
Supplementary Materials and Methods

Animal Experiments
CN2, irf-1�/�, and irf-9�/� mice were maintained in

conventional animal housing under specific pathogen-
free conditions. AxCANCre and AxCAw1, which are rep-
lication-deficient recombinant adenoviruses that lack the
E1A, E1B, and E3 regions, were obtained from Dr Izumu
Saito (University of Tokyo).1 AxCANCre expresses the Cre
recombinase, whereas AxCAw1, which was used as a con-
trol, lacks the inserted cre gene. The Cre-expressing re-
combinant adenovirus (AxCANCre) and AxCAwl were
expanded in HEK293 cells (kindly gifted by Dr Izumu
Saito) and purified by sucrose gradient centrifugation.1

AxCANCre or AxCAw1 (2 � 109 plaque-forming units)
was injected intravenously into CN2 or nontransgenic
female mice aged 9 –13 weeks. The mice were killed at 4,
7, 10, 14, 21, 60, 90, 180, 400, 500, or 600 days after
injection (n � 15 mice/group; total of 900 mice). Mouse
behavior and phenotypes were assessed weekly, and the
phenotypes were confirmed at necropsy. At necropsy, the
proportion of mice with enlarged lymph nodes, accord-
ing to weight, was larger in the CN2 group than in the
WT group (P � .05). To elicit Fas-induced liver damage,
adult mice were injected intravenously with 10 �g of an
anti-mouse Fas monoclonal antibody that was purified
from a hamster (clone Jo2; Pharmingen) in 200 �L phos-
phate-buffered saline (without Ca2� or Mg2�). Animals
were observed over a 24-hour period for survival or killed
at matched time points; livers were collected for histology
or biochemical studies. All the animal experiments were
performed according to the guidelines of the Tokyo Met-
ropolitan Institute of Medical Science Subcommittee for
Laboratory Animal Care. The protocol was approved by
an institutional review board.

For CN2-29 Mx1-Cre mice, Cre expression in the liver
was induced by intraperitoneal injection of poly(I:C) (GE
Healthcare UK Ltd, Buckinghamshire, England). A total
of 300 �L of poly(I:C) solution (1 mg/mL in phosphate-
buffered saline) was injected 3 times at 48-hour intervals.

Southern Blot Analysis
Mouse livers were digested overnight at 55°C in

lysis buffer (50 mmol/L Tris-HCl [pH 7.6], 100 mmol/L
NaCl, 20 mmol/L EDTA, 1% sodium dodecyl sulfate) that
contained 1 mg/mL proteinase K (Boehringer Mann-
heim, Mannheim, Germany). DNA was extracted with
phenol-chloroform and precipitated with ethanol.1 The
DNA pellet was washed with 70% ethanol, dried, and
resuspended in 10 mmol/L Tris (pH 7.5). Restriction
endonuclease digestion with XbaI, agarose gel electro-
phoresis, and Southern blotting were performed using
the DIG DNA Labeling and Detection System (Boehr-
inger Mannheim). XbaI-mediated DNA fragmentation
was used to examine the rate of recombination of the
HCV transgene construct.1 Recombination of the trans-

gene (CN2) was confirmed by Southern blotting. South-
ern blotting of DNA samples extracted from mouse livers
was performed using the DIG DNA Labeling and Detec-
tion System (Boehringer Mannheim).

Quantification of HCV Core Protein
in Mouse Livers
Mouse livers were homogenized in 1 mL RIPA

buffer (1% sodium dodecyl sulfate, 0.5% [vol/vol] Nonidet
P40, 10 mmol/L Tris [pH 7.4], 0.15 mol/L NaCl). The
HCV core protein concentrations in the liver lysates were
quantified using a fluorescent enzyme immunoassay with
2 high-affinity monoclonal antibodies against the HCV
core protein.2 The HCV core protein concentration in
each liver was normalized by the total protein concentra-
tion, as measured using the DC protein assay (Bio-Rad
Laboratories, Hercules, CA).

Collection of Sera and Enzyme-Linked
Immunosorbent Assay
To assess Fas-induced liver failure, blood samples

were collected from the supraorbital veins at 0, 1, 2, 3, 4,
5, and 6 hours after administration of the Fas monoclo-
nal antibody or by heart puncture of killed mice. Blood
samples were centrifuged at 10,000g for 15 minutes at
4°C to isolate serum. The serum levels of IL-2, IL-4, IL-10,
and IL-12 were determined using enzyme-linked immu-
nosorbent assay kits (R&D Systems, Minneapolis, MN),
according to the manufacturer’s instructions. Serum ala-
nine aminotransferase (ALT) activity was determined us-
ing a commercially available kit (Nissui, Tokyo, Japan).

Histology and Immunohistochemical Staining
Livers were frozen in Tissue-Tek OCT compound

(SAKURA Finetek, Tokyo, Japan) in dry ice/ethanol,
thawed, and fixed in 1:1 (vol/vol) acetone/methanol at
�20°C for 10 minutes. Immunohistochemical staining
was completed using tyramide signal amplification (NEN
Life Science Products, Boston, MA). Nuclei were stained
with 0.5 �g/mL Hoechst 33342 (Molecular Probes, Carls-
bad, CA) for 1 minute at room temperature. Sections
were observed under a fluorescence microscope (510
Meta; Carl Zeiss, Oberkochen, Germany). Liver samples
for histology were cut into small (�1.0 cm) pieces, fixed
overnight in 10% paraformaldehyde, dehydrated with
ethanol, blocked in paraffin, sectioned at 10-�m thick-
ness, stained with H&E, and viewed under a microscope
(510 Meta; Carl Zeiss). For HCV core protein detection,
immunohistochemistry was performed using PFA-fixed
or OCT frozen sections. Tissue sections were fixed in 4%
PFA and permeabilized in 0.3% H2O2 and methanol for
10 minutes. Antigen retrieval was achieved by autoclaving
at 121°C for 5 minutes or 10 minutes or by treatment
with proteinase K at 37°C for 10 minutes or 30 minutes.
To detect core antigen, a mouse anti-core antibody (BT
515) and Alexa 488 – conjugated streptavidin were used.
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Staining was detected by the DAB substrate reaction. For
CD3 and CD45R protein detection, immunohistochem-
istry was performed on PFA-fixed sections. Tissue sec-
tions were fixed with 4% PFA and permeabilized by treat-
ing with 0.3% H2O2 and methanol for 10 minutes.
Antigen retrieval was achieved by autoclaving at 121°C
for 10 minutes. To detect the CD3 and CD45R antigens,
mouse anti-CD3 and anti-CD45R antibodies (AbD Sero-
tec MorphoSys UK Ltd, Oxford, England) were used.
Staining was detected by the addition of 3,3=-diamino-
benzidine tetroxide (Dojin Kagaku, Kumamoto, Japan).

Flow Cytometry
Lymphocytes were stained with appropriate di-

lutions of the following antibodies: PE-conjugated
anti-CD3, fluorescein isothiocyanate (FITC)-conju-
gated anti-B220, FITC-conjugated anti-CD4, PE-conju-
gated anti-CD8, FITC-conjugated anti–TCR-��, and
PE-conjugated anti–TCR-��. Flow cytometry was per-
formed using the FACSCalibur (Becton Dickinson, San
Jose, CA).

Western Blot Analysis
Minced livers, lymph nodes, spleens, and splenocytes

were homogenized with a Dounce glass homogenizer at
4°C in lysis buffer (1% bovine serum albumin, 1 mmol/L
ethylene glycol-bis[2-aminoethylether]-N,N,N=N=-tetraacetic
acid, 300 mmol/L sucrose, 5 mmol/L 3-[N-morpholino]pro-
panesulfonic acid, 5 mmol/L KH2PO4 [pH 7.4]) that con-
tained complete protease inhibitor cocktail (Boehringer
Mannheim). After centrifugation at 27,000g for 15 min,
50 �g of supernatant protein were loaded in each lane of
a 10% or 15% polyacrylamide gel, separated by electro-
phoresis in Tris-Tricine buffer (Daiichi Pure Chemicals),
and transferred to polyvinylidene difluoride membranes
(Amersham Life Science, Tokyo, Japan). The membranes
were then incubated for 2 hours at room temperature in
TBS-T (20 mmol/L Tris-HCl, 500 mmol/L NaCl, 0.1%
[vol/vol] Tween 20) that contained 1% bovine serum
albumin, followed by incubation with a primary antibody
directed against Bcl-2 (Santa Cruz Biotechnology, Santa
Cruz, CA), protein kinase R (a kind gift of Dr H. Taira,
Iwate University, Japan), mouse IRF-1 (Santa Cruz Bio-
technology), mouse Fas (Wako), or HCV core (31-2).3 The
membranes were washed with TBS-T, incubated with
horseradish peroxidase– conjugated secondary antibod-
ies, visualized using a chemiluminescence reagent (Amer-
sham International, Tokyo, Japan), and detected using
Hyperfilm-MP (Amersham International).

Detection of Apoptotic Cells by DNA
Fragmentation
Small pieces of liver (50 – 80 mg in weight) were

homogenized and digested overnight with proteinase K
(Boehringer Mannheim) at 55°C in lysis buffer (50
mmol/L Tris-HCl [pH 7.6], 100 mmol/L NaCl, 20

mmol/L EDTA, 1% sodium dodecyl sulfate). Lysates were
extracted with phenol-chloroform-isoamyl alcohol, trea-
ted with ribonuclease, precipitated with ethanol, and
subjected to 2% agarose gel electrophoresis. Breaks in the
hepatocyte DNA were detected using the terminal deoxy-
nucleotidyl transferase–mediated deoxyuridine triphos-
phate nick-end labeling (TUNEL) assay kit (R&D Sys-
tems) according to the manufacturer’s instructions.

Ribonuclease Protection Assay
The caspase transcript levels in the livers from

irf-1�/� and irf-1�/� mice were determined in a ribonucle-
ase protection assay that used mouse apoptosis multi-
probe template sets (Pharmingen). Briefly, total RNA was
extracted from the livers and assayed with the RiboQuant
Multi-Probe RNase Protection Assay System mAPO-1
(Becton Dickinson). Multiple 32P-labeled caspase probes
and the control glyceraldehyde-3-phosphate dehydroge-
nase probe were synthesized and hybridized overnight to
the target RNA, treated with ribonuclease, and separated
by electrophoresis on a denaturing polyacrylamide gel.
The radioactive bands representing undigested RNAs
were then detected and quantified using the BAS 2000
phosphoimager (Fuji Photo Film, Tokyo, Japan). Band
intensities were normalized to the glyceraldehyde-3-phos-
phate dehydrogenase mRNA band in the same lane.

RNA Isolation and Reverse-Transcription
PCR
The mRNA species from mouse splenocytes and

peripheral blood lymphocytes were isolated using Isogen
(Nippon Gene, Shizouka, Japan). The core, E1, E2, NS2,
and lacZ mRNA species were detected by reverse-tran-
scription PCR using the following primers: for core-621S,
5=-gggcaggatggctcctgtca-3=; for core-831A, 5=-ttcacgccgtc-
ctccacaac-3=; for E1-991S, 5=-agcggacatgatcatgcata-3=; for
E1-1314A, 5=-atcatcatgtcccaagccat-3=; for E2-1601S, 5=-
tggcacatcaacaggactgc-3=; for E2-1860A, 5=-actggaccaca-
caccttcga-3=; for NS2-2807S, 5=-gtgtttgtaggtctggtact-3=;
for NS2-2925A, 5=-atccacacttgcaggtgcgc-3=; for lacZ 30S,
5=-aaccctggcgttacccaact-3=; and for lacZ 430A, 5=-gaaacgc-
cgagttaacgcca-3=.

Quantitative Real-Time PCR Amplification of
Cytokine and Bcl-2 mRNA Species
The RNA from 10,000 cells was used for art-PCR

in the ABI Prism 7900-HT Sequence Detection System
with the Universal PCR Master Mix (Applied Biosystems,
Foster City, CA) and the RT2 qPCR Primer sets for
murine IL-2, IL-4, IL-10, IL-12, bcl-2, and glyceraldehyde-
3-phosphate dehydrogenase (SABioscience Inc, Frederick,
MD; and Applied Biosystems), as described previously.4

The quantitative real-time PCR results are presented as
the average values from at least 3 independent experi-
ments with duplicate PCR analyses.
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Measurements of Caspase Activities Through
Cleavage of Fluorogenic Substrates
The cytosolic fractions of splenocytes were iso-

lated as described previously,5 with some modifications.
Briefly, splenocytes were homogenized in a Dounce glass
homogenizer (loose type) with lysis buffer (0.3 mol/L
mannitol, 5 mmol/L 3-[N-morpholino]propanesulfonic
acid, 1 mmol/L ethylene glycol-bis[�-aminoethyl ether]-
N,N,N=,N=-tetraacetic acid, 4 mmol/L KH2PO4, 20 �g/mL
leupeptin, 10 �g/mL pepstatin A, 10 �g/mL aprotinin, 2
mmol/L phenylmethylsulfonyl fluoride) and fractionated
into pellet, heavy membrane, light membrane, and cyto-
solic fractions. The lysates were centrifuged at 600g for 10
minutes at 4°C to remove debris or fibers. The superna-
tants were centrifuged at 10,000g for 15 minutes at 4°C,
and the pellets were collected as the heavy membrane
fractions. The supernatants were then centrifuged at
100,000g for 45 minutes at 4°C and collected as the
cytosolic fraction. The activities of caspase-9 and
caspases-3/7 were measured using Ac-LEHD-AFC or Ac-
DEVD-AFC (Enzyme Systems Products, Livermore, CA)
as substrates, respectively. The substrates were preincu-
bated for 10 minutes at 37°C in reaction buffer.6 There-
after, 100 �g of lysate was added to 1.25 mL of the
substrate reaction buffer and incubated for 60 minutes at
37°C. The fluorescence of the released 7-amino-4-triflu-
oromethylcoumarin was detected using a fluorescence
spectrometer (�QUANT; Bio-tech Instruments, Winooski,
VT), with excitation at 400 nm and emission at 505 nm.
One unit of caspase activity corresponds to the activity
required to cleave 1 pmol of the substrate in 60 minutes
at 37°C.

Colony Formation Assay
The colony formation assay was performed by the

methylcellulose membrane method, as described previ-
ously.7,8 Briefly, splenocytes were isolated from mice,
plated at 4 � 105 cells/mL in 1% methylcellulose culture
medium (Methocult 3430; StemCell Technology, Van-
couver, Canada) that contained 100 �L of Iscove’s mod-
ified Dulbecco’s medium (Invitrogen, Carlsbad, CA) with
25 �g/mL of stem cell factor (R&D Systems, Minneapo-
lis, MN) and hemin (Sigma-Aldrich, St. Louis, MO). Cells
were infected with adenovirus that expressed the cre
DNA recombinase (AxCANCre) or LacZ (AxCALacZ)
gene and treated with cytokines (IL-2, IL-10, IL-12, and
combinations thereof). Erythroid burst-forming units, as
well as granulocyte, erythrocyte, macrophage, and
megakaryocyte colony-forming units, and granulocyte/
macrophage colony-forming units were measured.7,8 To
purify the CD4�, CD8�, and CD45R/B220� cell popula-
tions, peritoneal lymph node cells were isolated using
immunomagnetic beads conjugated to the correspond-
ing antibodies (Miltenyi Biotec, Bergisch Gladbach, Ger-
many), as described previously.9 In our series, �95% of
the purified cells expressed the indicated phenotypes, and

viability was �98%.10 Colony numbers were counted at 7,
14, and 28 days posttreatment. Colonies that contained
more than 30 cells were counted under sealed codes,
which obscured the identities of the samples.

Antibody Coating and Cell Stimulation
The cell stimulation experiments adhered to the

published protocols.11 The following purified monoclo-
nal antibodies were used in the cell stimulation experi-
ments: anti-core, anti-E1, anti-E2 (Biodesign Interna-
tional, Saco, MN), and anti-His6 (Qiagen, Hilden,
Germany). Ninety-six–well plates were coated with the
various antibodies according to published methods.11 For
the experiments involving the blocking anti-core, E1, and
E2 antibodies, the recombinant proteins were first
treated with the blocking antibodies at 37°C for 30
minutes. The cells were then added to the core-, E1-, E2-,
or antibody-coated plates, as previously described.12

Statistical Analysis
Data are presented as mean � SD. Differences

were compared using the Student t test and considered
statistically significant at P � .05.

Supplementary Results

Inhibition of Fas-Induced Apoptosis by
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.13 Therefore, we determined the sensitivity of irf-1�/�

hepatocytes to Fas-induced apoptosis. The irf-1�/� mice
and WT littermates were injected intravenously with an
anti-Fas monoclonal antibody. All 10 irf-1�/� mice sur-
vived, whereas 4 of 10 WT littermates died within 24
hours due to acute liver failure associated with massive
hepatic apoptosis and hemorrhagic necrosis (P � .05;
Supplementary Figure 2A). Acute and severe liver injury
was confirmed by measurement of the serum ALT levels,
which were increased by up to 200-fold in WT mice
within 3 hours of administration of the anti-Fas mono-
clonal antibody (Supplementary Figure 2B). In contrast,
delayed and less prominent increases in serum ALT levels
were observed in the irf-1�/� mice 3 hours and 6 hours
after injection of the anti-Fas monoclonal antibody (Sup-
plementary Figure 2B). The WT mice had severe lesions
of the liver, and staining with 4=,6-diamidino-2-phenylin-
dole revealed morphologic changes that were character-
istic of apoptosis (Supplementary Figure 2C). Massive
panlobular and multilobular apoptotic necrosis (�90%)
and peliosis were observed in the irf-1�/� CN2 mice in
conjunction with 20% mortality (Supplementary Figure
2C [a and b]). Staining using TUNEL showed signifi-
cantly lower levels of Fas-induced DNA fragmentation in
the irf-1�/� hepatocytes than in the WT hepatocytes
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(compare Supplementary Figure 2C [i and j]), and the
onset of DNA fragmentation in irf-1�/� hepatocytes was
delayed compared with that in WT hepatocytes (data not
shown). There were no significant injuries to other or-
gans, such as the thymus and kidneys. Thus, the WT mice
showed severe, acute Fas-induced hepatic cytolysis,
whereas the irf-1�/� mice had significantly delayed serum
ALT production and lower serum ALT levels, along with
delayed and less severe apoptosis of liver cells, indicating
that disruption of irf-1 inhibits the Fas-induced apoptosis
of hepatocytes in vivo.

Several caspases, especially caspase-7 and caspase-3, are
activated to cleave cytoplasmic and cytoskeletal proteins
during Fas-induced apoptosis of murine hepatocytes.14,15

To determine the mechanism by which disruption of irf-1
inhibits Fas-induced apoptosis of hepatocytes, we exam-
ined caspase mRNA expression in ribonuclease protec-
tion assays. The levels of caspase-1 mRNA in irf-1�/�

hepatocytes were significantly lower than those in WT
hepatocytes, which is in agreement with previously re-
ported results.16 Interestingly, the caspase-6 and
caspase-7 mRNA levels were also lower in the irf-1�/�

mice than in the WT mice (Supplementary Figure 2D and
E). The disruption of irf-1 did not affect the levels of Fas
or protein kinase R protein (data not shown). Further-
more, the anti-Fas monoclonal antibody induced the
release of comparable levels of cytochrome c from the
mitochondria to the cytoplasm in the WT and irf-1�/�

hepatocytes (data not shown). These results suggest that
the reduced expression of effector caspases may delay
Fas-mediated apoptosis in irf-1�/� mice and abrogate the
elimination of HCV-expressing cells in vivo.

Supplementary Discussion

HCV-infected patients have elevated levels of se-
rum IL-10 and IL-12.17 As shown in the present study,
altered cytokine production may enhance HCV-induced
lymphoproliferation. IL-10-transgenic mice develop Fas
ligand–mediated exocrinopathy that resembles Sjögren’s
syndrome.18 This exocrinopathy was also observed in
some of the HCV protein-expressing mice in the current
study. Therefore, the induction of cytokine expression in
HCV transgenic mice may trigger lymphomagenesis. The
induction of the gene that encodes the p40 subunit of
IL-12, which is essential for Th1-type differentiation of
the immune system, is entirely dependent on IRF-1,19,20

which indicates that irf-1 disruption affects the produc-
tion of IL-12. In addition, HCV core protein reportedly
activates the promoter for IL-2,21 which is a growth factor
for antigen-stimulated T lymphocytes that is responsible
for antigen-induced clonal expansion of T cells. The high
serum concentrations of IL-2 and IL-10 may also accel-
erate the differentiation of memory B cells.22 Moreover,
the induction of splenocyte proliferation by treatment
with IL-2 plus IL-10 was suppressed by IL-12 in irf-1�/�

CN2 mice. This suggests a potential application of IL-12

therapy for lymphomas associated with HCV infection.
Long-term HCV infection may result in clonal B-cell
expansion of immunoglobulin-secreting lymphocytes;
approximately 35% of HCV-infected patients are reported
to develop B-cell lymphoma.23 HCV infection is associ-
ated not only with non-Hodgkin’s B-cell lymphoma, but
also with other lymphoid and myeloid malignancies, in-
cluding non-Hodgkin’s T-cell lymphomas; this associa-
tion is consistent with our findings, especially in the
irf-1�/� HCV transgenic mouse model (Figures 3 and
6).24 –27 It is also worth clarifying whether and at what
frequency polyclonal lymphoid hyperplasia precedes lym-
phomagenesis and whether progression from hyperplasia
to lymphoma is heralded by a more striking impairment
of cytokine (ie, IL-2, IL-10, or IL-12) production.

We found that Fas-induced apoptosis was significantly
suppressed in irf-1�/� hepatocytes. This suppression may
be related to the essential role that IRF-1 plays in the
induction of caspase expression.16,28 Almost all of the
irf-1�/� CN2 mice persistently expressed higher levels of
HCV core protein in the liver, as compared with the
irf-1�/� CN2 mice, which suggests wither deficient immu-
nity or inefficient induction of apoptosis in irf-1�/� lym-
phocytes and hepatocytes. Immune surveillance in irf-
1�/� mice may not eliminate efficiently the HCV protein-
expressing cells due to reductions in the numbers of
natural killer19 and CD8� T cells.9 Furthermore, IRF-1 is
an essential mediator of IFN-�–induced cell cycle arrest
and apoptosis.29 Because activated lymphocytes are nor-
mally eliminated by activation-induced cell death, we
speculate that the inhibition of apoptosis of irf-1�/� lym-
phocytes results in the accumulation of these cells in the
lymph nodes and spleen. HCV core protein also modu-
lates the activities of IFN-induced transacting factors in
the Jak/Stat signaling pathway.30 In addition, a protein
kinase R– binding domain polypeptide of the HCV NS5A
protein relieves the blockade of the IRF-1 pathway, re-
sulting in the induction of IRF-1– dependent antiviral
effector genes.31 HCV NS5A alone is sufficient to block
both the activation of IRF-1 and the induction of an
IRF-1– dependent cellular promoter by double-stranded
RNA.31 Therefore, blockade of the IRF-1 pathway by HCV
infection may facilitate the persistent expression of HCV
proteins in hepatocytes or lymphocytes, resulting in the
inhibition of Fas-mediated apoptosis in irf-1�/� hepato-
cytes. Indeed, genetic abnormalities in the Fas pathway in
humans or lpr mice cause an autoimmune lymphoprolif-
erative syndrome.32 Differential modulation of apoptosis
sensitivity in CD95 type I and type II cells (hepatocytes
and some T lymphocytes) has been established.33,34 It is
noteworthy that both T lymphocytes and hepatocytes
have CD95 type II signaling. It is interesting that lym-
phomagenesis is dominant over liver tumor develop-
ment. The molecular mechanism underlying this domi-
nance remains unknown. Further molecular analysis will
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enlighten the differential signaling pathways between
hepatocytes and lymphocytes.

Overexpression of bcl-2 in B-lymphoid cells causes au-
toimmune disease,35 and bcl-2 immunoglobulin-trans-
genic mice develop follicular lymphoproliferation.36

Therefore, the aberrant expression of bcl-2 in CN2 lym-
phocytes may be another factor that inhibits activation-
induced cell death, leading to a predisposition for lym-
phoproliferative disorders. In support of this notion,
HCV-infected patients express elevated levels of Bcl-237

and frequently carry the t(14;18) chromosomal translo-
cation.38 Suppression of cell death by full-length Bcl-2
requires phosphorylation of Ser7039,40; in line with this,
our Western blot analysis revealed 2 Bcl-2 species in the
enlarged lymph nodes of the HCV protein-expressing
mice. Bcl-2 and Fas/APO-1 regulate distinct pathways
related to lymphocyte apoptosis.35 Thus, both mitochon-
drion-dependent and mitochondrion-independent path-
ways exist for the induction of apoptosis. The dominant
pathway differs depending on the tissue type.13,35 There-
fore, Bcl-2 expression and irf-1 disruption may synergis-
tically inhibit the apoptotic response in lymphocytes.
Indeed, the expression of HCV proteins, chronic inflam-
mation, and predisposition to lymphoproliferative disor-
ders were all enhanced in CN2 mice upon irf-1 disruption.
Collectively, these results suggest that HCV stimulates
oncogenesis by multiple mechanisms. Although the loss
of the irf-1 alleles does not result in spontaneous tumor
development in mice, it enhances dramatically the risk of
tumors caused by the c-Ha-ras transgene or by p53 nul-
lizygosity,41 suggesting that the loss of irf-1 confers sus-
ceptibility to tumor formation.

It has been proposed that HCV-infected lymphocytes
induce t(18;14) translocation, which may result in the
overexpression of Bcl-2, and a second mutation (in the
myc oncogene), which leads to the development of lym-
phoma.42,43 Because the promoter region of Bcl-2 in-
cludes SP1, Cre, nuclear factor �B,44 and Akt/protein
kinase B,45 the combination of core expression and IL-10
and/or IL-2 may up-regulate these transcription factors
by integrating several different pathways.
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Supplementary Figure 1. (A and B) Levels of serum ALT and core
protein expression in the hepatocytes of (A) CN2-8 and (B) irf-1�/�

CN2-8 mice following the administration of AxCANCre (n � 225 for
irf-1�/�; n � 75 for irf-1�/� CN2-29; n � 150 for irf-1�/� CN2-8; n � 225
for WT; n � 75 for CN2-29; and n � 150 for CN2-8; total of 900 mice).
(C) Expression levels of the HCV core gene in the liver, splenocytes, and
peripheral blood lymphocytes of the WT, irf-1�/�, irf-1�/� CN2, and
CN2 mice, as determined by PCR.

0

20

40

60

80

100

C
u

m
u

la
ti

ve
   

  
P

er
ce

n
t 

S
u

rv
iv

al

   0       6       12     18      24
Survival Time (h)

Wild type

irf-1−/−

0

2000

4000

6000

8000

10000

Survival Time (h)
0      3     6     12    24

irf-1−/−

Wild type

A
LT

 (
IU

/m
l)

0 
h

6 
h

a

c

e

lk

ji

hg

f

d

bC

BA

0.00

0.02

0.04

0.06

0.08

0.10
irf-1−/−

Wild Type

CA11CA8CA7CA6CA3CA2LCA1

R
el

at
iv

e 
In

te
n

si
ty

GAPDH

W
ild

 T
yp

e

CASP7

CASP11

CASP8

CASP6
CASP3

CASP1

D E

irf-1−/−Wild Type

ir
f-
1−/

−

July 2009 ANTIAPOPTOSIS FACTORS AND CYTOKINES INDUCE LYMPHOMAS 296.e7



4™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
Supplementary Figure 2. Disruption of irf-1 allows persistent expres-
sion of HCV proteins and inhibits Fas-induced apoptosis. The percent-
ages of survivors 24 hours after injection of the anti-Fas monoclonal
antibody into irf-1�/� and irf-1�/� mice. Serum ALT levels in irf-1�/� and
irf-1�/� mice following anti-Fas monoclonal antibody injection. Histol-
ogy of livers from irf-1�/� CN2 and irf-1�/� (WT) mice following injection
of the anti-Fas monoclonal antibody. (a, b, g, and h) Liver sections
stained with H&E 6 hours after injection of the anti-Fas monoclonal
antibody (original magnification 40�). (c, d, i, and j) Apoptotic cells in the
liver tissues identified by TUNEL staining 6 hours after injection of the
anti-Fas monoclonal antibody. (e, f, k, and l) Nuclear staining with 4=,6-
diamidino-2-phenylindole of liver sections from WT and irf-1�/� mice.
The levels of expression of caspases -1, -2A, -3, -6, -7, -8, and -11 and
control (glyceraldehyde-3-phosphate dehydrogenase) transcripts were
determined in an ribonuclease protection assay using hepatocyte RNA
species from WT and irf-1�/� mice. Relative intensities of caspase
mRNA expression in the hepatocytes of the WT and irf-1�/� mice, with
normalization for the expression of GAPDH.
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Supplementary Figure 3. Switching efficiency for the expression of the HCV transgene using quantitative real-time PCR. (A and B) Viral gene
expression levels were examined by quantitative real-time PCR before and after poly(I:C) injection. (C) Representative immunoblot for the detection
of HCV core protein expression in murine livers and spleens.
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Supplementary Figure 4. Real-time PCR for HCV transgene expression. (A–D) The HCV gene expression levels in splenocytes transfected with
lentiviral vectors were examined by real-time PCR. Lentiviruses that expressed (A) LacZ, (B) core, and (C) E2 and NS2 were used to infect the
splenocytes. The mRNA expression levels were detected by real-time PCR. (D) The real-time PCR of �-actin serves as a control. (E) Representative
agarose gel images for the genotyping of HCV transgenes and irf-1.17
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Supplementary Figure 5. Hypothetical model for the triggering of oncogenic potential by disruption of irf-1 in synergy with HCV transgene
expression. The levels of Bcl-2 and cytokines, as well as aging and inflammation, may enhance the development of lymphoproliferative disorders
caused by HCV proteins. Disruption of irf-1 enables the persistent expression of HCV proteins, leading to lymphoproliferative disease due to reduced
apoptosis (ie, lower expression of caspase-1, -6, and -7). HCV CN2 transgenic (Tg�) mice are resistant to Fas-induced apoptosis due to inhibition
of cytochrome c release from the mitochondria.5 Mice with disruption of the irf-1 gene have several defects of the innate and adaptive immunity
systems, such as lineage-specific defects in thymocyte development, whereby immature T cells can develop into mature CD4� cells but not into
CD8� T cells.19,46 IRF-1 controls the positive and negative selection of CD8� thymocytes.47 IRF-1 is required for the development of the Th1-type
immune response, and its absence leads to the induction of the Th2-type immune response.19,20 The number of natural killer cells is dramatically
reduced in the irf-1�/� mice.19 Expression of the IL-12 p40 subunit is defective in irf-1�/� mice.19 In the present study, mice with persistent expression
of HCV proteins had elevated serum levels of IL-2, IL-10, and IL-12 and higher levels of Bcl-2 protein in enlarged lymph nodes, and these phenomena
were more pronounced in the absence of IRF-1.

Supplementary Table 1. Mouse Strains and Viral Protein Functions

Viral protein Function CN2-8 mouse strain CN2-29 mouse strain

Core Nucleocapsid Cre/loxP
Switching
On/off
Regulation

Expressed Cre/loxP
Switching
On/off
Regulation

Expressed
E1 Envelope Expressed Expressed
E2 Envelope Expressed Expressed
NS2 Proteinase Expressed Expressed
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