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Preface in Finnish

Tama Pro Gradu — tutkielma valmistui Jyvaskylaopiston bio- ja ympaéristotieteen
laitoksella molekyylibiologian osastolla syyskuu€d.0 useiden kuukausien tyévaiheiden
jalkeen. Graduaikanani olen saanut nauttia asitéenasta opetuksesta ja mahdollisuudesta
tydskennella virusten parissa aidossa tutkimusyisigéisa. Tasta tilaisuuden ja
tyovalineiden ojentamisesta tahdon osoittaa suughkiitokseni toiselle ohjaajalleni
dosentti Maija Vihinen-Rannalle, jonka kannustukseka kokemuksen viitottamana olen

uppoutunut intohimoisesti tutkimukseen osaamajtahaluamatta — enaa paastaa irti.

Erityiskiitokseni haluan osoittaa myos ohjaajallBhiD Einari Niskaselle loputtomasta
karsivallisyydesta ja kaikista niistd neuvoist&dskeskusteluista, joita kdvimme taman
tutkielman tekemisen aikana. Asiantuntevan ohjawsaeavulla olen oppinut paljon oman
tieteellisen ajattelun kehittamisen tarkeydestiakimyos tuesta ja itseluottamuksen
valamisesta tyossa annetun vapaudenkin puittéisgaan kiittdd myds PhD Teemu
Ihalaista, jonka kannustuksessa ja erinomaisegaaks®essa olen oppinut mikroskopiasta,
seka siihen liittyvista ilmidista. Einarin ja Teeminnoittamana olen oppinut
tarkastelemaan esitettyja faktoja kriittisesti. lsko, etta unohdan heidan innostustaan tai

omistautumistaan tieteelle koskaan.

Hyvasta tyoilmapiirista, keskusteluista, vertaistaeseka lamminhenkisistd, tydhon
liittyvien kysymysten ratkaisuista haluan kiittagds FM Milla Hakkistd, FM Outi
Paloheimoa, Olli Kalliolinnaa ja Sami Willmania.daksi kiitan solu- ja
molekyylibiologian osaston muuta henkilokuntaa reasta ja ongelmatilanteissa

saamastani avusta.

Kiitos kuuluu myds vanhemmilleni ja sisarilleni yramyksesta ja kannustuksesta.
Lopuksi haluan kiittd& elamani tukipilareita, avimisoani Jussia ja pienoista tytartani
Helmi&, kaikesta siita rakkaudesta ja tuesta, j#a teiltd saanut koko opiskeluni ajan.

Olette osoittaneet, etta karsivallisyys on hyve.
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Koiran parvovirus (CPV) on vaipaton, negatiivisghsijuosteisen DNA-genomin (~5 kb) sisaltava virus.
Infektion kulku transferriinireseptorin (Tfr) turstuksen ja siihen kiinnittymisen jalkeen jatkuu
endosytoosilla ja edelleen viruksen solunsiséisgjetkiksen avulla kohti tumakalvoa. Péasy sisallagan
on elintarkedd suurimmalle osalle DNA-viruksist@attg genomi voidaan replikoida. CPV:n ja tumakalvon
vdliset vuorovaikutukset ovat sailyneet toistaisedisittain tuntemattomina. Viimeisimpien tutkimuste
mukaan eréét parvovirukset aiheuttavat paikaliisiaroita tumakalvolla. Tumahuokosten (NPC) proteiin
(nukleoporiinit) hajoamista infektion aikana on msya@soitettu tietyilla virustyypeilla.
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proteiinien rakenteissa infektion aikana. Tutkimedsa pyrittin myos tarkastelemaan CPV:n kuljetusta
sytoplasmassa. Aikaisempien tutkimusten peruste€lRV:n tiedetddn hyoddyntdvan endosomaalista
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tulevan viruksen kanssa, mutta virus kulkeutui &stiveri reittia pitkin. Tutkimuksesta todettiinttes
infektion aikana havaittu merkittavia viruksen aittamia muutoksia tumakalvon tai lamiini A/C:n
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Abstract:

Canine parvovirus (CPV) is a nonenveloped viru&itinear, negative sense, single-stranded DN/Agen

of ~5 kb. The infection begins with endocytosis @ndceeds via intracellular trafficking of the \drto the
nuclear envelope (NE). The nuclear access is eabémt most DNA viruses for genome replication.e€Th
exact mechanisms of CPV- NE —interactions in infechave remained mostly unknown. Recently, it was
shown that some parvoviruses induce local breakhd¢oNE during infection. There is also evidence of
nuclear pore complex (NPC) protein degradationviras infection.

The purpose of this study was to unravel the famctif CPV on the NE and its components during itdec
The approach included observation of the NE, aednticlear lamin A/C for virus induced conformatibna
changes as well as characterization of the NPC atremd nucleoporin structure in viral infection. éof
the aims was also to study the cytoplasmic traagioe of CPV. In former studies CPV has been shtan
be translocated by using endosomal membrane kaffjaduring its life cycle. Based on this knowledfe
role of Rab1lA-associated vesicle system was inyat&d in this study.

The research indicated that the Rab1A vesicle systeates in the same areas of the cell with thesvat
least in the entry, but the virus is clearly treifgd along a separate route. In addition, the tesdilthis study
showed no significant virus induced alterationstive conformation of the NE or lamin A/C. The
nucleoporins also seemed to stay intact in infeciad no colocalization with the virus was detectéd
seems that CPV translocates rapidly from the NR€gheé nucleus. However, the NPC density was
significantly decreased but the volume of the nuglenlarged as a consequence of viral infectiomight
well be that the CPV infection suppresses the Ntthgsis at the S-phase of the cell cycle or celses

Keywords: Canine parvovirus (CPV), nuclear pore complex (NRfOcleoporins (Nups), nuclear envelope
(NE), lamin A/C, Rab1A
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ABBREVIATIONS

A3B10 Canine parvovirus capsid antibody
APAR-body intranuclear autonomous parvovirus replication A4&8P) bodies
BSA bovine serum albumin

Cornell#2 Canine parvovirus capsid protein antibody

CPV Canine Parvovirus

EGFP enhanced green fluorescent protein

ERGIC endoplasmic reticulum-Golgi intermediate comparitme

ER endoplasmic reticulum

HelLa immortal cell line derived from Henrietta Lacks

Lam lamin

Mab414 mouse monoclonal antibody against nucleoporins388p214, 153 and
62

NE nuclear envelope

NLFK norden laboratory feline kidney cell line

NPC nuclear pore complex

NS nonstructural protein

Nup nuclear pore complex protein, nucleoporin

pBI265 a plasmid encoding an infective CPV clone

PBS phosphate buffered saline

PCNA proliferating cell antigen

RablA Ras related protein

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel eledtanesis

TfR transferrin receptor
Tpr nucleoporin Tpr
TRVDb2 CHO derived transferrin receptor deficient celklin

VP (nonstructural) viral protein
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1 INTRODUCTION
1.1 Canine Parvovirus

Canine parvovirus (CPV) was first detected in thd @970s and is currently one of the
most important pathogens of dogs (Chang, et aB2)L9CPV is a host range variant of
feline panleukopenia virus with DNA sequences ntbea 99 % identical and also a close
relative of some other parvoviruses (Reed, etl@B8, Truyen, et al., 1992). While being
characterized as a canine virus it does also agplim feline, mink (Chang, et al., 1992,
Truyen, et al., 1992) and human cells (Parker,l.e2801). The canine parvovirus host
range has been shown to be determined by a speoiiformation of an additional region
in the threefold spike of the capsid (Parker andigtg 1997). CPV is an autonomously
replicating virus which replicates only in mitotilgaactive cells (Cotmore and Tattersall,
1987). Thus the infection targets organs that ¢ordaatively dividing cells such as in the

lymphopoietic system or the intestinal crypt céRarrish, 1991, Parker, et al., 2001).

Belonging to the family ofParvoviridae and being among the smallest animal DNA
viruses, CPV is a nonenveloped virus with a line&gative sense, single-stranded DNA
genome of ~5 kb. The genome has two open readamges (ORFs) and it encodes four
proteins: structural proteins VP1 and VP2, and trantural proteins NS1 and NS2. The
ORFin the left-hand side dhe genome encodes the nonstructural proteinse\iin ORF

in the right-hand side of the genome encodes thectstal proteins. Transcription of
structural and nonstructural proteins is initiafeam separate promoters. The mRNAs,
however have coterminal poly(A) sites and are adtevely spliced (Reed, et al., 1988). In
addition, infectious, DNA containing particles inde also a protein VP3 produced from
VP2 by proteolytic processing (Tsao, et al., 1991).

1.1.1Capsid Assembly

Nonenveloped canine parvovirus particles are apprately 26 nm in diameter (Tsao, et
al., 1991). The icosahedral capsid is assemblad 86 subunits (T=1) of VP1 (~10 %)
VP2 (~90 %, Vihinen-Ranta, et al., 2002, Changalet 1992, Tsao, et al. 1991) Full
capsids contain also VP3 protein (Weichert, etl#&198). The three-dimensional structure
of the capsid has three different symmetry axee 3trface of the capsid has a 22

angstrom (A) long protrusions on the threefold aggikes). On the fivefold axel there are
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cylindrical, eight-stranded antiparalléd-barrel structures with 15 A deep canyons
circulating them, and 15 A deep depressions atvibéld axes (Tsao, et al., 1991).

The capsid structure contains also specific recdptaling sites. The detailed mechanisms
of virus — TfR-receptor interactions is not yetlyuinderstood but current results suggest
that the changes of VP2 residues on the side opotdpe threefold spike of the capsid
affects the binding to TfR (Hueffer, et al., 2003).

1.1.2Beginning of infection — the entry

Viral infection is a strictly regulated by seriekwrus-cell —interactions. Before viruses
encounter a target cell, they have to survive datsiells through environmental stresses
like changes in temperature and pH, drying and imendefense system. After reaching
the cell surface, DNA viruses have to break throtlgh cell plasma membrane, survive
endosomal pathways and be transported across toplasm to the nucleus. Final
challenge is to import their genetic informatiomatingh the nuclear envelope inside the
nucleus for replication and gene expression. Durtaglife cycle, virus in constantly

utilizing various host cell machineries.

Canine parvovirus entry begins with a recognitiad attachment to a transferrin receptor
(TfR) dimer: a type Il membrane protein on the liface (Trowbridge, et al., 1986,
Lawrence, et al., 1999). TfR is mainly expressedtanbasolateral side of the polarized
epithelial cells (Trowbridge, et al., 1986, Basald a&Compans, 1989). Rapid, receptor-
mediated endocytosis takes place after receptadirgn Internalization of CPV is a

clathrin-mediated and dynamin-regulated processk@éPand Parrish, 2000) followed by
the nuclear targeting of the viral capsid.

Cytoplasmic trafficking following the internalizati is a process that has remained partly
unclear. It is known that a productive infectiortludes at least microtubule-dependent
capsid transport in endosomes (Vihinen-Ranta,.e1888). It has been suggested that the
CPV capsids are transported from the early to dogaling endosomes and pass through
late endosomes to the lysosomes (Suikkanen, eR@02). The low pH of endosomal
vesicles induces conformational changes in the eapsid (for review see Harbison, et al.,
2008). These changes are essential for accommighi@ entry and releasing the viral

particle into the cytoplasm from prelysosomal emdoal vesicles (Vihinen-Ranta, et al.,
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1998, Parker and Parrish, 2000, Suikkanen, e@0D3l). It is known that the VP1 N-

terminal sequence affects endosomal release andanucansport of capsids (Vihinen-

Ranta, et al., 2002). The lipolytic PkActivity of VP1 has been shown to affect the
endosomal vesicular membrane disruption and fatglithe viral escape into the cytoplasm
(Farr, et al., 2005).

The cytoplasmic route from vesicle escape to theleam pore complexes (NPCs) and
release of the genome to the nucleus are stilllpamderstood. Transport of CPV to the
perinuclear area has been shown to be dependehe@hysiological temperature and on
the intact microtubules (Vihinen-Ranta, et al., @00t is also known that the capsids are
retained in endosomal or lysosomal vesicles foesdhours (from one to over six hours,
Suikkanen, et al., 2002, Parker and Parrish, 2d@€hison, et al., 2009).

VP1, one of the CPV capsid proteins, has a uniqudear localization signal (NLS)

region. Results show that this N-terminal sequexicéP1 with several basic amino acids
seems to control the nuclear transport after th&cutar escape and is required for
successful infection (Vihinen-Ranta, et al., 2002keems that the capsids are trafficked
via microtubules into close proximity of the nuclgmre complexes before entering the

nucleus in intact form (Vihinen-Ranta, M., et 2000).

1.1.3Gene expression and genome replication

In the nucleus the single-stranded DNA of caninevgarus is converted to a double
stranded DNA (dsDNA) which allows transcription thye host transcriptional machinery.
In the nucleus the viral genome is also expreseadihig to progeny virus production

including capsid assembly and packaging of the genimto new capsids.

The parvoviral genome is replicated through modifielling-circle mechanism. NS1
initiates replication by binding with replicatiossential high-mobility-group proteins
(Cotmore and Tattersall, 1998) to the right-handgioy and with glucocorticoid
modulatory element-binding proteins to the leftdhaorigin (Christensen, et al., 1997).
Both recognitions lead to the ATP dependent nickihthe viral DNA. NS1 stays attached
to the 5’end of the genome and the 3"end servassteting point for primers to form in
nascent strand synthesis (Cotmore and Tatter@8B)1 In the next phase NS1 has a role

as an ATP-powered helicase in resolving terminafpia structures (Willwand, et al.,
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1997) and unwinding the DNA. Besides NS1 also astipolymerasé and a replication
protein A are involved in the process (Christereed Tattersall, 2002).

1.1.4Release from the host — the egress

Viral infection leads to several functional and pioslogical alterations in the host cell,
often culminating in cell death and lysis. One eglamof the dramatic changes is the
intranuclear autonomous parvovirus replication (ARAbodies. APAR-bodies function as
parvoviral DNA replication centers and are defilgdthe existence of NS1 (Cziepluch, et
al., 2000). APAR-bodies are formed early in infestemerging first as small foci in the
interchromosomal domains at ~12 h p.i. and finéllng most of the nucleus at ~24 h p.i
(Cziepluch, et al., 2000, Ihalainen, et al., 2063@Jainen, et al., 2009).

Some of these changes may help the progeny vinticlpa to be released. In late phases
of the parvovirus infection changes in the cytost@ are detected. This leads to
rounding-up of the cells followed by detachmentrirthe growth platform (Herrero, et al.,
2004). In addition, changes of cytoskeletal filatsehike actin or tubulin have been
reported (Bér, et al., 2008, Pakkanen, et al., 20DBe dependence of a multifunctional,
actin-severing and capping protein gelsolin in rdelling of the actin-network, virus
transport from nucleus to the cell periphery anddlease from the host cell has been

proven in minute virus of mice (MVM) studies (Bét,al., 2008).

Furthermore, the export of new progeny virusesughocytoplasm has been suggested to
be guided by the cytoskeleton and mediated by tysa$ or late endosomal vesicles
challenging the former view that the release ofboaamous parvoviruses is a passive
process (Bar, et al., 2008). Parvoviruses are camymeleased from the cells via cytolysis
triggered by multiple factors in infection (Nuesahd Rommelaere, 2006) although there
Is some evidence of parvovirus release in the alesehcell lysis (Lachmann, et al., 2003).
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1.2 Cell — a basic unit of life

All living organisms, though infinitely varied whewiewed from the outside, have
something in common: the basic unit of life andngs matter — the cells. Cells share
almost the same machinery for their basic functidms yet they carry the most
astonishingly diverse genetic material determinitng unique differences between
individual beings. The smallest organisms consistsimgle cells and the largest,
multicellular organisms contain different types oélls differing in size, shape and
specialized function. The higher organisms havé thpenome enclosed within a double
membrane, the nuclear envelope, and this compattiseralled the nucleus. Cells with
nuclear envelopes are called eukaryotes. Those ed@thout nuclear envelopes are

bacterial cells, prokaryotes (Alberts, et al., 2002

Viruses take advantage of the highly organized mnactes of the cells during their life
cycle. Having small genomes containing only theeesal information in the form of DNA
or RNA, viruses use the host cell’s transcripticaadl translational machineries for their

replication during infection.

1.2.1 Nuclear Envelope

A barrier that separates the nucleus from the ¢gsop and encloses the DNA in a cell
nucleus is the nuclear envelope (NE). NE consi$ta double-bilayer of lipids with a
diverse array of proteins embedded in it (for revgee Hetzer, et al., 2005). Embedded in
the NE are also the nuclear pore complexes (NR&gg protein assemblies that regulate
bidirectional transport of molecules, including f@ios and mMRNAs, between the nucleus
and the cytoplasm (Panté and Kann, 2002). NE s ditectly connected to the extensive
membranes of the endoplasmic reticulum. Underlyiregdouble-bilayer of lipids there is a

meshwork-like proteinaceous lamina (for review Geeenbaum, et al., 2005).

Besides functioning in the molecular trafficking lEovides an important regulatory level
into the eukaryotic cell by separating transcriptamnd translation spatially to nucleus and
cytoplasm, respectively. Nucleus has allowed smiido become an important process in
eukaryotic gene function (Cohen and Pante, 200E)alo provides structural anchoring
sites for components including chromatin and theomgasmic filaments (Gerace and

Blobel, 1982). Recent studies indicate that théppery of the nucleus provides a platform
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for sequestering transcription factors and the emglasmic side of the NE can function as

a resting place for some transcription factors gmiew see Heessen and Fornerod, 2007).

In mitosis, NE break down (NEBD) in the end of {m®phase is required to allow cell
division. The earliest event of NEBD is an increasdhe permeability of the nuclear
envelope coinciding with the dissociation of sonuelaoporins from the NPCs (Kiseleva,
et al.,, 2001). It has been speculated that thezesame alterations in the structure or
conformation of the NE also during viral infectiorhere is evidence that at least one other
parvovirus, MVM, introduces damage to the NE whearainjected into Xenopus oocytes
(Cohen and Pante, 2005). It is also known thatndugertain virus infections (like
poliovirus, a RNA virus) the efflux of some nuclganoteins is facilitated (Belov, et al.,
2004). It has also been shown that the NE permigaisilaltered in CPV infection (Teemu

Ihalainen, unpublished).

1.2.2 Nuclear Pore Complex

Nuclear pore complexes (NPCs) are large, ~125 Mib@ginaceous structures consisting
of approximately 30 protein species called nuclemso(Nups). Each Nup is present in 8-
48 copies due to the eight fold symmetry of the NFiQure 1). On the cytoplasmic side
NPC has eight fibers protruding from a ring-likenttal pore structure. The central pore is
approximately 90 nm in length and 45-50 nm in disenat the NE midplane. Also on the
nucleoplasmic side, eight fibers extrude formingage-like structure (distal ring) of the
nuclear basket (for review see Fahrenkrog, eR@04). The central ring forms an aqueous
opening in NE allowing transportation of cargoshwvhaximum diameter of ~39 nm
(Panté and Kann, 2002). NPC structure seems taitdg tonserved from yeast to higher
eukaryotes with certain differences in linear disien (for review see Fahrenkrog, et al.,
2004).
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Figure 1. Structure of the NPC. Reconstruction of a NPC stinecdiagram (modified from Antonin, et al.,
2008) with a schematical presentation of diffemntleoporin locations. Cytoplasm (CP), nucleopléksif).

NPCs function as gateways in all nucleocytoplastraosport pathways by allowing the
free diffusion of ions and small, less than ~9 nmmdiameter, molecules (Paine, et al.,
1975). In addition, it is involved in receptor-mattid transport of macromolecules such as
proteins, RNAs and ribonucleoprotein particles. Ttnaffic of macromolecules is
accomplished by dedicated carriers recognizingeardbcalization and export signals (for
review see Fried and Kutay, 2003). The phenylakgiycine (FG) repeats of Nups seem
to be essential for this movement which can ocgaiirest a concentration gradient of the

carried molecules (for review see Fahrenkrog,.e80D4).

1.2.3Nucleoporin Tpr

The function of a 265 kD nuclear pore protein Tipar{slocated promoter region) (Mitchell

and Cooper, 1992) is controversial. It has beegesigd to have a role in intranuclear and
nucleocytoplasmic transport, especially in expbrogst, et al., 2002). General function of
Tpr as a scaffold protein has been under debateveker, the latest studies have shown
that NPCs are formed in the absence of Tpr. Thigests that Tpr is not mandatory for
NPC assembly (Hase and Cordes, 2003). Recenthast shown that Tpr has a central
function as a determinant of perinuclear organtratnd in delimiting heterochromatin

distribution (Krull, et al., 2010).



17

Tpr localizes to the nuclear basket of the NPC witt120 nm of the pore midplane, where
it is thought to have an architectural role (Frpssal. 2002, Krull, et al., 2004). It has also
been proposed to reside in the filaments whichrektieom the nuclear basket into the
nuclear interior (Cordes, et al., 1997) but therevidence suggesting that this may not be
the case (Frosst, et al., 2002).

1.2.4Nup153

Nupl53 has been shown to be a direct binding pattra links Tpr to the NPC central

pore in mammals and is crucial for the incorporaté various other nucleoporins to NPC
(Hase and Cordes, 2003, for review see Fahrenlab@l., 2004). It is located at the

nucleoplasmic side of the nuclear basket, in aa aceupied by the nuclear coaxial ring,
and it interacts with transport factors suggestngole in nucleocytoplasmic transport
(Shah, et al., 1998, Stoffler, et al., 1999, Krel,a., 2004). This is supported by data
showing interaction between Nupl53 and the imporhmex of cargo and importins

(Shah, et al., 1998, Schmitz, et al., 2010). Nupt&8 been shown to arrest Hepatitis B
virus capsids in the nuclear basket during infec{féchmitz, et al., 2010).

1.2.5Nup358

Nup358 (RanBP2) resides on the cytoplasmic filasiefthe NPC in the interphase cells.
It is also seen in some amounts in the mammalitopasm, where it particularly enriches
to cell extensions (Walther, et al., 2002, Joseph)., 2004). The association of Nup358 to
the NPC filaments is dependent on interactions Witip214 and Nup88 (Bernad, et al.,
2004). Cytoplasmic Nup358 often colocalizes withcmoiubules (Joseph and Dasso,
2008). In metaphase, this large nucleoporin loeali mitotic spindles and kinetochores
and is therefore important for microtubule-kinetoh interactions. In another words,
Nup358 is controlling the microtubule cytoskeletdior example its assembly (Joseph, et
al., 2004).

Studies have revealed that Nup358 both providesatiopm for rapid disassembly of
transport receptor (CRM1) complexes and a binditg for empty transport receptor
recycling into the nucleus. It has also been shivat the removal of Nup358 causes a
distinct reduction in nuclear export signal-depertdriclear export (Bernad, et al., 2004).
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1.2.6Nuclear lamin A/C

Nuclear lamin is a proteinaceous, cytoskeletalcttine that is lying underneath NE. It is
composed of lamin filaments, which belong to thpety/ intermediate filament family,
and lamin associated proteins (Gruenbaum, et @5) It is closely connected with both
the inner nuclear membrane and the chromatin (Stewtal., 2007). Lamin provides
anchoring sites for the NPCs and confers structanal mechanical stability to the NE
(Gerace, et al., 1988). In addition, nuclear laimas a role in apoptosis and is needed in
DNA replication, proper cell cycle regulation, chratin organization and cell
differentiation. It was also discovered recentlgttsome genetic diseases are caused by
mutations in the proteins of the nuclear laminadéitying mechanisms causing the
disesase were found to be defects in cell mechgoatarization and migration (for review
see Hutchison, 2002, Lee, et al., 2007). LamimTéats constitute the type V intermediate
filament family. In mammals, the alternative spligiof a single gene encodes A-type
lamins (lamin A, AD10, C2), while B-type lamins (BB2, B3) are encoded by two
distinct genes. A-type lamins are developmentadgutated. B-type lamins are essential

for cell viability (for review see Hutchison, 2002)

1.2.7The ER-Golgi intermediate compartment and Rab1A

Connected to the NE in the cytoplasm is the endopila reticulum (ER). Between the
rough ER and the Golgi apparatus resides the ERtGotermediate compartment
(ERGIC) composed of a complex labyrinth of membsaaad proteins. Despite of its
location, the protein composition of the ERGIC meames differs from the membranes
found in the ER and Golgi (Scweizer, et al., 1991).

The ERGIC contributes to the concentration, foldimgd quality control of newly
synthesized proteins. It also generally functiongasicular protein trafficking between the
ER and the Golgi and may present the first posts&Ring mechanism (for review see
Appenzeller-Herzog and Haurl, 2006). One of thdisgrtypes of this system is a Rab-
dependent, vesicular coat protein COPI-mediatedingothrough Rab effectors. Rab-
mediated trafficking in ERGIC is bidirectional am/olves two different Rab molecules,
Rabl and Rab2. The Rabl is involved in membramerieg at the ERGIC and cis-Golgi
in anterograde transport and in COPI recruitmetiaf et al., 2000).
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2 AIMS OF THE STUDY

Viral infection in general leads to several funoiband morphological alterations of the
host cell. Evidence of parvovirus induced dramati@nges in NE morphology and the
structure of its components has been stated indostudies. In this study, the previously
characterized CPV -induced effects were investijate addition, the endosomal
membrane associated trafficking of CPV has remapagtly unknown. This research was
accomplished also to enlighten the events of thfficking.

2.1 Specific aims of the study

1) To elucidate the effects of CPV infection on theucture of NE by monitoring the
amount of the NPCs and possible degradation oftiyes.

2) To monitor lamin A/C and the NE during viral enfor virus induced conformational
alterations.

3) To elucidate the possible role of the ER intermied@ompartment in CPV nuclear

entry and egress.
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3 MATERIALS AND METHODS

3.1 Cells and viruses

Norden Feline Laboratory Kidney (NLFK) and HeLa MIZCL-2) cells were cultured in
Dulbecco’s Modified Eagle's medium (DMEM, Gibco, J3Upplemented with 10 % fetal
bovine serum (FBS) (Gibco, Paisley, UK), 1 % noseesial amino acids (Gibco, Paisley,
UK), 1 % Penicillin-Streptomycin (Gibco, Paisley,KYJand 1 % L-Glutamin (Gibco,
Paisley, UK) at +37 °C in a humidified incubatorttwb % CQ. NLFK cell line stably
expressing lamin C-EGFP was maintained in a medilso supplemented with selective
antibiotic Geneticin 418 (0.4 mg/ml G418, Sigma @ieal Co., Germany). Transferrin
receptor negative TRVDb2 cells (Vogt, et al., 200BGraw, et al., 1987) were cultured in
standard F12 Ham (Gibco, Paisley, UK) supplememntéd 5 % FBS (Gibco, Paisley,
UK), 1% Penicillin-Streptomycin (Gibco, Paisley,KYJand 1 % L-Glutamin (Gibco,
Paisley, UK). All cell types were grown in a mon@ain 75 cm culturing flasks (Sarstedt
Inc., Newton, USA) and passaged twice a week.

For immunolabeling and Western blot the cells wgrewn to approximately 80-90%
confluency either on coverslips (13 mm in diameterpn dishes (35 mm in diameter) the
medium was changed and the cells were infectedigim with CPV in growth media.
100 pl of virus suspension was added and incubateeB7 °C/5 % CQ incubator for
indicated time (0.5 — 72 h). For immunolabeling ttedls were washed with phosphate
buffered saline (PBS, 0.02 M sodium phosphate buwfieh 0.15 M sodium chloride, pH
7.4) and fixed with paraformaldehyde (4 % PFA inSpBor 20 minutes. Cells were again
washed with and stored in PBS (+4 °C) until immabeling. For Western blotting cells
were washed with PBS, incubated with trypsin (GjbPaisely UK) until completely
detached, centrifuged (500 x g, 5 min, Eppendontrdege 5415D) and resuspended in
100 pul of PBS.

For live cell imaging cells NLFK-LamC-EGFP cells mecultivated in 90% confluence on
live imaging dishes (50 mm in diameter) featuringglass-bottom circular opening
(10 mm) cut into center of the attachment surfadat{ek Corporation, Ashland, USA)
and either microinjected with CPV supplemented with Dextran (Rhodamin, Fritch, 1:1,
0.9 mg/ml) into the nuclei or cytoplasms or infecteith CPV in growth media (100 pl or
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1000 pl to increase M.O.l., respectively). The migjections were accomplished by using
a system comprised of Transjector 5246 and a Miaropulator 5171 (Eppendorf,
Hamburg, Germany) on an Olympus IMT-2 inverted wscope. Needles were pulled
from glass capillaries (Clark Electromedical Ingstents, Reading, UK) using a P-97

needle puller (Sutter Instruments, Novato, CA).

RablA-EGFP and pBI265 plasmid transfections wenmdopaed to NLFK and TRVb2
cells with TransIT-LT1 reagent (Thermo Fisher Stifeninc, Waltham, MA) according to

the manufacturer’s protocol.

3.2 Induction of apoptosis

Cells were cultivated until 80-90 % confluence dh rdm dishes. Following medium
change either staurosporin (@/ml, Sigma-Aldrich, St. Louis, USA) or actinomyeh
(0.5pg/ml, Sigma-Aldrich, St. Louis, USA) diluted in DME was added to induce
apoptosis and incubated in +37 °C/5 % ,Ci@cubator for 1, 2, 4, 6, or 24 h. After
incubation cells were washed once with PBS, trypsth (+37 °C) until completely
detached, pelleted (500 x g / 5 min, Eppendorfrdege 5415D), resuspended in PBS
(200 pul) and stored (+4 °C).

3.3 SDS-Page and immunoblotting

Suspensions of variously treated NLFK and HelLasdellPBS (10Qul) were mixed with
equal volumes of SDS-Page Sample buffer and béledi0 minutes. Samples were stored
in -20°C. For Western blot, the protein separagtactrophoretically by sodium dodecyl
sulfate polyacrylamide gel (8 %) electrophoresi®$age) onto nitrocellulose and
immunoblotting were done by using standard methbdgnmmunoblotting the antibodies
were diluted in 5 %-milk-TBS-Tween-20 (1 %). Supgnal® West Pico
Chemiluminescent Substrate (1:1, Thermo Scientifigs used for visualization of

proteins. Signal was collected quantitatively vat@hemidoc XRS (Bio-Rad, UK).

3.4 Immunolabeling

Cells on coverslips were first incubated with peafrigzation buffer (1 % BSA, 0.1 %
Triton-X-100 and 0.01 % NaiN 20 min). Primary antibodies diluted in 3 % BSA®B

were added and incubated for 1 h in room tempezaidter series of washes first with
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permeabilization buffer (15 min, RT), PBS (15 mRl) and again with permeabilization
buffer (15 min, RT) the coverslips were incubatedhwsecondary antibodies for 30
minutes (RT) in the dark. Finally the samples wensed with permeabilization buffer
(15 min, RT) and with PBS (15 min, RT). The samplesre projected from the light
during the washes and embedded in Mowiol contaibiagco antifade reagent (30 mg/ml,
Sigma-Aldrich, St. Louis, USA) or DAPI (ProLong Gohlntifade reagent with DAPI,
Invitrogen, Eugene, Oregon, USA).

3.5 Antibodies

Mouse monoclonal antibodies against the N-termiofisNup153 (1:500, 1 mg/ml,
ab24700-100) and nucleoporin antibody Mab414 (10500mg/ml, ab24609) were from
Abcam (Cambridge, UK). Rabbit antibodies against@iterminus of Tpr (IF: 1:200, WB:
1:500 and 1:250, ab84516) and against the N-tesmhiNup358 (1:1000, ab64276) were
purchased from Abcam (Cambridge, UK). For visuditra of lamin A/C a mouse
antibodyaLam A/C (1:100, NCL-LAM-A/C, Novocastra, UK) wased RabbittPCNA
(1:500, ab18197, Abcam, Cambridge, UK) was useahasfection marker. For detecting
CPV capsids mouse antibody A3B10 (1:200) and Cb#2e(1:800) were utilized (gifts
from Colin Parrish, Cornell University, Ithaca, N.). Goat anti-mouse or anti-rabbit
Alexa488, 555 and 633-conjugated secondary anwsodiere used (1:200, Molecular
Probes, Eugene, OR, USA). In immunoblotting theosdary antibodies used were
horseradish peroxidase-conjugated goat anti-rabbiinti-mouse igG (1:2000, Pierce
Biotechnology, Rockford, IL).

3.6 Confocal microscopy

3.6.1 Fixed-cell imaging

Fixed cell confocal microscopy was conducted witiingpus FluoView FV 1000 confocal
laser scanning microscope using 60x oil immersibjeaiive (UPLSAPO 60x / numerical

aperture [NA] = 1.35, oil immersion).

For the visualization and estimation of the numblenuclear pores and nuclear surface
areas (withaNup1l53 andaPCNA) argon laser with excitation wavelength of 4&&d

HeNe laser with the excitation wavelength of 543emased, respectively. The emissions
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were detected with 500- to 530-nm-band-pass and t85565-nm-band-pass filters. Image
size was 512 by 512 pixels. Step Size (slice siggslice) was 150 nm and the number of
slices in a stack varied from 25 to 35. The pixee (X/Y) was 51 nm with optical

resolution of 172 nm. Sequential scanning was uB&uhole was adjusted to 50. The

fluorescent images were taken without the DIC prasmd averaging.

In simultaneous imaging of microinjected CPV arairetd Nup358, or in RablA-EGFP
studies in fixed, Argon laser with the excitatioawelength of 488 (for Lam A/C-eGFP or
RablA-EGFP), and HeNe laser with the wavelength84% (for A3B10) and 633 (for
Nup358) were used. The emissions were detected @0 to 530-nm-band-pass
(EGFPs), 555-t0 625-nm-band pass (A3B10 in miceaitpn studies), 555- to 655-nm-
band-pass (RablA-EGFP) and 650-nm-long-pass filRirel size was 60-70 nm. In stack
the step size was 150 nm. Picture size varied Bathby 512 and 800 by 800 to 1024 by
1024. During scanning the used averaging was Kainfeaiue of 2-4).

3.6.2 Live-cell imaging

In live-cell microscopy the images were acquirethwAeiss CellObserver HS widefield
microscope (Zeiss, Gottingen, Germany) with a 6Bxeagol immersion objective (Plan
Neofluar 63x / numerical aperture [NA] = 1.30, gdyal immersion). The microscope
incubator was maintained in +37 °C during obseovaaand the C® concentration was
adjusted to 5 %. Used excitation leds were 470 ndh599 nm from a Colibri light source
(Zeiss). The fluorescence was collected with aszéisoCam MRm. Binning (2 x 2) was
used to reduce the exposure time (maximum of 8ROmsging started immediately post
infection. Frame rate varied from 12 to 4 frames Ipgur and imaging session durations
raised from 1 to 24 h.

3.7 Image analysis

After imaging, the acquired data was analyzed wittageJ program (ImagedJ 1.44d,
Abramoff, et al., 2004). Tables were constructedvicrosoft Excel. Image panels were
constructed in Adobe Photoshop® CS2.
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3.7.1 Estimation of the number of NPCs

For calculating the amount of nuclear pores in mp@a cell, the acquired data included
two channels: 488 nm laser faNup153 (NUP channel) and 543 nm laser d®fCNA
(PCNA channel). FronuNup153 fluorescence image stack, the slice with ithele
bottom of the cell and the best possible arrayusfieoporins was first located. Then, an
average intensity projection from a few slice befand after was calculated. To reduce the
noise, Gaussian filtering with the radius of onetfe NUP channel, and a median filtering
with a radius of one for the PCNA channel, respetyi The nucleus was thresholded
using the median filtered, average intensity PCKAmmel and used as the area of nucleus.
By using the specific area of the nucleus the arhotifNPCs was calculated by using the
find maxima —command in the “Process” —menu of ledagA suitable noise tolerance
value for this application was gained through $riperformed uniquely for each sample

cell.
3.7.2 Analysis of nuclear surface area and volume

After median filtering (radius 1) the moderateBCNA channel stack used in the NPC
amount estimations was thresholded and the nuelea was measured. For the volume
determination the originalPCNA oraLam A/C fluorescence stack was thresholded after
median filtering (radius 2). The volume of the reud was measured with an ImageJ 3D-
Objects counter plugin. The used voxel size waarflx 51 nm x 150 nm in acquiring of
the data.

3.7.3 Localization studies

For studying the possible localization and colaalon of the fluorescent proteins used in
this study the acquired data was analyzed and eedarDepending on the use of the
source data, the z-projects (average intensitgtimrks) of the images were used and/or the
images were modified with the Gaussian filterired{us 1). In addition, the brightness and

contrast were adjusted.
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4 RESULTS

4.1 Effects of CPV infection on the structure of NE

To analyze the molecular structure of the NE duiinfgction, the density of one of its
components, the nuclear pores, was estimated ected and compared to that of
noninfected NLFK cells in S- or G —phasei&) of the cell cycle. Nucleoporin antibody
against Nup153 was used to detect the nuclear pamdaPCNA was used as a marker for
recognizing infected cells as well as the S- or fhase in the noninfected cells. The
nuclear basal surface area was measured in Imagedithg theaPCNA labeling. The
fluorescence staining was bright and separate Nipdbeled spots clearly detectable.
Confocal microscopy did not directly show any dabte differences in the NPC densities
between samples. Computer analysis, however, shavatdtistically significant decrease
in the density of the NPCs in CPV infected compacethe control cells (Student’s t-test;
p=0.003). The density of NPCs in infected cellg%2+ 0.60 NPC/uf) was ~30 % lower
than in non-infected G-phase and S-phase cell§ (8.8.31 and 3.36 + 0.88 NPC/Am
There was no statistically significant differencetle densities of NPCs in S- or G.phase
cells (p=0.309) (Figure 3). The nuclear surface aethe basal side of the infected cells
(198.98um?) was ~23 % larger than in the G-phase controsodlb0.48 + 29.4am?)
(Figure 2). Small, but statistically insignificaimcrease in nuclear surface area was also
detected when comparing infected and non-infectgthe®e cells (172.97 + 29.9n%)
(Figure 3).

To analyze CPV induced effects on the structurethef NE, degradation of certain
nucleoporins was studied in NLFK and HelLa celleatéd with CPV or induced in
apoptosis with staurosporin or actinomycin D. Westdots of variously treated cells were
accomplished with nucleoporin antibody Mab414 (Fegd) and nucleoporin specific
antibodies against Nup153, Nup358 (Figure 5) and(data not shown) used in detection.
No partial or full degradation of nucleoporins sadlin either infected (24 h p.i.), control,

or apoptosis induced cells was observed in thdystiigure 4,5,6).
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Figure 2. Average nuclear basal surface areas of the infeatet control NLFK cells. A statistically
significant increase in the nuclear surface argindunfection compared to the control cells in Gape of
the cell cycle. Nuclear surface area was determiun@dP CNA labeling in confocal microscopy. Error bars
indicate the standard deviations.
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Figure 3. Average nuclear pore complex densities (numberREdim2) in infection (24 h p.i.) and in S- or
G-phase control cells. The density of NPCs deceesigmificantly as a consequence of CPV infectiemor
bars indicate the standard deviations.
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4.2 Nuclear volume increases slightly in CPV infection

Since nuclear basal surface is dependent on cafleshwe wanted to use 3D analysis to
study possible infection induced changes in thdeaucvolume. To this end, cells were
labeled withaPCNA or/andaLam A/C antibodies and imaged with confocal micopsc
Computer analysis of the nuclear volume was apglefiltered and thresholded image
stacks with 3D-Object Counter particle analysisgpiuin ImageJ. The results obtained
with aPCNA showed a statistically significant increas@1(%, p=0.03) in the nuclear
volume in CPV infected NLFK cells (464.05 + 116,@®°) in relation to G-phase control
cells (384.81 + 120.7Am>). The increase in volume was observed also wherpaced to
S-phase cells but this difference was not signifida4 %) (Figure 14). Measurements
accomplished with theLam A/C labeling showed a small increase in CP\édtdd cell

nuclei size compared to the controls but the diffiees were not significant.
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Figure 14. Average nuclear volumes measured viifCNA labeling of the CPV infected and control NLFK
cells. A statistically significant increase in theclear volume during infection compared to thetaurcells
in G-phase of the cell cycle.
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Figure 4. Nucleoporin degradation studies in NLFK cells teglwith staurosporin (M) for inducing
apoptosis (A) and in CPV infected NLFK cells (B)eg¥ern blot with Mab414 antibody labeling Nup358,
Nup214, Nup153 and Nup62 showed no apoptosis ectiioin induced degradation of the studied
nucleoporins. Nup62 as a control.
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Figure 5. Staurosporin (M) treated NLFK cells were immunoblotted with nugge@rin specific antibodies
against Nup153 (A) and Nup358 (B) (arrows) to diepaxssible apoptosis or CPV induced degradatioe. Th
study showed no clear degradation of the studiepsNafter induction of apoptosis or as a consequehce
CPV infection (data not shown).
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Figure 6. Western blots of HeLa (A) and NLFK (B) cells trehteith actinomysin-D (0,ug/ml) for
induction of apoptosis. Detection was accomplishitth Mab414 antibody labeling nucleoporins Nup358,
Nup214, Nup153 and Nup62 (control). No apparentatdation of nucleoporins was detected in apoptatic
in 24 h infected (data not shown) cells.

4.3 NE and nuclear lamin C remain unaltered in CPV inEction

NLFK-LamC-EGFP cells with CPV capsids microinjectedio the nuclei or cytoplasm
were observed by using widefield live cell confoaaitroscope to record virus induced
alterations in the morphology of the NE and nucleanin C. The observation periods
were from 4 to 24 hours p.i. Several morphologichédnges in lamin C-EGFP were
recorded during infection but all types of thesarafes were clearly detectable also in the

non-infected control cells (Figure 7).

One of the common changes seen was a buddingdikéendg of the lamin towards the

cytoplasm. During the cell division in control cgllamin C fluorescence dispersed from
the NE to the cytoplasm and after the division tmght fluorescence of the NE was
regained through a phase in which large, brighttsspappeared into the nucleus.
Frequently, cells started to die after approximagal h p.i. In dying cells the lamins were
disintegrating or undergoing dramatic morphologicladnges. The infected cells did not
divide during observation. In this study, no sidgrany clear, particularly infection induced

conformational alteration of lamin C was observedre 7).
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Nuclei of NLFK cells with cytoplasmic CPV microinjection (A) and control (B)

Omin 20min 60min 100min

Figure 7. CPV microinjected (A) and control (B) NLFK cellsably expressing Lamin-C-EGFP visualized
by live cell confocal microscope. In controls, ammhational changes in the lamin were common andemor
frequently detected before cell division. After noimjection, similar alterations in the lamin confaation
compared to the controls were detected. Howevepanticularly virus induced alterations were redegd.
Frame rate during imaging was 12 fph.. Averagenisitg Z-projection pictures of 200 x 190 pixels lwthe
pixel size of 125um.

In addition, the conformation of the NE and thelaac lamin A/C was closely examined
in infected, CPV microinjected and control NLFK aNdFK-LamC-EGFP cells (live and
fixed). In fixed samples, fluorescent antibodiesiagt several nucleoporins (Mab414,
aTpr, Figure 9) or laminoflamin A/C, data not shown) did not show any detdeta
particularly virus induced morphological changesconfocal microscopy. Occasionally,
microinjected or infected cells with the stable IGBGFP expression had a throughoutly
dispersed or diffuse lamin fluorescence staininghi@ cytoplasm. There were also no
differences in the conformational behavior of thenins in the nuclear or cytoplasmic
microinjection experiments. Concentrated CPV latzelat one side of the nucleus were
frequently seen in infected but not in microinjectells. In conclusion, no verifiably virus
induced changes in the conformation of the lami@ Af the NE were encountered in this
study (Figure 8,9,10).
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NLFK-LamC-EGFP + CPV (100 pl) Cor#2 + Cor#2 +
DIC Cor#2 Mab414 LamC-EGFP Mab414 Mab414

1 hpi.

2hpi

4 hpi

6hpi

Control

DIC Cor#2 Mab414 LamC-EGFP

Figure 8. Control (24 h, below) and CPV infected NLFK-LamC-H&cells (CPV 10@l) at 1, 2, 4, and 6 h
p.i. Immunolabeling of CPV (Cornell#2, red) and taér nucleoporins (Mab414, green) showed no
colocalization or specifically virus induced altéoas of the NE or the nuclear lamin. Majority oP@
capsids concentrated to one side of the nucleirdexgion proceeded. DIC, differential interferercamtrast.
Confocal microscopy slice image of 800 x 800 wiitkepsize of 67 nm.
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NLFK cell infected with CPV 24 h
DIC A3BI10 Tpr Merge

Figure 9. Confocal microscopy image of CPV infected (10024 h p.i.) NLFK cell immunolabeled with
CPV capsid antibody A3B10 (red) and nucleoporircgmeantibodyaTpr (green). Virus infection did not
induce any detectable breaks or other significhatations to the NE. Average intensity Z-projentiscale
bar of 5um. DIC, differential interference contrast.

NLFK cell with cytoplasmically injected CPV 3 h p.i.
DIC _ A3B10 Nup358 LamC-EGFP

Figure 10. Confocal microscopy image of NLFK-LamC-EGFP cellsthwCPV microinjected to the
cytoplasm (3 h p.i.). Immunolabeling was done vétiti-nucleoporin antibodgNup358 (green) and CPV
capsid antibody A3B10 (red). No observable, sigaiifit virus induced alterations of the lamin or Mig
were recognized. Average intensity Z-projectiomladar of Sum. DIC, differential interference contrast.

NLFK-LamC-EGFP infected with CPV 24h
Cornell#2 Mab414 LamC-EGFP Merge

Figure 11.Single optical section confocal microscopy imagea &PV infected NLFK-LamC-EGFP (1Q0,

24 h p.i.) cell with CPV capsid proteins labeledhaCornell#2 in red and nucleoporins labeled witAkv14

in green. In addition to NE labeling, some cytoplas labeling with Mab414 was detected. No apparent
colocalization of antibodies used was observedleSzar of S5um.
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4.4 CPV-nuclear pore complex —interactions

Fixed CPV infected and control NLFK cells were inmolabeled with Nup153, Nup358
and Tpr specific antibodies, and with Mab414 l|akglseveral nucleoporins. CPV was
labeled either with antibody A3B10 or Cornell#2.n@mral microscopy was utilized. The
fluorescence staining of the nucleoporins was bragid clear making the visualization of
the NE possible. In addition, cytoplasmiblup358 labeling was also detected in some
extent (data not shown). In these studies, CPVndidappear to colocalize significantly
with any of the nucleoporins tested in the NE,lose distance or in the cytoplasm (Figure
11).

4.5 Role of Rab1A-vesicle trafficking in CPV entry andegress

To study the cytoplasmic transport route of CP\émftesicular escape to the nucleus,
RablA-associated vesicle trafficking was studiekde Btudy was accomplished in CPV
infected (10 min, 30 min, 1 h, 2 h, 24 h and 48&hRab1A-EGFP transfected NLFK cells
(24-48 h) and control cells (24-72 h). At the begny of the infection in NLFK cells,
RablA was mostly concentrated on one side of tlubena in close proximity of the NE.
This was also detected in the control cells. lledtéd NLFK cells there was no significant
change in the Rab1A appearance between 10 mirntp.2 As infection proceeded, there
was also some more diffuse labeling and severghter spots of RablA staining in the
cytoplasm. There were also no explicit changeshi& appearance of RablA-EGFP
between the cells at 24 and 48 h p.i.. Majoritytted CPV capsids concentrated on the
same side with the RablA near the NE at all timmtpdout did not colocalize with it
(Figure 12).
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NLFK transfected with RablA-EGFP + CPV 2 hand 24 h p.i.
RablA-EGFP A3B10

Figure 12. Rabl1A-EGFP transfected and after 24 h incubatiolW @fected (2 h and 24 h) NLFK cells
visualized by immunolabeling of CPV capsids (A3Bld)d RablA associated vesiclegRéb1A) for
detection of colocalization. No major changes ia libcalization or in the appearance of the Rabhinsig
was detected in this study in infection. The stsiypwed no clear colocalization of CPV and RablA.
Collection of maximum intensity 400 x 400 pixel iges applied with Gaussian filtering (radius 1).6Psize

of 131 um.

Viral egress was studied in pBI265 and RablA-EGfRsfected, TfR-negative TRVb2
cells (24-72 h post transfection, p.t.) and contrells with a confocal microscope. In
control cells, the Rab1A staining localized nea& NE under the nucleus and some larger,
bright bundles of Rabl1A fluorescent staining wds® @etected surrounding the NE. The
same was true also for the pBI265 transfected TR (24 h p.tr., data not shown)
without significant differences. In 72 h p.tr., thest cell death rate was high. Cells still
attached to the growth surface had a more spreé@dR#8uorescence staining showing
fiber or strand-like meshworks in the cytoplasm paned to cells at previous time points.
In conclusion, no sign of significant colocalizatiof virus and RablA-associated vesicles

was detected in this study (Figure 13).
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TRVb2 / RablA-EGFP (control) or TRVb2 / Rabl A-EGFP+pBI265

DIC Rabl1A-EGFP

Control

72 h p.tr.

72 hp.tr.

DIC A3B10 RablA-EGFP Merge Close-up

Figure 13. RablA-EGFP transfected (72 h) TRVb2 control celb @BI265, CPV clone) and RablA-
EGFP/pBI265 dual-transfected (72 h) TRVb2 cells geth at the putative phase of viral egress.
Immunolabeling of CPV capsids (A3B10) and Rabl/oaiged vesiclesuRabl1A). Collection of maximum
intensity Z-projected images of 400 x 400 with pigze of 176um. Gaussian filtering with the radius 1.
DIC, differential interference contrast.
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5 DISCUSSION

It has been shown that the small, autonomous CRMfo®ng a DNA genome, are

imported to the nucleus via VP1-NLS —mediated rotitee nuclear import is suggested to
be accomplished through the NPCs with capsid iotenas with importins (for review see

Greber and Fassati, 2003, Vihinen-Ranta, et aD2R0However, clear evidence for this
phenomenon has not been stated. The exact eveotseih by this virus at the NE and the
NPCs have yet remained undisclosed.

Many viruses, despite of the composition of theengmes, induce even dramatic
alterations of the NE and its components duringatibn. Among RNA containing viruses
at least the poliovirus of theicornaviridae family triggers relocation of certain nuclear
proteins into the cytoplasm in infection as a coogace of a rendered NE permeability
through alterations of the NPC structure and funmctirhese alterations include at least the
degradation of certain nucleoporins (Nupl153 and @2ypBelov, et al., 2004). Similar
nucleoporin degradation has been shown also upomwuius infection though the
degradation products of the Nups differed in siampared to the poliovirus case (Gustin
and Sarnow, 2002). Recent studies also presentathatst one parvovirus, the MVM,
induces alterations to the NE (Cohen and Pantéb,2B@iesch, et al., 2005). MVM
infection has been shown to cause damage to then@®Ht the NPCs in a time- and
concentration-dependent manner independent of B@sNThis suggests a mechanism in
which the MVM is imported to the nucleus througk tiesulting breaks (Cohen and Pante,
2005).

Based on the results stated above, it was tempiagsess the effects of CPV infection on
the NE and its components through a closer exaromaff the NE conformation, as well
as the structures of the nucleoporins and theisiples colocalization with CPV in alive
and fixed cells. Moreover, to get a better con@aptif what effects the virus induces to the
NE composition, the number of the NPCs was caledlat infection and in control NLFK
cells in S- or G-phase of the cell cycle in thisdst In addition, the possible role of the ER
intermediate compartment and RablA-associated lessiwas studied to assess the

cytoplasmic endosomal trafficking of the CPV duritglife cycle.
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5.1 CPV infection does not affect the conformationf NE and lamin A/C

If viruses, like picornaviruses, with nucleus-fige cycles still have profound effects on
the NE, it might not be surprising to encounterfoamational NE changes derived from
nuclear machinery dependent CPV. However, the teguésented in this work indicate
that the CPV infection in NLFK or Hela cells doest induce notable conformational
alterations of the NE, or the underlying laminsisTitesult supports the idea of NPC-based
import of the CPV (for review see Greber and Fas2803). In live-cell imaging, also no
significant increase in the frequency of NE confatimnal alterations after introduction of
the virus was visually detected in this study. faation of which changes in the NE or in
the lamin were truly virus induced was challengidge to the amount of varied
conformational changes also detectable in the obwmills during normal cell growth
cycle. During this research, it was also noticeat the general condition of the observed
cells has a notable role in estimating if someratten is truly infection based. It might be
difficult to distinguish which alterations resuit viral entry, in virus induced apoptosis and
necrosis (Nykky, et al., 2010), or are due to ndroell death via apoptosis resulting from
e.g. unsatisfactory growth conditions. It is alsosgible that the alterations were not
detectable in this study due to limited resolutairthe confocal microscopy and chosen
methods. For acquiring factual data in the NE/lamonformational analysis, good
conditions of the sample cells, explicit microsc@mnd undistorted image enhancing were

found to be of great significance.

5.2 Effect of CPV infection on nuclear volumes

According to the research done witRCNA labeling, the nuclei of CPV infected NLFK
cells was on average ~21 % larger than the nuél&-phase (@G;) non-infected cells.
However, the average size of the nuclei after 2dféction did not differ significantly
from that of the S-phase control cell’s (~4 %). Woé measurements were accomplished
also withaLam A/C antibody. In that study there were no digant differences in the
nuclear volumes although a weak trend of increasudear size was detected (Figure 12).
Still, based on these results, it can be saidtttenhuclear volume is slightly increased in
CPV infection compared to noninfected S- or G-phadlks. Nuclear size increase has been
observed in earlier studies. Growth by 2.9 folddRV infection (24 h p.i.) has been
observed by timelapse imaging of CPV infected NLE&Is (lhalainen, et al., 2009).
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Similar effect has been reported with other viruggavell. In herpes simplex 1 infection
the nuclear volume at 6 h p.i. has been shown tirbgar to that of mock-infected nuclei
but to increase from 8 h to 16 h p.i. during virgplication by the factor of 2 (Simpson-
Holley, et al., 2005). The reasons for this nuclea@lume increase were not assayed in
these studies but it can be speculated that tieiease in infection might be due to the
higher DNA content of the infected cells as wagops®ed by Ihalainen, et al. (2009).

In this study the nuclear size was also investajatecontrol cells. It can be stated that the
nuclear volume increases in the S-phase during alocell growth which is consistent
with the former results (Maeshima, et al., 2010, review see Drummond, et al., 2006,
Maul, et al., 1973). WittuPCNA labeling, the G-phase nuclei were found to~t8 %
smaller than the S-phase nuclei and witlam A/C the difference was even smaller. In
earlier studies, the nuclear growth in HeLa celis been reported to increase gradually
throughout the cell cycle reaching the maximumhaténd of G (Maeshima, et al., 2010).

It might have been interesting to separate@ G-phases also in this study to see if there
was a similar trend. The used analyzing method withseparation of sand G-phases
and possible uneven amount of these samples, feadeaf the result and may not tell the

whole truth.

5.3 CPV infection induces NE composition change

As a result of the nuclear volume growth observedhis study, there is obviously an
increase of the nuclear perimeter and presumabhgased total surface area of the NE. It
can be speculated if the composition of NE change®sponse to different metabolic
situations encountered during normal cell growtle. Maintain sufficient diffusion of
metabolites over the NE, for instance in prepamafior mitosis, the amount of NPCs

changes during the cell cycle.

Indeed, formation of new pores has been shown ¢caracmmediately after mitosis and in
interphase (Antonin, et al., 2008). In additiomuctuation of the amount of NPCs during
different phases of the cell cycle has been detexthin earlier studies. An increase in the
amount of NPC and in the nuclear volume by the remdf 2 in HelLa cells during
interphase has been reported. This increase wamdiodbe governed by cyclin-dependent

kinases whereas the nuclear growth had distinailaégn mechanisms. The researchers
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stated that it seems like the nuclear volume irsgefoes not directly trigger formation of
new NPCs by showing fast increase of NPCs if6@nd slower increase in, @hile the
nuclear volume gradually and continuously increg8éaeshima, et al., 2010). Still, in that
study the NPC density remained quite the same ¢maut the cell cycle as follows: 4.57 +
0.49 NPCs pepm? in Gy, 5.10 + 0.39 NPCs pem? in S, and 5.43 + 0,39 NPCs pen’

in G, (Maeshima, et al.,, 2010). However, the discussibrthe relatedness of volume
increase and NPC formation is ongoing. Studies geinyg opposite results have also been
published. Dultz and Ellenberg, 2010, showed tHastors to be correlated in normal rat
kidney cells and that the formation of new NPCsuogat a constant rate accompanied
with nuclear growth throughout the interphase. Mindess, these two studies agree on
the constant overall NPC density during the celtley(Dultz and Ellenberg, 2010,
Maeshima, et al., 2010). In this research, it weswv that the NPC densities of the S- and
G-phase NLFK nuclei were quite similar as well las huclear volumes. This is consistent
at least with the results of Dultz and Ellenber@l@ Strikingly, the NPC density in the
CPV infected cells was significantly decreased,levithe nuclear volume continued to
increase (Figure 3, 12). It can be speculatedttt@CPV infection may affect either the
formation of new pores, ceases it or it somehowrslthe NPC structure leading to its
degradation. Or it might be that the event is armany of many: it is possible that CPV
induces NE-NPC-scaffold structure breakdown accamneglwith the repression of NPC
biogenesis. It is supposed, that parvovirusesrefa host cell in the S-phase of the
interphase (Op de Beeck and Caillet-Fauquet, 18®¢éye the de novo NPC biogenesis is
known to take place (Chadrin, et al.,, 2010). Thusan be speculated that the NPC
biogenesis might be a potential target of rendenngrus infection. Moreover, the finding
of this study that the studied nucleoporins knowrbé degraded in certain other virus
infections (Belov, et al., 2004, Gustin and Sarn2@02) remained intact during the CPV
infection, may not support the Nup degradation thedlowever, in this study the
induction of apoptosis did not trigger degradatéthe studied Nups opposite to what was
expected. This may indicate a methodological eEgen though the death rate of the cells
increased after induction of apoptosis, it may btl that the chemicals used were old and

therefore did not work correctly.

It has to be mentioned that in this study the NR€se counted by computer analysis from

a chosen array of optical sections of the nucledioln and not from the whole nucleus.
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The NPC density might not be constant on diffeedés of the nucleus and thus these
results should be treated cautiously. Neverthekessethod using only the bottom section
has been earlier discussed to be well represeatédivthe whole nucleus (Dultz and
Ellenberg, 2010). However, in this study it was ogized that further studies
concentrating on the NPC density determination frtra whole nucleus would be

necessary for acquiring explicit information.

Normally, the NPCs are quite stable structures with-long recidence scaffold-
nucleoporins (D"Angelo, et al., 2009). Still, fornsudies state that the degradation of the
NPCs can also be due to age-dependent deteriotationgh oxidative damage of several
nucleoporins leading to the loss of nuclear intggand components from the NPCs in
post-mitotic cells (D"Angelo, et al., 2009). In &duh, previous studies have suggested
that both, parvovirus H-1 infection or merely H-ENexpression, lead to increased levels
of intracellular reactive oxygen species. It hadleen proven that antioxidant treatment
reduces this increase, cell cycle arrest, as gedlpmptosis (Hristov, et al., 2010). It can be
speculated if the oxygen radicals are producedra®tied also in the CPV infection to
increase the NPC permeability and assist the nuaheport of the virus. On the other
hand, if oxidative stress is induced not until N8ipression, it may be that this
phenomenon stated above occurs only in the egress.

5.4 Nucleoporin-CPV —interactions at the NPC may beapid

The aspect of CPV binding to the NPCs has beereancNucleoporin based binding to
the NPCs has been proven for example with ademgwihich is also a DNA virus (for
review see Greber and Fassati, 2003). In this stiuelye was no notable colocalization of
the studied nucleoporins (Nupl153, Nup358, Tpr) #mel CPV. However, due to the
confocal microscope resolution it is not possildedetect single viruses at the NPCs. It
may be that only one virus at a time is at the NRGhe entry interacting with these
nucleoporins but this could not be detected in shisly. Moreover, weather it is a question
of not binding to these but to some other nucleiop@mained still unsolved. In the future,
one potential target of investigation concerninig thinding would be the Nup214 of the
NPC cytoplasmic fibers, which has been shown tation in adenoviral nuclear import
(for review see Greber and Fassati, 2003). Inghigy, Nup358 fluorescent staining was

sometimes detected in regularly fiber-like struetum the cytoplasm. This is consistent
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with former studies of Nup358 which propose a cl@gemic presence and a role in
controlling the microtubule cytoskeleton (Josephak, 2004). CPV trafficking in the
cytoplasm has been known to include microtubulasistance (Vihinen-Ranta, et al.,
1998). Because of the presence of Nup358 in the saeas it was speculated if the CPV
transport occurs attached to it. The results sugdethough, that the CPV did not bind to
the Nup358 in the cytoplasmic fibers of the NPCs.

5.5 Intracellular vesicle trafficking of the CPV is nat Rab1A-mediated

Because Rabl, the second isomer of Rab (Allan].e2@00), is involved in vesicular
cytoplasmic transport and the CPV has shown torékicdked along a vesicular route

during its life cycle (Bar, et al., 2008), RablAsnarelevant target of closer investigation.

The role of RablA in the viral entry was studiedimfiected and control NLFK cells
transfected with RablA-EGFP. Also the possible fiomcof RablA in the egress was
studied in TRVDb2 cells transfected with an infeet®@PV clone pBI265 and Rab1A-EGFP.
The research done clearly showed that the CPMdkaif) takes places in the same side of
the nucleus and in the same area where the ERGtCated (Scweizer, et al., 1991). This
was estimated with visualizing of the Rab1A sysiaentonfocal microscopy. What also
became obvious was that the CPV is not trafficke®RablA-associated vesicles but in a
completely separate system. The future study caimggthe cytoplasmic, post-endocytotic
transportation of CPV could be directed still tacrotubule associated vesicles or vesicles
known to be involved in transferrin recycling. Fetample Rab11 has been shown to be
required for the recycling of internalized transieiin early endosomal compartment and
thus providing a link between membrane traffickingHeLa cells (Lindsay and Caffrey,

2002) — as one example of many.
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6 CONCLUSIONS

In this thesis, the CPV infection —induced, confational and structural alterations of the
NE and the underlying lamin A/C, as well as the i Rab1A-associated vesicles in
CPV’s endosomal membrane trafficking, were investid. The studies concerning
structural alterations of the NE comprised monitgrof NPC density and possible
degradation of nucleoporins Nup358, Nup214, Nup&ab8, Tpr with Nup62 as a control.
The results suggested the interactions of the chNsgps and CPV to be relatively rapid
and temporary. It seems that CPV translocates fhentytoplasm to the nucleus via NPC
mediated route since no infection induced confoional alterations e.g. breaks of the NE
were detected in the study. These results araéwith former studies performed with
parvoviruses. In addition, the studied Nups seetoedmain intact in infection suggesting
that CPV does not induce Nup breakdown. Moreovemall but not significant increase
of nuclear volumes in CPV infection was recordaxhgbide with a decrease in NPC
density compared to the non-infected cells in Ssqrhase of the cell cycle. The research
done also proposes that the endosomal membrafielired of CPV does not include
RablA-associated vesicles but occurs in the sagas af the ERGIC compartment. It
might be interesting to study mechanisms behinatlobear volume change in CPV
infection. Also the phenomena behind the NPC demsianges would require closer
investigation. In addition, one exciting objectiweuld be to measure the NE permeability
in infection to detect possible changes. In tharkitthese studies might provide us a better

conception of events induced by viral infectioroals general.
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Appendix I: Solutions and Reagents

50 x TAE-buffer

212 g Tris

57,1 ml acetic acid

100 ml 0.5 M EDTA, pH 8
Diluted to 1 | of HO

1 x TAE-buffer is prepared by 1:50 dilution in®l

Mowiol-DABCO

20 g Mowiol
80 ml PBS

40 ml 100 % glyserol

25 x PBS

200 g NacCl

5 g KCl

5 g KHPO,

36,2 g NAHPO, x 2H,0

Diluted in 1 | of HO

1 x PBS is prepared by 1:25 dilution in@
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BSA-PBS

1 g Bovine Serum Albumine (BSA)

Diluted in 100 ml PBS

4% PFA-PBS

4 g paraformaldehyde (Merc, Darmstadt, Germany)

Diluted in 100 ml PBS



