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Figure 9. Interaction between BDV P phosphorylation and translation of the X ORF. (A) In vitro RNA binding and translation assay of
DDX21 and X/P mRNA. In vitro transcribed X/P mRNA was incubated with recombinant DDX21 and then in vitro translation was performed using a
rabbit reticulocyte lysate, according to the manufacturer's recommendations. After incubation, 10 pl of the mixture was subjected to SDS-PAGE and
Western blotting using anti-P and -X antibodies. (B) BDV P does not influence the expression of UBPs. OL cells were transfected with plasmids
expressing BDV N, P or P*2%2%A, and 48 h post-transfection the cells were lysed with sample buffer and then subjected to Western blotting using the
antibodies indicated. (C) Expression of P reduces phosphorylation levels of DDX21 and nucleolin. Flag-tagged DDX21 or nucleolin was cotransfected
with BDV N, P or P**?®A into OL cells. Forty-eight h after transfection, the cell lysates were immunoprecipitated by anti-Flag antibody and the
immunoprecipitants were detected by anti-Flag and anti-phosphoserine antibodies. (D) Expression of P reduces the RNA-binding activity of DDX21
and nucleolin. Flag-tagged recombinant DDX21 and nucleolin were obtained from lysates of OL cells transfected with either empty (E), wt P (P) or
mutant P (P%2%?%%) expression plasmid, and in vitro RNA binding assay was performed with 32P-labeled X/P UTR riboprobe and purified recombinant
proteins as described in the Methods section. Each value represents the mean plus S.D. of at least three independent experiments. **P<0.01,
(Student's t test). (E) BDV P, but not the P*?*2® mutant, enhances translation of X ORF. OL cells were cotransfected with 0.4 g of pX/PAP and a
serially diluted P or P*?%?%* plasmid (4 fold dilution; 0.00625, 0.025, 0.1, 0.4 ug). The expression of BDV X, P and P52%?%* was detected by Western
blotting. The relative expression level of X is shown. Each value represents the mean plus S.D. of three independent experiments. E: empty plasmid-
transfected. **P<0.01, *P<<0.05 (Student's t test).

doi:10.1371/journal.ppat.1000654.g009

nonspecific inhibition of the translation of other mRNAs (data not
shown). Therefore, we sought to investigate further the effect of
DDX21 on the translation of the X ORF by focusing on its
interaction with P. P is phosphorylated and acts as a protein kinase
substrate, inhibiting the phosphorylation of host proteins to modify
their functions [39,40]. A recent study demonstrated the
phosphorylation of DDX21 [41]. Furthermore, the phosphoryla-

tion of RNA helicases, such as nucleolin, is known to be critical for
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RNA-binding activity [42]. Therefore, it is tempting to speculate
that interference with phosphorylation by P affects the ability of
DDX21 to bind to the X/P UTR. To address this, we examined
whether the phosphorylation of DDX21 is affected by the
expression of P. OL cells were transfected with wt or mutant P,
P5?0/282 in which two major phosphorylation sites (Ser26, Ser28)
were substituted by alanine [39,43], and the phosphorylation of
DDX21, as well as nucleolin, was monitored. Although the
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expression levels of the UBPs were unchanged by the expression of
P (Figure 9B), the phosphorylation levels of both DDX21 and
nucleolin decreased clearly in the cells transfected with wt P, but
not with PS2/2%A (Figure 9C).

To investigate whether the hypophosphorylation of DDX21 in the
presence of P modulates its RNA binding activity, we extracted Flag-
tagged DDX21 from the cells transfected with wt P or PS2%/2%4 3nq
then estimated its binding ability to the **P-labelled X/P UTR probe
using an @ viro RNA binding assay. As shown in Figure 9D, Flag-
tagged DDX21, as well as nucleolin, from wt P-transfected cells
exhibited significant reduction of binding to X/P UTR. The binding
activities of the tagged proteins from the cells transfected with P5¢/284
were significantly higher than those with wt P, suggesting that
interference with phosphorylation by P decreases the RNA binding
activity of DDX21. Therefore, we finally examined whether
phosphorylation of P directly affects translation of the X ORF.
Consistent with Figure 3B, the expression of X was significantly
upregulated in the pX/PAP-transfected cells in the presence of wt P in
a dose-dependent fashion, whereas the P***/%* mutant was not able
to upregulate the translation of X (Figure 9E). Altogether, these results
suggested that BDV P may inhibit the binding of DDX21 to the 5’
UTR by interfering with its phosphorylation, resulting in the
upregulation of the ribosomal reinitiation from the X-AUG.

Discussion

In this study, we demonstrated translational regulation of
polycistronic mRNA in a unique animal RNA virus, The BDV
X/P polycistronic mRINA encodes three overlapping ORFs within
a short, 0.8 kb sequence. We showed that the X and P ORFs are
translated predominantly by a reinitiation strategy, following the
termination of translation of the uORF, although a leaky scanning
mechanism is implicated to some extent in the translational
processes. In this study, we employed an RNA polymerase
-controlled vector for expression of the X/P mRNA in
transfected cells. We have carefully investigated the expression,
as well as the structure, of the transcripts from pX/P plasmid
DNAs in each experiment and then verified that our system could
recreate the translational regulation of X/P mRNA in BDV-
infected cells (data not shown). Currently, two types of reinitiation
mechanism have been identified in eukaryotic and viral mRNAs
[2,3,6,11,17,18]. The first type of mRNAs contain short uORFs
(<30 codons) upstream of the main ORFs. In this mechanism, the
efficiency of reinitiation is controlled by the length of the uORF
and by the intercistronic region, an appropriate distance being
necessary for the recharging of reinitiation factors, including eIF2
and Met-tRNAiMet, to the ribosomes. Cellular mRNAs such as
C/EBP and AdoMetDC, are representative examples of this type
of regulation [17,44]. In the X/P mRNA, initiation of translation
of the P ORF may be mediated by this type of reinitiation
mechanism. The scanning ribosomes, which travel continuously
on the mRINA after termination of translation of the uORF, must
recharge the initiation factors on the intercistronic region between
the uORF and P ORF and efficiently initiate translation from the
P-AUG. Note that the expression level of P is quite invariant, with
or without translation of X, if the uORF is present (Figure 2),
indicating that the number of ribosomes, which move continuously
along the mRNA after uORF termination, is relatively constant on
the X/P mRNA. This may be the mechanism underlying the
stable and persistent expression of P in infected cells.

The second type of reinitiation mechanism involves mRNAs
containing long 53’ ORFs, which usually encode functional
proteins. These mRNAs display only short intercistronic distances
between the upstream and downstream ORFs, or even may
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overlap. It has been shown that efficient reinitiation in this
mechanism is determined by the stability/mobility of ribosomal
complexes to allow reinitiation at the downstream initiation codon
[17,18]. Among viral mRNAs, segment 7 of influenza B virus [43],
the ORF-2 of the M2 gene of respiratory syncytial virus (RSV)
[46], and the 3’ terminal ORF (VP2) of feline calicivirus (FCV)
[47,48] represent are examples of this type of reinitiation process.
Our experiments revealed that reinitiation of the X ORF may be
regulated by this type of mechanism, although the uORF encodes
only a short and, probably, non-functional peptide. Interestingly,
the uORF and X ORF feature an overlapping stop-start codon,
UGAUG, as found in other viral polycistronic mRNAs [47,49,50].
This feature indicates that the overlapping stop-start codon of the
X/P mRNA may play a key role in the regulation of translation of
the X ORF. Previous studies revealed that genes divided by such
an overlapping stop-start codon are expressed predominantly by
termination-coupled translation, in which translation of the
downstream ORF is initiated by ribosomes which have read the
uORF and stalled at the overlapping stop-start codon [48,51]. The
downstream extension of the termination signal of the uORF in
the X/P mRNA significantly reduced the expression of X,
suggesting that ribosomal reinitiation from the X-AUG is also
carried out by the coupled translation mechanism associated with
uORF termination.

The regulation of ribosomal movement/stability around the
overlapping stop-start codon must be crucial for controlling the
translation of the downstream ORF. The scanning ribosomes,
which have not dissociated from the mRNA after stalling at the
uORF termination codon, may be reutilized efficiently for the
reinitiation of translation of the X ORF. In favor of this
hypothesis, we found that host nuclear factors influence ribosomal
initiation of the X ORF through interaction with the 5' UTR and
identified RNA helicase complexes, mainly involving DDX21.
DDX21 is a DEAD-box RNA helicase that localizes to the
nucleoli and is involved in ribosomal RNA synthesis or processing
[38,52,53]. Although detailed functions of DDX21 have not been
elucidated yet, this helicase appears to fold or unwind RNA or
ribonucleoprotein structures through regulation of RNA-RNA or
RNA-protein interaction [38,52,53]. We found that DDX21 may
be a scaffold protein that interacts with the X/P UTR, among the
UBPs, and causes structural alteration of the 5 UTR. Numerous
reports have demonstrated that RNA secondary structure
contributes to translational control by affecting the constancy of
ribosomal scanning on mRNAs or the recognition of initiation
signals [6,54]. The ribosomes may stack or pass through the
initiation codons if secondary structures are formed around the
initiation site, leading to enhancement or reduction of the
translation efficiency of the ORFs. Therefore, it is conceivable
that structural modification of the X/P UTR by DDX21 and the
UBPs decreases the ribosomal reinitiation at the X ORF or
increases ribosomal dissociation from the mRNA after termination
of translation of the uORF, both resulting in the suppression of the
translation of the X ORF (Figure 10, left arrow). We found that -
the structural alterations induced by the base-pair changes in a
short stem-loop structure within the X/P UTR influence the
translation of the X ORF (Figure S8), supporting this conclusion.
On the other hand, in this model the structural change of the X/P
UTR should occur in the cytoplasm. Considering DDX21 is
mostly a nuclear protein [33], it is possible that the transient
interaction of DDX21 with X/P mRNA in the nucleus is enough
to maintain the structure of X/P UTR in the cytoplasm by
introducing the UBPs (Figure 10, left arrow). Alternatively,
DDX21 may be transported to the cytoplasm along with the
mRNA in this case.
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Figure 10. Possible mechanism of autogenous regulation of BDV polycistronic mRNA translation. During the early stage of BDV
replication, the phosphorylated DDX21 and other UBPs, including nucleolin, interact with the 5' UTR of X/P mRNA (left arrow). The interaction may
facilitate dissociation or impede X-AUG recognition of ribosomes at the overlapping stop-start codon, leading to inefficient termination-coupled
reinitiation, by ribosomes which have translated the uORF, at the X ORF. The DDX21 may be dissociated from the 5’ UTR in the cytoplasm. BDV P
accumulation in BDV-infected cells may interfere with phosphorylation of DDX21 and UBPs (right arrow), resulting in the detachment of the RNA
helicase complex from the 5’ UTR. The free 5’ UTR may increase the reinitiation processes of ribosomes at X-AUG.

doi:10.1371/journal.ppat.1000654.g010

We revealed that phosphorylation of DDX21, as well as
nucleolin, is inhibited by expression of P. Previous studies
demonstrated that hyperphosphorylation of nucleolin increases
its RNA binding affinity, whereas dephosphorylation reduces the
affinity [42]. In this study, the RNA-binding activity of DDX21
was shown to be reduced significantly in cells expressing P. These
data suggested that accumulation of P in infected cells blocks
interaction of DDX21 with the X/P UTR, resulting in upregula-
tion of translation of the X ORF by promotion of ribosomal
reinitiation (Figure 10, right arrow). Note that in Figure 9D the
PS26/282 did not fully recover the binding activity of DDX21 to the
X/P UTR. This suggests that hypophosphorylation of DDX21
may be not exclusively involved in the promotion of the translation
of X, although the i vitro binding assay based on the transfection
may be insensitive for the detection of the binding activity of
DDX21 to the 5" UTR.

Previous studies showed that the intranuclear stoichiometry of
N and P is important for BDV polymerase activity and that
accumulation of P in the nucleus markedly disturbs both viral
replication and persistent infection [21,53,56]. Interestingly, it has
been demonstrated that X binds directly to P and promotes
translocation of P to the cytoplasm from the nucleus [30,33].
Therefore, P-dependent translational regulation of X must be a
convenient and effective mechanism for ensuring an optimal level
of P in the nucleus. The nuclear accumulation of P above the
threshold level upregulates the translation of X, thereby leading to
the translocation of P to the cytoplasm. This could keep the
amount of P at the optimal level in the nucleus, which is
unequivocally necessary for productive replication and/or persis-
tent infection of BDV in the nucleus. A previous study, which
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demonstrated that the mutations in Ser26 and Ser28 of P
aberrantly upregulate the viral polymerase complex activity, and
that recombinant BDVs containing the phosphorylation mutations
(rBDV-P525/284) reduce the expression of X in infected cells [43],
may be consistent with our findings, although the possibility that
two amino acid changes inevitably introduced in the X ORF of
rBDV-P**/#*A affect the expression level of X has remained. In
addition, a recent work using a mutant rBDV, which ectopically
expresses X under the different transcriptional unit, demonstrated
that the expression of X from the mutant virus is not as tightly
linked to expression of P as in the wild type BDV, resulting in
strong attenuation of the replication of the rBDV in rat brains
[57]. This observation may also support our conclusion that the
X/P UTR is not only specifically involved in the regulational
expression of X but also essentially controls the balanced
expression between X and P in infected cells. Furthermore, a
recent work by Poenisch et al. [31] showed that recombinant
BDVs containing either a premature stop codon in the uORF or
mutations ablating the stop codons of the uORF express wild-type
like X and P in cultured cells and efficiently replicate in the brains
of adult rats. Although this observation may seem to conflict with
our findings that the overlapped termination of uORF is critical
for the translation reinitiation of X, the recombinant viruses may
be able to recover the translation level of X by the expression of
other transcription unit, such as a 1.9-kb mRNA, resulting in the
efficient replication in infected cells. In fact, Poenisch et al. [31]
have demonstrated that the 1.9-kb mRNA not only serves as a
template for the synthesis of N but also might be used for the
translation of the viral P protein and possibly X, suggesting that
the 1.9-kb transcript is a multicistronic mRNA of BDV,
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This is the first example, to our knowledge, of autogenous
translational regulation of polycistronic mRNA mediated by its
own encoding protein and host RNA helicases. The detailed
description of the mechanism should provide novel insights into
not only an ingenious strategy of virus replication but also the roles
of RNA helicases in the translation of eukaryotic mRNAs, Further
study remains to be done to discover cellular mRNAs using a
similar translation strategy.

Materials and Methods

Cell culture and virus

The COS-7 cell line was grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 3% heat-inactivated fetal
calf serum (FCS} at 37°C in a humidified atmosphere of 95% air
and 3% CO2. The OL cell line, derived from a human
oligodendroglioma, was grown in high-glucose (4.5%) DMEM
supplemented with 3% FCS. Cells were passaged every 3 days.
The BDV strain huP2br [32,38] was used for analyses in this
study.

Plasmids

Construction of the expression plasmids for BDV X/P mRNA,
N, P and P phosphorylation mutants has been described elsewhere
{29,30,32,33,39,43]. The mutant forms of the plasmids were
generated using PCR-based site-directed mutagenesis. To gener-
ate X/P-Luciferase hybrid mRINAs, a luciferase gene was fused in
frame with the X and P ORFs at the 148 nt and 149 nt positions
of the coding sequences, respectively, and introduced into the
pcDNA3 vector (Invitrogen) at the Xpn I-Not I sites. The first AUG
codon of Luc was replaced by AAG. For expression of DDX21,
DDX50, nucleolin, TOPI and hnRNPQ], corresponding cDNAs
were amplified by RT-PCR from OL cells and inserted into
pcXN2, pET32a or pET42a vectors (Novagen). Cells were
transfected with equimolar ratios of plasmid DNAs using
Lipofectamine™ 2000 {Invitrogen) or FuGENE6 (Roche Applied
Science), according to the manufacturer’s instructions, and cellular
samples were collected at the desired times. The introduction of
the correct sequences for the wild type and its mutant were
confirmed by DNA sequencing and Western blotting analysis of
protein production.

To generate glutathione S-transferase (GST)-tagged DDX21
and nucleolin recombinant proteins used in the Escherichia coli
system, we cloned the amplified cDNAs into the pET42a vector
(Novagen). The vectors were transformed into BL21 (DES3)
(Novagen), and the expression of the G8T-tagged proteins was
induced by the addition of 0.3 mM IPTG. The cell pellets were
resuspended in PBS(-) and then lysed by sonication. After
centrifugation, the supernatants were loaded on glutathione
sepharose 4B (Amersham Biosciences). Eluted proteins were
concentrated using Centricon spin columns (Millipore Corpora-
tion) and dialyzed against a 20 mM HEPES (pH 7.5)-100 mM
KClI buffer.

The His-tagged DDX21 was generated by the insertion of the
PCR-based DDX21 cDNA into PET32a vector (Novagen) and the
resultant plasmid was transformed into Rosetta-gami B{De3)pLysS
competent cells (Novagen). Purification of the recombinant
DDX21 using Ni-NTA agarose (QIAGEN) was performed

according to the manufacturer’s recommendations.

Luciferase reporter assay

COS-7 and OL cells cultured in 12-well plates were transfected
with plasmids expressing X/P-Luc hybrid mRNA. At 6 h post-
transfection, cells were lysed and subjected to luciferase assay
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system (Promega Corporation), according to the manufacturer’s
recommendations. The relative levels of luciferase activity were
calculated for each fusion plasmid.

Western blot and immunoprecipitation analyses

For Western blotting, equal amounts of total lysate proteins of
COS-7 or OL cells transfected with expression plasmids were
subjected to SDS-PAGE and transferred onto polyvinylidene
difluoride membrane (Millipore Corporation). Antibodies used in
this study were as follows: anti-BDV P mouse monoclonal, anti-
BDV X rabbit polyclonal antibodies [30,33], mouse anti-Flag M2
(Sigma-Aldrich), mouse anti-HA 12CA3 (Roche Applied Science),
rabbit DDX21 (Bethyl Laboratories), rabbit Nucleolin (Novus
Biologicals), rabbit anti-Topol (TopGEN, Inc), mouse hnRNP-Q
(ImnmunoQuest  Ltd), rabbit anti-phosphoserine (ZYMED
Laboratories).

For immunoprecipitation (IP) assay, OL cells transfected with
Flag-tagged plasmids were lysed with RIPA buffer [20 mM Tris-
HCI (pH 7.4), 150 mM NaCl, 2 mM EDTA, 1% Nonidet P-40
(NP-40), 1% Na-deoxycholate with protease inhibitors]. After
centrifugation at 15,000 rpm for 30 min, the supernatants were
incubated with 40 pl of pre-equilibrated anti-Flag M2 agarose
(Sigma-Aldrich) overnight at 4°C with gentle rotation. After
incubation, beads were collected by centrifugation at 6,000 rpm
for 40 s and washed four times with 1 ml of RIPA. The proteins
immunoprecipitated with anti-Flag agarose were eluted with
3xFlag peptide (Sigma-Aldrich) in RIPA buffer and detected by
Western blotting as described above. In IP for detection of
phosphoserine, NaF and Na3VO4 were added in RIPA buffer,
and the serine-phosphorylated proteins were detected by anti-
phosphoserine antibody.

[P-RT-PCR

To detect the interaction of host factors with BDV X/P mRNA
in vive, BDV-infected OL cells were transfected with Flag-tagged
targeted proteins and lysed with RIPA buffer with RNasin
(Promega). After IP with anti-Flag M2, the co-immunoprecipitants
were boiled in TE buffer and then treated with RNase-free DNase
I for 20 min. Total RNAs were isolated from the aqueous solution
and used as templates for RT-PCR using specific primers of X/P
mRNA.

In vitro translation assay

In witro transcribed X/P-Luc mRNAs were prepared with
Maxiscript Kits (Ambion). About 1.0 pmol of X/P-Luc mRNAs
were pre-incubated with nuclear extracts of OL cells (total protein
1 to 4 pg) in a total 20 pl of binding mixture [10 mM HEPES
(pH 7.6), 67 mM NaCl, 2mM MgCl,, | mM DTT, 1 mM
EDTA, 5% glycerol, 10U RNasin] for 30 min at room
temperature. For competition, a serial dilutions of decoy RNAs
were pre-incubated with the extracts prior to the reaction. Binding
mixtures were then subjected to the iz titro translation system using
50 W of rabbit reticulocyte lysate (Promega), according to the
manufacturer’s recommendations. After incubation period of 2 h
at 30°C, 10 ul of mixture was subjected to luciferase assay as
described abave.

RNA EMSA

The **P labeled-transcripts corresponding to the X/P and M/G
UTRs were prepared with a mirVana miRNA Probe construction
kit (Ambion), using PCR products or synthetic oligonucleotides as
dsDNA templates. Transcription of the X/P and M/G UTRs was
confirmed by their mobility in native PAGE. Unlabeled transcripts
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were prepared with MEGAshortscript™ T7 Kit (Ambion). The
cell extracts were obtained from exponentially growing OL cells.
The cells were lysed with buffer A [20 mM HEPES (pH 7.6),
10 mM NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, | mM DTT,
0.1% NP-40, 20% glycerol and protease inhibitor cocktail] and
then incubated on ice for 5 min. After collection of the cells, the
lysate was incubated for a further 10 min. After centrifugation at
2,000 rpm for 5 min, the supernatant was collected as the
cytoplasmic extract. The pellet was lysed with buffer B {20 mM
HEPES (pH 7.6), 500 mM NaCl, 1.5 mM MgCl,, 0.2 mM
EDTA, 1 mM DTT, 0.1% NP-40, 20% glycerol and protease
inhibitor cocktail], incubated on ice for 30 min and separated by
centrifugation at 15,000 rpm for 15 min. The soluble nuclear
fraction was diluted in binding buffer [10 mM HEPES (pH 7.6),
100 mM NaCl, 1.5 mM MgCl,, 1 mM EDTA, | mM DTT,
0.1% NP-40, 10% glycerol]. About 1.0 pmol of **P-labeled
gel-purified probes was incubated with the nuclear extracts (4 pg)
in a total of 30 W of binding mixture [10 mM HEPES (pH 7.6),
67 mM NzCl, 2 mM MgCl,, 1 mM DTT, | mM EDTA, 5%
glycerol, 20 ug tRNA, 10 U RNasin] for 20 min at room
temperature. For competition, non-labeled probes were incubated
with the nuclear extract for 20 min at rocom temperature prior to
incubation with the labeled probes. For the assays using
recombinant proteins, the probes were incubated with 5 pmol of
GST-tagged DDX21 or nucleolin in a total of 20 p! of binding
mixture [20 mM HEPES (pH7.5), 70 mM KCl, 2 mM MgCl,,
2 mM DTT, 0.2 mg/ml BSA, 20 U RNasin] for 10 min at 30°C
and for 10 min at room temperature. The reaction mixtures were
applied to 4% native polyacrylamide gels (40:1 acrylamide-
bisacrylamide) in TBE buffer. After electrophoresis, the gels were
exposed to X-ray film overnight at —80°C.

RNA-affinity column purification of the 5’ UTR-binding
proteins

Nuclear extracts of OL cells were prepared as described above.
The nuclear extracts were passed through the RNA-negative
coupled column and then loaded onto a consecutive RINA-positive
column to remove nonspecific binding proteins. The extracts (total
2.5 mg of protein) were loaded on HiTrap Steptavidin HP
column (1.0 ml bed volume; GE Healthcare) equilibrated with
binding buffer three times (0.2 ml/min). The flow-through was
incubated with 0.02 pmol of a 5'-biotinylated short (20 mer) RNA
probe in binding buffer on ice for 30 min, and passed through a
HiTrap column three times (0.2 ml/min). The column was
washed with 30 ml binding buffer and then the proteins were
eluted from the columns by the addition of binding buffer
containing 600 mM NaCl. After dialysis with binding buffer, the
sample was subjected to an X/P UTR- or M/G UTR-coupled
column as a second step of RNA-affinity purification. After
washing, the binding proteins were eluted from the column with
the same as for the short RNA probe-coupled column.

LC-MS/MS

Samples eluted from the RNA affinity columns were separated
on 10% SDS-PAGE and visualized by silver-staining (Wako). The
protein bands of interest were excised, digested in-gel with trypsin,
and analyzed by nanocapillary reversed-phase LC-MS/MS using
a C18 column (¢ 73 um) on a nanoL.C system (Ultimate, LC
Packing) coupled to a quadrupole time-of-flight mass spectrometer
(QTOF Ultima, Waters). Direct injection data-dependent acqui-
sition was performed using one MS channel for every three MS/
MS channels and dynamic exclusion for selected ions. Proteins
were identified by database searching using Mascot Server (Matrix
Science).
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GST-pull down assay

For the protein pull-down assay, 200 pmol of recombinant His-
DDX21 and approximately 100 pmol of truncated forms of GST-
nucleolin were incubated with RIPA buffer for 1 h at 4°C. After
the incubation, reaction mixtures were bound to glutathione-
Sepharose 4B (Amersham Biosciences) in RIPA buffer overnight at
4°C. After washing with the same buffer three times, bound
proteins were analyzed by immunoblotting with anti-DDX21
antibodies.

In vitro RNA folding assay

About 1.0 pmol of *P-labeled probes were heated at 85°C for
3 min, quickly cooled on ice and equilibrated at 23°C for 20 min
prior to the reaction, unless manipulated further. These RNAs
were incubated with 5 pmol of GST-tagged DDX21 and GST-
tagged truncated nucleolin, Nuc(1234R) in total 15 pl of binding
mixture [20mM HEPES (pH 7.5), 70 mM KCI, 3 mM ATP,
0.2 mg/ml BSA, 20 U RNasin] at 23°C for 20 min. After the
incubation, the reaction was terminated by the addition of
5 xloading buffer [20 mM HEPES (pH 7.3), 70 mM KCl, 50%
glycerol, 0.5% SDS, 0.2 mg/ml proteinase K, 0.01% BPB, 0.01%
XC], which also inactivated the enzyme. A part of the reaction
mixtures was then applied to 12% native polyacrylamide gel (40:1
acrylamide-bisacrylamide) in TBE buffer. After electrophoresis,
the gels were exposed to X-ray film overnight at —80°C.

In vitro RNA binding assay

The OL cells expressing Flag-tagged recombinant proteins were
lysed with RIPA buffer including protease inhibitors and 40 pg/ml
of RNase A, and IP were performed using anti-Flag M2 as
described above. The precipitants were washed twice with washing
buffer [20 mM Tris-HCl (pH 7.5), 70 mM NaCl, 70 mM KCI,
0.1% NP-40] and once with binding buffer [20 mM Tris-HCI
(pH 7.5), 70 mM KCI, 0.1% NP-40] and subjected to in zitro
binding assay. 10 pmol of **P-labeled X/P UTR probe was added
to 20 pl of 30% suspension of the protein-loaded beads. After
adjusting the total volume to 230 pl with binding buffer, the
reaction mixture was incubated at 4°C for 10 min with gentle
agitation. Unbound probe was removed by washing three times
with 1 ml of binding buffer. The amount of bound radio-activity
was measured by scintillation counting and the specificity was
achieved by eliminating background activity obtained from the
bead with the mock-transfected cell extract.

Supporting Information

Figure 81 The translation of X is suppressed at an early stage of
BDV infection. BDV strain He80 was infected into C6 (rat glioma)
or OL (human oligodendroglioma) cells. The subcellular localiza-
tion of X and P was determined by immunofluorescence assay
using anti-BDV P and X antibodies. The cells were analyzed when
the infection rate was below 3% and reached 100% as early and
persistent stages, respectively.

Found at: doi:10.1371/journal.ppat.1000654.s001 (0.54 MB PDF)

Figure S2 The translation of uORF influences translation of the
X OREF. {A) Schematic representation of deletion mutants of the 5
UTR of X/P expression plasmid. The nucleotide regions deleted
from the wt plasmid are shown. The nucleotide region between 23
and 42 contains a short-stem loop structure shown in Figure S8,
(B) OL cells were transfected with 0.8 pg of each plasmid and at
12 h after transfection cells were harvested and subjected to
Western blotting using anti-BDV P and X antibodies. (C) Fold-
activation of X expression in the cells transfected with mutant
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plasmids was determined after quantitation of band intensities by
Imagg] software.
Found at: doi:10.1371/journal.ppat.1000654.s002 (0.14 MB PDF)

Figure 83 Premature termination of uORF affects the expres-
sion of X. (A) Structure of uORF mutants. The nucleotide
sequences substituted from the wt plasmid are indicated. These
mutations do not induce structural modification of the 3’ UTR of
X/P mRNA. (B) Expression of BDV P and X from the mutant
uORF expression plasmids. OL cells cultured in 12 well culture
dishes were transfected with 0.8 pg of wt and uORF mutant
plasmids. Twelve h post-transfection, cells were lysed and
subjected to western blot analysis using anti-BDV P and X
antibodies. (C) Relative expression of X and P in uORF mutant
plasmid-transfected OL cells. The band intensities shown in (B)
were determined after quantitation by Image] software. The
means plus S.D. of three independent experiments are shown.
**P<0.01, (Student’s t test).

Found at: doi:10.1371/journal.ppat.1000654.5003 (0.17 MB PDF)

Figure 84 Additional 5’ or Kozak’s stem-loop structures in the
5 UTR inhibit translation initiation of X and P. (A and B)
Expression of BDV P and X from the 5’ UTR mutant plasmids.
Schematic structure of 5 UTR mutants is shown. The 3'-stem
and Kozak-stem were introduced upstream of the uAUG and by
replacing with wORF coding sequence, respectively. OL cells
cultured in 12-well culture dishes were transfected with 0.8 pg of
each plasmid. Forty-eight h post-transfection, cells were lysed and
subjected to western blot analysis using anti-BDV P and X
antibodies. (C) Nucleotide sequences of artificial stem structures.

Found at: doi:10.1371/journal ppat.1000654.5004 (0.17 MB PDF)

Figure 85 The predicted peptide of uORF does not influence
translation of X ORF. (A) Structure of a yORF mutant. The
nucleotide and amino acid sequences substituted from the wt
plasmid are indicated by black squares. These mutations do not
induce structural modification of the 3’ UTR of X/P mRNA. |
(wt): wild-type uORF, 2: mutant uORF. (B) Expression of BDV P
and X from the mutant uORF expression plasmid. OL cells
cultured in 12-well culture dishes were transfected with 0.8 pg of
wt and uORF mutant plasmids. Forty-eight h post-transfection,
cells were lysed and subjected to western blot analysis using anti-
BDV P and X antibodies. (C) Relative expression of X and P in
uORF mutant plasmid-transfected OL cells. The band intensities
shown in (B) were determined after quantitation by Image]
software. The means plus S.D. of three independent experiments
are shown.

Found at: doi:10.1371/journal.ppat.1000654.5005 (0.12 MB PDF)
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Figure 86 BDV P does not affect the functions of eukaryotic
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were lysed with RIPA or TNE buffer and then immunoprecip-
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Figure 87 GST-pull down assay of recombinant nucleolin, (A)
Schematic representation of truncation mutants of recombinant
GST-fused nucleolin. (B) fn vitrs pull-down assay between His-
tagged DDX21 and GST-fused recombinant nucleolins, 200 pmol
of recombinant His-DDX2] and approximately 100 pmol of
truncated GST-fused nucleolins were incubated with RIPA buffer
for 1 h at 4°C. Proteins precipitated with glutathione-Sepharose
beads were immunoblotted with anti-DDX21 antibody. Coomas-
sie brilliant blue (CBB) staining of His-tagged DDX21 and GST-
fused nucleolins at the top, which were bacterially expressed,
purified, and used for in vitro binding.
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Figure S8 The stability of the 5' UTR controls translation of X
ORF. (A) Schematic representation of a short stem-loop (SL)
structure in the 3' UTR. (B) Base-pair changing mutations were
introduced within the SL region. The nucleotide substitutions are
indicated by black squares. OL cells were transfected with 0.8 pg
of wt and SL mutants, and at 48 h post-transfection, cells were
subjected to western blotting using anti-BDV P mouse monoclonal
and anti-BDV X rabbit polyclonal antibodies. Predicted free
energies (kcal/mol) of SL structures are shown. (C) Relative
expression of X and P was determined after quantitation of band
intensities by Image] software. The mean plus S.D. of three
independent experiments are shown.
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Abstract

Borna disease virus (BDV) is a non-segmented, negative-sense RNA virus and has the property of persistently infecting the cell nucleus. BDV
encodes a 10-kDa non-structural protein, X, which is a negative regulator of viral polymerase activity but is essential for virus propagation.
Recently, we have demonstrated that interaction of X with the viral polymerase cofactor, phosphoprotein (P), facilitates translocation of P from
the nucleus to the cytoplasm. However, the mechanism by which the intracellular localization of X is controlled remains unclear. In this report,
we demonstrate that BDV X interacts with the 71 kDa molecular chaperon protein, Hsc70. Immunoprecipitation assays revealed that Hsc70
associates with the same region of X as P and, interestingly, that expression of P interferes competitively with the interaction between X and
Hsc70. A heat shock experiment revealed that BDV X translocates into the nucleus, dependent upon the nuclear accumulation of Hsc70.
Furthermore, we show that knockdown of Hsc70 by short interfering RNA decreases the nuclear localization of both X and P and markedly
reduces the expression of viral genomic RNA in persistently infected cells. These data indicate that Hsc70 may be involved in viral replication by
regulating the intracellular distribution of X.
© 2009 Elsevier Masson SAS. All rights reserved.

Keywords: Borna disease virus; Protein X; Heat shock cognate protein 70; Nuclear localization; Virus replication

1. Introduction

Borna disease virus (BDV) belongs to the Bornaviridae
family within the non-segmented negative-strand RNA
viruses, Mononegavirales, which are characterized by highly
neurotropic and noncytopathic infection of a wide variety of
host species, including humans. Among the animal-derived
mononegaviruses [1—4], BDV has several distinguishing
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features. One of the most striking characteristics is the cellular
localization of its replication [5,6]. BDV RNA is transcribed
and replicated in the nucleus, while other negative-strand RNA
viruses replicate in the cytoplasm. Furthermore, unique among
RNA viruses, BDV establishes a long-lasting persistent
infection in both transformed and animal brain cell nuclei
[5,6], suggesting that the virus uses mechanisms for RNA
replication previously unknown in eukaryotic cells.

BDV encodes at least six different proteins. Of these, the
nucleoprotein (N) and phosphoprotein (P) are major compo-
nents of BDV ribonucleoproteins (RNPs) and are expressed
abundantly in infected cells [7]. In addition to the other
viral structural proteins, such as matrix and the envelope

— 183 —



Y. Hayashi et al. | Microbes and Infection 11 (2009) 394—402 395

glycoprotein, BDV produces a 10-kDa non-structural protein
X, encoded by an open reading frame (ORF) which overlaps
the P ORF by 215 nucleotides [7]. Previous studies using
BDV minireplicon systems revealed that X strongly inhibits
the polymerase activity of BDV, suggesting that it is a nega-
tive regulator of viral replication [8,9]. On the other hand,
studies using reverse genetics have shown that a moderate
level of X is-required in infected cells for productive viral
replication [10,11]. These observations indicate that X may
control viral polymerase activity at the level needed to
maintain a persistent infection in the nucleus. Although the
precise mechanism by which X controls viral replication
remains unclear, we reported previously that interaction of X
with P promotes nuclear export of P, resulting in the cyto-
plasmic accumulation of both proteins [12,13]. P was retained
in the cytoplasm of BDV-infected cells only when expression
of X was detected in the same cell [12], suggesting that
interaction between X and P reduces the level of P in the
nucleus and thus prevents the formation of an active poly-
merase complex. Furthermore, Schwardt et al. demonstrated
that BDV X may regulate viral polymerase activity via its
direct incorporation into viral RNPs in the nucleus, because
apparently X is present in BDV-specific nuclear dot structures
where replication of BDV RNPs may occur [14]. All these
observations suggest that the intracellular localization, as well
as nuclear transport, of X may be important for the regulation
of viral polymerase activity in infected cells. Although X is
known to contain a non-canonical nuclear localization signal
(NLS) within the N-terminal 20 amino acid domain and by
itself localizes in the nucleus [15], it remains to be deter-
~ mined how a protein with a molecular mass of 10 kDa, which
may be excluded by the nuclear pore, is maintained in the cell
nucleus and then regulates viral polymerase activity.

In this study, we present data showing that BDV X
interacts with the constitutive heat shock cognate 70
protein (Hsc70) in BDV-infected cells. We found that the
N-terminal 16 amino acids of X are important for the
interaction with Hsc70 and, interestingly, that their asso-
ciation is interfered with competitively by the expression of
P. Heat shock stress of BDV-infected cells revealed that
BDV X translocates rapidly into the nucleus in association
with nuclear accumulation of Hsc70. Furthermore, analysis
using short interfering RNA (siRNA) for Hsc70 demon-
strated that knockdown of Hsc70 decreases the replication
of the BDV genomic RNA, as well as the nuclear distri-
bution of both X and P, in persistently infected cells. Our
results suggested that Hsc70 may be involved in the nuclear
localization of X and thereby regulate viral replication in
the nucleus.

2. Materials and methods
2.1. Cell lines and virus
The OL cell line, derived from a human oligoden-

droglioma, was cultured in Dulbecco’s modified Eagle’s
medium (DMEM)-high glucose (4.5%) supplemented with 5%

fetal bovine serum (FBS) and 4 mM glutamine. HEK293T
(293T; human embryonic kidney) cells were cultured in
DMEM-low glucose (1.0%) supplemented with 5% FBS.
BDV-infected OL cells, a cell line persistently infected with
strain huP2br [16], were cultured using the same conditions as
the parental cell line.

2.2. Plasmid construction

Constructions of expression vectors encoding Flag-tagged
BDV P and X have been previously described [12]. To
generate the eukaryotic expression plasmid encoding Flag-
tagged N, BDV N cDNA was amplified by PCR and inserted
into Kpn I and Xho I sites of pcDNA3 plasmid (Invitrogen).
The hemagglutinin (HA)-tagged Hsc70 expression plasmid,
pcHA-Hsc70, was constructed by the insertion of Hsc70
cDNA amplified from total RNA extracted from OL cells
into Kpn I and Xho I sites of pcDNA-HA vector. The tandem
tagged BDV X expression vector (pTAP-X) was generated as
follows. The BDV ¢cDNA corresponding to BDV X ORF was
amplified with pgX plasmid [12] and digested with EcoR I
and Xho I enzymes. The resultant fragment was inserted into
the tandem affinity purification (TAP) assay vector (a kindly
gift of Dr. Matsuura, Osaka University), which contain
a HA-TEV (tobacco etch virus protease cleavage site)-Flag
cassette sequence at the multiple cloning site of pcDNA3
vector.

2.3. TAP assay

Two days before transfection, 2.5 x 10° BDV-infected or
uninfected OL cells were seeded in 60-mm culture dishes and
transfected with pTAP-X by lipofectamine 2000 (Invitrogen).
At 72 h post-transfection, the cells were harvested and lysed
with TNE buffer (10 mM Tris—HCI, pH 8.0, 150 mM NaCl,
I mM EDTA, 0.1 or 0.5% Nonidet P-40 [NP-40], and
complete protease inhibitor) on ice for 60 min. After centri-
fugation, the soluble fraction was immunoprecipitated with
anti-HA resin (Sigma—Aldrich) overnight at 4 °C. The resin
was washed five times with TNE buffer and the tagged
protein was released from the resin by digestion with AcTEV
protease (Invitrogen) in 150 pL of TEV buffer containing
10 U protease for 3 h at 16 °C. TNE buffer was added to the
supernatant from the centrifugation to increase the volume to
1 ml and the preparation was immunoprecipitated with anti-
Flag M2 resin (Sigma—Aldrich) for 4h at 4°C. After
washing five times with TNE buffer, the resin was incubated
with 100 pl of TNE buffer containing 450 ng/pl of 3x Flag
peptide (Sigma—Aldrich) for 3h at 4 °C. The eluates were
analyzed by SDS-PAGE and visualized by silver staining
(Wako).

The protein bands of interest were excised, digested
in-gel with trypsin, and analyzed by nanocapillary
reversed-phase LC—MS/MS using a C18 column (¢ 75 pum)
on a nano LC system (Ultimate, LC Packing) coupled to a
quadrupole time-of-flight mass spectrometer (QTOF
Ultima, Waters). Direct injection data-dependent
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acquisition was performed using one MS channel for every
three MS/MS channels and dynamic exclusion for selected
ions. Proteins were identified by database searching using
Mascot Server (Matrix Science).

2.4. Indirect immunofluorescence assays

Cells were cultured on cover glass slides, fixed with 4%
paraformaldehyde, and permeabilized with phosphate buffered
saline (PBS) containing 0.4% Triton X-100 for 5 min at room
temperature. The cells were then incubated with antibodies
(anti-BDV antibodies, anti-Hsc70 antibody [Stressgen]) for
60 min in a humidified chamber at 37 °C. This was followed
by incubation with appropriate Alexa Fluor-conjugated
secondary antibodies (Invitrogen). A confocal laser-scanning
microscope Clsi (Nikon Inc.) was used for cell immunofiuo-
rescence imaging and data collection.

2.5. Western blot and immunoprecipitation analyses

For Western blotting, total cell lysates were subjected to
SDS-PAGE and transferred onto polyvinylidene difluoride
membranes (Millipore Corporation). We adjusted the amount
of total proteins by applying the same volume of cell lysates
to SDS-PAGE. Antibodies used in this study were as
follows; rabbit anti-BDV P and anti-X [12], rat anti-Hsc70
(Stressgen), anti-Flag (Sigma-Aldrich) and anti-HA (Roche)
antibodies.

For immunoprecipitation (IP) assay, 1.5 x 10° and 2 x 10° of
OL and 293T cells, respectively, were seeded in 6 well plates
before 48 h transfection and transfected with Flag- or HA-tag-
ged plasmids by lipofectamine 2000 (Invitrogen). At 48 h post-
transfection, cells were lysed with 1 ml of TNE buffer. After
centrifugation at 15,000 rpm for 10 min, the supernatants were
incubated with 40 pl of pre-equilibrated anti-Flag M2 agarose or
anti-HA resin (Sigma—Aldrich) overnight at 4 °C with gentle
rotation. After incubation, beads were collected by centrifuga-
tion at 6000 rpm for 40 s and washed three times with 1 ml of
TNE buffer. The proteins immunoprecipitated with anti-Flag
agarose or anti-HA resin were eluted and detected by Western
blotting as described above.

2.6. Quantitative real-time RT-PCR (qRT-PCR)

Total RNA was extracted from BDV-infected cells and
reverse transcribed with a Transcriptor First Strand cDNA
Synthesis Kit (Roche) using a BDV-specific primer (5'-
TGTTGCGCTAACAACAAACCAATCAC-3') or an anchored
oligo(dT) primer. Quantitative real-time RT-PCR assays were
carried out using a gene-specific double fluorescent-labeled
probe in the 7900HT Fast Real-Time PCR System
(Applied Biosystems). The Tagman® probe was labeled with
6-carboxy fluorescein (FAM) as the 5’ fluorescent reporter and
tetramethylrhodamine (TAMRA) as the 3’ quencher.
The primers and probe used were as follows: BDV P-forward
primer, 5-ATGCATTGACCCAACCGGTA-3'; BDV P-
reverse primer, 5’-ATCATTCGATAGCTGCTCCCTTC-3';

and BDV P-probe, 5'-FAM-AGAACCCCTCCATGATCTCA-
GACCCAGA- TAMRA-3'. The amount of the first template
was measured as follows. The threshold cycle (Ct) value was
determined as the number of cycles at which a significant
fluorescence increase was first detected. The threshold was
automatically defined by the Sequence Detection System
(ABI). The Ct-value was converted to a signal intensity by the
method that assumes the difference of 1 cycle between
samples produces a 2-fold difference.

2.7. siRNA expression

siRNAs for silencing of human Hsc70 were purchased from
Qiagen. OL cells were transiently transfected using lipofect-
amine2000 (Invitrogen) with a final concentration of 100 nM
for the siRNAs. After 48—72h transfection, when protein
levels of Hsc70 decreased to 10—20% of control cells, cells
were subjected to experiments including heat stress assay.

3. Results and discussion

3.1. A non-structural BDV protein X interacts
with Hsc70

To investigate the host factor(s) that interact with BDV X,
a combination of TAP and LC-MS/MS analyses was con-
ducted. We transfected pTAP-X into BDV-infected or unin-
fected OL cells, and then purified BDV X from the cell lysate
using the TAP strategy described in Section 2. Proteins that
interacted specifically with BDV X in the transfected cells
were identified by SDS-PAGE followed by mass spectrometry
analysis (Fig. 1A). In addition to BDV structural proteins
(arrowheads), we identified a specific band around 70-kDa in
both BDV-infected and uninfected cells and determined that
this band corresponds to Hsc70. We verified their specificities
by Western blotting (Fig. IB).

To confirm the interaction between BDV X and Hsc70 in
cells, we transfected Flag-tagged BDV N, P, or X protein into
uninfected OL or 293T cells and performed immunoprecipi-
tation assays using anti-Flag antibody. As shown in Fig. 1C,
endogenous Hsc70 was clearly detected in the cells transfected
only with the X-Flag plasmid in both cell lines, indicating that
Hsc70 interacts specifically with BDV X, even in the absence
of other viral components.

3.2. Interaction between Hsc70 and X is interfered by
BDV P phosphoprotein

To understand the significance of the interaction between X
and Hsc70, we first investigated the amino acid regions of X
and Hsc70 required for the interaction. To map the interaction
domain on X to Hsc70, we constructed a series of deletion
mutants of the Flag-tagged X plasmid (Fig. 2A). We trans-
fected the mutant plasmids into 293T cells and then performed
immunoprecipitation assay using anti-Flag antibody. As
shown in Fig. 2B, endogenous Hsc70 was detected by all the
truncated X mutants, except for X-FlagAl, which lacks 16
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Fig. 1. BDV X interacts with Hsc70. (A and B) Tandem-affinity purification analysis of BDV X. Proteins that co-precipitated with TAP-X in uninfected and BDV-
infected cells were separated by SDS-PAGE, visualized by silver staining (A), and identified by Western blotting (B). Arrowheads in panel (A) indicate BDV
proteins. Asterisk indicates the degradation forms of BDV N. Empty; empty plasmid-transfected. (B) The proteins separated by PAGE in (A) were transferred onto
polyvinylidene difluoride membranes and detected by Western blotting using anti-Hsc70 antibody. CE; cell extract from uninfected OL cells. (C) Immunopre-
cipitation analysis of Hsc70. Flag-tagged BDV proteins were transfected into OL and 293T cells and immunoprecipitated with anti-Flag antibody. Endogenous

Hsc70 was detected by anti-Hsc70 antibody. NT; non-transfected.

amino acids at the N-terminus of X, indicating that the N-
terminal region is essential for the interaction with Hsc70.

We next determined which Hsc70 domain interacts with
BDV X. Because Hsc70 consists of three domains, ATPase,
peptide-binding, and variable domains (Fig. 2C) [17], we
introduced deletions corresponding to each domain of the
protein (Fig. 2C). The truncated Hsc70 tagged with HA (HA-
Hsc70) and Flag-X were co-transfected into 293T cells and
subjected to immunoprecipitation using anti-HA antibody. As
shown in Fig. 2D, the mutants which contain deletions in the
peptide-binding domain (Hsc70A2 and A4) could not bind to
X, whereas Hsc70 lacking the ATPase and variable domains
(Hsc70A1 and A3) clearly precipitated X, indicating that the
peptide-binding domain of Hsc70 is necessary for interaction
with BDV X.

Previous studies demonstrated that a 16-amino acid stretch
at the N-terminus of X contains the region that interacts with P
[18]. This raises the possibility that P interferes competitively
with the association of Hsc70 with X in BDV-infected cells.
We therefore introduced X-Flag and HA-Hsc70 plasmids into
OL cells with or without co-transfection of the P expression

plasmid. As shown above, efficient interaction between X and
Hsc70 was observed in the cells without transfection of P
(Fig. 3A). On the other hand, co-expression of P clearly
inhibited the immunoprecipitation from the cell lysates of
Hsc70 and X by anti-Flag and anti-HA antibodies, respectively
(Fig. 3A). The P mutant lacking the X-binding site, PAM1
[19], failed to inhibit the interaction between X and Hsc70
(Fig. 3B), demonstrating competition between P and Hsc70 for
interaction with X. Note that the immunoprecipitated level of
X detected in the PAMI-transfected cells appeared to be
slightly reduced when compared with that in the empty-
transfected cells. Considering the high phosphorylation prop-
erty of P, it may be possible that the expression of PAM1
perturbs the phosphorylation of proteins, including Hsc70 and
X, in the cells, affecting the interaction between Hsc70 and X.

3.3. Hsc70 is involved in intracellular distribution of
BDV X

To understand the role of the interaction between Hsc70
and X in the life cycle of BDV, we performed confocal
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Fig. 2. Identification of interaction domains between BDV X and Hsc70. Identification of the regions of BDV X (A and B) and Hsc70 (C and D) necessary for their
interaction. Schematic representations of Flag-X (A) and HA-Hsc70 (C) deletion mutants are shown. The numbers indicate amino acid positions in the proteins and
known functional regions are indicated. The deletion plasmids were transfected into 293T (B) and OL (D) cells and immunoprecipitated by anti-Flag and anti-HA
antibodies, respectively. Specific interaction was detected using anti-Hsc70 (B) or anti-Flag (D) antibody.

microscopic analysis of X and Hsc70 in BDV-infected OL
cells. As reported previously [12,14,15], X localizes in both
the cytoplasm and nucleus, along with the nuclear dot
structures in BDV-infected cells (Fig. 4A). Hsc70 is also
distributed diffusely in infected cells but is not incorporated
into the BDV-specific nuclear dots (Fig. 4A). Hsc70 is known
to facilitate the nuclear transport of wide variety of proteins,
including viral proteins [20—24], as a molecular chaperone
and to shuttle rapidly between the cytoplasm and nucleus
[25,26]. Therefore, it is most likely that X, as a low molecular
mass protein, uses Hsc70 to control its nuclear transport or
intracellular localization in infected cells. To examine this, we
exposed BDV persistently infected cells to heat stress to
investigate whether inhibition of Hsc70 shuttling by the stress
influences the distribution of X in infected cells. The cells
were treated with a heat stress of 44 °C for 60 min with
recovery at 37 °C [27], and intracellular localization of the
proteins was observed at 3 h after the recovery. As reported in
previous studies [25,26], heat stress inhibits the nuclear export
of Hsc70, resulting in the accumulation of Hsc70 in the
nucleus (Fig. 4A). Interestingly, the nuclear distribution of X
also was observed in association with the accumulation of
Hsc70 in the nucleus (Fig. 4A, B), suggesting that the intra-
cellular localization of X may be dependent on the nuclear
transport of Hsc70.

To examine further whether Hsc70 contributes to the
intracellular distribution of X in BDV-infected cells, we
transfected siRNA for Hsc70 into BDV-infected OL cells and
monitored the intracellular localization of X and P. Interest-
ingly, knockdown of Hsc70 appeared to decrease the distri-
bution of both viral proteins in the nucleus, excluding the
nuclear dot structures, at 48 h post-transfection (Figs. 4C, D
and 5A). On the other hand, the intracellular distribution of
BDV N was apparently unchanged by the knockdown of
Hsc70 (Fig. 4E), suggesting that Hsc70 does not affect the
nuclear distribution of viral RNPs. Considering that P may
localize in the cytoplasm only when it forms a complex with X
[12,13], the interaction between X and P seems to increase in
the Hsc70-knockdown cells, leading to a reduction of nuclear
localization of both the proteins.

3.4. Knockdown of Hsc70 decreases BDV replication in
persistently infected cells

To determine whether Hsc70-knockdown impacts on BDV
replication, we estimated the expression levels of both viral
genomic RNA and mRNA by qRT-PCR in BDV-persistently
infected OL cells transfected with Hsc70 siRNA (Fig. 5A). At
48 h after the siRNA treatment, the levels of genomic RNA,
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without the BDV P expression plasmid. The lysates of the transfected cells were immunoprecipitated with anti-Flag or anti-HA antibody and the immunopre-
cipitates were analyzed using the antibodies indicated. (B) A BDV P mutant that lacks the region for binding to X failed to interfere with the interaction between X
and Hsc70. The BDV mutant, PAM1, was cotransfected with BDV X and Hsc70 expression plasmids, and the immunoprecipitations were performed as described

above.

but not the mRNA, were reduced significantly in the infected
cells (Fig. 5B). We observed the similar results in the
expression of viral RNAs at 72 h post-transfection (data not
shown). These results suggested that Hsc70 may mainly exert
its effect on viral replication, rather than transcription, via
regulation of the nuclear levels of the viral proteins.

3.5. Role of Hsc70 in BDV replication in the nucleus

Hsc70 is known to play multiple roles at different stages of
a variety of viral life cycles. In influenza virus infection,
Hsc70 is reported to interact directly with M1 protein and is
required for the nuclear export of the viral RNP and
production of virions [20]. Adenovirus also employs Hsc70 at
various steps in its replication, including nuclear import and
holding of the nucleocapsids [21]. Furthermore, the papillo-
mavirus minor capsid protein L2 requires Hsc70 for nuclear
translocation [22]. It has been reported that Hsc70 mediates
the viral entry step of rotavirus [28], syncytium formation
during human T-cell leukemia virus type I infection [29], and
transcriptional regulation of herpes simplex virus [30]. From
these observations, it is highly likely that, as a nuclear-
dependent RNA virus, BDV also takes advantages of this host
chaperon protein to control the replication activity in the
nucleus.

In this study, we demonstrate that Hsc70 interacts specifi-
cally with a BDV non-structural protein, X (Fig. 1) and that
their interaction is competitively interfered by P (Fig. 3).
Hsc70-specific siRNA decreases the nuclear levels of X and P
(Fig. 4) and causes a reduction in virus replication (Fig. 3).
Previous reports revealed that BDV polymerase activity is
tightly regulated by the N-to-P stoichiometry in the nucleus
and that X may play a key role in the regulation of viral
replication [8—11]. Although details of the mechanism by
which X controls viral replication have not been elucidated
yet, recent studies suggest possible mechanisms by which X
influences the viral polymerase activity by promoting the
translocation of P from the nucleus to the cytoplasm or by
direct interaction with viral RNPs in the nucleus [12—14]. In
either way, the nuclear level of X must be a critical determi-
nant of the polymerase activity in the nucleus. Therefore,
a mechanism for controlling the nuclear distribution of X may
be present in infected cells. The present data show that the
intracellular distribution may be controlled by the interaction
with Hsc70. The dominant interaction of X with Hsc70 in the
nucleus results in a reduction of the binding between X and
P, leading to an increase in the nuclear level of P. This, in
turn, could modify the polymerase activity in the nucleus.
Although we could not determine whether P or
Hsc70 dominantly interacts with X in infected cells, it is
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Fig. 4. Hsc70 is involved in intracellular localization of BDV X. (A) BDV persistently infected and uninfected OL cells were exposed to heat shock at 44 °C and
allowed to recover at 37 °C for 3 h. Cells were fixed before and after the recovery time, and the intracellular distributions of BDV X and Hsc70 were visualized by
indirect immunofluorescence assay using anti-X and anti-Hsc70 antibodies. The nuclei are visualized by 4',6' -diamidino-2-phenylindole (DAPI) in merged panels.
Bar, 10 um. (B) BDV X translocates to the nucleus by heat stress. After 3 h of recovery, the subcellular localization of X was visualized by the immunofluorescence
assay, and the percentage of cells showing each type of X distribution in the cells was determined. (C—E) Alteration of intracellular localization of BDV P (0), X
(D) and N (E) in Hsc70 siRNA-treated BDV infected OL cells. Forty-eight hours after transfection of Hsc70 siRNA, the intracellular distributions of Hsc70 and
BDV proteins were detected by anti-Hsc70 and either anti-P (C), anti-X (D) or anti-N (E) antibodies. Insets contain 1.7 magnifications of a cell nucleus. Bar,
10 pm.

conceivable that the dominant association among Hsc70, X, functional interaction among the proteins will provide
and P may be altered depending on the distribution of the  new insights into the regulation of BDV infection in the
proteins within the cells. Further studies regarding the  nucleus.
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Fig. 5. Hsc70 knockdown reduces the level of BDV genomic RNA. BDV
persistently infected cells were treated with Hsc70 specific siRNA and, 48 h
post-transfection, expression levels of BDV genomic RNA and mRNA were
quantified by gRT-PCR as described in Section 2. (A) The expression
dynamics of Hsc70 in the siRNA-treated cells was monitored by Western blot
analysis. (B) The relative expressions of BDV genomic RNA and mRNA are
shown. Values were expressed as mean plus S.D. **P < 0.01 (Student’s 7 test).
At least four-independent, triplicate experiments were performed.
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ABSTRACT

Background and objective: Increased oxidant levels
have been associated with exacerbations of COPD, and
L-carbocisteine, a mucolytic agent, reduces the fre-
quency of exacerbations. The mechanisms underlying
the inhibitory effects of L-carbocisteine on oxidant-
induced COPD exacerbations were examined in an
in vitro study of human airway epithelial cells.
Methods: In order to examine the antioxidant effects
of L-carbocisteine, human tracheal epithelial cells
were treated with L-carbocisteine and exposed to
hydrogen peroxide (H,0,). Cell apoptosis was assessed
using a cell death detection ELISA, and the pathways
leading to cell apoptosis were examined by measure-
ment of caspase-3 and caspase-9 by western blot
analysis with fluorescent detection.

Results: The proportion of apoptotic cells in human
tracheal epithelium was increased in a concentration-
and time-dependent manner, following exposure to
H;0.. Treatment with L-carbocisteine reduced the
proportion of apoptotic cells. In contrast, H.0. did not
increase the concentration of LDH in supernatants of
epithelial cells. Exposure to H>0; activated caspase-3
and caspase-9, and L-carbocisteine inhibited the
H0.-induced activation of these caspases. L-
carbocisteine activated Akt phosphorylation, which
modulates caspase activation, and the inhibitors of
Akt, LY294002 and wortmannin, significantly reversed
the inhibitory effects of L-carbocisteine on H.O,-
induced cell apoptosis.

Conclusions: These findings suggest that in human
airway epithelium, L-carbocisteine may inhibit cell
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SUMMARY AT A GLANCE

The antioxidant effects of L-carbocisteine, a muco-
lytic agent, have not been studied. The inhibitory
effects of L-carbocisteine on oxidant-induced cell
damage were examined in human airway epithe-
lial cells. Treatment with L-carbocisteine reduced
the proportion of apoptotic cells after exposure to
hydrogen peroxide. L-carbocisteine may also have
antioxidant effects in the airways.

damage induced by H0; through the activation of Akt
phosphorylation. L-carbocisteine may have antioxi-
dant effects, as well as mucolytic activity, in inflamed
airways.

Key words: antioxidant, apoptosis, chronic obstructive
pulmonary disease, emphysema, infection and inflam-
mation, mucolytic.

INTRODUCTION

The mucolytic agent, N-acetylcysteine (NAC), has
various physiological functions, including antioxi-
dant effects,' anti-inflammatory effects? and modula-
tion of mucin expression induced by LPS.* NAC has
been suggested to have clinical benefits in the
treatment of IPE chronic bronchitis and COPD.*¢
Likewise, mucolytic agents other than NAC, such
as ambroxol and L-carbocisteine, also have various
physiological functions, including improvement of
airway mucociliary transport, modulation of neu-
trophil activation, inhibition of pro-inflammatory
cytokine and mucin 5AC protein production in the
airways, as well as anti-viral effects.”*! Furthermore,
these mucolytic agents have been reported to reduce
the frequency of COPD exacerbations.'*’
Exacerbations of COPD are caused by bacterial and
viral infections of the airways,® and by exposure to
oxidants." On the other hand, increased levels of oxi-
dants and substrates, including hydrogen peroxide
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(H,0,), nitric oxide, ethane, carbon monoxide and
isopentane, have been demonstrated in exhaled air or
breath condensate, suggesting a role for oxidants in
the pathogenesis of COPD.'*"7

L-carbocisteine, a mucolytic agent, reduces the
frequencies of common colds and exacerbations in
patients with COPD,"® and inhibits the production of
pro-inflammatory cytokines and intracellular adhe-
sion molecule-1,° which is a major rhinovirus recep-
tor and activator of inflammatory cells in the airways.
Therefore, L-carbocisteine may modulate airway
inflammation induced by oxidants, as well as viral
and bacterial infections that lead to COPD exacerba-
tions. Furthermore, L-carbocisteine inhibits rhinovi-
rus infection of airway epithelial cells,® which is a
major cause of COPD exacerbations. However, except
for the antioxidant effects of NAC' and carbocysteine
lysine salt monohydrate,” the inhibitory effects of
L-carbocisteine on oxidant-induced cell damage have
not been studied.

In the present study, the antioxidant effects of
L-carbocisteine and its effects on H,0;-induced
apoptosis of human tracheal epithelial cells were
examined. In addition, the mechanisms of the anti-
oxidant effects of L-carbocisteine in airway epithelial
cells were studied.

METHODS
Human tracheal epithelial cell culture

Reagents for cell culture were obtained as follows:
Dulbecco’s modified Eagle’s medium, Ham’s F-12
medium, PBS and foetal calf serum (FCS) were from
GIBCO-BRL Life Technologies, Palo Alto, CA, USA;
Ultroser G (USG) was from BioSepra, Cergy-Saint-
Christophe, France, and trypsin-EDTA was from
Sigma Chemical Co., St. Louis, MO, USA.

Tracheas were obtained immediately after death
from 32 patients (mean age 75 = 4 years; 15 female,
17 male), who did not have bronchial asthma or
COPD, except for one patient with COPD. The causes
of death included malignant tumours other than lung
cancer (n = 15), congestive heart failure (n = 8), acute
myocardial infarction (n=3), cerebral bleeding
(n=2), renal failure (n=2), rupture of an aortic
aneurysm (n=1) and cerebral infarction (n=1).
Ten patients were ex-smokers, and 22 had been
non-smokers. The study was approved by the Tohoku
University Ethics Committee.

Isolation and culture of human tracheal surface
epithelial cells were performed as described previ-
ously.*** The cells were suspended in 5 mL of Dulbec-
co’s modified Eagle’s medium-Ham’s F-12 (DF-12)
medium (50:50, vol/vol) containing 2% USG and anti-
biotics, plated at 1 x 10° viable cells per 5 mL in T25
tissue culture flasks (Costar Corning, Cambridge, MA,
USA) coated with human placental collagen, and cul-
tured at 37°C in 5% C0,-95% air. When they had
reached confluence (5-7 days), cells were collected by
trypsinization (0.05% trypsin, 0.02% EDTA), replaced
in 24-well dishes (2 x 10° viable cells/mL) in DF-12
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medium containing 2% USG and antibiotics, and
cultured at 37°C in 5% C0,-95% air.

Assessment of DNA fragmentation by cell
death detection ELISA

Cell viability was assessed using a cell death detection
ELISA (Roche Diagnostics, Basel, Switzerland)
according to the manufacturer’s instructions.?
Human tracheal epithelial cells, cultured in 200 uL of
DF-12 medium containing 2% USG and antibiotics in
24-well dishes were pretreated with L-carbocisteine
(10 umol/L) or vehicle (0.1% double-distilled water;
ddH,0) for 72 h. Cells were then treated with H,0O,
(400 or 800 pmol/L) or vehicle (0.1% ddH,0) for 12 or
24 h. In preliminary experiments 400 umol/L H,0,
decreased cell viability at 12 h, and the effects of 400
or 800 umol/L H,0, were therefore compared. In
some experiments, cells were pretreated with
L-carbocisteine (10 umol/L) for 72 h, then treated
with the Akt inhibitors, LY294002 (50 pmol/L, 30 min)
or wortmannin (50 nmol/L, 30 min) (Wako Pure
Chemical Co., Osaka, Japan), or vehicle (0.1% ddH,0)
before exposure to H,0, (800 pmol/L). Culture super-
natants were collected by centrifugation (200x g,
10 min) and stored at 4°C before assay. Supernatant
samples were incubated with biotinylated anti-
histone antibody and anti-DNA antibody bound to
peroxidase in microtitre plates coated with streptavi-
din, for 2h at room temperature with shaking
(300 rpm). The supernatants were then aspirated and
the wells were rinsed three times with incubation
buffer. To determine the amount of retained peroxi-
dase, 2,2"-azino-di (3-ethylbenzthiazolin-sulphonate)
and H;0, were added as substrates, and the complex
was measured in a spectrophotometer (SpectraMax
340PC384, Molecular Devices, Sunnyvale, CA, USA) at
405 nm.

Western blot analysis

Assessment of caspase-3, caspase-9, Akt and
phospho-Akt was performed by western blot analy-
sis.” Human tracheal epithelial cells at 80% conflu-
ence were cultured with or without L-carbocisteine
(10 umol/L) for 72h and then treated with H,0,
(800 umol/L) for 8 h.** The cells were suspended
in modified radioimmunoprecipitation assay lysis
buffer with 1x protease inhibitor (Roche, Mannheim,
Germany). Cell extracts were centrifuged and super-
natant was mixed with 2x sodium dodecyl sulphate-
polyacrylamide gel electrophoresis sample buffer and
boiled for 5 min. The sample was subjected to 15%
sodium dodecyl sulphate-polyacrylamide gel electro-
phoresis and transferred to polyvinylidene difluoride
membranes (Millipore, Billerica, MA, USA). Mem-
branes were blotted with antibodies to caspase-3,
caspase-9 and Akt or phospho-Akt (Cell Signaling
Technology, Beverly, MA, USA). In addition, to ensure
equal protein loading, the membranes were blotted
with an antibody to B-actin (Sigma). The membranes
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were developed using an enhanced chemilumines-
cence Advance Western Blotting Detection Kit (Amer-
sham Biosciences, Pittsburgh, PA, USA) and a Lumino
Image Analyzer (LAS-1000, Fuji Film, Tokyo, Japan)
according to the manufacturer’s instructions. Quan-
tification of western blot bands was accomplished
using National Institutes of Health Image v1.62 soft-
ware. The average values from replicate cultures of the
same trachea (n=3) were used for analysis of the
intensities of the western blot bands.

Assessment of caspase-3 activity

Caspase-3 activity was assessed using the Apo-
ONE Homogeneous Caspase-3/7 Assay (Promega,
Madison, WI, USA) according to the manufacturer’s
instructions. Human tracheal epithelial cells (4 x 10*/
100 pL), cultured in 96-well culture dishes, were pre-
treated with L-carbocisteine (1 or 10 umol/L) for 72 h.
Cells were then treated with H,O, (400 or 800 pmol/L)
for 8 h at room temperature, and mixed with the assay
reagent (100 pL). The assay reagent was prepared by
mixing the profluorescent substrate, bis-(N-CBZ-L-
aspartyl-L-glutamyl-L-valyl-aspartic acid amide)
rhodamine 110 (Z-DEVD-rhodamine 110) with buffer.
This reagent lyses and permeabilizes cells, enabling
optimal measurement of caspase-3/7 enzymatic
activity. Activation of caspase-3/7 releases rhodamine
110, which emits fluorescence. The intensity of
fluorescence was measured (Fluoroskan Ascent,
Labsystems, Helsinki, Finland) using an excitation
wavelength of 485 nm and an emission wavelength
of 538 nm. The fluorescence intensity was expressed
as raw fluorescence intensity units after subtraction
of background fluorescence intensity.

Measurement of LDH concentrations

LDH concentrations in the culture supernatants were
measured as described by Amador et al.?

Statistical analysis

Results are expressed as mean = SEM. Statistical
analysis was performed by one-way ANOVA using Stat
View v5.0 (SAS Institute Inc., Cary, NC, USA). For all
analyses, values of P < 0.05 were considered signifi-
cant. In the experiments with cultures of human tra-
cheal epithelial cells, n refers to the number of donor
tracheae from which cultured epithelial cells were
derived.

RESULTS

Assessment of DNA fragmentation and
cell death

Levels of DNA fragmentation in the cells as assessed
by the cell death detection ELISA were low after 72 h
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of pretreatment with L-carbocisteine or vehicle
(ddH:0) (Fig. 1a), and also 12 and 24 h after exposure
to H,O; vehicle (0.1% ddH:O) (Fig. 1a). Likewise, DNA
fragmentation in the cells treated with 0.1% ddH,O at
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Figure 1 (a) Effects of L-carbocisteine (1 or 10 pmol/L)
on relative DNA fragmentation in primary cultures of
human tracheal epithelial cells 12 or 24 h after treatment
with H,0, (400 and 800 umol/L) or vehicle (0.1% ddH,0).
DNA fragmentation 24 h after stimulation with H,0,
(800 umol/L) in the presence of vehicle was set at 1.0 and
all other measurements were normalized to the control
values for the purposes of comparison. Results are
mean = SEM from five samples. Significant differences
from values before pretreatment with L-carbocisteine
(time 0) are indicated as *P<0.05, **P<0.01 and
***P<0.001. Significant differences from values after
treatment with H,0, at each time point are indicated as
*P<0.05 and **P< 0.01. (b) Percent inhibition of DNA frag-
mentation by L-carbocisteine (1 or 10 umol/L) compared
with DNA fragmentation after vehicle (0.1% ddH,0) in
primary cultures of human tracheal epithelial cells, 12 or
24 h after treatment with H,0, (400 and 800 pmol/L).
Results are mean = SEM from five samples. Significant
differences from values after exposure to H,0, and
vehicle (0.1% ddH.0), at each time point and H,0,
concentration, are indicated as *P< 0.05 and **P< 0.01.
(O) Vehicle (0.1% ddH:0), (E) H0,+ 0.1% ddH.0, ()
carbocisteine (1 pmol/L), (M) carbocisteine (10 umol/L).
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12 and 24 h was not different compared with that
before treatment (Fig.1la). In preliminary experi-
ments, H;O. induced DNA fragmentation in a
narrow range of concentrations between 400 and
800 umol/L. Therefore, to examine the dose-response
effects of H;0; on the viability of the human tracheal
epithelial cells, the cells were treated with 400 and
800 umol/L H,0,. H,0, (400 or 800 umol/L) caused a
significant increase in DNA fragmentation at 12 and
24 h. The effects of H.O, on the levels of DNA frag-
mentation in human tracheal epithelial cells
depended on concentration and the incubation
period (P<0.05). L-carbocisteine (10 umol/L) sig-
nificantly inhibited H,O,-induced DNA fragmenta-
tion (Fig.la) by 69% (400 umol/L) and 49%
(800 umol/L) at 12h (Fig.1b), and by 45%
(400 pmol/L) and 40% (800 umol/L) at 24h of
exposure to H;O, (Fig.1b). Likewise, 1pmol/L
L-carbocisteine significantly inhibited H,0,-induced
DNA fragmentation by 35% (400 umol/L) and 17%
(800 pmol/L) at 24 h of exposure to H,0, (Fig. 1b).

The total number of viable cells and the viability of
cells from a patient with prostate cancer complicated
by COPD were not different compared with those from
patients without COPD (data not shown). Levels of
DNA fragmentation induced by H,0, and the inhibi-
tory effects of L-carbocisteine in cells from a COPD
patient were not different from those in cells from
patients without COPD (data not shown). LDH con-
centrations in supernatants before and after exposure
to H,0, were low (<10 IU/L) (data not shown).

Assessment of caspase-3 and
caspase-9 activation

A band for non-cleaved caspase-3 was consistently
observed by western blot analysis of human tracheal
epithelial cells before exposure to H,0, (800 pmol/L).
In contrast, the band for cleaved caspase-3 was not
observed before exposure to H,0,. The intensity of the
band for non-cleaved caspase-3 did not change, while
the intensity of the band for cleaved caspase-3
increased, 8 h after exposure to H,O,. Treatment of the
cells with L-carbocisteine (10 umol/L) reduced the
intensity of the band for cleaved caspase-3, 8 h after
exposure to H,O, (800 pmol/L), by more than 50%
compared with that for cells treated with vehicle
(Fig.2). In contrast, L-carbocisteine (10 pmol/L)
increased the intensity of the non-cleaved caspase-3
band.

Likewise, the band for non-cleaved caspase-9 was
observed, whereas that for cleaved caspase-9 was not
observed in the cells before exposure to H;0,. The
intensity of the band for cleaved caspase-9 increased,
while the band for non-cleaved caspase-9 was not
observed, 8 h after exposure to H,0,. Treatment of the
cells with L-carbocisteine (10 pmol/L) reduced
the intensity of the band for cleaved caspase-9, 8 h
after exposure to H;O, (800 pmol/L), by more than
90% compared with that for cells treated with vehi-
cle (Fig.3). On the other hand, L-carbocisteine
(10 umol/L) increased the intensity of the non-
cleaved caspase-9 band.
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Figure 2 (Left) Western blot analysis of cleaved and

non-cleaved caspase-3 and B-actin in human tracheal epi-
thelial cells, 8 h after exposure to H,0, (800 umol/L) in the
presence of L-carbocisteine (10 umol/L) (+) or vehicle
(0.1% ddH,0) (-). Data are representative of five separate
experiments. (Right) The intensity of the cleaved and
non-cleaved caspase-3 bands in a representative experi-
ment performed 8 h after exposure to H,0, (800 umol/L)
in the presence of L-carbocisteine (10 pmol/L) (+)
or vehicle (0.1% ddH,0) (-). The ratio of cleaved/non-
cleaved caspase-3, 8 h after exposure to H,0; in the pres-
ence of vehicle (0.1% ddH,0) was set at 100. The intensity
of the cleaved caspase-3 band was reduced in the
presence of L-carbocisteine. () Vehicle (0.1% ddH,0),
(M) carbocisteine (10 pumol/L).

Caspase-3 activity

Caspase-3 activity, as measured using a fluorescent
detection kit, was also consistently observed in cul-
tured human tracheal epithelial cells in the absence of
H.0, (Fig. 4). Pretreatment with L-carbocisteine (1 or
10 umol/L) did not change caspase-3 activity before
H,0, exposure. Exposure to H,0, (800 pumol/L, 8 h)
increased caspase-3 activity, and L-carbocisteine
(10 pmol/L) inhibited the increase in caspase-3
activity induced by H,0, (Fig. 4).

Assessment of Akt activation

Akt and phospho-Akt, as measured by western blot
analysis, were consistently observed in cultured
human tracheal epithelial cells before exposure to
H0, (Fig. 5, left). L-carbocisteine (10 pmol/L) did not
change Akt levels before H,O, exposure. In contrast,
L-carbocisteine (10 umol/L) increased the phospho-
Akt levels (Fig. 5, left), and the ratio of phospho-Akt/
Akt by 60% (Fig. 5, right). Akt and phospho-Akt levels
decreased 8 h after exposure to H,0, in cells treated
with vehicle (data not shown). After exposure to H,O,,
L-carbocisteine (10 pmol/L) did not change phospho-
Akt levels (data not shown), while Akt levels increased
in the cells treated with vehicle (data not shown).

Effects of Akt inhibitors on DNA fragmentation

To examine the role of Akt in the inhibitory effects of
L-carbocisteine on DNA fragmentation induced by
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