K. Saitou et al. / Virus Research 144 (2009) 266-271 269

(A) 0 24 48

KU 70 0 gt oricomsi ot

72 h.p.i.

actin —» R
Ratio 1.0 04 03 0.3
(Ku70/actin)

(B)

non vec, HCV C C-E1C-E2
Ku70—3» i s s ertasy e

core—»

actin —» R
Ratio 1.0 0.8 04 0.3 04 04
(Ku70/actin)

1(0))

Kug0 —» we

actin —> S o ———
Ratio 1.0 1.2 12 12 1.2 13
(KuB0/actin)

non vec. Core

HCV

)

Ku70 mBNA —»

@

127 I.

0B
06}

02

Ratio of Ku70 mRNA

£ 2 A

WRL pcDNA  HCV  Core

Fig. 3. Effects of HCV on the Ku70 and Ku80 expression levels. (A) The levels of Ku70 protein in WRL6S cells at 0, 24, 48, and 72 h after transfection with the full-length HCV
genome (pCA-Rz plasmid) were determined by Western blotting, The band intensities were analyzed by densitometry, normalized by actin, and the expression ratio was
determined by division with the level at 0h (A) or non(B and C), Levels of Ku70 (B) and Ku80 (C) in WRL68 cells that express the pcDNA vector (vec), full-length HCV genome
(HCV), HCV-core protein sequence (Core), HCV core plus E1 sequence (c-E1), or the HCV core plus the E1 and E2 sequences (c-E2). Cells were lyzed 48 h after transfection,
Representative data from three experiments are presented. (D) Ku70 mRNA levels in WRL68 cells transfected with the mock (non), pcDNA vector (vec), full-length HCV

genome (HCV) or the HCV-core protein seq e (Core), as

d in an autoradiographic image of the Northern blot (upper). The 285 rRNA was detected by ethidium

bromide staining (lower). (E) The mRNA bands were analyzed by densitometry, normalized by the 285 rRNA band, and the expression ratio was calculated by dividing the
intensity of the each band by the intensity of the band for the mock-transfected WRL68 cells (WRL). The average values from three experiments are presented; vertical bars,

SD.

identify the protein encoded by the HCV genome that is respon-
sible for this effect, we transfected the truncated HCR6-Rz DNA into
WRL68 cells (Fig, 3B). After 48 h, Ku70 expression was suppressed
by the full-length or truncated HCV genome, and especially by the
HCV-core protein sequence (Fig. 3B).

Since the Ku70 antigen, Ku80 antigen, and DNA-PK.s compose
DNA-PK, we also examined the effect of transfection with the HCV
genome on the level of Ku80 (Fig. 3C). Transfection with the full-
length HCV genome did not significantly influence the level of Kug0
(Fig. 3C). In addition, Western blotting showed that the level of
HCV-core protein was lower in cells that were transfected with the
full-length HCV genome than in those transfected with truncated
HCV genomes, with similar levels of suppression of Ku70 expres-
sion being noted (Fig. 3B), which indicates that certain amount of
HCV-core protein expression may be sufficient for the suppression
of Ku70.

To determine the mechanism by which HCV reduces the level
of Ku70 in WRL68 cells, we examined the effects of transfection
with the HCV genome and HCV core on the transcription of Ku70
mRNA using Northern blotting (Fig. 3D). Transfection with the HCV
genome and HCV core did not cause significant changes in the levels
of Ku70 mRNA (Fig. 3E).

3.4. Kinetics of Ku70 degradation in the presence of HCV proteins

As our results indicated that changes in transcription do not
account for the changes in the levels of Ku70, we investigated the
possibility that these changes were due to alterations in the sta-
bility of the Ku70 protein. WRL68 cells were transfected with the
full-length HCV genome or the sequence that encodes the HCV-

core protein, and thereafter the cells were allowed to accurnulate
Ku70. Protein synthesis was then blocked by treating the cells with
cycloheximide, and the degradation of Ku70 was monitored by pro-
tein quantitation using Western blotting (Fig. 4A and B). We found
that the degradation of Ku70 occurred significantly faster in cells
that expressed the HCV-core protein or the full-length HCV genome
than in non-transfected cells.

These results reveal that expression of the full-length HCV
genome or the HCV-core protein sequence significantly reduces the
stability of Ku70 in WRL68 cells. Therefore, we examined whether
this was due to the changes in the ubiquitin—proteasome system,
Ku70 was immunoprecipitated from cell lysates and analyzed by
Western blotting using an anti-ubiquitin antibody. We found that
the ubiquitination of Ku70 was significantly enhanced in WRL68
cells by the expression of either the full-length HCV genome or
the HCV-core protein sequence (Fig. 4C). Therefore, it appears
that the ubiquitin-proteasome system for Ku70 is activated by the
expression of the full-length HCV genome or the HCV-core pro-
tein,

3.5, Kinetics of DNA-PK activity in the presence of HCV proteins

Since Ku70 is a component of DNA-PK, we examined the effect
of HCV on the activity of DNA-PK. Following the transfection of
WRL68S cells with the full-length HCV genome for 48 h, DNA-PK«s
was immunoprecipitated with a rabbit polyclonal antibody, and
the protein kinase activity was assessed using a substrate peptide
derived from p53. We found that the protein kinase activity of DNA-
PK.s was approximately 20% lower in HCV-transfected cells than
in the vector DNA-transfected cells (Fig. 5A). Furthermore, Ku70
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levels are significantly higher in noncancerous tissues than in can-
cerous tissues (p < 0.001) (Tanaka et al., 2004; Young et al., 2002).
Therefore, the reduction in the level of Ku70 might be expected tobe
more pronounced in HCV-positive noncancerous liver tissues than

expression was significantly reduced in the HCV-expressing cells
(Fig. 5B).

4. Discussion

In the present study, we show that HCV, and in particular
the HCV-core protein, promotes the ubiquitination of Ku70 in the
human embryonic liver cell line WRL68, This phenomenon was
not observed following the transfection or infection of HCV into
hepatoma-derived cell lines (data not shown). These HCV proteins
may reduce Ku70 expressionin the noncancerous liver tissues of the
majority of HCV-infected patients. It has been reported that HCV
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in either cancerous liver tissues or the liver tissues of HCV-negative
HCC patients, The lack of consistency observed in the Ku70 expres-
sion profiles of the HCV-negative HCC patients suggests that Ku70
may play a less prominent role in these patients than it does in
HCV-positive HCC patients.

Ku binds to DNA ends and targets DNA-PK to DNA strand breaks
(Gottlieb and Jackson, 1993; Suwa et al,, 1994), Ku70 and Ku80
are the DNA-binding components of DNA-PK (Anderson and Carter,
1996: Anderson and Lees-Miller, 1992; Dynan and Yoo, 1998) and
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play roles in a variety of nuclear functions, including transcriptional
regulation, V(D)] recombination, and a specific DNA repair mecha-
nism called nonhomologous end-joining (Koike, 2002; Lombard et
al., 2005). DNA-PK activity is associated with chromosomal instabil-
ity and in peripheral blood lymphocytes of patients at risk for breast
and cervical cancer (Someya et al,, 2006). A study using reverse
transcription-PCR showed that the expression levels of Ku70, Ku36,
and DNA-PKs are interrelated (Someya et al.,, 2006). In general,
the expression levels of DNA-PK s and Ku80 are up-regulated in
malignant tumors in human tissues, with the exception of invasive
carcinoma of the breast (Moll et al,, 1999), Marked reductions in
the expression levels of Ku70 and Ku80 beginning at the adenoma
stage may be crucial for the development of colon cancer (Rigas
et al,, 2001). A separate study showed that DNA-PK activates p53
in response to DNA damage, allowing p53 to bind to specific DNA
sequences and preventing MDM2 from inhibiting p53-dependent
transactivation (Woo et al., 1998), The results of the present study
suggest that HCV-induced reductions of Ku70 expression and DNA-
PK activity decrease the ability of the cell to protect the genome
against environmental insults, resulting in genomic instability and
HCC.

Recently, Ku70 was identified as a mammalian receptor for Rick-
ettsia conorii. Infection with R. conorii stimulates the ubiquitination
of Ku70, which may contribute to bacterial invasion (Martinez et al,,
2005). Further studies regarding the possibility that Ku70 degrada-
tion by HCV-core protein is linked to the HCV entry process are
warranted,

In summary, the results of the present study reveal a novel func-
tion of the HCV-core protein in noncancerous liver cells, whereby
it facilitates the degradation of Ku70 and reduces DNA-PK activity.
These properties of the HCV-core protein may reveal the molecular
basis of hepatocarcinogenesis induced by HCV in normal liver cells.
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Hepatitis C Virus and Disrupted Interferon Signaling Promote
Lymphoproliferation via Type Il CD95 and Interleukins
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BACKGROUND & AIMS: The molecular mechanisms of
lymphoproliferation associated with the disruption of in-
terferon (IFN) signaling and chronic hepatitis C virus
(HCV) infection are poorly understood. Lymphomas are
extrahepatic manifestations of HCV infection; we sought to
clarify the molecular mechanisms of these processes.
METHODS: We established interferon regulatory factor-1-
null (irf-17/") mice with inducible and persistent expression
of HCV structural proteins (irf-1/CN2 mice). All the mice
(n = 900) were observed for at least 600 days after Cre/loxP
switching. Histologic analyses, as well as analyses of lym-
phoproliferation, sensitivity to Fas-induced apoptosis, col-
ony formation, and cytokine production, were performed.
Proteins associated with these processes were also assessed.
RESULTS: I1f1/CN2 mice had extremely high incidences
of lymphomas and lymphoproliferative disorders and dis-
played increased mortality. Disruption of #f1 reduced the
sensitivity to Fas-induced apoptosis and decreased the levels
of caspases-3/7 and caspase-9 messenger RNA species and
enzymatic activities. Furthermore, the #f£I/CN2 mice
showed decreased activation of caspases-3/7 and caspase-9
and increased levels of interleukin (IL)-2, IL-10, and Bcl-2, as
well as increased Bcl-2 expression, which promoted onco-
genic transformation of lymphocytes. IL-2 and IL-10 were
induced by the HCV core protein in splenocytes. CONCLU-
SIONS: Disruption of IFN signaling resulted in devel-
opment of lymphoma, indicating that differential sig-
naling occurs in lymphocytes compared with liver. This
mouse model, in which HCV expression and disruption
of IFN signaling synergize to promote lymphoprolifera-
tion, will be an important tool for the development of
therapeutic agents that target the lymphoproliferative
pathway.

ore than 175 million people worldwide are in-

fected with hepatitis C virus (HCV), which is a
positive-strand RNA virus that infects both hepatocytes
and peripheral blood mononuclear cells.-4 Chronic hep-
atitis infection can lead to hepatitis, cirrhosis, hepatocel-
lular carcinoma, and lymphoproliferative diseases, such
as B-cell non-Hodgkin’s lymphomas and mixed cryoglob-
ulinemia.5-1° The current therapy for chronic HCV infec-
tion involves treatment with type I interferon (IFN) and
derivatives of IFN, such as pegylated IFN.1! Treatment
with type I IFN is associated with regression of lym-
phoma in patients with hepatitis C.22 However, more
than 50% of HCV-infected individuals are resistant to
treatment, which indicates that the inhibition of IFN
signal transduction facilitates the persistent expression
of HCV proteins by hepatocytes.

Transgenic mice that express the HCV core protein
have been established using a promoter derived from
hepatitis B virus,!* whereas mice that express structural
or complete viral proteins have been established using
promoters derived from the albumin gene.i* These mice
are immunotolerant to the transgene and do not develop
hepatic inflammation, although they do develop age-
related hepartic steatosis and hepatocellular carcinomas.
We also developed a transgenic mouse model in which
the HCV complementary DNA, including viral genes that
encode the core, El, E2, and NS2 proteins, was condi-
tionally expressed by the Cre/loxP system (CN2 mice).’s

Abbreviations used In this paper: IFN, interferon; IL, interleukin; IRF,
interferon-regulatory factor; PCR, polymerase chain reaction; WT, wild-
type.
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The conditional expression of HCV proteins protected
mice from Fas-mediated lethal acute liver failure by in-
hibiting cytochrome ¢ release from the mitochondria.?6é
However, the expression of HCV in these mice was usu-
ally lost after 21 days. Therefore, an animal model of
persistent HCV protein expression is required to examine
the effects of chronic HCV infection in vivo.

IEN signaling mediates tumor suppressor effects and
antiviral responses and is regulated by key transcription
factors of the interferon-regulatory factor (IRF) protein
family, including Irf-1, -2, -3, -7, and -9. Targeted disrup-
tion of irf1 results in aberrant lymphocyte development
and a marked reduction in the number of CD8* T cells
in the peripheral blood, spleen, and lymph nodes.l” In
addition, natural killer cell development is impaired in
irf-I=/= mice.’® The mechanisms by which HCV infection
induces IFN resistance and influences the development of
lymphomas are poorly understood. Therefore, in the
present study, we established an irf1~/~ CN2 mouse
model of persistent HCV expression, which allows inves-
tigation of the effects of HCV on lymphatic tissue tumor
development.

Materials and Methods

Animal Experiments

Wild-type (WT), CN2, irf-17/~, and Mxl-cre mice
were maintained in conventional animal housing under
specific pathogen-free conditions. AXCANCre and Ax-
CAw1 were obtained from Dr Izumu Saito (University of
Tokyo).1s To elicit Fas-induced liver damage, adult mice

were injected intravenously with 10 ug of purified ham- -

ster monoclonal antibody against mouse Fas (clone Jo2;
BD Biosciences, San Diego, CA) in 200 uL of phosphate-
buffered saline. All animal experiments were performed
according to the guidelines of the Tokyo Metropolitan
Institute of Medical Science or Kumamoto University
Subcommittee for Laboratory Animal Care. The protocol
was approved by an institutional review board. Detailed
procedures, including induction of the HCV transgene by
poly(l:C) in CN2-29 Mx1-Cre mice, are described in Sup-
plementary Materials and Methods.

Measurements of Caspase Activities

The cytosolic splenocyte fractions were isolated as
described, ¢ and the detailed procedures are described in
the Supplementary Material and Methods.

Lentiviral Vectors and Infection

Isolated splenocytes from WT or irf-1~/~ mice (to-
tal of 107 cells) were infected with recombinant lentivi-
ruses that express HCV core, E1, B2, NS2, l4cZ, and empty
vector, respectively. One day after infection, cells were
selected with puromycin (final concentration of 1 ug/
mL). After § days of puromycin selection, viable cells were
examined.

GASTROENTEROLOGY Vol. 137, No. 1

Baculovirus Expression and Purification of
HCYV Core, E1, and E2 Proteins

The E1 and E2 sequences from a genotype la
isolate (strain H77)1° and a genotype 1b isolate (strain

. HC-J4)20 without the C-terminal transmembrane do-

mains but containing the Hisq tag at the C terminus, were
cloned into a transfer vector (pBlueBacHis2; Invitrogen,
Carlsbad, CA). The expression of recombinant core, E1,
and E2 proteins in insect cells and their purification have
been described previously.2:

Results

Viral Protein Expression and Disruption of
irf-1 Synergistically Increase the Development
of Lymphoproliferative Disorders

To clarify the in vivo effects of HCV protein ex-
pression, we examined the survival of mice that carry the
CN2 transgene (CN2-8, CN2-29).15 The experimental de-
sign is shown in Figure 14 (total number of mice, 900).
Without Cre/loxP switching, the animals that carry the
HCV transgene (CN2-8 and CN2-29: core, E1, E2, and
NS2 proteins) appeared healthy and developed norm-
ally.1s All of the transgene carriers were observed for at least
600 days after Cre/loxP switching (Figure 14). Adminis-
tration of a recombinant adenovirus that expresses cre
(AxCANCre) induced the efficient recombination of CN2
transgenes in the hepatocytes from CN2 and irf-17/~ CN2
mice (Eigure 1B). Recombination produced the floxed
CN2 transgene (3.3 kilobases) and was completed within
4-7 days; it diminished before day 21 in CN2 mice but
persisted in irf1~/~ CN2 mice. The expression of core
protein in the hepatocytes of CN2 mice peaked on day 7
and decreased to an undetectable level by day 21 (Sup-
plementary Figure 1A). The expression of core protein in
hepatocytes coincided with a high level of inflammation,
as determined by measurements of serum alanine ami-
notransferase activity (Supplementary Figure 1A and
data not shown). The HCV core protein was detected in
CN2-8 mice 4-14 days after the administration of Ax-
CANCre, and disruption of irf1 ensured core protein
expression for more than 500 days (Supplementary Fig-
ure 14 and 1B). Therefore, irf1 disruption allowed effi-
cient and petsistent expression of HCV proteins. HCV
core protein gene expression was confirmed by reverse- .
transcription polymerase chain reaction (PCR) of livers,
splenocytes, and peripheral blood monocytes (Supple-
mentary Figure 1C). AXCANCre administration to the
transgenic mouse induced the efficient expression of
HCV transgenes in lymphocytes and splenocytes (Supple-
mentary Figure 1C).

The survival rate of WT mice injected with the cre-
adenovirus (AxCANCre) (Figure 1C) or control adenovi-
rus {AxCAw1) (data not shown) was higher than that of
the transgenic mice (CN2-8 and CN2-29), which excludes
the possibility that the recombinant adenovirus affec-

—768—



July 2009 ANTIAPOPTOSIS FACTORS AND CYTOKINES INDUCE LYMPHOMAS 287

ted the results. More than 75% of the WT mice injected
with AxCANCre survived to day 500, whereas the HCV-
expressing mice had lower survival rates. The irf1~/~
CN2-8 and irf1~/~ CN2-29 strains had even lower sur-
vival rates, indicating that persistent HCV protein expres-
sion in combination with ifI disruption significantly
decreases survival (Figure 1C).

AXCANCre
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Lymif)oprohferative Disorders Are
Accelerated With Age and Level of Viral
Protein Expression

To determine the mechanism underlying the in-
creased mortality caused by persistent HCV protein ex-
pression in irf-17/~ CN2 mice, we examined the kinetics

33 K ; . of dysplasia (Figure 1D). Strikingly, 67% of the female
S, 0 63 3090153146 0 42 11 2 0 1 irf-1=/~ CN2 mice and 70% of the male irf-1/~ CN2 mice
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mouse were significantly increased by the ablation of irf1
(Figure 1F). Although the type of hyperplasia did not
differ significantly between the irf17/~ CN2 mice and
their i#f1*/* CN2 siblings, the time to onset of tumori-
genesis differed dramatically (Figure 1D and 1F), indicat-
ing that age is a significant factor in the promotion of
lymphomagenesis by HCV proteins.

A significant percentage of the mice that expressed the
HCV core protein (irf-1"/~ CN2 mice) developed poly-
clonal lymphoid growth disturbances, including spleno-
megaly, expanded lymph nodes, adenocarcinoma in the
abdomen or leg, and lymphoma of the liver or Peyer’s
patches (Figure 24). In contrast, hepatocytes with abun-
dant expression of HCV proteins rarely developed into
hepatocellular carcinomas. H&E staining of splenome-
galic tissue revealed extensive hyperplasia of the white
pulp zones, in which the cortical zones contained lym-

Figure 2. Disruption of Ir-1 ag-
gravates lymphocyte infiltration
in combination with HCV trans-
gene expression. (A) Histologic
analysis of spontaneous prolifer-
ative disturbances in the CN2
transgenic mice, Of the 900
mice injected with AxCANCre,
25 of 75 (33%) CN2-29, 47 of
150 (31%) CN2-8, 29 of 75
(39%) irf-1-/~ CN2-29, and 62 of
180 (41%) irf-1-/~ CN2-8 mice
developed proliferative distur-
bances. Data shown are from
the same cohort of mice ana-
lyzed in Figure 1F. (B) H&E-
stalned tissue sections of (a—¢)
spleens, (d-f) livers, and (g-/) sal-
ivary glands from age-matched
WT, CN2, and irf-1-/~ CN2 mice
after the administration of
AXCANCre.

phoid follicles and scattered germinal centers, although
mitotic figures were rarely observed (Figure 2B and data
not shown). These results indicate that persistent expres-
sion of HCV proteins frequently induces lymphoprolif-
erative disorders in addition to liver hyperplasia, which is
consistent with the phenotype of patients with hepato-
cellular carcinoma34?

Abnormal T-Cell and B-Cell Proliferation in
HCV Transgenic Mice

To characterize the disruption of lymphocyte pro-
liferation due to HCV protein expression in the trans-
genic mice, we used flow cytometry to determine the ratio
of T cells to B cells by staining with antibodies directed
against CD3, CD45R, CD4, CDS8, and the T-cell receptor.
The average ratio of T cells to B cells in the lymph nodes
and spleens of CN2 mice was significantly higher than
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Figure 3. HCV expression and
ir*-1 ablation affect the lympho-
cyte population. T-cell and B-cell
profiferation In irf-1+/+ CN2

109 10" 102 10

mice, irf-1-/~ CN2 mice, and WT
mice. CD3*+, CD45R*, CD4*,
CD8*, and T-cell receptor-posi-
tive cells from age-matched
if-1-/~ CN2, if-1+/+ CN2, and
WT mice with hyperplasia were

aasaal..a.azas

analyzed by fluorescence-acti-
vated cell sorting. Lymphocytes
were prepared from CN2-8 and
WT littermates at the age of 16
months, after administration of
AXCANCre for 400 days.

that in the WT mice. The majority of the CD3* lympho-
cytes and a few CD8* lymphocytes expressed CD4 on
their surfaces. The proliferating cells were mainly CD4*
T cells, although some were CD45R*B cells (Figure 3 and
data not shown). The irf1~/~ CN2 mice also developed
B-cell lymphomas (data not shown). These results con-
firm that HCV protein expression induces lymphoprolif-
erative disorders that involve excessive expansion of both
T and B cells. In #rf17/~ CN2 mice, the cell population
that was negative for T-cell receptor (a, B, v, and 8
isoforms) staining was smaller than that in the other
mice.

Inhibition of Fas-Induced Apoptosis Owing to
Disruption of irf-1 Leads to Persistent
Expression of HCV in Transgenic Mouse
Livers

The Fas ligand is essential for the development of
hepatitis via cytotoxic T-lymphocyte-mediated cell kill-
ing#? Therefore, we determined the sensitivities of irf-
17/~ hepatocytes to Fas-induced apoptosis. The irf1/~
mice and WT littermates were injected intravenously with

109 10! 192 103 104

102 10°
o B TCR

10! 10% 10® 10
o B TCR

10

a monoclonal antibody against Fas. The disruption of
irf-1 inhibited Fas-induced apoptosis, presumably by de-
creasing the levels of caspase-6 and -7 messenger RNA
(mRNA; Supplementary Figure 2). These results suggest
that the reduced expression of effector caspases delays
Fas-mediated apoptosis in irf-17/~ mice and abrogates the
elimination of HCV-expressing cells in vivo.

Stable Expression of HCV Proteins Induces
Lymphoproliferative Diseases

To confirm that HCV proteins induce lymphopro-
liferation without the adenoviral vector system, switching
of the expression of HCV proteins was conducted using
the Mx promoter-driven cre recombinase with poly(I:C)
induction (Figure 44). The Mx promoter is active in
hepatocytes as well as in hematopoietic cells. We crossed
CN2 mice with Mx1-Cre transgenic mice; CRE recombi-
nase was expressed from the IFN-inducible Mx1 pro-
moter. Injection of the Mx1-Cre/CN2-29 mice with poly
(EC) induced IFN production and efficiently induced the
generation of CN2 gene products in hematopoietic cells
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Figure 4. Stable expression of HCV vi-
ral proteins induces lymphoproliferative
diseases. (A) Switching of the expres-
sion of HCV proteins was conducted us-
ing the Mx promoter—driven cre recom-
binase with poly(:C) induction. The Mx
promoter is active in hepatocytes as well
as in hematopoietic cells. We crossed
CN2 mice with Mx1-Cre transgenic
mice; Cre recombinase was expressed
from the IFN-inducible Mx1 promoter.
Injection of Mx1-Cre/CN2-29 mice with
poly{l:C) induces IFN production and ef-
ficiently induces the expression of CN2
gene products in hematopoletic cells
(mainly in Kupffer cells and lympho-
cytes), livers, and spleens but not in
most other tissues. (B} The white pulp
{(wp) and red pulp (rP) comprise the com-
ponents of the spleen In WT mice. The
neoplastic cells replace the normal
structures, such as the white pulp and
red pulp. {c and d) The neoplastic cells
are larger than lymphocytes (¢), and the
nuclei are irregular, round, oval, elon-
gated, and polygonal {d). (e and g) The
white pulp In WT mice consists of both a
B-cell~rich area (arrows, &) and T-cell-
rich area (arrowheads, g). {f and h) The
neoplastic cells show staining for the B-
cell marker CD45R, thereby supporting
the diagnosis of B-cell lymphoma {),
while they do not show staining for the
T-cell marker CD3 (h). Frames ¢ and d
are higher-magnification views of the
white box areas in a and b, respectively.
(C) Core protein expression was con-
firrned by immunoblotting.
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(mainly in Kupffer cells and lymphocytes), liver, and
spleen but not in most other tissues. At 7 days after
induction of viral proteins, HCV core proteins were de-
tected in both hepatocytes and hematopoietic cells (data
not shown). After 180 days, almost 40% of the CN2(-29)
mice developed lymphomas, whereas the WT mice did
not (Figure 4B). The neoplastic cells were larger than
lymphocytes, and their nuclei were irregular, round, oval,
elongated, and polygonal. HCV core protein expression
was confirmed by immunoblotting (Figure 4C), and in-
creases in the levels of interleukin (IL)-2, IL-10, and IL-12
were observed (data not shown). The hematopoietic
marker CD4SR was detected in the lymphoproliferative
regions and spleens (Figure 4B). The efficiency of expres-
sion switching was confirmed by both the HCV transgene
copy numbers and protein expression using quantitative
PCR and immunoblotting, respectively (Supplementary
Figure 3). These results further validate that sustained
expression of HCV proteins induces lymphoproliferation.

Increased IL-2, IL-10, and IL-12 Levels in
HCV Transgenic Mice

To study the mechanisms of HCV-induced lym-
phoproliferative diseases, we measured the serum IL-2,
IL-4, 1L-10, and IL-12 levels in the CN2 transgenic mice
and their WT littermates (Figure 5A). The serum IL-4
concentration did not differ significantly between the
CN2 and WT mice following injection with AxCANCre.
However, the CN2 mice had significantly increased levels
of serum IL-2, IL-10, and IL-12. Notably, the CN2 mice
with proliferative disturbances in the lymph nodes and
spleen had dramatically elevated levels of these cytokines,
suggesting that altered cytokine production is involved
in aberrant lymphocyte proliferation or differentiation in
CN2 mice. In contrast, the irf1™/~ CN2 mice did not
show elevated levels of serum IL-12 but had significantly
higher levels of serum IL-2 and IL-10 compared with
irf17/~ mice (Figure 5B). Thus, the disruption of irf-I
abrogates the increase in JL-12 level but augments the
increases in the levels of IL-2 and IL-10 in CN2 mice.
These results indicate that IL-2 and IL-10 play key roles

Figure 5. HCV protein expression alters the cytokine profile. (4) The
serum IL-2, IL-4, IL-10, and 1L-12 levels in i-1*/+ CN2 (Tg-+) and
-1+ WT mice were measured by enzyme-linked immunosorbent
assay. (B) The serum IL-2, IL-4, IL-10, and [L-12 levels in i-1-/~ CN2

nosorbent assay. The P values are based on comparisons of the mean
cytokine concentrations. (C and D) Relationship between the IL-2 or
IL-10 concentration in the serum and the spleen weights of (C) CN2irf-
14/ or (D) CN2irf1 - mice with progressive lymphoproliferation. The
numbers of points in the graphs correspond to the numbers of tested
animals. (F) Bal-2 protein levels in the lymph nodes of ir-1+7* (WT) and
irf-1-/~ transgenic (CN2) (Tg+) and WT mice on days 0, 400, and 500
after the administration of AXCANCre. Bel-2 migrates at 26 kilodaltons
B-Actin was used as a loading control.
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in the induction of the lymphoproliferative phenotype in
-1/ CN2 mice.

To verify the relationship between the weights of the
lymph organs and the cytokine levels, the correlation
coefficients were calculated according to Pearson (Figure
5C and 5D). Whereas spleen weight did not markedly
influence the increase in IL-4 level (data not shown), a
significant positive correlation was found between spleen
weight and increased IL-2 and IL-10 levels in CN2 gene-
expressing mice on the irf17/~ background (R = 0.58,
P < 05,and R = 0.68, P < .05, respectively) (Figure SD).
With respect to the serum levels of IL-2 and IL-10, a less
intensive but significant positive correlation was found
between the cytokine levels and spleen weights of CN2
gene-expressing mice on the irf-I*/* background (R =
0.43, P < .05, and R = 0.53, P < .05, respectively) (Figure
5C). These results indicate that IL-2 and IL-10 are in-
volved in lymphoproliferation in viral protein-expressing
mice.

Aberrant Expression of Bcl-2 in Expanded

Lymph Nodes of CN2 Mice

Bcl-2 immunoglobulin transgenic mice develop
follicular lymphoproliferation2? due to the inability of
various stimuli to induce apoptosis in these mice2*
Therefore, to examine whether HCV causes dysregulation
of Bcl-2 in lymphoid tissues, we examined the expression
of Bcl-2 (Figure SE). Lymph nodes collected from irf-17/~
CN2 mice 400 days after the administration of
AxCANCre showed elevated levels of Bcl-2. Immunoblot
analysis revealed that a doublet for Bcl-2 (26 and 28
kilodaltons) appeared in some samples 500 days after
AxCANCre administration, suggesting the presence of
phosphorylated and nonphosphorylated Bcl-2.2

Combination Cytokine Treatment Enbances

Splenocyte Colony Formation in Synergy

With Viral Protein Expression

To determine whether aberrant cytokine profiles
contribute to lymphocyte transformation, a colony for-
mation assay was performed using the methylcellulose
method. Mouse splenocytes were infected with adenovi-
ruses that expressed the cre DNA recombinase or lacZ
control. Expression of HCV core proteins was induced by
cre-adenovirus infection of the splenocytes (Figure 6A).
Colony counting was performed at postinfection day 28
(Figure 6B). Combined treatment with IL-2 and IL-10
greatly enhanced colony formation, especially in the
splenocytes of HCV transgenic mice (CN2-29, irf1™/~
CN2-29). The addition of IL-12 suppressed colony for-
martion induced by combined treatment with IL-2 and
IL-10. In the irfI~/~ background, treatment with IL-2
plus IL-10 or IL-2 plus IL-12 greatly enhanced colony
formation. To determine whether enhanced colony for-
mation correlated with cytokine-induced Bcl-2 expres-
sion, the Bcl-2 mRNA levels in the splenocytes were
quantified (Figure 6C). Because IL-2 enhances T-lympho-

GASTROENTEROLOGY Vol. 137, No. 1

cyte proliferation and transformation,?¢ it is of particular
interest that treatment with IL-2 plus IL-10 resulted in
marked increases in both lymphocyte transformation
and the Bcl-2 mRNA levels upon HCV transgene expres-
sion. These results indicate that dysregulated cytokine
expression, disruption of irf-1, and HCV transgene expres-
sion synergistically enhance splenocyte transformation.

Cytokine Treatment and HCV Transgene

Expression Synergistically Inhibit

Fas-Mediated Apoptosis

To determine whether cytokines inhibit Fas-
induced apoptosis, we treated the splenocytes from trans-
genic and WT mice with cytokines and then measured
Fas-induced apoptosis by Annexin V staining and fluo-
rescence-activated cell sorting, and we also assayed
caspase enzymatic activity (Figure 6D and 6E). IL-10
treatment in the presence of IL-2 greatly inhibited Fas-
induced apoptosis. Furthermore, irf1 disruption made
the splenocytes resistant to Fas-induced apoptosis in the
presence of IL-2, IL-10, and/or IL-12. In particular, IL-2
plus IL-10 treatment produced the strongest inhibition
of Fas-induced apoptosis. These cytokines also up-regu-
lated the Bcl-2 mRNA levels in splenocytes, which indi-
cates that IL-2, IL-10, and/or IL-12 up-regulate bcl-2 ex-
pression, which subsequently inhibits Fas-induced
apoptosis. This result is consistent with reports that
IL-10 and/or IL-2 treatment induce bcl-2 in B or T lym-
phocytes.1027 Caspase-3/7 activity was correlated with the
level of bdl-2 expression (Figure 6C and 6F). These results
indicate that aberrant cytokine expression and disruption
of IFN signaling affect bcl-2 expression, which is associ-
ated with the inhibition of caspase expression.

HCYV Core and E2 Proteins Mediate IL-2,
IL-10, and IL-12 Expression

To determine which viral protein is responsible
for cytokine expression, individual viral proteins were
stably expressed in splenocytes using recombinant lenti-
viruses that express the HCV core, E1, E2, NS2, and lacZ.
Each gene expression profile was confirmed by reverse-
transcription PCR (Supplementary Figure 4). Only the
HCV core protein induced IL-2 and IL-10 (Figure 7A). To
determine whether extracellular viral proteins trigger cy-
tokine expression, recombinant viral proteins were added
to the cells. Only the viral envelope protein B2 induced
IL-12 (Figure 7B). These results indicate that the HCV
core and E2 proteins are responsible for IL-2, IL-10, and
IL-12 expression.

HCV Core and IL-10 Induce Bcl-2 Expression

To determine whether viral protein expression
and cytokine stimulation synergistically induce Bcl-2 ex-
pression, individual viral proteins were stably expressed
using lentiviral vectors, and the cells were tested for Bcl-2
expression. Core protein expression and IL-10 stimula-
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Figure 6. Lymphocyte transformation
by aberrant cytokines and inhibition of
apoptotic signaling. (4) Expression of the
HCV core protein (21 kilodaltons) in irf-
74+ (WT) and -1~/ transgenic (CN2-
29) and WT mice 2 or 4 days postinfec-
tion (p.i.) with AXCANCre (multiplicity of
infection, 1.0). B-Actin was used as a
loading control. (B) Colony formation as-
say for splenocytes from irf-1++ (WT)
and irf-1-/~ WT or transgenic (CN2-29)
mice in the absence or presence of the
indicated cytokine and infected with
mock, LacZ, and Cre adenoviruses. The
inset shows an image of the colonies
generated from the ir-1-/~ CN2 spleno-
cytes (original magnification 10X). (C)
Quantification, by quantitative reverse-
transcription PCR of Bcl-2 mRNA rela-
tive to control glyceraldehyde-3-phos-
phate dehydrogenase mRNA in the
splenocytes of if~1+/+ (WT) and inf-1-/-
or transgenic (CN2-29) mice treated
with the indicated cytokines and infected
with mock, LacZ, and cre adenoviruses.
(D) Apoptosis measured by Annexin V
fluorescence-activated cell sorting anal-
ysis of splenocytes from irf-1++ (WT)

treated with the indicated cytokines and
infected with the mock, LacZ, and cre
adenoviruses. (£ and F) The caspase-9
and caspase-3/7 enzymatic activities in
splenocytes from -1+ (WT) and it
1+~ or tansgenic (CN2-29) mice
treated with the indicated cytokines
were measured using a subsirate cleav-
age assay after infection with the mock,
LacZ, and Cre adenoviruses, Caspase-9
activity was measured 4 hours after injec-
tion of the anti-Fas monoclonal antibocly
(Jo2). LEHD, substrate for caspase-9;
DEVD, substrate for caspase-3/7. Vertical
bars are SD and were detenmined using
the Student t test.
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tion induced Bcl-2, while the other proteins did not
(Pigure 7C). Interestingly, the combination of IL-2 and
IL-12 only induced Bcl-2 in the irf-17/~ background, while
triple stimulation (IL-2, IL-10, and IL-12) did not induce
Bcl-2 (Figure 7C). These results indicate that complex
signaling networks induce Bcl-2 in the presence of viral
nucleocapsid proteins.

Discussion

The present study shows that Bcl-2 levels, cyto-
kine levels, aging, and inflammation enhance the devel-
opment of lymphoproliferative disorders caused by HCV
proteins (Supplementary Figure 5). Disruption of irfI

enables the persistent expression of HCV protein, lead-
ing to lymphoproliferative diseases owing to reduced
apoptosis (ie, lower levels of caspase-1, -6, and -7 ex-
pression). HCV CN2 transgenic (Tg+) mice are resis-
tant to Fas-induced apoptosis due to the inhibition of
cytochrome ¢ release from mitochondria.’¢ Mice with
disruption of irf-1 have several defects of their innate
and adaptive immunity, such as lineage-specific defects
in thymocyte development; immature T cells can de-
velop into mature CD4* cells but not into CD8* T
cells.1828 IRF-1 controls the positive and negative se-
lection of CD8* thymocytes.2® IRF-1 is required for the
development of the Thl-type immune response, and

—1776—



July 2009

its absence leads to the induction of the Th2-type
immuane response.!83° Because the number of natural
killer cells is dramatically reduced in irf-17/~ mice,®
this defect may cause the marked increase in viral
protein expression and the inhibition of tumor surveil-
lance mechanisms, leading to the development of non-
Hodgkin’s lymphoma. Expression of the IL-12 p40
subunit is defective in irf-17/~ mice.!?

Lymphomagenesis may require the additional genetic
instability provided by HCV-induced hypermutation (2-
hit model). Important questions are raised regarding the
lymphoproliferative mechanisms of lymphomas in HCV-
infected patients (B-cell malignancies predominate). Hy-
permutation of the immunoglobulin genes in B cells
induced by HCV infection is the cause of the lym-
phomagenesis seen in HCV infection,21:3! and this model
may provide more direct insights into lymphoma pro-
duction, because HCV-induced hypermutation causes ge-
netic instability and causes chromosomal aberrations,
possibly resulting in neoplastic transformation.3? In ad-
dition, the antiapoptotic phenotype generated by sus-
tained viral protein expression may enhance the survival
of lymphocytes and inhibit activation-induced cell death
to turn off the activated lymphocytes. The dysregulated
cytokine profiles and sustained lymphocyte survival may
alter the fates of regulatory T cells and dendritic cells.??

In conclusion, the present study shows that the con-
ditional expression of HCV proteins induces inflamma-
tion and lymphoproliferative disorders, which are en-
hanced by if1 disruption. Therefore, IRF-1-inducible
genes probably play essential roles in suppressing HCV-
induced lymphoma and in eliminating HCV protein-
expressing cells. Our transgenic mice provide evidence
that the overexpression of apoptosis-related proteins, in-
cluding Bcl-2, and/or aberrant cytokine production are
primary events in HCV-induced lymphoproliferation. It
is interesting to note that lymphoproliferation was dom-
inant over liver tumor development in the present study.
Approximately 40% of the CN2-29Mx1Cre mice devel-
oped B-cell lymphomas, while 5% of the mice developed
liver tumors. Further molecular analyses will enlighten
the differential signaling pathways between hepatocytes
and lymphocytes and increase our understanding of the
differences between lymphomagenesis and liver tumor
development caused by HCV.

Supplementary Data

Note: To access the supplementary material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at doi:
10.1053/j.gastro.2009.03.061.
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Abstract

The shut-off of host protein synthesis in virus-infected cells is one of the important mechanisms
for viral replication. In this report, we showed that the HL strain of measles virus (MeV-HL) as well as
other field isolates, which were isolated from human blood lymphocytes using B95a cells, induce the
shut-off in B95a cells. Since the Edmonston strain of MeV failed to induce the shut-off in B95a cells,
the ability to induce the shut-off was considered to be dependent on virus strains. Although, the
modification of eukaryotic translation initiation factors (eIF) including eIF4G, eIF4E, and 4E-BP1
was reported for shut-off by various viruses, the involvement of these eIFs was not observed in
MeV-HL-infected B95a cells. Instead, the accumulation of phosphorylated eIF20, was found to
coincide to the decrease of host protein synthesis, suggesting the involvement of phosphorylation of
elF2¢ in inhibition of translation as one of the mechanisms of the shut-off,
© 2008 Elsevier Ltd. All rights reserved.

Keywords: Measles virus; Shut-off; elF2q

Résumé
La suppression de la synthése protéique de la cellule héte au cours de 1’infection est un des

mécanismes majeurs de la réplication virale. Dans cette étude nous avons montré que la souche
HL du virus de la rougeole (MeV-HL) ainsi que d’autres souches sauvages du virus, isolées dans
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0147-9571/$ — see front matter © 2008 Elsevier Ltd. All rights reserved.
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des cellules B95a & partir de lymphocytes sanguins humains, induisent ce type de suppression
dans les cellules B95a. Comme la souche Edmonston du virus de la rougeole est incapable
d’induire cette suppression dans les cellules B95a, cette propriété a été considérée comme
dépendante de la souche virale. Bien qu’il ait €t€ observé une extinction de 'expression des
facteurs d’initiation de la traduction eucaryote (eIF) dont eIF4G, eIF4E et 4E-BP1 par de
nombreux virus, il n’a pas été vu d’implication de ces facteurs dans les cellules B95a infectées
par MeV-HL. Par contre, dans ces cellules on a montré que I’accumulation de la forme
phosphorylée de eIF2a est concomitante 2 la diminution de la synthése protéique, suggérant
I'inhibition de la traduction par phosphorylation de e[F2a dans pourrait étre un des mécanismes
de la suppression de la synthése protéique.

© 2008 Elsevier Ltd. All rights reserved.

Mots clés : virus de la rougeole ; eIF20. ; suppression de la synthése protéique

1. Introduction

One of the most striking changes observed in the cells infected with certain viruses is
the almost complete inhibition of the translation of host mRNAs in the presence of
effective translation of viral mRNAs [1]. Such inhibition of host protein synthesis (shut-
off) have been reported in the infection with picornaviruses, adenovirus, influenza virus
and vesicular stomatitis virus (VSV) and considered to occur at the stage of host
translational level, as cellular mRNAs are recovered as an intact and functionally active
form from the virus-infected cells [2—5]. Modification of eukaryotic initiation factors
(eIFs) including the subunit of eIF4F complex (e.g., elF4G and eIF4E) is observed in
these virus-infected cells [6], and the modification of eIF4F by the viral infection
resulting in the inhibition of cap-dependent translation is proposed as one of the
mechanisms for shut-off.

Measles virus (MeV) belongs to the genus Morbillivirus within the family
Paramyxoviridae, the genome of which is a single-stranded RNA with negative polarity.
The MeV mRNA has a cap structure at 5’ end of the mRNA and is thought to be translated
in a cap-dependent manner [7]. The Edmonston strain of MeV (MeV-Ed) has been reported
not to induce the host shut-off of host protein synthesis [8,9]. Although most information
on MeV—cell interaction has been obtained from the studies on MeV-Ed in epithelial or
epithelial-like cells such as CV-1, Hela and Vero cells, accumulating evidence obtained by
the use of lymphoblastoid B95a cells has suggested that MeV circulating in human is
heterogenous and MeV-Ed represent minor subpopulation of the virus selected during long
passage in cell cultures [10].

In the present study, we examined the effect of the HL strain of MeV (MeV-HL),
which was isolated using B95a cells from a measles patient and maintains virulence in
monkeys [10], on the host protein synthesis in B95a cells and found that MeV-HL
induces marked shut-off of host protein synthesis. As the mRNA level of host proteins
was not altered in MeV-HL-infected B95a cells, we focused on possible modification
of translation factors involved in the cap-dependent translation initiation to clarify
the mechanisms involved in the induction of the shut-off of host protein synthesis by
MeV-HL infection.
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2. Materials and methods
2.1. Cell and viruses

B95a cells [11] were grown in RPMI1640 supplemented with 5% fetal calf serum
(FCS). As a typical virus isolated from measles patient, MeV-HL and two other field
isolates, 9106 and 9301 strains [12] were used. MeV-Ed that was passed twice in B95a cells
was also used. Virus infectivity titers were determined in B95a cells and expressed as a
50% tissue culture infectious dose (TCIDsg). For examining shut-off of host protein
synthesis, a monolayer culture of B95a cells was infected with MeV with a multiplicity of
infection (MOI) of 1 TCIDsp.

2.2. Metabolic labeling of cells

B95a cells were mock-infected or infected with MeV and then labeled with >8]
EXPRESS (PerkinElmer, MA, USA) in methionine- and cystein-free RPMI1640 with 2%
FCS for 1 hat0, 11, 17, 23 and 35 h post-infection (hpi). Cells were lysed in lysis buffer C
(125 mM NaCl, 20 mM Tris-HCl pH 8.0, 0.5% NP-40). Cell lysates were centrifuged and
the supernatants were collected. Proteins were electrophoresed in SDS-PAGE gels, and
353-labeled proteins were visualized with autoradiography using X-ray film or quantitated
with a phosphoimager plate in BAS 2000 (Fujifilm, Tokyo, Japan).

2.3. Real-time RT-PCR

Real-time RT-PCR was used to determine the expression level of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) mRNA and 18S rRNA in accordance with the method
described by Sato et al. [13].

2.4. Antibodies

Rabbit polyclonal antibodies against eIlF4G and eIF20., goat polyclonal antibodies
against phospho-eIF4E, 4E-BP1 and B-actin and mouse monoclonal antibody against
eIFAE were purchased from Santa Cruz Biotechnology, Inc. (CA, USA). Rabbit polyclonal
antibody against phospho-eIF20. was purchased from Cell Signaling Technology (MA,
USA). Horseradish peroxidase-conjugated secondary antibodies against rabbit, goat or
mouse immunoglobulin were purchased from DAKO (Glostrup, Denmark).

2.5. Western blotting assay

Mock- or MeV-HL-infected B95a cells were lysed with lysis buffer C containing 1 mM
PMSE, 1 mM benzamidine, 1 ig/ml aprotinine, 100 pM NaF and 1 uM Na;VO,. Equal
amounts of protein extracts were subjected to SDS-PAGE and the proteins were transferred
onto Hybond-N(+) nitrocellulose membrane (GE Healthcare UK Ltd., Buckinghamshire,
UK). Detection of 4E-BP1 was performed as described previously [14]. Western blotting
assay was performed with each antibody according to the recommendations of
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manufacturer. Bands were visualized using an ECL plus detection reagent (GE Healthcare
UK Ltd.). The intensity of bands was quantitated by scanning with LAS-1000 mini and
Imagegauge software (Fujifilm).

2.6. Establishment of cell lines stably expressing elF2a

Human elF20. cDNA was obtained with PCR using the sense primer (5'-
GCGGGAATCACACACATACCTCAGAA-3') and antisense primer (5'-“TCAAGTCTAG-
GATTTACAGCCAGGAAGCGC-3') with reverse transcription (RT) products from the
mRNA of HeLa cells and was then subcloned into pCR2.1-TOPO vector (Invitrogen, CA,
USA). Phosphorylation site at serine 51 of elF20, cDNA was mutated to alanine (S51A)
using a PCR-based mutagenesis strategy with Pfu turbo polymerase (Stratagene, CA,
USA) to obtain the cDNA of SS1A mutant elF2a. The elF2c. cDNA was inserted into a
pCMV-myc expressing vector (Clontech, CA, USA). The myc-tagged elF20. (wild type or
S51A mutant) expression vector (1.5 ug) and 0.5 pg of pCDNA3.1 (Invitrogen) were co-
transfected to B95a cells with DMRIE-C reagent (Invitrogen) according to the
recommendations of manufacturer. After incubation for 24 h, the cells were replated to
150-mm dishes and cultured in RPMI1640 with 5% FCS and 500 pg/ml G418 (bioactive;
Invitrogen). G418-resistant colonies were selected approximately 2 weeks later.
Expression of myc-tagged proteins was confirmed by Western blotting assay using a
monoclonal antibody against myc tag (Clontech).

3. Results
3.1. Effect of several strains of MeV on host protein synthesis in B95a cells

Effect of MeV-HL-infection on protein synthesis was shown in Fig. 1a. The rate of host
protein synthesis was determined by quantitation of the total radioactivity of one lane
except four bands of N, P, M and H derived from MeV-HL. The ratio of host protein
synthesis in MeV-HL-infected B95a cells to that in mock-infected cells was shown in
Fig. 1b. The relative rate of viral protein synthesis to host protein synthesis, which was
determined by sum of the radioactivity of four viral proteins and that of host proteins, was
also shown in Fig. 1b. A marked decrease of host protein synthesis was observed between
18 and 36 hpi. On the other hand, relative viral protein synthesis to host protein synthesis
increased and reached a peak at 24 hpi. This result indicates that MeV-HL induces shut-off
of host protein synthesis in B95a cells.

Subsequently, other field isolates of MeV, 9106 strain and 9301 strain were also
examined for their ability to induce the shut-off (Fig. 2a right). The autoradiograph gel was
stained with Coomassie brilliant blue before drying the gel to confirm that total protein
levels are equal (Fig. 2a left). As shown in Fig. 2a, 9106 and 9301 strains also induced the
inhibition of host protein synthesis at 24 hpi similar to MeV-HL. The effect of the MeV-Ed,
which was reported not to induce shut-off in CV-1 or Hela cells, was tested in B95a cells.
Host protein synthesis in MeV-Ed-infected B95a cells was not inhibited until 24 hpi when
the inhibition was clearly observed in MeV-HL-infected cells (Fig. 2b). These results
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Fig. 1. Protein synthesis in B95a cells infected with MeV-HL. (a) B95a cells infected with MeV-HL were labeled
with a mixture of [*>S] methionine/cysteine for 1 h and collected at the indicated time. Labeled proteins were
separated by 12% SDS-PAGE gel. The proteins derived from MeV-HL are indicated to the right of the image. (b)
Quantitation of host protein synthesis (closed circle) and relative viral protein synthesis to host protein synthesis
(closed square). The rates of protein synthesis were determined from images as described in the text.

indicate that field isolated MeVs, which maintain their virulence, have an ability to induce
shut-off of host protein synthesis, whereas only the MeV-Ed does not.

3.2. Effect of MeV-HL infection on GAPDH mRNA
The expression level of the GAPDH gene, one of house keeping genes, was measured as

a representative to determine whether MeV-HIL.-induced inhibition of host protein
synthesis occurs at the transcription stage (Fig. 3). The relative expression level of GAPDH

—783—



