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Abstract
      Hepatitis C virus (HCV) infection causes acute and often also chronic liver disease. Worldwide, prev-
alence of infection is estimated to exceed that of human immunodeficiency virus infection fourfold. Be-
cause of the lack of appropriate animal models, knowledge of interactions between virus and host is still 
limited. Assumptions regarding pathogenesis or the activation status of innate antiviral host responses, 
for instance, derive mainly from clinical observations and from expression analyses of selected genes. 
To obtain a more objective insight into virus-host interrelationships, we used suppression-subtractive 
hybridization to compare gene expression in HCV-infected and non-HCV-infected liver tissues samples. 
Four differentially expressed genes were found: (i) the gamma interferon (IFN-γ)-inducible chemokine 
IP-10 gene; (ii) the IFN-α/β-inducible antiviral MxA gene; (iii) the gene encoding IFN-α/β-inducible p44, 
shown to be associated with ultrastructural cytoplasmic entities within hepatocytes of non-A, non-B hep-
atitis-infected chimpanzees; and (iv) the gene encoding IFN-α/β/γ-inducible IFI-56K, a protein recently 
shown to interact with the eukaryotic translation initiation factor eIF-3. Compared to hepatic gene ex-
pression in patients with liver diseases unrelated to viral infections, expression in patients with chronic 
HCV infection was up to 50-fold higher. While in patients with chronic HBV infection IP-10 was slightly 
activated as well, the IFN-α/β-regulated genes were not. Revealing a dominance of hepatic interferon-reg-
ulated processes in chronic HCV infection, data on the enhanced expression of the IFN-γ regulated IP-10 
support earlier findings and may explain the composition of the hepatic cellular infiltrate. The data on 
enhanced expression of IFN-α/β inducible genes might be germane to therapeutic considerations.

INTRODUCTION
       Hepatitis C virus (HCV) infection causes acute 
and often chronic liver disease (8, 25). Worldwide, 
prevalence of infection is 0.3 to 4.0% (38). Since 
its molecular cloning, considerable advances have 
been made in the fields of diagnostics and molec-
ular virology. However, knowledge of virus-host in-
teractions is still limited because of the restricted 
species specificity of HCV and the resulting lack of 
an appropriate animal model. Clinical observations 
argue against a direct cytopathic effect of the virus 
and favor a destructive mechanism mediated by the 
host immune system (6, 14, 42).
       Experimental approaches for understanding 
virus-host interactions addressed expression anal-
yses of genes or proteins which are known to be in-
volved in related pathological conditions. Proteins 

whose expression was reported to be elevated in 
chronic HCV infection are gamma interferon (IFN-γ) 
(3, 13, 32, 36), the inducible isoform of nitric oxide 
synthase (31, 44), and class I and class II major his-
tocompatibility complex molecules (2, 4), which are 
known to be regulated by IFN-γ, as well as the acces-
sory molecules CD80, CD40, and B7 (4, 34) and in-
tercellular adhesion molecule 1 (2). Highly confirm-
atory of hepatic cytokine expression, phenotype and 
specificity analyses of infiltrating cells revealed Th1 
lymphocytes as a predominant population. These 
cells were shown to be mostly antigen nonspecific 
and of a memory phenotype (3, 23, 33). Thus, it is 
assumed that in addition to CD8+ lymphocytes and 
monocytes, preferentially antigen-nonspecific acti-
vated Th1 helper lymphocytes are attracted to the 
liver. By secreting IFN-γ, the latter cells are thought 
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to activate monocytes/macrophages, thereby initi-
ating a delayed-type hypersensitivity reaction.
        Regarding the activation of innate antiviral host 
responses, for instance, we have no conclusive evi-
dence as to whether HCV is able to stimulate endog-
enous IFN-α production (5, 9, 22). This study aimed 
to obtain a more general view of the processes 
which might be involved in virus-host interrelation-
ships, e.g., to identify genes of enhanced expression 
in the liver of HCV-infected patients by the genera-
tion of a subtracted library. Since HCV is assumed 
to infect only a minority of liver cells, at least tran-
scripts which may be directly induced by the virus 
are expected to be of low abundance. We thus chose 
the method of suppression-subtractive hybridiza-
tion (SSH) described by Diatchenko and colleagues 
(11) to compare gene expression in liver tissues 
from HCV-infected and non-HCV-infected patients. 
SSH was designed to generate a cDNA library which 
is enriched in differently expressed sequences and, 
more importantly, equalized for the number of indi-
vidual cDNA species, thus allowing the detection of 
rare transcripts (19).
MATERIALS AND METHODS 
Liver tissue 
        Liver tissue that served as tester material for 
SSH was obtained directly after explantation from a 
63-year-old female patient infected with HCV gen-
otype 1b. Histologic evaluation revealed marked fi-
brosis, moderate infiltration, lymphoid aggregates, 
and steatosis with no signs of malignancy. The di-
agnosis indicated a moderate portal chronic-ag-
gressive hepatitis C with transition to cirrhosis and 
mild to moderate active lobular hepatitis. For driver 
material, RNA preparations from three non-HCV-in-
fected liver explants were pooled. Criteria for the 
selection of driver material were comparability in 
qualitative and quantitative histologic changes as 
far as possible, various etiologies of liver disease, 
and absence of hepatic viral infections. The liver dis-
ease of an 18-year-old male patient was diagnosed 
as cryptogenic cirrhosis with low activity. Histologic 
evaluation revealed moderate infiltration, marked 
fibrosis, and lymphoid aggregates without bile duct 
lesions or steatosis. Explanted liver tissue from a 
53-year-old female patient showed marked fibro-
sis, moderate infiltration, lymphoid aggregates, bile 
duct lesions, marked intrahepatic cholestasis, and 
mild steatosis. The diagnosis indicated active pri-
mary biliary cirrhosis stage II, locally stage III, with 
marked intrahepatic cholestasis. A 48-year-old male 
patient suffered from nonactive alcoholic cirrhosis. 
Histologically, the tissue showed mild infiltration, 
locally lymphoid aggregates, and a low degree of si-
derosis of epithelial and Kupffer cells without stea-
tosis.

        Liver biopsy procedures from a total of 65 
consecutive outpatients with chronic HCV infec-
tion (n = 38) (18 females and 20 males; mean age, 
44.6 years; range, 18 to 67 years), chronic hepatitis 
B virus (HBV) infection (n = 12) (5 females and 7 
males; mean age, 35 years; range, 17 to 54 years), 
or nonviral liver diseases (n = 15) (7 females and 
8 males; mean age, 48 years; range, 27 to 63 years) 
were performed as part of a routine clinical evalua-
tion. HCV infection was diagnosed by the presence 
of anti-HCV antibodies and HCV-specific RNA within 
the serum. Liver injury was proven histopatholog-
ically and categorized according to established cri-
teria as described elsewhere (10, 30). Chronic HBV 
infection was diagnosed by the presence in sera 
of HBV surface and core antigen antibodies of the 
immunoglobulin G isotype. The diagnosis was con-
firmed histologically. Sera from all patients were 
found to be positive for HBV-specific DNA. Serum 
alanine transaminase activities ranged between 7 
and 39 U/Iliter, with one exception of 167 U/liter. 
Histologic degree of inflammation was scored as ab-
sent to mild (n = 3), mild (n = 6), or moderate (n = 
3). Histopathological findings for patients with no 
obvious hepatic viral infection comprised fibrosis 
(n = 2), primary biliary cirrhosis (n = 1), steatosis 
(n = 4), crytogenic hypodense liver foci (n = 1), hy-
dropic swelling of hepatocytes (n = 1), cryptogenic 
cirrhosis (n = 2), primary sclerosing cholangitis (n 
= 1), Stauffer’s syndrome (n = 1), and the absence 
of any pathological condition (n = 2). Patients with 
concomitant non-B or non-C viral infections and 
those with continued alcohol or drug abuse were 
excluded.
Purification of poly(A)+ mRNA from liver 
tissue 
         Total cellular RNA from liver tissue was isolated 
as described previously (32). Poly(A)+ mRNA was 
purified from the same source, using Oligotex spin 
columns (Qiagen, Hilden, Germany) according to the 
manufacturer’s instructions.
Generation of a subtracted cDNA library
          SSH was performed between the above-de-
scribed tester and driver liver tissue RNA prepara-
tions using a PCR Select cDNA subtraction kit (Clon-
tech, Heidelberg, Germany) essentially according to 
the manufacturer’s manual. In brief, 2-μg aliquots 
each of poly(A)+ mRNA from the tester and the 
pooled driver were subjected to cDNA synthesis. 
Tester and driver cDNAs were digested with RsaI. 
The tester cDNA was subdivided into two portions, 
and each was ligated with a different cDNA adapter. 
In a first hybridization reaction, an excess of driv-
er was added to each sample of tester. The samples 
were heat denaturated and allowed to anneal. 
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Because of the second-order kinetics of hybridiza-
tion, the concentration of high- and low-abundance 
sequences is equalized among the single-stranded 
tester molecules. At the same time single-strand-
ed tester molecules are significantly enriched for 
differentially expressed sequences. During a sec-
ond hybridization, the two primary hybridization 
samples are mixed together without denaturation. 
Only the remaining equalized and subtracted sin-
gle-stranded tester cDNAs can reassociate forming 
double-stranded tester molecules with different 
ends. After filling in the ends with DNA polymerase, 
the entire population of molecules is subjected to 
nested PCR with two adapter-specific primer pairs. 
A targeted clone was used for injection into the blas-
tocysts of C57BL/6J mice and transferred into pseu-
dopregnant female mice as described (27). Chimeric 
male offspring were bred to C57BL/6J females, and 
agouti F1 offspring were tested for transmission 
of the disrupted allele by Southern blot analysis of 
EcoRI-SalI-digested genomic DNA by using the NcoI 
fragment probe. Heterozygous matings of the F1 
mice were carried out to produce homozygous F2 
mutant mice.
Animal Experiments
          Mice were fed a standard diet (Harlan Teklad 
irradiated mouse diet 7912), unless indicated oth-
erwise. Three- and eight-month-old male homozy-
gous and wild-type littermates were killed for rou-
tine histologic examination of the liver. In addition, 
liver specimens were snap frozen for subsequent 
Northern and Western blot analyses, determina-
tion of MAT activity as described under saturating 
concentrations of the substrates, 5 mM methionine, 
and 5 mM ATP (28); levels of AdoMet, S-adenosyl-
homocysteine (AdoHcy), and methylthioadenosine 
(MTA), as determined by HPLC after the procedure 
described by Fell et al. (29) and modified by Miller 
et al. (30); and glutathione (GSH) and oxidized GSH, 
as described by Reed et al. (31). MAT activity was 
also determined in the kidney homogenates of these 
animals. At time of death, serum samples were col-
lected and deproteinized by ultrafiltration, and me-
thionine levels were analyzed by using a Beckman 
6300-aa analyzer, following the procedure recom-
mended by the manufacturer for physiological sam-
ple analysis.
         In one series of experiments, 3-month-old male 
knockout mice and wild-type littermates were fed 
the amino acid-defined low methionine (0.17%) 
choline-free diet, Lombardi choline-deficient (CD) 
diet (Dyets, Bethlehem, PA), or control diet (0.4% 
methionine, 0.2% choline, Harlan Teklad) for 6 days. 
Four groups of animals were established (five mice 
per group): wild-type and MAT1A knockout mice on

3- and 8-month old MAT1A knockout and wild-type 
littermates, fed either a CD diet or a control diet for 
6 days, or a normal diet for 3 or 8 months, were ex-
amined by two pathologists blinded to the animals’ 
identity and treatment. All sections were stained 
with Masson’s trichrome or hematoxylin and eosin. 
Liver tissues from four knockout and four wild-type 
animals were examined and compared.
Nucleic Acids Extraction and Northern Hy-
bridization Analysis
         RNA was isolated from frozen liver specimens 
according to the method of Chomczynski and Sac-
chi (32). RNA concentration was determined spec-
trophotometrically before use, and integrity was 
checked by electrophoresis with subsequent ethid-
ium bromide staining. Electrophoresis of RNA and 
gel blotting were carried out as described (33).
        MAT1A and MAT2A cDNA probes were as de-
scribed (21–23). The probes (cDNA fragments) for 
betaine homocysteine methyltransfease (BHMT), 
AdoHcy hydrolase (SAHH), and phosphatidyleth-
anolamine N-methyltransferase 2 (PEMT2) were 
cloned by reverse transcriptase–PCR (34–36). The 
probes for glycine N-methyltransferase (GNMT), 
cystathionine β-synthase (CBS), and α fetoprotein 
(AFP) were the generous gifts of C. Wagner (Van-
derbilt University, Nashville, TN), J. T. Brosnan (Me-
morial University, Newfoundland, Canada), and J. L. 
Danan, (Centre de Recherche sur l’Endocrinologie 
Moleculaire, Meudon, France), respectively.
          Northern hybridization analysis was performed 
on total RNA by using standard procedures, as de-
scribed (21–23, 33), with specific cDNA probes for 
MAT1A, MAT2A, GNMT, SAHH, PEMT2, CBS, BHMT, 
and AFP. All probes were labeled with [32P]dCTP by 
using a random-primer kit (Primer-It II Kit, Strata-
gene) or the Megaprime DNA labeling system (Am-
ersham Pharmacia). To ensure equal loading of RNA 
samples and transfer in each of the lanes, before 
hybridization, membranes were rinsed with ethidi-
um bromide and photographed, and the same mem-
branes were also rehybridized with 32P-labeled 
18S rRNA cDNA probe (22). Autoradiography and 
densitometry (Gel Documentation System, Scien-
tific Technologies, Carlsbad, CA and NIH image 1.60 
software program) were used to quantitate relative 
RNA. Results of the Northern blot analysis were nor-
malized to 18S rRNA. 
Western Blot Analysis 
        The steady-state levels of liver-specific MAT 
and proliferating cell nuclear antigen (PCNA) were 
measured as described (23). Anti-PCNA antibodies 
were obtained from Zymed.
DNA Methylation Status
        Genomic DNA was isolated from livers of MAT1A
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knockout and wild-type mice, as described (37). 
DNA methylation at the CpG site assay was carried 
out essentially as described
Affymetrix genechip Analysis 
          The RNA samples were processed as rec-
ommended by Affymetrix (Santa Clara, CA). Briefly, 
after column cleanup of the RNA [Qiagen RNeasy 
(Chatsworth, CA)], cDNA was synthesized by using 
an oligo-dT primer attached to a sequence of the T7 
promoter region. This cDNA was then used to per-
form in vitro transcription by using a bacteriophage 
T7 RNA polymerase promoter and incorporating 
biotin-labeled nucleotides [Enzo BioArray kit (Enzo 
Biochem)]. The in vitro transcription reaction prod-
uct was purified and analyzed via agarose gel elec-
trophoresis to confirm a size distribution ranging 
from 500 to 1,200 bp. cRNA was fragmented and hy-
bridized at 45°C overnight to an Affymetrix murine 
U74A array. The arrays were washed, stained, and 
scanned by using a Fluidics Station 400 and Hewl-
ett–Packard scanner, components of the Affymetrix 
genechip Instrument System. Finally, the results 
were analyzed by using genechip analysis suite soft-
ware (Ver. 3.3, produced by Affymetrix) and the fold 
change between the hybridization intensity of the 
MAT1A homozygous deletion and wild-type sam-
ples obtained.
Statistical Analysis
      Data are given as mean ± SD. For changes in 
metabolites, methylation, MAT activity, and liver 
weight, statistical analysis was performed by using 
the Kruskall–Wallis test (STATWORKS). For changes 
in mRNA and protein levels, ratios of the respective 
mRNA or protein to 18S or Coomassie blue stain-
ing densitometric values were compared between 
knockouts and wild-type littermates by Student’s t 
test. Significance was defined as P < 0.05.
RESULTS 
Generation of MAT1A Knockout Mice
         A sequence-replacement gene-targeting vector 
(Fig. ​(Fig.11A), designed to interrupt the coding se-
quences of the murine MAT1A gene in exon 3, was 
used for electroporation of embryonic stem cells. 
After homologous recombination, the EcoRI-SalI 
fragment increased from 7.2 to 9.0 kb, which can 
be easily differentiated from the wild-type allele on 
Southern blot analysis (Fig. ​(Fig.11B). One targeted 
clone of about 300 was identified by Southern blot 
analysis, used for injection into the blastocysts of 
C57BL/6J mice, and transferred into pseudopreg-
nant female mice for generation of chimeric mice. 
Chimeric males were bred with C57BL/6J females, 
and the agouti F1 offspring were tested for trans-
mission of the disrupted allele by Southern blot 
analysis (Fig. ​(Fig.11B). Heterozygous matings of

the F1 mice were carried out to produce homozy-
gous F2 mutant mice. From 271 offspring, 86 wild-
type mice, 111 heterozygotes, and 74 knockout ho-
mozygotes were identified.
MAT1A Is Not Expressed in MAT1A Knock-
outs, but MAT2A and AFP Are Induced
        Absence of MAT1A expression is confirmed 
on both Northern (Fig. ​(Fig.22A) and Western blot 
analyses (Fig. ​(Fig.22B). In heterozygotes, the MA-
T1A mRNA and protein levels are reduced by 50% 
(results not shown). In the MAT1A knockouts, the 
steady-state mRNA level of MAT2A is induced by 
3-fold (P < 0.05 vs. wild type). Because MAT2A ex-
pression is associated with rapid growth and dedif-
ferentiation of the liver, we examined the expression 
of AFP. In the knockouts, AFP mRNA levels are also 
markedly increased (Fig. ​(Fig.2A).

Figure 2: (A) Northern blot analysis of MAT1A, 
MAT2A, and AFP in MAT1A knockout and wild-
type littermates. Liver RNA (30 μg each lane) sam-
ples obtained from two wild-type and two MAT1A 
knockout mice were analyzed by Northern blot hy-
bridization with a 32P-labeled MAT1A cDNA probe, 
as described in Methods. A representative Northern 
blot is shown. (B) Hepatic steady-state liver-spe-
cific MAT protein level in MAT1A knockout and 
wild-type littermates. Liver cytosol (50 μg/lane) 
obtained from three wild-type and three MAT1A 
knockout mice was analyzed by Western blot anal-
ysis by using anti-rat liver-specific MAT antibodies, 
as described in Methods. Equivalent protein loading 
was assured by Coomassie-blue staining of gels af-
ter transblotting (Lower).
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