346  KOIKE AND NOMOTO

along microtubules through the axon to the neuron
cell body, where uncoating and replication of PV oc-
cur. A reconstituted experimental system with rat
primary neurons was established in order to test the
above hypothesis. Molecular imaging experiments
indicated that endosomes carrying both PV and PVR
undergo retrograde transport through the axons of
the primary neurons (86); however, additional re-
search is required to elucidate the mechanisms un-
derlying the endocytosis of PV at synapses and the
manner and location of PV replication in the neuron
cell body.

PV REPLICATION IN THE CNS
Determinants of Neuron-Specific Infection

In the CNS, PV preferentially infects motor neu-
rons in the anterior horn of the spinal cord and in
neurons in the brain stem and motor cortex (7, 11).
PV infection is not observed in other sites, including
the occipital lobe of the cerebral cortex. Lytic replica-
tion of PV in the motor neurons results in a character-
istic flaccid paralysis of the limbs. Similar pathology
is observed in PVR tg mice. Neuron-specific infection
in the CNS seems to be determined by the presence of
PVR, because in situ hybridization experiments dem-
onstrated that PVR mRNA expression is observed in
neurons but not in glial cells in mice that express PVR
with the natural PVR promoter (56, 100); PV infec-
tion is observed in glial cells when PVR is expressed
in glial cells under the control of a ubiquitous pro-
moter in mice (43). On the other hand, it remains
unclear why PV preferentially infects a subset of neu-
rons. Bodian hypothesized that the route of infection,
the neuronal network connections, and the intrinsic
resistance of some neurons to infection determine this
specificity (7, 11).

Role of the IRES in Attenuation of Neurovirulence

Wild-type PV strains replicate more efficiently
and produce more severe pathological lesions in the
CNS than attenuated strains. The degree of neuro-
virulence in different virus strains appears to pri-
marily depend on the ability of the virus to repli-
cate in the CNS. There are multiple neurovirulence
determinants in the PV genome (60, 88, 114), with
strong neurovirulence determinants mapped in the 5’
NCR of all three PV strains. Comparative sequence
analysis between the attenuated Sabin 3 strain and
its neurovirulent revertants demonstrated that a key
mutation at nucleotide position 472 leads to a neuro-
virulent phenotype (21). Molecular genetic analysis
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employing reverse genetics of PV type 1 showed that
a relatively strong determinant of neurovirulence
resides in the 5 NCR of the viral RNA, especially
nucleotide position 480 (49); a neurovirulence deter-
minant in the PV type 2 genome has been identified
at nucleotide position 481 (64). These nucleotide po-
sitions exist within the region corresponding to the
IRES (31, 91). The results suggest that the neuroviru-
lence levels of individual PV strains correspond with
their IRES activities, that is, efficient translation ini-
tiation in the CNS. It is also known that translation
initiation mediated by the IRES of attenuated strains
is lower than that of virulent strains in neuroblas-
toma cell lines (32, 61). Therefore, it is considered
that the attenuation phenotype of vaccine strains is
due to a neuronal cell-specific translational defect;
this translational defect constitutes a barrier specific
for attenuated strains.

Possible Mechanism for IRES-
Mediated Attenuation In Vivo

Several proteins that interact with the PV IRES
have been identified (5, 16, 35, 41, 66, 81, 82, 92). One
of these proteins, polypyrimidine tract-binding protein
(PTB), has been shown to play an important role in the
translational activity of the PV IRES (34, 92). Deple-
tion of PTB from cellular extracts inhibits translation
mediated by the PV IRES in a cell-free system (34, 41,
42), and overexpression of PTB in cultured cells en-
hances translation mediated by the PV IRES (26). Ex-
amination of the interaction of PTB with the PV IRES
has demonstrated impaired binding by PTB on the
Sabin IRES in comparison with the wt IRES (30, 82).
Interestingly, CNS cells express PTB at very low levels
but contain high levels of a neural or brain-enriched
homolog of PTB, nPTB (51, 63, 65, 98).

Guest et al. (29) examined the interaction of the
IRESs of PV type 3 virulent Leon strain and Sabin 3
strain with PTB and nPTB. PTB and nPTB were found
to bind to a site directly adjacent to the attenuating
mutation, and binding at this site was less efficient on
the Sabin 3 IRES than on the Leon IRES. The trans-
lational activities mediated by the IRES elements of
Leon and Sabin 3 were determined by electroporating
a bicistronic construct that contained either the Sabin
3 or the Leon 5’ untranslated region into neural cells
of a living chicken embryo spinal cord. Translation in
the chicken embryo spinal cord mediated by the Sabin
3 IRES was less efficient than translation mediated by
the Leon IRES and was rescued by overexpression
of PTB, but not nPTB or other IRES trans-activating
factors. These data suggest that tissue-specific expres-
sion of PTB coupled to a reduced binding of PTB on
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the Sabin 3 IRES led to the virus’ CNS-specific at-
tenuation. Similarly, tissue-specific expression and dif-
ferential RNA-binding properties of PTB and nPTB
are important determinants of neurovirulence of the
GDVII strain of Theiler’s murine encephalomyelitis
virus {97).

ROLE OF QUASISPECIES IN PV PATHOGENESIS

The quasispecies of PV plays an important role
in PV pathogenesis (see Chapter 12). PV, as well as
other RNA viruses, has a high error rate in RNA rep-
lication, and therefore each viral genome in the popu-
lation differs from others by one or more mutations.
In the presence of selective pressures, the quasispecies
is presumed to provide an advantage to survival of
the viral population as a whole, since some of the
mutants contained in the population may be able to
adapt to new environments (17, 18). Interestingly, a
single point mutation in the RNA-dependent RNA
polymerase (3D-G64S) determines the polymerase
fidelity, and virus containing this mutation exhibits
a reduced error rate (93) (see Chapter 13). The 3D-
(G645 mutant and wt virus showed few differences
in growth kinetics in cultured cells that were not un-
der selective pressure; however, when wt and mutant
viruses were propagated in the presence of guani-
dine hydrochloride, the frequency of appearance of
guanidine-resistant virus in the presence of guanidine
hydrochloride was lower in the mutant virus (111).
This result suggested that the fitness to a new envi-
ronment was decreased as a result of the high fidelity
of the polymerase. Surprisingly, the 3D-G64S virus
showed reduced neurovirulence when inoculated by
a peripheral route into PVR tg mice but was able to
replicate in the CNS when inoculated directly into the
CNS (95, 111). These results suggested that a diver-
sity of the PV genome is necessary for adapting to dif-
ferent external conditions during virus dissemination
into different parts of the body. A virus population
with diverse genomes is likely to contain an individ-
ual viral genome that could be a source of a founder
that fits well in new environments, while candidate
viruses are not likely to be present in a homogeneous
popuiation. Pfeiffer and Kirkegaard (94) infected a
mixture of tagged PV from the peripheral routes and
showed that only a subset of members of the infected
pool of virus reached the CNS, suggesting that only
a small number of viruses survived and were selected
in certain situations. This bottleneck effect was not
observed when tagged PV was inoculated in the pe-
ripheral sites of PVR tg mice deficient in the type [
IFN response (59), suggesting that the quasispecies

is required during the dissemination of PV in order
to evade the IFN response by the host. Additional
studies are needed to elucidate the importance of
quasispecies in the pathogenesis of poliomyelitis (see
Chapter 12).

CONCLUDING REMARKS

We have summarized barriers against PV infec-
tion in the host and mechanisms by which PV passes
through them. In the late 1980s, two important
findings were made: identification of the PVR, with
the subsequent development of PVR tg mice, and
identification of the IRES. As a result of these two
breakthroughs, investigations of the pathogenesis
of PV infection in the whole organism made signifi-
cant progress; however, many features related to the
pathogenesis of PV-induced disease remain unknown.
In order to better answer some of the many unsolved
questions, knowledge of additional new mechanisms
and concepts important in PV infection may be
required.

There are several topics that remain poorly un-
derstood and could provide important additions to
our understanding of PV pathogenesis. (i) The mecha-
nisms by which PV invades two physical barriers, the
GI tract and BBB, need to be elucidated, because it is
difficult to explain this invasion simply on the basis
of PVR-dependent infection. It may be that invasion
of these barriers is mediated by transcytosis and that
identification of a receptor for transcytosis, rather
than the PVR (receptor for infection), mediates PV
entry into the GI tract and BBB. (ii) It is not known
why the IFN response occurs in a tissue-specific man-
ner upon PV infection and why extraneural tissues
are protected by this response while neural tissues
are not. It may be that the IFN response varies be-
cause of the sensing mechanism for viral replication.
Therefore, studies on the viral sensors and molecules
that execute the IFN response following PV infec-
tion may answer these questions. (iii) It is not known
why PV preferentially infects motor neurons in the
spinal cord. It may be that an additional factor(s)
that is present in other areas of the CNS inhibits PV
infection. {iv) PV uses PVR when it reaches the pa-
renchyma of the CNS by means of axonal transport.
Although the structural transition of the PV virion is
initiated by binding the PVR, uncoating of the virion
does not occur during axonal transport but begins in
the soma of the neurons. It is possible that the num-
ber of PVRs that bind the virion may determine the
fate of the PV particle, i.e., a small number of PVRs
that bind each virion may not be sufficient to result
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in viral conformational change but may be able to
induce endocytosis of the virus on the surface of syn-
apses. Alternatively, a cellular factor(s) that inhibits
viral uncoating could exist in the axon. If this were
the case, the virus would need to be free from such
a factor(s) before replicating in the neural cell body.
(v) The role of the quasispecies in PV dissemination
remains unclear and needs to be explored.
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Poliovirus (V) 2A™*" has been considered imp: rtant for PV replication and is known to be toxic to host cells.
A ZA""-deficient PV would potentially be less toxic and ideal as a vector. To examine whether 2A°P™ is needed
to form progeny virus, a full-length ¢cDNA of dicistronic (dc) PV with (pOME) or without (pOMEA2A) 2AP™
was constructed in the strain PYI(M)OM. RNAs of both pOME and pOMEA2A were capable of forming
progeny viruses, called OME and OMEAZ2A, respectively. In their ability to induce a cytopathic effect (CPE),
the strains ranked as OMEA2A < OME = PV1(M)OM. These results suggest that 2AP™ is not essential for
full-length de PPV to form progeny virus and that it contributes to the efficient viral replication and/or induction
of a CPE. To clarify whether 2AP™ is essential for P1-null’ (lacking the entire coding sequence for capsid
proteins) PV, the RNA replication activity of Pl-null PV (pOMAP1) or Pl-null PV without 2A°™
(pOMAP1A2A) or without both 2AP™ and 2B (pOMAP1A2AA2B) was examined. The RNAs of pOMAP1 and
pOMAPIAZ2A could replicate and form progeny viruses under a trars supply of P1 protein, whereas the RNA
of pOMAP1A2AA2B could not. These results suggest that 2AP™ is not needed for the replication of P1-null PV,
although it is important for PV RNA replication and inducing a CPE. To know whether a 2AP™-deficient PV
can be used as a vector, a Pl-null PV containing the enhanced green fluorescent protein (EGFP) coding

sequence with or without 2AP™
2AP"™-deficient PV can express foreign genes.

was examined. It expressed fluorescent protein. This result suggests that

Poliomyelitis is an acute disease of the central nervous sys-
tem caused by the poliovirus (PV), a human enterovirus that
belongs to the Picomaviridae family. Humans are the only
natural hosts of PV. In humans, an infection is initiated by oral
ingestion of the virus followed by multiplication in the alimen-
tary mucosa (7, 38), from where the virus spreads through the
bloodstream. Viremia is considered essential for leading to
paralytic poliomyelitis in humans.

PV is a nonenveloped particle that consists of a positive
single-stranded RNA genome and 60 copies each of four cap-
sid proteins and occurs in three serologically distinct types,
type 1, type 2, and type 3. The genome, composed of approx-
imately 7,500 nucleotides (nt), is polyadenylylated and co-
valently linked at the 5" end to a small protein, VPg (31, 40,
44). The RNA alone is infectious; cells transfected with the
RNA produce infectious progeny virions. The polyprotein is
cotranslationally cleaved by virus-specific proteinases to form
viral capsid proteins (VP0O, VPI, and VP3) and noncapsid
proteins (2A, 2B, 2C, 3A, 3B, 3C, and 3D). VPO is further
cleaved into VP2 and VP4 during the formation of virions.
2AP™ 3C™™ ) and 3CDP™ are viral proteinases involved in
processing specific to PV polyproteins (26). The translation of
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the viral mRNA is controlled by an internal ribosomal entry
site (IRES), a 400-nt RNA segment of the viral genome that
precedes the open reading frame (ORF) (33, 34). An IRES
element with a similar function exists in the genomic RNA of
the encephalomyocarditis virus (EMCV) (19, 20). Molla et al.
{(29) inserted the type 2 EMCV IRES element into the ORF of
PV (at the P1*P2 junction), thereby generating a virus carrying
a dicistronic (dc) RNA genome. In this dc virus, viral proteins
are produced by proteolytic processing of two distinct polypro-
teins, P1 and P2-P3, specifying the capsid proteins and the
nonstructural proteins, respectively.

PV defective interfering particles (DIs) have been isolated
from laboratory-propagated viral populations (12, 13, 21, 28)
and from manipulated cloned infectious cDNAs (16) and, in all
cases, retain translational as well as replication competence
(28, 32). It has been reported that foreign gene sequences
could be substituted into the PV PI region without affecting
the replication of the RNA (4, 37) as long as the translational
reading frame was maintained (16). Since the replicons do not
encode capsid proteins, they were encapsidated when trans-
fected into cells previously infected with a recombinant vac-
cinia virus (VV-P1) which expresses the PV capsid precursor,
P1 (36). Serial passage of these replicons in the presence of
VV-P1 resulted in increasing titers of encapsidated replicons,
allowing the generation of stocks of the recombinant PV vec-
tors (36).

In addition to cleaving viral polyproteins, 2AP™ is known to
cleave several cellular proteins. Cleavage of the eukaryotic
translation initiation factor ¢eIF4G by 2AP™ inhibits the cap-
dependent translation of cellular mRNA without affecting the
translation of viral RNA (15, 24). Independent of the shutoff of
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host protein synthesis, A" also stemulated the translation of
PV RNA (17). The stimulation of transkition was later shown
to be mediated, at lcast in part, by the C-terminal cleavage
product of eIF4G that is genciated by 2AM (8,18, 45). There-
fore, 2AP™ enhances viral protemn synthesis in infected cells
both by inhibiting host cell protein svathesis and by stimulating
the translation of viral RNA. Scveral genctic studies suggest
2AP™ to also have an essential role in PV RNA replication,
The replication of a subgenomic RNA replicon which con-
tained a deletion mutation in 2A™*" wias scverely inhibited in
transfected cells (14). Interestingly, the replication of this RNA
could be rescued in trans when 2AM was provided by a wild-
type helper RNA (14). In addition, studics using a de PV RNA,
where the cis cleavage function of 2A™" was not required to
cleave the viral polyprotein, suggested that 2A™Y activity was
essential for efficient viral RNA replication (30). The C-termi-
nal region of 2AP™ has also been implicated in viral RNA
replication (27). 2ZAP™ also targets nuclear factors, including
several transcription factors (42) and a structural component
of small nuclear ribonucleoproteins (snRNPs), gemin-3, which
is implicated in the removal of cukaryotic introns mediated by
the spliceosome machinery (3). PV 2ZAP™ inducces alterations in
the nuclear pore complex, which inhibits the nuclear export of
U snRNA, rRNA, and mRNA but not IRNA. The inhibition of
trafficking of de novo-synthesized mRNAs occurs carly after
2AP™ expression, suggesting that this proteasc could prevent
host responses to viral infections (11).

PV induces an apoptotic response when its growth is mark-
edly suppressed, for example, in the presence of guanidine
hydrochloride. A temperature-sensitive (z5) mutant of PV also
had suppressed viral growth and induced an apoptotic re-
sponse. In contrast, a productive infection in these apoptotic
cells was accompanied by a canonical necrotic cytopathic effect
(CPE) (1, 2, 41). The viral infection triggers an apoptotic
pathway involving the consecutive activation of caspase-9 and
caspase-3. The productive viral infection suppresses the imple-
mentation of this apoptotic program, at least in part, by aber-
rant processing and degradation of procaspase-9 (6).

Here, we show that a 2A"™-deficient full-length dc PV is
replication competent, although the efficiency of its replication
is decreased. Morcover, a 2AP-deficient Pl-null (Jacking the
ety codimyp sequence Tor the capsid proteins) PV with or
withont ephanced preen fluorescent protein (EGEP) can also
prondince progem anens ander o ens supply of PLU protein.
Phorcfore, AT oot peeded for the rephication of PV with
v owathont e 1 codding repmonn the visad penome, although
CAT phays agmar bt rodeom PV RN A eephication and mdue-
wp a8

AMATEHIAES AND A HIIODS

olis, shrnean e, mond mptiontien Moncban e Hob oD Acan e monkaoy
by ¢ MK Gl wine poown o Dby oo amesdibed b aple s nedonm
TDNT AL Dieotenge ik sopphe mentod sath 0 ol calt o (NCSO N
bl Kase o) e NGO W sk Pore Chenmead Tnduares Frd ) and 001

sl v solfate (Meg Setha Roasta Bl yat 870 nnder v 0. and
used lor the prepacation ol snses, tanstection with inlections ¢HNA clones,
andl pliague assays

The virulent type | PV st Mahoney [PV IM)OM]. derived froman intee
tious cDNA clone, pOM I (39). and the type 3 PV strain Leon were employed in
this study. The viruses recovered from the cclls transfected with the RNAs of
pOMADS, pOMALS, pOMAPI. pOMAPIAZA, pOM-EGFPAPL. pOM-

J. VIROL.

EGFPAP1A2A, pOME, and pOMEA2A were designated OMA0.8. OMALS,
OMAP1, OMAP1A2A, OM-EGFPAPI, OM-EGFPAPIA2A, OME, and
OMEAZA. respectively. For providing the PV P1 capsid precursor for Pl-defec-
tive genomes, a recombinant vaccinia virus (VV-P1) was used (5).

Filtrated ascites fluid of an anti-Mahoney mouse monoclonal antibody
(7m008) and an anti-Leon mouse monoclonal antibody (Thai p34-120) were used
for the neutralizing assay.

Construction of recombinant cDNAs. pOMA0.8 was constructed with a dele-
tion of 816 nucleotides in pOM1 from nucleotide (nt) 1663 to nt 2478 (Fig. 1).
Similarly, pOMA1.8 had a 1,782-nucleotide deletion in pOM1 from nt 1175 to nt
2956, pPOMAP1 had a 2.628-nucleotide deletion in pOM1 from nt 746 to nt 3373,
pOMAPIA2A had a 3.072-nucleotide deletion in pOM1 from nt 746 to nt 3817,
and pOMAPIA2AA2B had a 3.367-nucleotide deletion in pOM]1 from nt 746 to
nt 4112. All these plasmids except pOMA1.8 were constructed by PCR using
KOD Plus DNA polymerase (Toyobo). pOMALS was constructed from pOMI
digested by Nrul (nt 1172) and SnaBI (nt 2954) and self-ligated.

pOM-EGFPAP] was constructed by PCR. subcloning into pBluescript 11
KS(+), and recombination. Briefly, the fragment from nt 1 to nt 735 of pOM1
which had an Xhol restriction site downstream of nt 735 was digested by Kpnl
and Xhol and inserted into the equivalent sites of pBluescript II KS(+). This
plasmid was designated pBS(1). A fragment amplified from pEGFP-N1 (Clon-
tech) by PCR using a sense primer (MunI>EGFP; 5'-CCCAATTGTATCATA
ATGGTGAGCAAGGCG-3') and an anti-sense primer (EGFP<Smal; 5'-TCC
CCCGGGCTTGTACAGCTCGT-3) was digested by Munl and Smal and
inserted into the equivalent sites of pBS(1). This plasmid was designated pBS(2).
A fragment from nt 3365 to nt 4252 of pOM1 which had a Smal restriction site
just upstream of nt 3365 was digested by Smal and Spel (n1 3982 of pOMI) and
inserted into the equivatent sites of pBS(2). This plasmid was designated pBS(3).
pBS(3) was digested by Kpnl and inserted into the equivalent sites of pOMI (nt
66 and nt 3660). pOM-EGFPAP1A2A was similarly constructed except for the
final recombination sites (Kpn! [nt 66 of pOM1] and Spel [nt 3982 of pOMI]).

pOME was constructed by PCR from pOM1 and a plasmid which contains the
IRES of EMCV. A fragment containing the PV IRES and P1 coding region with
a lermination codon which had an EcoRI restriction site just downstream of the
termination codon was digested by Bpull021 (nt 285 of pOMI1) and EcoRI
(fragment 1). The other fragment contained an EMCV IRES-related region (nt
21410 n1 852 of EMCV ¢DNA) which had an EcoRI restriction site just upstream
of nt 214 of EMCV ¢DNA and a Smal restriction site downstream of nt 852 of
EMCV cDNA. The sequence of the junction was 5'-(EMCV IRES)-ATG GCC
ACA ACC ATG GAA CCC GGG-(Smal restriction site)-3”. This fragment was
digested by EcoR1 and Smal (fragment 2), and fragment 1 and fragment 2 were
inserted between the Bpull02I and Smal sites of pBluescript 11 SK(+). This
plasmid was designated pBS(4). pBS(4) was digested by Bpull02l and Smal
(fragment 3). A fragment containing the PV P2-P3 coding region which had a
Smal restriction site just upstream of the sequence required for PV 2AM
digestion between PV P1 and 2A™ was digested by Smal and BglII (nt 5601 of
pOM1) (fragment 4). The sequence of the junction between the Smal restriction
site and the 2A coding sequence was 5'-(Smal restriction site) ACC TAC (ZAM™
coding sequence)-3'. Fragments 3 and 4 were inserted between the Bpull02I
and Bglll sites of pOMI, and the final plasmid was designated pOME.
pOMEA2A was constructed similarly to pOME. The sequence of the junction
between the Smal restriction site and 2B coding sequence was 5'-(Smal recog-
nition site) GAA GCC ATG GAA CAA (2B coding sequence)-3'.

Nucleotide sequences derived from PCR fragments were analyzed using a
Bighye terminator cycle sequencing kit (version 3 or 3.1) (Applied Biosystems)
with an ABI Prism 310 genetic analyzer (Applied Biosystems) or ABI Prism
30 Avant genctic analyzer (Applied Biosystems).

RNA transfection. RNA transcripts were symheéized from Pvul-lincarized
“DINAs using an AmpliSeribe T7 high-yield transcription kit (Epicentre Biotech-
nologies) and digested with RNase-free DNase 1. AGMK cells on a 6~cm dish
(1 aleon) were transfeeted with 1o 3 pg of RNA by a DEAE-dextran method
(1) The eultnes were harvested at 42 h [for PVI(M)OM and OME] or 75 h
tor OMT ATA)Y after the tansfection. OMEA2A was serially passaged through
AGMR cells two times

Reverse trsnseription (RTR-PCR. RNA was extracted from PVI{M)OM,
OME, OMIAA OM EGEPAPL and OM-EGIPAPIAZA with chloroform
contammy phenal and soamyl aleohol and reverse transcribed with Superseript
Hotsmsenphine (Jnvitogen) using an - anti-sense primer (PV5699<5719 or
PVATSE NDS) POR was then performed with KOID Plus (Toyobo) using a
sense primer [PV(M)2058 - 2923] and an anti-sense primer [PV(M)4232<4252]
for PVI{M)OM, OME, and OMEA2A or using a sense primer (PV577>597)
and an anli-sense primer (PV4512<4431) for OM-EGFPAP1 and OM-
EGIPAPTA2A . The PCR products were analyzed by agarose gel electrophoresis.
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A 5' e P g P2 > P3 -> 3'
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FIG. 1. PV genomic constructions. (A) Construction of PV and recombinant PVs. {B) Junctional amino acid sequences of pOM-EGFPAP1, pOM-
EGFPAP1A2A, pOME, and pOMEA2A. The nucleic acid sequence (CCCGGG) recognized by Smal, corresponding to the amino acid sequence Pro Gly, is
shown by underlines. The inserted EMCV IRES are shown by the striped horizontal bars. Closed triangles indicate the sites of cleavage by 2AP™, and open
triangles indicate the sites of cleavage by 3C™" or 3CD"™. Nucleotide numbers of the deleted fragments are shown at the deletion positions.

For sequencing of the products, DNA was extracted from the gels using the DEAE-dextran method or infected with the viruses. At the time points
GenElute Minus ethidium bromide spin columns (Sigma). indicated below, cytoplasmic RNA was extracted from the transfected cells using

Slot blot analysis. Monolayers of HeLa cells (4.4 % 10° cells/well) in 6-well Isogen (Nippon Gene Co., Ltd.) dissolved in 40 ul of H,O. One-fourth was
plates were transfected with the in vitro-synthesized RNA from each plasmid by mixed with 30 pl of denaturation buffer (66% [vol/vol] formamide and 7.8%
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{vol/vol] formaldehyde) in 3-(N-morpholino)propanesulfonic acid (MOPS)
buffer (26 mM MOPS [pH 7.0}, 6.5 mM sodium acetate, and 1.3 mM EDTA) and
denatured at 65°C for 5 min, followed by chilling on ice. An equal volume of 20x
SSC (333 mM NaCl and 333 mM sodium citrate tribasic dehydrate} was added.
In each slot of a slot blotting apparatus (Bio-Dot SF; Bic-Rad Laboratories,
Inc.), 10 pl of RNA solution was applied, and the RNA was immobilized on a
nylon filter (Hybond-N; GE Iealthcare UK Ltd.) and cross-linked by a UV
cross-linker (UV Stratalinker1800; Stratagene). The filters were hybridized to a
labeled ¢cDNA corresponding to nt 110 nt 742 of the viral RNA (43) or to exon
7 of glycerol-3-phosphate dehydrogenase (GAPDH) mRNA using AlkPhos Di-
rect (GE Healthcare UK Ltd.) according 1o the manufacturer’s instructions. The
probes were detected by chemiluminescence using CDP-Star (GE Healthcare
UK Ltd.).

Encapsidation of PV replicons, serial passaging, and purification. The encap-
sidation and serial passaging of PV replicons using VV-P1 have been described
previously (5), and basically the same method was adopted here. Briefly, HeLa
S3 cells were infected with S PFU of VV-P1, which expresses the PV capsid
precursor protein P1, per cell. At 2 h postinfection, the cells were transfected by
the DEAE-dextran method with in vitro-transcribed RNA. The cultures were
harvested at 24 h posttransfection by three successive freeze-thaws, sonicated,
and clarified by low-speed centrifugation at 14,000 x g for 20 min. For serial
passage of the encapsidated replicons and generation of virus stocks, HeLa S3
cells were first infected with 10 to 20 PFU of VV-P1 per cell. At 2 h postinfection,
the cells were infected with passage 1 encapsidated replicons. The cultures were
harvested at 16 h after PV infection by three successive freeze-thaws, sonicated,
and clarified by low-speed centrifugation at 14,000 X g for 20 min. The super-

natant was then stored at —80°C or used immediately for additional passages by _

the same procedure.

For purifying the P1-null PV particies, the supernatant was lysed with 1%
sodium dodecyl sulfate and centrifuged in a Beckman type 45 rotor at 35.000 rpm
for 2.5 h. The supernatant was discarded. and the pellet was washed under the
same conditions in 0.1 M phosphate buffer (pH 7.35) for an additional 2.5 h. The
pellet was then resuspended in serum-free DMEM, fiitrated, and stored at
~-80°C.

Titration of viruses. The numbers of PFU in AGMK cells were determined by
the plaque assay, and the numbers of infectious units (IU) were determined by
counting fluorescence-positive cells. Units of viral RNA (U) were adopted for
the infection with P1-null viruses. For the measurement of PFU, AGMK cells on
6-cm dishes were inoculated with the viral suspension and then incubated at 37°C
for 2 to 5 days for the observation of plaques. To measure the units of viral RNA
of OMAD.8, OMAL.8, OMAPI, and OMAP1A2A, viral RNA was extracted from
the suspensions with chloroform containing phenol and iscamyl alcchol. The
units were measured using a LightCycler system (Roche Diagnostics) according
to the manufacturer’s instructions. As 1.1 X 10% U/ml was equivalent to 2.1 % 10°
PFU/ml for PV1I(M)OM, we adopted 5.2 % 10" Ujcell, which was supposed to be
equivalent to 1,000 PFUscell (multiplicity of infection [MOI] of 1,000) of
PVI(M)OM for the infection with OMAO08, OMALl8, OMAPIL, and
OMAP1A2A. For the measurement of IU of OM-EGFPAP1 and OM-
EGFPAP1AZA, fluorescence-positive cells were counted under an inverted flu-
orescence microscope (DM6000B; Leica Microsystems) at 24 h postinfection in
HeLa cells. The amount of virus leading to one fluorescence-positive cell was
defined as 1 IU. Comparing the units of RNA with the infectious units of
fluorescence-positive cells, 5.3 X 10° U/ml was equivalent to 7.1 x 10° IU/ml for
an OM-EGFPAPI stock and 4.2 X 10° U/ml was equivalent to 1.1 X 10" IU/ml
for an OM-EGFPAP1A2A stock. Based on the data, we considered that the units
of RNA were not significantly different from the infectious units for OM-
EGFPAP! and OM-EGFPAP1AZA

Observation of CPE. HeLa S3 cells in 16-well Lab-Tek chamber slides (Nalge
Nunc International K.K.) were infected with PVs. Eight, 18, or 24 h aficr the
incubation with PVs at 37°C, the cells were observed under an inverted micro-
scope.

Neutralization assay. The viral suspension (50 pl) was mixed with filtrated
ascites fluid (50 1) containing the antibody and incubated at 37°C for 1 h. The
virus-antibody mixture was overlaid on HeLa S3 cells in 16-well chamber slides
and incubated at room temperature for 20 min and then at 37°C for 30 min. The
mixture was then replaced with DMEM supplemented with 5% NCS. The cells
were observed 18 h after the incubation at 37°C under an inverted microscope.

TUNEL assay. A direct terminal deoxynucleotidyltransferase mediated
dUTP-biotin nick end labeling (TUNELY) assay was performed using an i s
cell death detection kit (Roche Diagnostics), and cells were observed under a
confocal laser scanning microscope (LSM5HY Cirl Zeiss Mictolmaging Ca
Ltd.). Actinomycin D (10 pg/ml) was added for an apoptosis positive contiot

J. VIrOL.

RESULTS

2AP™ is not required for full-length dc PV to form progeny
virus. 2AP™ is known to be cytotoxic, and a 2AP™-deficient PV
vector might be desirable. To examine whether 2AP™ is needed
to form progeny virus, cDNAs of the full-length dec pPOME and
pOMEA2A with the backbone of the PV type 1 Mahoney
strain (pOM1) (Fig. 1A and B) were constructed and the
ability to form progeny viruses was examined. HeLa cells were
transfected with the RNA of pOM1, pOME, and pOMEA2A
and examined for a CPE. RNA derived from pOM1, pOME,
and pOMEA2A was not degraded as assessed by gel electro-
phoresis (data not shown). All these RNAs induced a CPE that
led to cell death, whereas no CPE was observed in the mock-
transfected cells (data not shown). The supernatants also in-
duced a CPE in HeLa cells. These results show that pOMI,
pOME, and pOMEA2A can form progeny viruses, called
PV1(M)OM, OME, and OMEA2A, respectively. This suggests
that 2AP™ is not essential to form progeny virus for full-length
dc PV.

To confirm that the OME and OMEAZ2A suspensions do not
contain [RES deletion revertants, the sizes of the fragments
encompassing VP1 and 2B were examined by PCR (data not
shown). The PVI(M)OM, OME, and OMEA2A suspensions
produced appropriate fragments, that is, 1.3-kb, 1.9-kb, and
1.5-kb fragments, respectively. The sequences of the PCR frag-
ments were analyzed, and they were not mutated (data not
shown). These results mean that IRES deletion revertants
were not detected in the OME and OMEAZ2A suspensions
under the experimental conditions and that it is highly proba-
ble that these suspensions do not contain IRES deletion re-
vertants. This suggests that OME and OMEA2A can prolifer-
ate by themselves.

To ascertain that the CPE was actually induced by PV, a
neutralization assay was performed using a monoclonal anti-
body for the virulent type 1 Mahoney strain (7m008) and a
monoclonal antibody for the virulent type 3 Leon strain (Thai
p34-120). Hela cells were infected with PV1(M)OM, OME,
OMEAZ2A, or Leon at an MOI of 10 in the presence or absence
of Tm008 or Thai p34-120 and examined for a CPE (Fig. 2). In
the absence of the antibodies, all the strains induced a CPE. In
the presence of 7m008, only Leon caused a CPE. In contrast,
in the presence of Thai p34-120, all the strains except Leon had
a CPE. These results suggest that PV1I(M)OM, OME, and
OMEAZ2A are type 1 strains, and the CPE was induced by PV.

To define the characteristics of the viral strains, a plaque
assay was performed using AGMK cells (Fig. 3). PVI(M)OM
produced large plaques, OME moderate-sized plaques, and
OMEAZ2A the smallest plaques. The extremely small plaques
of OMEAZA may relate to its slow replication rate.

To compare these strains further, HeLa cells were infected
at an MOI of 10 and cell morphology was observed 8 or 24 h
after the infection (Fig. 4). All the viruses had a CPE (Fig. 4A).
No CPE was observed in the mock-infected cells. To quantify
the rate of CPE-expressing cells, the percentages of round-
shaped cells, detached cells, and cells with membrane bicbbing
among all cells were analyzed, and the kinetics are shown in
Fig. 413 OMEA2A had a lesser CPE than did OME or
I'VI(MIOM. OME cxhibited a similar level of CPE to
PV EHM)OM, atthough OME had slightly slower kinctics than
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FIG. 2. Neutralization assay of PVI(M)OM, OME, OMEA2A, and Leon with anti-PV type 1 or type 2 monoclonal antibody. HeLa cells were
mock infected (e, j, and o) or infected with PV1(M)OM (a, f, and k), OME (b, g, and 1), OMEAZ2A (c, h, and m), or Leon (d, i, and n) in the absence
(k to o) or presence of an anti-PV type 1 Mahoney monoclonal antibody (7m008, a to €) or anti-PV type 2 Leon monoclonal antibody (Thai
p34-120, f to j). Eighteen hours after the infection, the CPE was observed under a microscope. Bar, 50 wm.

PV1(M)OM. The results were reproducible. These results sug-
gest that in speed of viral replication and/or the ability to
induce CPE, the strains rank as OMEA2A < OME =
PVI(M)OM. They also suggest that 2AP™ contributes to effi-
cient viral replication and/or the induction of a CPE. When the
cells were infected at a higher MOI (MOI of 50), the kinetics
were essentially unchanged (data not shown). This result sug-
gests that an MOI of 10 was high enough to assess the kinetics
of CPE expression. Only OMEA2A induced morphological
changes typical of apoptosis, namely, cell membrane blebbing,
in a significant proportion of cells (Fig.4Ac, Ae, and 4Cs). This
result indicates that OMEA2A may induce apoptosis.

2AP™-deficient full-length dc PV induces apoptosis. To con-
firm that OMEA2A induces apoptosis, a direct TUNEL assay
was performed in cells infected with or without PV1(M)OM or
OMEAZ2A or treated with actinomycin D, which induces apop-
tosis (Fig. 5). Uninfected samples and PV1(M)OM-infected
samples contained few fluorescence-positive cells. On the
other hand, actinomycin D-treated samples and OMEA2A-
infected samples included many fluorescence-positive cells.
These results suggest that OMEAZ2A induces apoptosis. This
raises the possibility that 2AP™ is important to prevent typical
apoptosis in PV-infected cells.

Pl-null PV RNA deficient in the 2AP™ coding region can
replicate in cells. It has been reported that the PV P1 coding
region is not required for RNA replication and the formation
of progeny virus in Pl-expressing cells (4, 37). To further
define which parts of the PV genome are necessary for RNA
replication, deletion mutants were prepared (Fig. 1A) and
RNA replication activity was examined by slot blotting (Fig.
6A). RNAs derived from pOMI, pOMA(.8, pOMAI1.S8,
pOMAPI1, pPOMAP1A2A, and pPOMAP1A2AA2B were not de-
graded as assessed by gel electrophoresis (data not shown).
The RNAs were introduced into HeLa cells, and the cells were
collected 2 and 8 h after the transfection. Cell lysates were used
for slot blotting. When a probe for PV IRES RNA was used,
all the RNAs except for pPOMAP1A2AA2B RNA were in-
creased at 8 h compared to the levels at 2 h after the transfee-
tion. The amounts of GAPDH RNA hardly changed up to 8 h
after the transfection. The results were reproducible. These
results suggest that the 2AP™ coding region is not needed for
the RNA replication of P1-null PV and that 2B is necessary for
the PV replicon activity.

The 2AP™ coding region is not required for P1-null PV to
form progeny virus in Pl-expressing cells. Next, the ability to
form progeny virus was examined. The RNAs of pOMI,

FIG. 3. Plaque phenotypes of PVI(M)OM, OME, and OMEA2A. AGMK cells were infected with PVI(M)OM (a), OME (b), and OMEA2A
(¢). The cells were fixed 2 days after the infection with PVI(M)OM, and OME and 4 days after the infection with OMEA2A.
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FIG. 4. CPE in cells infected with or without PV1(M)OM, OME, and OMEA2A. (A) HeLa cells were mock infected (d and f) or infected with
PV1(M)OM (a), OME (b), or OMEA2A (c and e) at an MOI of 10. Eight (a to d) or 24 h (e and f) after the infection (h.a.i.), morphological
changes were observed under a microscope. Bar, 50 um. (B) Percentages of CPE expression among all cells. (C) Rates of membrane blebbing
among CPE-expressing cells. Average rates in two to three microscopic fields in one experiment were plotted. The rates were examined 0, 2, 4,
6, 8, 10, 12, and 24 h after the infection. Blue lines with squares indicate results for PV1(M)OM, pink lines with triangles indicate results for OME,

and orange lines with circles indicate results for OMEA2A.

pOMA0.8, pOMAL1.8, pPOMAPI, pOMAP1A2A, and pOMA
P1A2AA2B were introduced into Pl-expressing cells, and the
supernatant was recovered after freezing and thawing. Hela
cells were covered with medium containing the supernatants
and examined for a CPE 24 h later (data not shown). All the
supernatants except those of pOMAP1A2AA2B RNA and
mock transfectants had a CPE. These results suggest that the
RNAs of pOMAO0.8, pOMA1.8, pPOMAP1, and pOMAP1A2A
can form progeny viruses, OMAQ.8, OMA1.8, OMAP1, and
OMAPIA2A, respectively, whereas the pPOMAPIA2AA2B RNA
cannot. The quality and sizes of the viral RNA genomes were
confirmed by agarose gel electrophoresis (data not shown). To

adjust the titers among these viruses, the copy numbers of the PV
RNA strands in the virus-containing supernatants were examined
by quantitative real-time PCR and the units of viral RNA were
determined. To examine the CPE expression, HeLa cells were
infected at 5.2 X 10" U/cell and examined for a CPE up to 24 h
after the infection (Fig. 7), and the rates of round cells, detached
cells, and cells with mémbrane blebbing among all cells were
analyzed (Fig. 7B). Similar to the previous results, all the viruses
had a CPE. P1-null PV had slower kinetics than PVI(M)OM.
OMAO0.8, OMA1.8, and OMAP1 showed similar numbers of
CPE-expressing cells, although the kinetics of OMAP1 until 10 h
after the infection was faster than that of other P1-null PVs.

-592 -



VoL. 84, 2010

PV1(M)OM OMEA2A
a. b.

FL

BF

FL + BF

POLIOVIRUS 2A-DEFICIENT MUTANT 5953

Mock

ActD
; il

C.

FIG. 5. Apoptosis in cells infected with OMEA2A, detected by the TUNEL assay. HeLa cells were mock infected (d, h, and 1), infected with
PVI(M)OM (a, e, and i) or OMEA2A (b, {, and ), or treated without (d, h, and 1) or with (c, g, and k) actinomycin D (Act D). Seven hours after
the infection with PVI(M)OM, 8 h after the treatment with actinomycin D, and 21 h after the infection with OMEA2A, the cells were TUNEL
stained. TUNEL-positive cells were fluorescent. Fluorescence (FL) images are shown at the top (a to d), bright-field (BF) images are shown in
the middle (e to h), and merged (FL+BF) images are shown at the bottom (i to I). Bar, 50 pm.
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FIG. 6. Slot blot analysis of cells after transfection with or without
synthesized viral RNA or after infection with or without viruses.
(A) HeLa cells were transfected with or without (Mock) RNAs of
pOMI1, pOMAO.S, pOMAL8, pOMAP1, pOMAPIA2A, or
pOMAPIA2AA2B, and cell lysates were collected 2 and 8 h later. The
RNAs were detected with probes for the PV IRES sequence or
GAPDH sequence. (B) A similar experiment was performed using the
RNAs of pOM1, pOMAP1, pOMAP1A2A, pPOMAP1A2AA2B, pOM-
EGFPAPI1, and pOM-EGFPAP1A2A. (C) HeLa cells were infected
with or without (Mock) PV1(M)OM, OMA0.8, OMA1.8, OMAPI, or
OMAPI1A2A, and cell lysates were collected 2 and 8 h later. The RNAs
were detected with probes for the PV IRES sequence or GAPDH
sequence. Relative amounts of PV RNA corrected to the amount of
GAPDH RNA are shown.

OMAPI1A2A reproducibly had a lower rate of CPE than other
P1-null PVs until 24 h after the infection. This result suggests that
OMAPIA2A is less able to induce a CPE or else takes longer and
that 2AP™ plays an important role in inducing a CPE. OMAP1,
significantly, started to cause membrane blebbing typical of apop-
tosis from 2 h after the infection, and the proportion of CPE-
expressing cells was relatively high at early time points (Fig. 7C).
This result indicates the possibility that OMAP1 induces apopto-
sis. Compared with other P1-null PVs, OMAPIA2A showed at
least about a two-times-higher rate of membrane blebbing among
CPE-expressing cells at 24 h after infection (OMAO.8, 12%);
OMAL.8, 4.7%; OMAPI1, 7.9%; and OMAPI1A2A, 20%) (Fig.
7C). This indicates that OMAP1A2A may induce apoptosis at a
relatively low efficiency.

2AP™ coding region-deficient P1-null PV vector expresses
foreign genes. Because OMAPIA2A can form progeny virus,
2AP™ may not be essential for P1-null PV to express foreign
genes. To examine whether OMAP1 and OMAP1A2A can
express foreign genes, an EGFP coding sequence was inserted
into the region of pPOMAP! and pPOMAP1A2A with P1 deleted
(Fig. 1A and B). The new constructs were designated pOM-
EGFPAP1 and pOM-EGFPAP1A2A, respectively. RNAs derived
from pOMI, pOMAPI, pOMAP1A2A, pOMAP1A2AA2B,
pOM-EGFPAP1, and pOM-EGFPAP1A2A were not degraded
as assessed by gel electrophoresis (data not shown). The RNAs
were introduced into HeLa cells, and the cells collected 2 and 8 h
after the transfection. The cell lysate was used for slot blotting
(Fig. 6B). When a probe for PV IRES RNA was used, all the
RNAs except for pPOMAP1A2AA2B RNA increased at 8 h after
the transfection compared to the levels at 2 h. pPOM-EGFPAP1
RNA increased more than pOM-EGFPAP1A2A RNA. The
amounts of GAPDH RNA hardly changed up to 8 h after the
transfection. The results were reproducible. These results suggest
that the 2A"™ coding region is not required for the RNA repli-
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FIG. 7. CPE in the cells infected with PVI(M)OM, OMAQ.S,
OMA1.8, OMAP1, and OMAP1A2A. (A) HeLa cells were mock infected
(f) or infected with PV1(M)OM (a), OMA0.8 (b), OMA1.8 (c), OMAP1
(d), or OMAP1A2A (e) at an MOI of 1,000, and cell morphology was
observed 24 h later under a microscope. Bar, 50 pm. (B) Percentages of
CPE expression among all cells. (C) Rates of membrane blebbing among
CPE-expressing cells. Average rates in two to four microscopic fields in
one experiment were plotted. The rates were examined at 2, 6, 10, and
24 h after the infection. Blue lines with filled squares indicate results for
PV1(M)OM, green lines with triangles indicate results for OMAOQ.8, violet
lines with inverted triangles indicate results for OMAL.8, orange lines with
rhombuses indicate results for OMAPI, pink lines with circles indicate
results for OMAP1A2A, and moss-green lines with open squares indicate
results for mock-infected cells.

cation of Pl-null PV with EGFP inserted, although deletion of
the 2AP™ coding region results in a lower rate of RNA replica-
tion. When a probe for PV IRES RNA was used, the RNAs of
pOMAPI and pPOMAP1A2A reproducibly increased to levels sim-

J. VIROL.

ilar to the RNAs of pPOM-EGFPAP1 and pOM-EGFPAPIA2A,
respectively. These results suggest that the insertion of EGFP
does not significantly affect PV RNA replication. Next, the RNAs
of pOM-EGFPAP1 and pOM-EGFPAP1A2A were introduced
into Pl-expressing cells and the supernatants were recovered af-
ter freezing and thawing. The viral particles, OM-EGFPAP1 and
OM-EGFPAPIA2A, respectively, proliferated in Pl-expressing
cells and were then purified. HeLa cells were covered with the
purified virus at an MOI of 100, and the fluorescence of EGFP
was observed under the fluorescence microscope 24 h after the
infection (Fig. 8). Fluorescence-positive cells were observed in the
OM-EGFPAPI- and OM-EGFPAP1A2A-infected samples,
whereas no positive cells were observed in the mock-infected
sample. These results suggest that OMAP1 and OMAP1A2A can
express EGFP and that 2AP™ is not essential for P1-null PV to
express EGFP.

In their ability to express EGFP 24 h after the infection, the
strains ranked reproducibly as OM-EGFPAPIA2A < OM-
EGFPAPI (the average rates of fluorescence positivity among
all cells in three microscopic fields in one experiment were
23% for OM-EGFPAP1 and 9.7% for OM-EGFPAP1A2A).
This suggests that the defect in 2AP™ decreases the expression of
EGFP and/or the speed of viral replication. OM-EGFPAP1A2A
had a CPE, as did OM-EGFPAP1, but only OM-EGFPAP1A2A
reproducibly induced morphological changes typical of apoptosis
in a significant proportion of the CPE-expressing cells (the aver-
age rates of membrane blebbing among CPE-expressing cells
were 10% for OM-EGFPAP1 and 37% for OM-EGFPAP1A2A).
The result implies that 2AP™ masks apoptosis in a significant
proportion of cells. In the speed with which they induced a CPE,
the strains reproducibly ranked as OM-EGFPAP1 = OM-
EGFPAP1A2A (the average rates of CPE expression among all
cells were 27% for OM-EGFPAP1 and 26% for OM-
EGFPAPI1A2A). This suggests that 2AP™ has little or no effect on
inducing a CPE. The quality and sizes of the RNA genomes of
OM-EGFPAP1 and OM-EGFPAP1A2A were confirmed by
Northern blotting (data not shown). The genomic stability of
OM-EGFPAP1 and OM-EGFPAPIA2A was examined by gen-
eral RT-PCR, but no deletion was detected even after 20 passages
(data not shown). These results suggest that both OM-EGFPAP1
and OM-EGFPAP1A2A are genetically stable for at least 20 pas-
sages.

DISCUSSION

2AP™ has been thought important for PV replication. Here,
we reveal that 2AP™ is not required for PV replication and
2AP™-deficient PV with or without the capsid coding region
can produce progeny viruses. This shows the possibility of
realizing a vector that expresses a longer foreign gene and is
less toxic.

Molla et al. reported that de PV ¢cDNA without the 2AP™
coding region (pT7PVE2B) does not produce a viable virus
(30). In contrast, RNA of pOMEA2A, which has a structure
similar to that of pT7PVE2B, resulted in productive although
inefficient replication. This may be due to a difference in the
junctional sequences between P1 and 2B. In the case of
pT7PVE2B, 2B is translated directly from the second EMCV
IRES and methionine is added to the N terminus of 2B. On the
other hand, in the case of pPOMEA2A, the additional N-termi-
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FIG. 8. Pl-null PV vector with or without the 2AP™ coding region expresses EGFP. Hel a cells were mock infected (c, f, and 1) or infected with
OM-EGFPAPI (a, d, and g) or OM-EGFPAP1A2A (b, e, and h) and observed 24 h later under a fluorescence microscope. Upper panels show
fluorescence (FL) images (a to ¢), panels in the middle show bright-field (BF) images (d to f), and lower panels show merged (FL+ BF) images

(g to 1). Bar, 100 pm.

nal sequences of 2B can be processed by 3CP™ or 3CDP™,
Moreover, pT7PVE2B contains EMCV IRES up to AUG;,,
whereas pPOMEA2A contains it up to +18 nt downstream of
AUGy,,. Ribosomal initiation complexes attach directly to
AUGy,, and initiation does not involve scanning (22, 35). The
interaction positions for ribosomal initiation complexes are up
to +17 nt downstream of AUGy;, (23). It is possible that the
difference leads to modification of the 2B activity and/or rela-
tively low efficiency of the initiation of the second cistron
translation.

OMEA2A caused apoptosis, whereas neither PV1(M)OM
nor OME did. Our results show the possibility that OMAPI,
OMAPIA2A, and OM-EGFPAP1A2A induce apoptosis in a
significant proportion of cells. Calandria et al. reported that
independently expressed 2AP™ and 3CP™ induced apoptosis by
mechanisms involving caspase activation (10). On the other
hand, Burgon ¢t al. reported that a 2A N32D mutation inde-
pendently caused cells to die by apoptosis much earlier than
wild-type-infected cells (9). This is consistent with the hypoth-
esis that a wild-type function of the 2AP™ protein is to inhibit
apoptosis and cause a canonical necrotic CPE late in infection,
perhaps directly or indirectly leading to the aberrant cleavage
of procaspase-9, and that this activity is abrogated by the 2A
N2 mutation. Together with our results, it seems likely that
the apoptotic cell death induced in the cells infected with
JA-dehaient or Pl-deficient PV occurs via caspase-dependent
apoptosis and that the expression of apoptosis depends on a

subtle balance of relating proteins, such as 2AP™, 3C™", and
procaspase-9, at each time point after the infection. It is highly
possible that the balance of viral proteins differs depending on
whether the virus is monocistronic or dicistronic. 2AP™ activity
may differ fundamentally depending on whether this protein is
expressed individually or in the context of the viral infection.

It has been reported that PV was replication competent
upon the replacement of its P1 region with a foreign gene in
Pl-expressing cells (4, 37). In these cases, an insert of about 2.9
kilobases (carcinoembryonic antigen [CEA]) was the longest.
DIs with a 1,212-base deletion at the fongest in the P1 region
have been detected (25). We revealed that PV can produce
progeny viruses with the entire P1 and 2AP™ coding region
deleted in P1-expressing cells. This construct lacks the longest
region. We confirmed that PV can express EGFP without the
P1 and 2AP™ coding regions and that the insertion of EGFP
does not significantly affect viral RNA replication. Moreover,
these viruses are genetically stable. These results raise the
possibility that a longer foreign gene than CEA can be ex-
pressed using the PV vector.

OMAPIA2A had a lesser CPE than OMA0.8, OMAL.S,
OMAPI, and PVI(M)OM at 5.2 x 10" Ufcell, which was sup-
posed to be equivalent to an MOI of 1,000 of PVI(M)OM. To
correct the units of viral RNA genomes as infectious units,
HelLa cells were infected with OMA0.8, OMA1.8, OMAP1, and
OMAPIA2A at 5.2 X 10" Ulcell or with PVI(M)OM at an
MOI of 10, the cells were collected 2 and 8 h later, and cell
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lysates were used for slot blotting (Fig. 6C). When a probe for
PV IRES RNA was used, all the P1-null viruses had increased
at almost the same rates at 8 h compared to the levels at 2 h
after the infection. PVI(M)OM increased much more than
Pl-null viruses. These results suggest that 5.2 x 10" U/cell for
Pl-null viruses results in similar RNA replication activities
under these conditions. The viral titers/cell might not be high
enough to infect all the cells because the cells infected at 5.2 X
10" Ufcell contained more RNA than those infected at 5.2

/cell (data not shown); it is likely that the units of the RNA
genomes of OMAQ.8, OMA1.8, OMAFP1, and OMAPIA2A
were almost proportional to these RNA replication activities.
Consequently, it was confirmed that OMAP1A2A is less toxic
or takes a longer time to have a CPE even though its RNA
replication activity is similar to those of OMA0.8, OMA1.8, and
OMAPI.

Regarding the slot blot analysis of the cells transfected with
synthesized viral RNA, the RNAs of pPOMAP14A2A and pOM-
EGFPAPIAZA showed less RNA replication activity than
those of pPOMAP1 and pPOM-EGFPAP1, respectively (Fig. 6B).
It seems likely that the defect in 2AP™ suppresses the RNA
replication activity. In terms of the relevant effect of 2AP™,
viral replication speed, and/or the ability to induce a CPE, the
ranking was OMEA2A < OME and OMAPIA2A < OMAPI,
whereas OM-EGFPAP1 = OM-EGFPAP1AZA. In the ability
to express EGFP, the ranking was OM-EGFPAP1A2A < OM-
EGFPAPI. These results may be also because the defect in
2AP™ suppresses the viral replication activity andjor the ex-
pression of foreign mRNA.

ACKNOWLEDGMENTS

We are grateful to T. Matano, N. Kamoshita, A. Yanagiya, and N.
Matsuda for suggestions and discussions. We also thank A. Ohmura
for technical support and E. Suzuki for help in preparing the manu-
script. We are grateful to C. D. Morrow for generously providing
VV-PL.

This work was supported in part by Grants-in-Aid for Advanced
Medical Science Research by Ministry of Education, Culture, Sports,
Science and Technology (MEXT), a Grant-in-Aid for Scientific Re-
search on Priority Areas, a Grant-in-Aid for Scientific Research (8}, a
Grant-in-Aid for Scientific Research on Priority Areas, a Grant-in-Aid
for Young Scientists (B), a Health Labor Sciences Research Grant,
special coordination funds for promoting Science and Technology,
contracted research aliowance “Research and Development in a New
Converting Field Based on Nanotechnology and Materials Science” by
MEXT, and The Naito Foundation.

REFERENCES

L. Agol, V. L, G. A, Belov, K. Bienz, D. Egger, M. S. Kolesnikova, N. T.
Raikhlin, L. I. Romanova, E. A. Smirnova, and E. A. Tolskaya. 1998. Two
types of death of poliovirus-infected cells: caspase involvement in the apop-
tosis but not cytopathic effect. Virology 252:343-353.

2. Agol, V. L, G. A. Belov, K. Bienz, D. Egger, M. S. Kolesnikova, L. L. Ro-
manova, L. V. Sladkova, and E. A. Tolskaya. 2000. Competing death pro-
grams in poliovirus-infected cells: commitment switch in the middle of the
infectious cycle. J. Virol. 74:5534-5541.

3. Almstead, L. L., and P. Sarnow. 2007. Inhibition of U snRNP assembly by a
virus-encoded proteinase. Genes Dev. 21:1086-1097.

4. Ansardi, D. C., Z. Moldoveanu, D. C. Porter, D. E. Walker, R. M. Conry,
A. F. LoBuglio, S. McPherson, and C. D. Merrow. 1994. Characterization of
poliovirus replicons encoding carcinoembryonic antigen. Cancer Res. 54t
6359-6364.

. Ansardi, D. C., D. C. Porter, and C. D. Morrow. 1993, Complementation of
a poliovirus defective genome by a recombinant vaccinia virus which pro-
vides poliovirus P1 capsid precursor in trans. J. Virol. 67:3684-3690.

6. Belov, G. A, L. I. Romanova, E. A. Tolskaya, M. S. Kolesnikova, Y. A.

Lazebnik, and V. L. Agol. 2003. The major apoptotic pathway activated and
suppressed by poliovirus. J. Virol. 77:45-56,

N

- 596 -

10.

13.

14,

15.

24.

[}

28.

29.

30.

31

32.

J. VIROL.

. Bodian, D. 1955. Emerging concept of poliomyelitis infection. Science 122:

105-108.

. Borman, A. M,, R. Kirchweger, E. Ziegler, R. E. Rhoads, T. Skern, and K. M.

Kean. 1997. elF4G and its proteolytic cleavage products: effect on initiation
of protein synthesis from capped. uncapped, and IRES-containing mRNAs.
RNA 3:186-196.

. Burgon, T. B,, J. A. Jenkins, S. B. Deitz, J. F. Spagnolo, and K. Kirkegaard.

2009. Bypass suppression of small-plaque phenotypes by a mutation in po-
liovirus 2A that enhances apoptosis. J. Virol. 83:10129-10139.

Calandria, C., A. Irurzun, A. Barco, and L. Carrasco. 2004. Individual
expression of poliovirus 2Apro and 3Cpro induces activation of caspase-3
and PARP cleavage in Hela cells. Virus Res. 104:39-49,

. Castelio, A., J. M. Izquierdo, E. Welnowska, and L. Carrasco. 2009. RNA

nuclear export is blocked by poliovirus 2A protease and is concomitant with
nucleoporin cleavage. J. Cell Sci. 122:3799-3809.

. Cole, C. N. 1975. Defective interfering (di) particles of poliovirus. Prog. Med.

Virol. 20:180-207.

Cole, C. N, D. Smoler, E. Wimmer, and D. Baltimore. 1971. Defective
interfering particles of poliovirus. L Isolation and physical properties. J. Vi-
rol. 7:478-485.

Collis, P. 8., B. J. O’Donnell, D. J. Barten, J. A. Rogers, and J. B. Flanegan.
1992. Replication of poliovirus RNA and subgenomic RNA transcripts in
transfected cells. J. Virol. 66:6480-6488.

Etchison, D., S. C. Milburn, 1. Edery, N. Sonenberg, and J. W. Hershey.
1982. Inhibition of HelLa cell protein synthesis following poliovirus infection
correlates with the proteolysis of a 220,000-dalton polypeptide associated
with eucaryotic initiation factor 3 and a cap binding protein complex. J. Biol.
Chem. 257:14806-14810.

- Hagino-Yamagishi, K., and A. Nemoto. 1989. In vitro construction of polio-

virus defective interfering particles. J. Virol. 63:5386-5392.

. Hambidge, S. J., and P. Sarnow. 1992. Translational enhancement of the

poliovirus 5" noncoding region mediated by virus-encoded polypeptide 2A.
Proc. Natl. Acad. Sci. U. S, A. 89:10272-10276.

. Hunt, 8. L., T. Skern, H. D, Liebig, E. Kuechler, and R. J. Jackson. 1999.

Rhinovirus 2A proteinase mediated stimulation of rhinovirus RNA transla-
tion is additive to the stimulation effected by cellular RNA binding proteins.
Virus Res. 62:119-128,

. Jang, S. K., M. V. Davies, R. J. Kaufman, and E. Wimmer. 1989. Initiation

of protein synthesis by internal entry of ribosomes into the 5’ nontranslated
region of encephalomyocarditis virus RNA in vivo. I. Virol. 63:1651-1660.

. Jang, S. K., H. G. Krausslich, M. J. Nicklin, G. M. Duke, A. C. Palmenberg,

and E. Wimmer. 1988. A segment of the 5" nontranslated region of encepha-
lomyocarditis virus RNA directs internal entry of ribosomes during in vitro
translation. J. Virol. 62:2636-2643.

21. Kajigaya, S., H. Arakawa, S. Kuge, T. Koi, N. Imura, and A. Nomoto. 1985.

Isolation and characterization of defective-interfering particles of paliovirus
Sabin 1 strain. Virology 142:307-316.

. Kaminski, A., M. T. Howell, and R. J. Jackson. 1990. Initiation of encepha-

lomyocarditis virus RNA translation: the authentic initiation site is not se-
lected by a scanning mechanism. EMBO J. 9:3753-3759.

. Kolupaeva, V. G, I. B. Lomakin, T. V. Pestova, and C. U. Hellen. 2003.

Eukaryotic initiation factors 4G and 4A mediate conformational changes
downstream of the initiation codon of the encephalomyocarditis virus inter-
nal ribosomal entry site. Mol. Cell. Biol. 23:687-698.

Kuechler, E., J. Seipelt, H. D. Liebig, and W. Sommergruber. 2002. Picor-
navirus proteinase-mediated shutoff of host cell translation: direct cleavage
of a cellular initiation factor, p. 301-311. /n B. L. Semler and E. Wimmer
(ed.), Molecular biology of picornaviruses. ASM Press, Washington, DC.

. Kuge, 8., L. Saito, and A. Nomoto. 1986. Primary structure of poliovirus

defective-interfering particle genomes and possible generation mechanisms
of the particles. J. Mol. Biol. 192:473-487.

. Lawson, M. A., and B. L. Semler. 1990. Picornavirus protein processing—

enzymes, substrates, and genetic regulation. Curr. Top. Microbiol. Immunol.
161:49-87. )

7. Li, X, H. H. Lu, S. Mueller, and E. Wimmer, 2001. The C-terminal residues

of poliovirus proteinase 2A{pro) are critical for viral RNA replication but
not for cis- or trans-proteolytic cleavage. J. Gen. Virol. 82:397-408.
Lundquist, R. E., M. Sullivan, and J. V. Maizel, Jr. 1979. Characterization of
a new isolate of poliovirus defective interfering particles. Cell 18:759-769.
Molia, A., S. K. Jang, A. V. Paul, Q. Reuer, and E. Wimmer. 1992. Cardio-
viral internal ribosomal entry site is functional in a genetically engineered
dicistronic poliovirus. Nature 356:255-257.

Molla, A., A. V., Paul, M. Schmid, S. K. Jang, and E. Wimmer. 1993. Studies
on dicistronic polioviruses implicate viral proteinase 2AP™ in RNA replica-
tion. Virology 196:739-747.

Nomoto, A., B. Detjen, R. Pozzatti, and E. Wimmer. 1977. The location of the
polio genome protein in viral RNAs and its implication for RNA synthesis.
Nature 268:208-213.

Omata, T., H. Horie, §. Kuge, N. Imura, and A. Nomoto. 1986. Mapping and
sequencing of RNAs without recourse to molecular cloning: application to
RNAs of the Sabin 1 strain of poliovirus and its defective interfering parti-
cles. J. Biochem. 99:207-217.



VoL. 84, 2010

33.

34.

‘5
‘N

36.

Pelletier, J., and N. Sonenberg. 1989. Internal binding of eucaryotic ribo-
somes on poliovirus RNA: translation in HeLa cell extracts. J. Virol. 63:441-
444,

Pelletier, J., and N. Sonenberg. 1988. Internal initiation of translation of
eukaryotic mRNA directed by a sequence derived from poliovirus RNA.
Nature 334:320-325.

. Pestova, T. V., C. U. Hellen, and 1. N. Shatsky. 1996. Canonical eukaryotic

initiation factors determine initiation of translation by internal ribosomal
entry. Mol. Cell. Biol. 16:6859-6869.

Porter, D. C., D. C. Ansardi, W. S. Choi, and C. D. Morrow. 1993. Encap-
sidation of genetically engineered poliovirus minireplicons which express
human immunodeficiency virus type 1 Gag and Pol proteins upon infection.
J. Virol. 67:3712-3719.

. Porter, D. C,, L. R. Melsen, R. W. Compans, and C. D. Morrow. 1996.

Release of virus-like particles from cells infected with poliovirus replicons
which express human immunodeficiency virus type 1 Gag. J. Virol. 70:2643-
2049.

. Sabin, A. B. 1956. Pathogenesis of poliomyelitis: reappraisal in the light of

new data. Science 123:1151-1157.

. Shiroki, K., T. Ishii, T. Aoki, M. Kobashi, S. Ohka, and A. Nomoto. 1995. A

40.

41.

43.

44,

45.

-597 -

POLIOVIRUS 2A-DEFICIENT MUTANT 5957

new cis-acting element for RNA replication within the 5" noncoding region
of poliovirus type 1 RNA. J. Virol. 69:6825-6832.

Tobin, G. J., D. C. Young, and J. B. Flanegan. 1989. Self-catalyzed linkage of
poliovirus terminal protein VPg to poliovirus RNA. Cell 59:511-519.
Tolskaya, E. A., L. I. Romanova, M. S. Kolesnikova, T. A. Ivannikova, E. A.
Smirnova, N. T. Raikhlin, and V. I. Agol. 1995. Apoptosis-inducing and
apoptosis-preventing functions of poliovirus. J. Virol. 69:1181-1189.

. Weidman, M. K., R. Sharma, S. Raychaudhuri, P. Kundu, W. Tsai, and A.

Dasgupta. 2003. The interaction of cytoplasmic RNA viruses with the nu-
cleus. Virus Res. 95:75-85.

Yanagiya, A., Q. Jia, S. Ohka, H. Horie, and A. Nomoto. 2005. Blockade of
the poliovirus-induced cytopathic effect in neural cells by monoclonal anti-
body against poliovirus or the human poliovirus receptor. J. Virol. 79:1523-
1532.

Yogo, Y., and E. Wimmer. 1972. Polyadenylic acid at the 3'-terminus of
poliovirus RNA. Proc. Natl. Acad. Sci. U. S. A. 69:1877-1882.

Ziegler, E., A. M. Borman, F. G. Deliat, H. D. Liebig, D. Jugovic, K. M. Kean,
T. Skern, and E. Kuechler. 1995. Picornavirus 2A proteinase-mediated stim-
ulation of internal initiation of translation is dependent on enzymatic activity
and the cleavage products of cellular proteins. Virology 213:549-557.



FEBS Letters 583 (2009) 213-218

journal homepage: www.FEBSLetters.org

Silencing efficiency differs among tissues and endogenous microRNA pathway
is preserved in short hairpin RNA transgenic mice

Hiroki Sasaguri *¢, Tasuku Mitani®, Masayuki Anzai®, Takayuki Kubodera <, Yuki Saito?,
Hiromi Yamada ?, Hidehiro Mizusawa <, Takanori Yokota **

2 Department of Neurology and Neurological Science, Graduate School, Tokyo Medical and Dental University, 1-5-45 Yushima, Bunkyo-ku, Tokyo 113-8519, Japan
b Institute of Advanced Technology, Kinki University, 14-1 Minami-Akasake, Kainan, Wakayama 642-0017, Japan
© Twenty-First Century Center of Excellence Program on Brain Integration and Its Disorders, Tokyo Medical and Dental University, 1-5-45 Yushima, Bunkyo-ku, Tokyo 113-8519, japan

ARTICLE INFO ABSTRACT

Article history:

Received 28 August 2008

Revised 20 November 2008
Accepted 1 December 2008
Available online 11 December 2008

Edited by Ulrike Kutay

In short hairpin RNA (shRNA) transgenic mice, the tissue difference in gene silencing efficiency and
oversaturation of microRNA (miRNA) pathway have not been well assessed. We studied these prob-
lems in our previously-reported anti-copper/zinc superoxide dismutase (SOD1) shRNA transgenic
mice. Although there was a tissue difference (liver and skeletal muscle, >95%; central nervous sys-
tem and lung, ~80%), the target gene silencing was systemic and our anti-SOD1 shRNA transgenic
mice recapitulated the SOD1-null mice. Neither endogenous miRNAs nor their target gene levels

were altered, indicating the preservation of endogenous miRNA pathways. We think that the shRNA
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transgenic mice can be utilized for gene analysis.
© 2008 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

1. Introduction

RNA interference (RNAi) is evolutionally conserved sequence-
specific post-transcriptional gene silencing, which is mediated by
small double stranded RNA (dsRNA) [1]. The long dsRNA is cleaved
by an RNase Il enzyme, Dicer, in cytoplasm to generate small
interfering RNA (siRNA) that is 21-23 base pair dsRNA. The target
mRNA is recognized by guide (antisense) strand of the dsRNA in
RNA-induced silencing complex (RISC), and is cleaved by Argona-
ute-2 (Ago2) protein, one of the main components of RISC [2}. This
post-transcriptional gene silencing can be effectively induced by
exogenously introduced siRNA or intracellularly expressed short
hairpin RNA (shRNA) in mammalian cells {2,3].

Abbreviations: shRNA, short hairpin RNA; miRNA, microRNA; RNAi, RNA
interference; dsRNA, double stranded RNA; RISC, RNA-induced silencing complex;
Ago2, Argonaute-2; SOD1, copper/zinc superoxide dismutase; Pol Ill, polymerase IIl;
ES, embryonic stem; PBS, phosphate-buffered saline; SDS, sodium dodecyl suifate;
cDNA, complementary DNA; RT-PCR, reverse transcription polymerase chain
reaction; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; snRNA, small
nuclear RNA; AAV, adeno-associated virus

* Corresponding author. Fax: +81 3 5803 0168.
E-mail address: tak-yokota nurc@tmd.ac.ip (T. Yokota).

The shRNA transgenic mice have been published [4-7] and ex-
pected to be an alternative method to the conventional knockout
mice. For using shRNA transgenic mice as a tool for gene analysis
in vivo, we need to know difference in silencing efficiency among
tissues. Moreover, in shRNA transgenic mice, it is also important
to elucidate whether microRNA (miRNA) is normally processed,
because shRNA and miRNA share intracellular machineries for
their maturation in mammalian cells [8-10]. We had generated
anti-mouse copper/zinc superoxide dismutase (SOD1) shRNA
transgenic mice, in which shRNA was ubiquitously expressed by
the RNA polymerase Il (Pol lil) promoter {11]. Using these mice,
we here evaluated the silencing efficiency in various tissues and
studied endogenous miRNA pathway.

2. Materials and methods
2.1. Generation of anti-SOD1 shRNA transgenic mice
All experiments were approved by the Animal Experiment Com-

mittees of Tokyo Medical and Dental University (#0090104) and
Kinki University (KAAT-19-006). We generated an anti-SOD1

0014-5793/$34.00 © 2008 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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shRNA expression vector and anti-SOD1 shRNA transgenic mice as
reported previously {11,12]. In brief, we inserted anti-SOD1 shRNA
driven by human U6 promoter into pUC19 (Takara). The shRNA
expression vector was introduced into the 129/Sv embryonic stem
(ES) cells (Chemicon) by electroporation. The ES cell clones in
which SOD1 protein levels were effectively suppressed were intro-
duced into C57BL/6 blastocysts (CLEA) by microinjection. We ob-
tained F1 transgenic mice by crossing the chimeric male mice
with wild-type C57BL/6 female mice.

2.2. Histological study

To analyze hepatic lipid accumulation, liver samples from
8-month-old shRNA transgenic male mice and wild-type litter-
mates were sectioned (4 pm) and fixed in 4% paraformaldehyde/
phosphate-buffered saline (PBS) for 5 min, and then stained with
filtrated Sudan Il (Muto pure chemicals) at 37 °C for 30 min.
Counterstaining of nuclei was performed with Mayer hematoxylin
solution (Muto pure chemicals) for 3 min.

2.3. Western blot analysis

Western blot analysis was performed as reported previously
[11]. Mice were killed under anesthesia with pentobarbital sodium,
and perfused with cold PBS. Tissues were homogenized in the cold
buffer containing 0.1% sodium dodecyl sulfate (SDS), 1% sodium
deoxycholate, 1% Triton X-100, 1 mM phenylmethylsulfony! fluo-
ride and protease inhibitor cocktail (Sigma). Equal amounts of pro-
tein from each sample were loaded in the assays. The separated
proteins were detected by specific primary antibodies; rabbit
anti-SOD1 antibody (1:5000, StressGen Biotechnologies), mouse
anti-B-tubulin antibody (1:1000, BD Biosciences), mouse anti-Actin
antibody (1:1000, Santa Cruz Biotechnology), mouse anti-Ago2
antibody (1:500, Abcam), or rabbit anti-N-ras antibody (1:500,
Santa Cruz Biotechnology).

2.4. Northern blot analysis

Northern blot analysis was performed as reported previously
[11]. Ten micrograms of total RNA from each sample were loaded
in the assays. The DNA probes which were used to detect RNAs
were as follows; complementary DNA (cDNA) (bases 15-495) for
mouse SOD1; cDNA (bases 300-614) for mouse glyceraldehyde-
3-phosphate dehydrogenase (GAPDH); 5'-GGTGGAAATGAAGAAA-
GTAC-3' for anti-SOD1 siRNA guide strand; 5'-ACTATACAACCTAC-
TACCTCA-3' for mouse let-7a; 5-GGCATTCACCGCGTGCCTTA-3'
for mouse miR-124a; 5'-AAATATGGAACGCTTCACGA-3' for mouse
U6 small nuclear RNA (snRNA).

2.5. Quantitative reverse transcription polymerase chain reaction
(RT-PCR)

After treating with TURBO DNA-free (Ambion) to remove
residual genomic DNA, 1 pg of total RNA from each sample was
reversely transcribed to cDNA using SuperScript i Reverse
Transcriptase (Invitrogen). The cDNA was used for quantitative
PCR with TagMan system using the ABI Prism 7700 Sequence
Detection System (Applied Biosystems) according to the manufac-
turer's protocol. The primers and probe used to quantify mouse
SOD1 were 5-GGTGCAGGGAACCATCCA-3’ for forward primer, 5'-
CCCATGCTGGCCTTCAGT-3' for reverse primer, and 5-AGGCA-
AGCGGTGAACCAGTTGTGTTG-3’ for probe. The primer and probe
sets of mouse GAPDH, N-ras and N-myc were purchased from
Applied Biosystems. GAPDH was used to normalize the quantita-
tive RT-PCR values.

2.6. Laser microdissection and RNA extraction from motor neurons and
non-neuronal cells

Collection of motor neurons and non-neuronal cells was per-
formed as reported previously [13]. Spinal cords of the transgenic
mice or wild-type littermates were removed and embedded in Tis-
sue-Tek O.C.T. Compound (Sakura Finetek). Seven micrometer
thick sections were mounted on a MembraneSlide (Leica) and
stained with HistoGene staining solution (Arcturus). Approximate
one thousand motor neurons and neighboring non-neuronal cells
were dissected from the ventral horn of the lumbar spinal cord
for each mouse using an AS LMD system (Leica). Total RNA was ex-
tracted using RNeasy Micro Kit (Qiagen) according to the manufac-
turer's protocol.

2.7. Subcellular fractionation

Subcellular fractionation was performed as described previ-
ously [14]. The cerebrum or liver was gently homogenized in cold
buffer (0.22 M p-mannitol, 0.07 M sucrose, at 1 mg tissue/10 pl
buffer) with a glass-Teflon homogenizer (30 up-and-down
strokes), and centrifuged at 600xg for 10 min. The pellets were
suspended with 2.2 M sucrose and centrifuged at 40000xg for
1 h. The resulting pellets were used as nuclear fraction. The super-
natants generated by the first centrifugation were used as cyto-
plasmic fraction. Total RNA was extracted using ISOGEN (Nippon
Gene) for nuclear fraction and ISOGEN-LS (Nippon Gene) for cyto-
plasmic fraction, respectively.

2.8. Statistical analysis

Student’s t-test was used to evaluate difference among tissues
or difference between transgenic mice and wild-type littermates.
Significance was set at P<0.05. To compare the expression level
on Western blot or Northern blot analysis, we used NIH Image]
to quantify the band intensity.

3. Results
3.1. Anti-SOD1 shRNA transgenic mice recapitulate SOD1-null mice

As reported previously, we obtained anti-SOD1 shRNA trans-
genic mice (Fig. 1A) [11]. The silencing effect of the target gene
was significant on both RNA and protein levels, and was stable
with age and through to the F3 generation {11]. In contrast, there
was no change in the expression levels of unrelated genes includ-
ing GAPDH and B-actin (P=0.75 and 0.27, respectively, data not
shown). The transgenic mice showed no remarkable phenotype
during development. The adult mice exhibited mild fatty liver
(Fig. 1B and C) and female infertility (data not shown), which were
also observed in SOD1-null mice {15,16]. These findings indicate
that the phenotype of the anti-SOD1 shRNA transgenic mice is sim-
ilar to that of SOD1-null mice.

3.2. The siRNA-silencing efficiency differs among the tissues of the
shRNA transgenic mice

We analyzed the siRNA-silencing efficiency in the various tis-
sues of the shRNA transgenic mice. On Western blot analysis, we
observed marked suppression of SOD1 protein in all the tissues
examined (Fig. 2A). However, the siRNA-silencing efficiency was
clearly different among the tissues; it was extremely high in the li-
ver and skeletal muscle (>95%) and, in contrast, was relatively low
in the central nervous system and lung (~80%) (Fig. 2A and B). The
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Fig. 1. Generation of anti-SOD1 shRNA transgenic mice. (A) Western blot analysis of SOD1 (upper) and p-tubulin (middle), and genomic PCR of transgene (lower) in the tails.
Histological analysis in the liver of the wild-type littermates (B) and shRNA transgenic mice (C). The sections were stained with Sudan Ill. WT, age-matched wild-type

littermates; TG, transgenic mice.
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Fig. 2. Silencing efficiency in the various tissues of the ShRNA transgenic mice. (A) SOD1 protein levels on Western blot analysis in the tissues of the transgenic mice. A half
amounts of the wild-type samples are loaded in the middie lanes of left panel to show that the signals are not saturated. (B) Quantification of their band intensities. Values are
the ratio to those of age-matched wild-type littermates (mean and S.D., n =3, P < 0.05; significance compared to cerebrum). (C) SOD1 mRNA of the cerebrum, liver and
skeletal muscie on Northern blot analysis. (D) Quantitative RT-PCR of SOD1 mRNA in the cerebrum and liver. Values are the ratio to age-matched wild-type littermates (mean

and S.D., n =3, 'P<0.05; significance compared to cerebrum).

difference was also confirmed on RNA level by Northern blot anal-
ysis (Fig. 2C) and quantitative RT-PCR (Fig. 2D).

3.3. The siRNA-silencing efficiency in neuronal cells is relatively lower
than those in hepatocytes and muscle fibers

Because central nervous system is composed of heterogenous
cell populations, we sought to evaluate the siRNA-silencing effi-
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ciency in neuronal and non-neuronal cells using laser microdissec-
tion method. The motor neurons and non-neuronal cells were
isolated from the ventral horn of the lumbar spinal cords in the
shRNA transgenic mice or wild-type littermates (Fig. 3A-D), and
SOD1 mRNA levels were quantified by quantitative RT-PCR. The
silencing efficiency in the motor neurons was approximately 80%
which was similar to the non-neuronal cells (Fig. 3E) and the whole
spinal cord tissue (Fig. 2B), and was less than those in the liver and



