 bp spliced and 600 bp mRNA
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Figure 4. Expression of VmPyV1 mRNAs and protein in transfected HEK293T cells
at 4 dpt. (A) RT-PCR analysis of TAg (upper panel) and VP1 (lower panel) mRNAs.
Inclusion of reverse transcription [RT(+)] or not [RT(-); negative control] is indicated
above the lanes. Lanes: M, 100 bp DNA ladder; 1, non-transfected HEK293T cells; 2,
VmPyV1-transfected HEK293T cells; 3, sterile distilled water (negative control); 4,
pUC19-VmPyV1 (positive control). (B) Immunocytochemical analysis of VmPyV1
VP1. NC, Non-transfected HEK293T cells (negative control); VmPyV1, VmPyV1-
transfected HEK293T cells. VmPyV1 VP1 (green) was detected in the cell nuclei,
which were counterstained with DAPI (blue). Insets show magnified views of the upper
right section of each figure. Bars, 100 um. (C) Immunoblot analysis of VmPyV1 VP1.
Lanes: 1, non-transfected HEK293T cells (negative control); 2, VmPyV 1-transfected
HEK293T cells; 3, JCV-transfected HEK293T cells (positive control). The arrow
indicates VmPyV1 VP1 (lane 2), with a molecular weight higher than that of JCV VP1
(lane 3).
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transcripts were predicted to generate the viral TAg protein and VP1, respectively, in
transfected cells.

To detect the protein expression and localization of VmPyV1 VPI in transfected
HEK293T cells, the immunocytochemical analysis was performed using an anti-SV40
VPI antibody. I observed that the VmPyV1 VP1 was expressed and localized in the
nuclei of some transfected cells at 4 dpt (Fig. 4B). To further confirm the antibody
specificity and molecular weight of VmPyV1 VPI1, I performed an immunoblot
analysis. I was able to detect the VmPyV1 VP1 in transfected HEK293T cells and also
found that its molecular weight was larger than that of JCV VP1 (positive control) (Fig.
4C, lanes 2 and 3). Overall, these results demonstrate that transfection of the VmPyV1

genome into HEK293T cells resulted in the expression of its viral proteins.

Expression of VmPyV1 VP1 in HEK293T cells

The full-length of VmPyV1 VPl gene was amplified and cloned into the
pCMV-FLAG vector [wild-type (WT) VmPyV1 VP1 (WT VPI1)]. In addition, I
synthesized the plasmid encoding a C-terminal deletion mutant of VmPyV1 VP1 (AC
VP1). The deleted region was determined based on the amino acid sequence alignment
with the reported PyV VP1s (Fig. 5). I made the AC VP1 (1-387 a.a. residues of WT
VP1) with a stop codon (TAA), and cloned into the pCMV-FLAG vector. These
plasmids were transfected into HEK293T cells individually and incubated for 48 hr. To
detect the VP1 expression, I performed immunocytochemical analysis using an
anti-SV40 VP1 antibody. Intracellular distribution of WT and AC VP1s were similar.
Both WT and AC VP1s were mainly detected in the nuclei, also but a few, I confirmed
VP1Is in the cytoplasm of cells transfected with plasmid encoding WT or AC VP1 (Fig.

6A). I also performed immunoblot analysis to confirm the expression levels of WT and
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Figure 5. Alignment of PyV VPIs in C-terminal portions. Alignment of PyV VP1s in C-
terminal portions with that of VmPyV1. The VP1 sequences of PyVs were obtained from
GenBank (abbreviations and accession numbers are indicated in Table 1). Amino acid
identities are shaded as follows: black shading indicates that all amino acid sequences were
conserved, whereas grey shading indicates that more than 51% of them were conserved.
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AC VP1s. I detected both WT and AC VPIs in the cells using the anti-SV40 VP1
antibody at the expected molecular weights of 56 and 44 kDa, respectively (Fig. 6B).
Because AC VP1 lacks 388-503 amino acid residues of WT VP1 (116 a.a. deletion), its
molecular weight is smaller than that of WT VP1. The expression levels of WT and
AC VP1s were almost similar relative to the expression levels of internal control
protein actin (Fig. 6B). These results suggested that the intracellular localization and

expression levels of WT and AC VP1s were similar in the transfected cells.

Electron microscopical examination of VmPyV1 in HEK293T cells

Because the VmPyV1 VP1 was detected in transfected HEK293T cells, I
investigated the formation of VLPs using transmission electron microscopy (TEM). At
2 dpt with WT and AC VP1-encoding plasmids, scraped cells were embedded in Epon
resin and polymerized. Ultra-thin-sections with a thickness of 70 nm were stained with
uranyl acetate and lead citrate. TEM revealed a large number of VLPs with a diameter
of approximately 50 nm in the nuclei of WT VPI1-expressing cells (WT VLPs; Fig.
7A-C). I also confirmed VLPs with a diameter of approximately 45-50 nm in the
nuclei of AC VP1-expressing cells (AC VLPs; Fig. 7D-F); however, the number of AC

VLPs was much lower than that of WT VLPs.

Sucrose gradient sedimentation analysis

To confirm that VLPs were formed by VmPyV1 VP1 in transfected cells, I also
performed the sucrose gradient sedimentation analysis, which can distinguish VLPs
from VP1 pentamers (Kawano et al., 2006). As a positive control in the analysis, I
used purified JCV VLPs (Kobayashi et al., 2013). After ultracentrifugation, 12

fractions of 400 upl each were dispensed. Each fraction was analyzed by
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Figure 6. Expression of VmPyV1 VP1 protein in HEK293T cells. Immunocytochemical
and immunoblot analyses of VmPyV1 VP1 with the anti-SV40 VP1 antibody. The
HEK293T cells were transfected with WT VP1, AC VP1, or the corresponding empty
vector (Mock) as a negative control. (A) VmPyV1 VP1 was detected colored in green.
Cell nuclei were stained with DAPI (blue color). Scale bar, 10 nm. (B) WT and AC VP1
signals were detected in cellular lysates from HEK293T cells at the expected molecular
weight positions in immunoblotting. Actin was used as a loading control.
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(A) (B) ©)

Figure 7. Electron micrographs of WT VP1 and AC VP1-expressing cells. Electron
micrographs of HEK293T cells expressing WT VP1 (A-C) and AC VP1 (D-F). (B, C, E,
and F) Higher magnification of the regions indicated in panels A, B, D, and E, respectively.
All WT and AC VLPs were observed exclusively in the nuclei. The arrows indicate VLPs.

N: nucleus.
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immunoblotting with the anti-SV40 VP1 antibody. The VP1 signal in JCV VLPs was
mainly detected in fractions 6 to 9 (Fig. 8A). The VP1 signal in cellular lysates from
the WT VPIl-expressing cells was also mainly detected in fractions 6 to 9 (Fig. 8B).
However, the VP1 signal in cellular lysates from AC VP1-expressing cells was mainly
detected in fractions 1 to 4, and slightly detected in fractions 5 to 8 (Fig. 8C). To
confirm the formation of WT VLPs in fractions 6 to 9, I collected these fractions and
verified them with negative-stained TEM. I observed a large number of WT VLPs with
a diameter of approximately 50 nm (Fig. 8D). I also confirmed the presence of JCV

VLPs in fractions 6 to 9 (data not shown).
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Figure 8. Sucrose gradient sedimentation analyses. (A-C) Immunoblot analyses
of VPI in fractionated samples after sucrose gradient sedimentation of JCV VLPs
and cellular lysates from HEK293T cells expressing WT VP1 or AC VP1. Cellular
lysates were separated by 30-50% sucrose gradient sedimentation and fractionated
into 12 fractions from the tops of the tubes. The 12 fractions were further
separated by SDS-PAGE and subjected to immunoblotting with the anti-SV40
VPI antibody. (A) Purified JCV VLPs expressed in E. coli. (B) HEK293T cell
lysates transfected with WT VP1 and (C) AC VPI. (D) Electron micrograph of
negative staining of fractions 6 to 9 from HEK293T cells transfected with WT
VP1. The arrows indicate VmPyV1 VLPs.
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Discussion

VmPyV1 was originally detected in a VMS using nested broad-spectrum PCR
techniques. It has a longer VP1 ORF in the C-terminus region compared with the
sequences of other known PyVs VPls, whereas its functions are still unclear. In
general, the PyV capsid contains 360 molecules of VP1 formed with 72 pentamers,
contain 5 molecules of VP1 and 1 molecule of VP2/VP3 (Liddington et al., 1991;
Stehle et al., 1996).

In chapter 2, I detected transient mRNA expression of TAg and VP1 in HEK293T
cells transfected with the whole circular VmPyV1 genome (Fig. 4A). The VP1 was
also detectable by immunocytochemical and immunoblot analyses in transfected
HEK293T cells at 4 dpt (Figs. 4B and C). I observed that VP1 was predominantly
present in the enlarged cell nuclei, and the molecular weight of VmPyV1 VP1 was
found to be approximately 55 kDa (Fig. 4C, lane 2), which is larger than that of JCV
(40 kDa; Fig. 4C, lane 3); this difference in weight was probably due to the presence of
the extra C-terminal tail. Similarly, in VmPyV1-transfected COS-7 and Vero cells, 1
detected the TAg and VPl mRNAs as well as the VPl by RT-PCR and
immunocytochemistry (data not shown).

Moreover, to examine the role of C-terminal of VmPyV1 VP1 in virion formation,
VmPyV1 VLPs consisting of WT VP1 or AC VP1 were generated in HEK293T cells.
Immunocytochemical analysis revealed that WT and AC VP1s were expressed in the
transfected HEK293T cells (Fig. 6A). Both WT and AC VP1s were also detected at the
expected molecular weights by immunoblot analysis (Fig. 6B). Furthermore, the
expression level of VP1s was comparable between the cells expressing WT VP1 and

that expressing AC VPI1. Although VLPs were observed in WT and AC
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VP1-expressing cells by using electron microscopy (Fig. 7), the number of WT VLPs
was higher than that of AC VLPs in each transfected cell. WT and AC VLPs were
observed in the nuclei; however, no VLPs were confirmed in the cytoplasm. In
addition, although the plasmids were transfected in same conditions, the number of
cells with WT VLPs was higher than that of cells with AC VLPs (data not shown).
These results suggest that the WT VP1 can produce VLPs more efficiently than AC
VP1. On the other hand, the WT and AC VLPs were morphologically indistinguishable.
I also performed a sucrose gradient sedimentation analysis (Kawano et al., 2006).
Immunoblot analysis revealed that the signal of JCV VLPs was mainly detected in
fractions 6 to 9 (Fig. 8A). The VP1 signal in cellular lysates from WT VP1-expressing
cells was also mainly detected in fractions 6 to 9 (Fig. 8B). I confirmed the presence of
JCV VLPs and WT VLPs in fractions 6 to 9 with negative-stained TEM (Fig. 8D).
However, the VP1 signal in cellular lysates from AC VP1-expressing cells was mainly
detected in fractions 1 to 4 (Fig. 8C). Because the protein density in fractions 1 to 4 is
lower than that in fractions 6 to 9, it is supposed that the VP1 signal in fractions 1 to 4
may have represented the pentamers rather than VLPs. In addition, the faint VP1 signal
in fractions 5 to 8 of cellular lysates from AC VPl-expressing cells may have
represented VLPs. This result is convincing in light of the TEM results showing fewer
VLPs in AC VPI1-expressing cells (Fig. 7D-F). Taken together, the results showed that
AC VPI formed VLPs; however, the efficiency of VLP formation was lower than that
of WT VP1.

It has been reported that the C-terminal arm of PyVs VPI1 can be subdivided into
three segments: ‘C helix’, ‘C insert’, and ‘C loop’ (Liddington et al., 1991; Stehle et al.,
1996). The C helix of SV40 (SFLLSDLINRRTQ; 305-317 a.a.) mediates contacts

between pentamers as described previously (Liddington et al., 1991; Stehle et al.,
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1996). As demonstrated in Fig. 5, the C helix of SV40 is predicted to correspond to the
295-307 amino acid residues (SFLLTDLINRRTP) of JCV, and the 325-337 amino
acid residues (TSLLGSLFTGLMP) of VmPyV1. In comparison among three viruses,
the homology was 85% for SV40-JCV, 23% for SV40-VmPyV1, and 31% for
JCV-VmPyV1 in the C helix of VPIs. It revealed that the C helix of JCV may mediate
contacts between pentamers because of the high homology with that of SV40.
However, the C helix of VmPyV1 has low homology with that of SV40 and JCV. As
shown in Fig. 7, I observed that the number of WT VLPs was much higher than that of
AC VLPs. Thus, the deleted C-terminal 116 amino acid residues (388-503 a.a.) of
VmPyV1 VP1 affect the efficiency of its VLP formation rather than the expected C
helix of VmPyV1.

ChPyV also encodes a unique extended C-terminal VP1 of 497 a.a., and ChPyV
VLPs were expressed with a diameter of approximately 45 nm (Zielonka et al., 2011).
The diameter of VmPyV1 WT VLPs is approximately 50 nm (Fig. 8D). These results
suggest that the length of VP1 amino acid residues has no effect on the size (i.e.,
diameter) of VLPs. It has been reported that SV40 VLPs made exclusively of VP1 and
native SV40 virions were morphologically indistinguishable under electron
microscopy (Kosukegawa et al., 1996). I observed that VmPyV1 VLPs have a typical
shape of PyV wvirions, and their diameters were approximately 50 nm in size,
suggesting that native VmPyV1 virions also have morphology similar to that of its
VLPs.

In conclusion, I detected VP1 expression in the transfected HEK293T cells by
immunocytochemical and immunoblot analyses. Moreover, I demonstrated that
VmPyV1 VLPs were formed in mammalian cells expressing VP1, and found the extra

C-terminal region of VP1 does not affect the size and morphology of VLPs. The
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C-terminal of VmPyV1 VPI may have some function for efficient VLP formation.
Further studies to investigate of function(s) of the extra C-terminal region of VmPyV1

VP1 need to be continued.
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Summary

Recently, I detected novel vervet monkey polyomavirus 1 (VmPyV1) in a VM.
Among amino acid sequences of major capsid protein VP1s of other PyVs, VmPyV1
VPI is the longest, with additional amino acid residues in the C-terminal region. To
examine whether the VmPyV1 genome could produce viral proteins in cultured cells,
the whole genome was transfected into HEK293T cells. I detected VP1 in expression
in the transfected HEK293T cells by immunocytochemical and immunoblot analyses.

Moreover, to examine the role of extended C-terminal of VmPyV1 VP1 in virion
formation, I generated VLPs of VmPyV1 VPI1 because VLP is a useful tool for the
investigation of the morphological characters of PyV virions. After the full-length
VmPyV1 VP1 was subcloned into a mammalian expression plasmid, the plasmid was
transfected into HEK293T cells. Thereafter, WT VLPs were purified from the cell
lysates of the transfected cells via sucrose gradient sedimentation. Electron
microscopic analyses revealed that VmPyV1 VP1 forms VLPs with a diameter of
approximately 50 nm that are exclusively localized in cell nuclei. Furthermore, I
generated AC VLPs consisting of the deletion mutant VmPyV1 VP1 lacking the
C-terminal 116 amino acid residues, and compared its VLP formation efficiency and
morphology to WT VLPs. WT and AC VLPs were similar in size, but the number of
AC VLPs was much lower than that of WT VLPs in VP1-expressing HEK293T cells.
These results suggest that the length of VPI is unrelated to virion morphology;
however, the C-terminal region of VmPyV1 VP1 affects the efficiency of its VLP

formation.
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General Conclusion

Recently, emerging and reemerging infectious diseases, including zoonoses, are
constantly appearing worldwide, and become a major concern to public health for
humans and nonhumans. Because of increased contact between humans and wildlife,
the appearance of zoonotic pathogens in human populations is increased.

PyV infection occurs during early childhood, and causes subclinical infections with
lifelong persistence in their natural nonimmunocompromised hosts. When the host
immunity-compromised AIDS patients and organ transplant recipients, the viruses can
be reactivated and cause diseases, such as nephropathy and PML. It is controversial as
to whether PyVs can be transmitted from wild animals to humans and thereafter cause
disease. To examine potential threats of the zoonotic transfer of PyVs between NHPs
and humans, the surveillance of PyVs in wildlife is important. In this thesis, I
examined PyVs in wild NHPs in Zambia with permission from the ZAWA.

In chapter 1, I analyzed 200 DNA samples from the spleens and kidneys of NHPs
(n = 100). I detected seven PyV genome fragments (7/200; 3.5%), and identified five
full-length viral genomes. Phylogenetic analysis revealed that four PyVs were closely
related to known PyVs, AGMPyV and SA12. Only one virus detected from a VMS
was found to be related, with relatively low nucleotide sequence identity (74%), to the
ChPyV, which shares 48% nucleotide sequence identity with the human MCPyV
identified from MCC. This virus was named vervet monkey PyV 1 (VmPyV1) as a
novel PyV.

In chapter 2, I focused on further characterization of the VmPyV1. To examine
whether the VmPyV1 genome produce viral proteins in cultured cells, the whole

VmPyV1 genome was transfected into HEK293T cells. I detected VP1 in expression in

48



the transfected HEK293T cells. Because VmPyV1 encodes the unique extended
C-terminal VP1, I generated VLPs to examine the role of VmPyV1 VPI in virion
formation. Furthermore, I generated VLPs consisting of the AC VP1 lacking the
C-terminal 116 amino acid residues, and compared its VLP formation efficiency and
morphology to those of VLPs from WT VP1. WT and AC VLPs were similar in size,
but the number of AC VLPs was much lower than that of WT VLPs in VP1-expressing
HEK293T cells. These results suggest that the length of VPI1 is unrelated to virion
morphology; however, the C-terminal region of VmPyV1 VP1 affects the efficiency of
its VLP formation.

In this thesis, I detected PyV genomes in NHPs in Zambia and also identified a
novel PyV, which was designated as VmPyV1. Moreover, I confirmed the formation
of VLPs in the transfected HEK293T cells with the plasmid encoding the VmPyV1
VP1. Although the pathogenicity of VmPyV1 and function(s) of the extra C-terminal
region of VmPyV1 are still unclear, these findings provided information about the PyV
prevalence in NHPs in Zambia and the C-terminal of VmPyV1 VP1 may have some
function for efficient VLP formation. The surveillance of wildlife needs to be

continued to examine the transmission possibility of infection agents.
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Summary in Japanese

AR, L - P ELECYE 23 A TR AR L, ARMEAE EORIE L 72 o T
%D, MIERBRBEOENSE G D7 a— b7z 8l2 X0, b~ EHEEY & O
FERSEINL ., ARFUCHET 2MEY N e MEHET WA ER, A
R EE S 2% LT D,

R A=< AR (PyV) [T/NEHNCEAEGREMEICEYE L, U >Rk LT
PIARETIGL . AT HRRE L CRlildias CREFUEIR T 5, Z D%, AIDS <Clgs
BhEtE 72 & OREIHNRREIC BV T, PyV IXETEM L L TS L. BK VA /b
AGRERCHEITIE L B VEINE 72 LICREB SN DR A ERL T 2, BAHYNR
RAETDHPYVRE ML, B MIBWURGYELZEZE T 520G L T
TSRS TE ST, PyV OAJERICOWVTITRERHRENR S, 2D &
N, BARRICBIT 2L RO PyV BT 5 Z LIFEELEZ BN,
ABFGEIX, 77 U B O e T HEIC R 2 BREE O PyV IEGIkb % T
BT 2 HNE LT,

—®ETIL,PCRIEEZ AW TH 7 WRE O EEEHMIZE T 5 PyV D&
ekl zdi& Uiz, o e 7 B ESMIRER OFF AT O T, 2009 4212 Mfuwe H!
15 Yellow baboon (YB) # X U Vervet monkey (VM) 241 50 88D Jig -
gt 200 MR Z B L. B D DNA 2 L7z, PyV O%ilix >z
BT D VP1IZxd 5 broad-spectrum PCR £ %17V PyV i@ fn Wi 2 fiH L.
W DY EACH 2 fRRE LTz, £ DORER. 200 BrIAH 7 Bk (3.5%) (23RN T,
BEAFD PyV EHEFEIMEEZ A 28 FBTh 2 Lz, Z41h PCR B 7 Feik
IZB VT, Inverse PCRIEZHWT U A VRS ) AR OHPEZRAA, 5 EHO
PyV 7" LA ER &R LTz, RECERIRAT OFER. 4 FEIZBEM O PyV Th %

African green monkey PyV & Simian agent 12 (2% Ch D Z EVHI L=, Lo
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L2235, VM O ifigke i ns B R L7z 1 #8H0 PyV 1%, Chimpanzee PyV & %
WFEREIME (74%) #8552 & 28 Li=72%, Hill PyV, Vervet monkey PyV
1 (VmPyV1) & LTHE LIz, 72, BEED PyV L DT T A X FDOFERD
5. VmPyV1 (X VPL 23BEEND PyV & 5720 | C REsflIZHI 150 7 X/ ik B AT
MENTNDLZ ENPLNI R T,

BB TTI, HH PyV & LCRIE L7 VmPyVI IZEH L. s fighT 2 5=
JME L7z, VmPyV1 7 /) AR ZEEMIBIZEA L, UANVAZ T EOREA
el L7z, RT-PCRIEIZ X VA& > /X7 EThH D TAg, LT VP1 O mRNA
e L, SR EOEHURIE, v 2x T a Yy MEICTVPL B3RETH 2 L%
R L7, WIC, VmPyVI ORI FIERRICEIT 5 VPl OB % | Bilinz Huv
T A VARRRL - (VLP) PEAREHWT, BB CHR L, £,
BpARL (WT) @ VLP 7213 T2 <, C RimfElk A KK S 2L 8K (AC) @
VLP bABEIC/ERIL, WM 5 VLP OFEFENMESZ I LT, £
DFER. WT, AC W#F IV THEAA 50 nm D VLP O A B0 O %N
(RO Tz, MAMICEIT D VLP ORE &, BRERISEWTRD 222723, WT
D VLP 3 AC & b L T2 < | C RUnEIBI TR A TR B =RICEE G5 %
Z e E NI,

AR ClE, o e 7 SEICB T 52 BREHEE O PyV BYR 2 R LT,
Z DGR, 7200 BIED 56 T A (Pl 5 Bk, BE 2 s (3.5%) 05
PyV 7 AEfmH L7z, £72. VM 2268713 PyV & LT VmPyV1 % [FE L7,
S HIT, F#l VmPyV1 @ VLP Z{ER L, VP1 © C KiusdikAs, KRz
RKIHELTWL Z LM eNI Lz, 4% b, PyV ot M-E8MEsEICS
WTDIFREINET D28, —_A T A%l T 52 ENLETHD,
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