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ammonium sulfate, 67mM Tris-HCl (pH 8.8), 6.7mM
MgCl,, 10mM 2-mercaptoethanol, and 0.001% (w/v)
gelatin] and 1.25 units of Ampli-Taq polymerase
(Perkin-Elmer Cetus, Norwalk, CT, USA). The PCR
products were separated in a 2.0% agarose gel and vi-
sualized by staining with ethidium bromide.

Reverse transcription (RT)-PCR

Total RNA was extracted from cells using RNAzolB
(TEL-TEST, Friendswood, TX, USA). Three micro-
grams of total RNA were reverse transcribed by Super-
script IT (Gibco-BRL, Gaithersburg, MD, USA) using
oligo(dT) primer and subjected to PCR. Primers for
RT-PCR of SOCS-1 gene expression were as follows:
forward, 5'-CACGCACTTCCGCACATTCC-3'; re-
verse, 5'-TCCAGCAGCTCGAAGAGGCA-3". For
the RT-PCR, the quantity of cDNA template and the
number of amplification cycles were optimized to en-
sure that the reaction was terminated during the
linear phase of product amplification, so that semiquan-
titative comparisons of the mRNA abundance be-
tween different samples were possible. RT-PCR with
glyceraldehyde phosphate dihydrogenase (GAPDH)
primers was done to adjust the amounts of RNA in each
experiment.

Statistical analysis

Fisher’s exact test was used for statistical evaluation,
and P values below 0.05 were considered significant.

Results

Methylation status of SOCS-1 in cultured cell lines

First, the methylation status of the CpG island in the
coding region of SOCS-I was analyzed in cell lines by
MSPCR using the primer sets, HMIF+HMIR and
UMIF+UMIR, according to the method of Yoshikawa
et al.’» MSPCR using these primers, however, could not
determine the methylation status of the gene: the use of
the primers resulted in dimer formation without methy-
lation- or unmethylation-specific bands. We therefore
redesigned new sets of primers located in the CpG is-
land of SOCS-1 (Table 2; HM2F+HMIR for detecting
a methylation-specific band and UM2F+UM?2R for an
unmethylation-specific band). MSPCR with these sets
of primers enabled successful detection of methylation-
and unmethylation-specific bands in PLC/PRF/5 cells
(Fig. 1). The unmethylation-specific band alone was
detected in HuH-7 cells, in agreement with the previous
report.!?

Analysis using the primers located in the 5'-
noncoding region (see Table 2) yielded a similar pat-
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Fig. 1. Genomic and methylation-specific (MSPCR) analysis
of cultured hepatoma cell lines in the CpG island and 5'-
no-coding region of the SOCS-1 gene, DNA from human
hepatoma cell lines, PLC/PRF/5 and HuH-7, and a B-cell line,
BJAB, was analyzed by MSPCR after bisulfite treatment as
described in the Patients and methods section. A MSPCR with
the primers in the CpG island and those in the 5'-noncoding
region. B RT-PCR showing the expression of SOCS-1 in cell
lines before and after the addition of IL-6 {10ng/ml). The
arrow indicates the position of the methylation-specific band;
the arrowhead indicates the position of the wnmethylation-
specific band. M, MSPCR with methylation-specific primers;
U, MSPCR with unmethylation-specific primers

tern, excluding that there were both methylation- and
unmethylation-specific bands also in HuH-7 cells (Fig.
1). Accordingly, the primer sets HM2F+HMIR and
UM2F+UM2R were used for the analysis of the methy-
lation status of the CpG island, and UMPF-M+UMPR-
M and UMPF-U+UMPR-U were used for the
5'-noncoding region, thereafter.

Expression of SOCS-1 mRNA in cell lines

The expression of SOCS-1 was determined by
semiquantitative RT-PCR. Although SOCS-1 expres-
sion was abundant in HuH-7 and BJAB cells in the
baseline and was enhanced by the addition of IL-6
(10ng/ml), only marginal expression and no enhance-
ment were detected in PLC/PRF/S cells. These results
are consistent with the methylation status that was de-
termined in the current study and with the expression
status in the baseline that was observed in a previous
report.’®

Methylation status of SOCS-1 in human tumor samples

Then, DNA extracted from human HCC and non-HCC
tissues was tested for the methylation status of the
SOCS-1 by MSPCR. Only 10 and 6 tissue samples were
informative for determining a methylation-specific band
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Sample No, | 2 3 4 5
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Fig. 2. MSPCR analysis of the CpG island and 5’'-noncoding
region of the SOCS-1 from 22 HCC tissue samples. With the
same primers used in Fig. 1, 22 pairs of HCC and non-HCC
sampies were analyzed by MSPCR. Representative cases are
shown. Samples I and 2 were well-differentiated HCC, 3 and
4 were moderately differentiated HCC, and 5 was poorly dif-
ferentiated HCC., Panel B shows their non-HCC counterparts.
A MSPCR of DNA from HCC tissue samples with the primers
in CpG island. B MSPCR of DNA from non-HCC tissue
samples with the primers in CpG island. C MSPCR of DNA
from HCC tissue samples with the primers in 5-noncoding
region. The arrow indicates the position of the methylation-
specific band; the arrowhead indicates the position of the
unmethylation-specific band HCC, hepatocellular carcinoma;
M, MSPCR with methylation-specific primers; U, MSPCR
with unmethylation-specific primers

and an unmethylation-specific band, respectively, when
the primers in the CpG island were used. In 9 HCC
tissue samples the band indicative of aberrant methyla-
tion in the CpG island was detected, while the band
indicating unmethylation was detected in 1 HCC tissue
sample (Fig. 2). In contrast, in the corresponding non-
HCC tissue samples, only 1 exhibited the methylation
pattern, whereas the unmethylation pattern was ob-
served in 5 non-HCC tissue samples. Thus, aberrant
methylation of SOCS-1 was significantly associated with
HCC rather than with non-HCC tissues (P = 0.0076 by
Fisher’s exact test).

Using primers in the 5'-noncoding promoter region,
14 and 15 HCC tissue samples were informative for
a methylation-specific band and an unmethylation-
specific band, respectively. Aberrant methylation was
observed in 12 HCC tissue samples whereas the
unmethylation pattern was detected in § HCC tissue
samples. In contrast, only 2 non-HCC tissues exhibited
aberrant methylation whereas the unmethylation pat-
tern was detected in 10 non-HCC tissues: there was also
a significant correlation between HCC and aberrant
methylation of SOCS-1 (P = 0.0042).

Neither a methylation-specific nor an unmethylation-
specific band in 12 HCC and 16 non-HCC tissues was
detected vsing the primers in the CpG island and in 5
HCC and 10 non-HCC tissue samples using the primers
in the 5'-noncoding promoter region, suggesting that
SOCS-1 in these tissues was in a mosaic state of methy-
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lation. This suggestion was examined using a hepatoma
cell line HLF: neither a methylation- nor an
unmethylation-specific band was detected, but after 5-
azacytidine treatment of the cell line for 3 days, which
cancels methylation of the gene? an unmethylation-
specific band appeared, demonstrating that SOCS-I in
the cell line is methylated in a mosaic fashion. Conse-
quently, SOCS-I gene expression was turned on as
determined by RT-PCR.

' Correlation between SOCS-1 methylation and

clinicopathological findings

The relationship between the methylation status of
SOCS-1 and clinicopathological findings is shown in
Table 1. When the methylation status in HCC tissue
samples was correlated with parameters such as the
presence or absence of cirrhosis as the underlying Liver
disease, the histological degree of HCC, tumor sizes,
vascular invasion, distant metastasis, or tumor stages,
no significant association was noted.

Discussion

In the current study, we analyzed the methylation status
of SOCS-1, a negative regulator of the JAK/STAT
pathway, by the MSPCR. method. Using the primers
located in the CpG island in the coding region, aberrant
methylation was observed in 9 of 22 (41%) HCC tissue
samples, and 12 of 22 (54.5%) HCC tissue samples by
the use of pritners in the 5'-noncoding region. The
former rate is almost compatible with the incidence in a
previous report.}* It is notable that a similar or higher
rate of aberrant methylation was detected in the 5'-
noncoding promoter region of SOCS-1. It is established
that methylation in the promoter region is essential in
the regulation of (silencing) the genes.¥ The frequent
occurrence of aberrant methylation in the promoter
region of SOCS-1 further supports the notion that the
downregulation of SOCS-1 expression is common in
human HCC. Very recently, methylation in the pro-
moter of SOCS-1 pene was reported in pancreatic
tumors.?

In our MSPCR analysis, a substantial number of
samples showed neither the methylated nor unme-
thylated pattern. The reason for this dual negativity is
unclear. One possibility is a mosaic methylation pattern
that may exist in the SOCS-1. If not all the susceptible
cytosine residues are methylation, i.e., a gene is methy-
lated in a mosaic fashion, one cannot determine the
methylation status by MSPCR. This possibility was
confirmed using a hepatoma cell line, as shown in the
Results section. Neither a methylation- nor an
unmethylation-specific band was detected, but after
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S-azacytidine treatment of the cell line for 3 days, which
cancels methylation of the gene,® an unmethylation-
specific band appeared, demonstrating that SOCS-1 in
the cell line is methylated in a mosaic fashion.

SOCS-I transcription is activated by signal trans-
ducer and activator of transcription (STAT) and the
resultant proteins negatively regulate the JAK/STAT
pathways either by directly inhibiting JAKs or by bind-
ing to receptors and blocking further association with
STATs. Of the eight SOCS family members, SOCS-1 is
a negative regulator of IL-6 signals. The silencing of
SOCS-1 results in constitutive activation of the JAK/
STAT pathway. Without negative feedback by SOCS-1,
the downstream pathways and target genes are strongly
activated. There are several lines of evidence support-
ing the idea that the JAK/STAT pathway may be in-
volved in oncogenesis. The constitutive activation of the
JAK/STAT pathway including STAT3 is observed in a
number of transformed cells.2 Thus, SOCS-1 is consid-
ered to be a tumor suppressor candidate, which chiefly
has a role in the development of hematopoietic malig-
nancies. Also, an association of the SOCS-1 in hepa-
tocarcinogenesis has recently been suggested.’S There
are a variety of gene products in the downstream of the
JAK/STAT pathway, including c-myc or c-fos.” The
activation of the pathway thus may cause an activation
of oncogenes or growth-associated genes and eventually
lead to oncogenesis. The precise role of SOCS-1 in
hepatocarcinogenesis is currently unclarified and re-
quires further study, but it might play an essential role
in the majority of HCCs.

Our current results confirmed those of a previous
study™ and added a new piece of information on methy-
lation of the promoter region of SOCS-1. However, the
presence of cases negative for both methylation and
unmethylation may limit the application of this tech-
nique for the analysis of hepatocarcinogenesis. In addi-
tion, recently the association between the core protein
of hepatitis C virus and the JAK/STAT pathway has
been reported as a potential proliferator of hepato-
cytes.® Besides aberrant methylation, association of
SOCS-1 with HCV may cause a down-regulation of
SOCS-I expression. In relation to this issue, it is inter-
esting to note that a few patients in our series exhibited
aberrant methylation of SOCS-I in the adjacent non-
HCC tissue samples. Infection with HCV, which is
present in all patients, may be associated with SOCS-1
expression in human HCC tissues. Further studies
are necessary for deciphering the complicated involve-
ment of the SOCS-1 and JAK/STAT pathway in
hepatocarcinogenesis, possibly in association with HCV
infection.
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Hepatitis C Virus Infection and Diabetes: Direct Involvement of
the Virus in the Development of Insulin Resistance
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Background & Alms: Epidemiological studies have sug-
gested a linkage between type 2 diabetes and chronic
hepatitis C virus (HCV) infection. However, the presence
of additional factors such as obeslty, aging, or cirrhosis
prevents the establishment of a definite relationship
between these 2 conditions. Methods: A mouse model
transgenic for the HCV core gene was used. Results: In
the glucose tolerance test, plasma glucose levels were
higher at all time points including in the fasting state in
the core gene transgenic mice than In control mice,
although the difference was not statistically significant.
In contrast, the transgenic mice exhibited a marked
insulin resistance as revealed by the Insulin tolerance
test, as well as significantly higher basal serum Insulin
levels. Feeding with a high-fat diet led to the develop-
ment of overt diabetes in the transgenic mice but not in
control mice. A high level of tumor necrosis factora,
which has been also observed in human chronic hepa-
titis C patients, was considered to be one of the bases of
insulin resistance in the transgenic mice, which acts by
disturbing tyrosine phosphorylation of Insulin receptor
substrate-1. Moreover, administration of an antitumor
necrosis factor-a antibody restored Insulin sensitivity.
Conclusions: The ability of insulin to lower the plasma
glucose level in the HCV transgenic mice was impaired,
as observed In chronic hepatitis C patients. These results
provide a direct experimental evidence for the contribu-
tion of HCV in the development of insulin resistance in
human HCV infection, which finally leads to the devel-
opment of type 2 diabetes.

pproximately 200 million people are chronically

infected with hepatitis C virus (HCV) in the world.
Chronic HCV infection may lead to citrhosis and hepa-
tocellular carcinoma, thereby being a worldwide problem
both in medical and sociceconomical aspects.' In addi-
tion, chronic HCV infection is a multifaceted disease,
which is associated with numerous clinical manifesta-

tions, such as essential mixed cryoglobulinemia, porphy-
ria cutanea tarda, and membranoproliferative glomeru-
lonephritis.?> Recent epidemiological studies have added
another clinical condition, type 2 diabetes, to a specerum
of HCV-associated diseases.t~7 However, the establish-
ment of a definite causative relationship between HCV
infection and diabetes is hampeted by the presence of
other factors such as obesity, aging, ot liver injury in
patients with chronic HCV infection.

Type 2 diabetes is a complex, multisystemn disease
with a pathophysiclogy that includes a defect in insulin
secretion, increased hepatic glucose production, and re-
sistance to the action of insulin, all of which contribute
to the development of overt hyperglycemia 8° Although
the precise mechanisms whereby these factors interact to

. produce glucose intolerance and diabetes are uncertain, it

has been suggested that the final common pathway re-
sponsible for the development of type 2 diabetes is the
failure of the pancreatic B-cells to compensate for the
insulin resistance. Hypetinsulinemia in the fasting state
is observed relatively eatly in type 2 diabetes, but it is
considered to be a secondary response that cornpensates
for the insulin resistance.®® Overt diabetes occurs over
time when pancreatic B-cells bearing the burden of
increased insulin secretion fail to compensate for the
insulin resistance.

In this study, to elucidate the role of HCV in a
possible association between diabetes and HCV infec-
tion, transgenic mice that carry the core gene of
HCVI were analyzed. We found that these mice de-
veloped insulin resistance. An addition of a high-calorie
diet led to the development of type 2 diabetes by dis-

Abbreviations used in this paper: EDL, extensor digitorum longus;
ELISA, enzyme-linked immunosorbent assay; FPG, fasting plasma glu-
cose; HCV, hepatitis € vitus; IRS, insulin receptor substrate; JNK, c-Jun
N-terminal kinase; TNF-o, tumor necrosls factor-ow
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rupting the balance between insulin resistance and se-
cretion.

Materials and Methods
Transgenic Mice

The production of HCV core gene transgenic mice has
been described previously.!* Briefly, the core gene from HCV
of genotype 1b, which is placed downstream of a transcrip-
ticnal regularory region from the hepatitis B virus, was intro-
duced inte C57BL/6 mouse embryos (Clea Japan, Tokyo,
Japan). The mice were cared for according to institutional
guidelines, fed an ordinary chow diet (Funabashi Farms, Fun-
abashi, Japan), and maintained in a specific pathogen-free
state. At an indicated time, the mice were fed a high-fat diet
(Oriental Yeast Co., Ltd., Tokyo, Japan) for up to 2 months.
Caloric content of food was 4.70 keal/g for high-fat diet and
3.56 kcal/g for ordinary diet. The high-fat diet contains 18.5%
protein, 22.1% fat (4.7% vegetable fat and 17.4% animal fat),
5.49% ash, 2.5% fiber, 6.5% moisture, and 45.0% carbohy-
drate, and the ordinary diet contains 22.4% protein, 5.7% fat,
6.6% ash, 3.1% fiber, 7.7% moisture, and 54.5% carbohy-
drate. Because there is a sex preference in the development of
liver lesion in the transgenic mice, we used only male mice
that were heterozygously transgenic for the core gene, and as
controls we used nontransgenic litter mates of the transgenic
mice. Transgenic mice carrying the HCV envelope genes under
the same regulatory region as that in the core gene transgenic
mice were also used as contrals.!? Ac least 5 mice were used in

each experiment and the dara were subjected to statistical
analysis.

Glucose Tolerance Test

The mice were fasted for >16 hours before the study.
D-Glucose (1g/kg body weight) was administered by intra-
periconeally (IP) injection to conscious mice. Blood was drawn
at different ¢cime points from the orbital sinus, and plasma
glucose concentrations were measured by using an automaric
biochemical analyzer DRI-CHEM 3000V (Fuji Film, Tokyo,
Japan). The levels of serum insulin were determined by radio-
immunoassay (BIOTRAK; Amersham Pharmaciz Biotech, Pis-
cataway, NJ) with rat insulin as 2 standard.

Insulin Tolerance Test

The mice were fed freely and then fasted during the
study period. Human insulin (1 Ulkg body weight) (Humulin;
Nove Nordisk, Denmark) was administered by IP injection o
fasted conscious mice, and glucose concentrations were deter-
mined at the time points indicated. Values were normalized ro
the baseline glucose concentration at the administration of
insulin.

Morphometric Analysis

Sections of the pancreas were prepared and evaluated
for morphometry after H&E staining or immunostaining. Rel-
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ative islet area and islet number were determined with an
image analyzer (QUE-2; Olympus Optical Co., Tokyo, Japan).

Enzyme-Linked Immunosorbent Assay

ELISA for mouse tumore nectosis faccor (TNF)-a was
petformed using a2 commercially available mouse TNF-a«
ELISA kit (BioSource International, Camarillo, CA). Samples
were prepared as reported previously.!? Briefly, the liver of
transgenic and control mice were lysed with a buffer contain-
ing 1% Tween 80, 10 mmol/L Tris-HCI [pH 7.4], 1 mmol/L
EDTA, 0.05% sodium azide, 2 mmol/L PMSF, and the Pro-
tease Inhibitor Cockeail (Complete; Roche Molecular Bio-
chemicals, Indianapolis, IN) and homogenized on ice for 20
seconds, The homogenates wete centrifuged at 11,000 X g for
10 minutes ar 4° C, and che supernatants were collected and
assayed. ELISA was performed in triplicate for each sample.
The concentrations of the cytokines in the liver were normal-
ized by determining the amount of rotal protein in each
sample using the BCA Protein Assay Kit (Pierce, Rockford,
IL).

Immunoprecipitation and Western Blotting

For immunoprecipitation studies, liver tissues were
homogenized in lysis buffer (10 mmol/L Tris-HCl at pH 7.5,
150 mmol/L NaCl, 10 mmol/L sodium pyrophosphate, 1.0
mmol/L B-glycerophosphate, 1.0 mmol/L sodium orthovana-
dace {Na;VO,1, 50 mmol/L sedium fluoride [NaF], the Pro-
tease Inhibitor Cocktail [Complete, Roche Molecular Bio-
chemicals}, and 1.0% Triton X-100), and homogenates were
precipitated with an anti—insulin receptor substrate (IRS)-1 or
anti-IRS-2 rabbit polyclonal antibody (UBI, Lake Placid, NY)
and then with Sepharose 4B beads (Amersham Biosciences).
Resulting pellets were washed 3 times and then subjected to
Western blotting. Pellets were resuspended in Western sample
buffer (5% P-mercaptoethancl, 2% sedium dodecyl sulfate,
62.5 mmol/L Tris-HC, 1 mmol/L EDTA, 10% glycerol), and
then subjected to 2%—15% gradient sodium dodecyl sulfate/
PAGE (PAG Mini “DAIICHI" 2/15 (13W), Daiichi Diagnos-
tics, Tokyo, Japan), and electrotransferred to polyvinylidene
diflucride membranes (Immobilen-P, Millipore, Bedford,
MAY). The filter was then reacted with antiphosphorylated
tyrosine (Santa Cruz Biotechnology Inc,, Santa Cruz, CA),
antiphosphorylated serine (Cell Signaling Technology, Inc.,
Beverly, MA), anti-IRS-1 or anti-IRS-2 mouse monoclonal
antibody (BD Biosciences, Lexington, KY), followed by im-
munostaining with secondary biotinylated IgG (Vector Labs,
Inc., Burlingame, CA) and visualization using an ECL kit
(Amersham Intl., Buckinghamshire, UK).4

Hyperinsulinemic-Euglycemic Clamp

Mice underwent a hyperinsulinemic-euglycemic clamp
using D-[3-*HIglucese (NEN Life Science, Boston, MA) 1o
measure the rare of glucose appearance and hepatic glucose
production (HGP} as described previously.!® Three days after
jugular cacheter placement, a hyperinsulinemic-euglycemic
clamp was conducted with a continuous infusion of hurman
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Figure 1. Altered glucose homeostasis in hepatitis C virus core gene
transgenic mice, (4) Body weight of 2-month-0ld mice {n = 10 in each
group). {B) Plasma glucose levels In fasting or fed mice {n = 10 in
each group). (C) Serum insulin levels In fasting or fed mice (n = 101in
each group). The Insulin level was significantly higher in the core gene
transgenic mice than in control mice. Values are mean * standard
ervor; **+P < 0,001; NS, statistically not significant; nTg, nontrans-
genic mice; Tg, transgenic mice.

insulin to raise serum insulin within a physiological range.
Blood samples were drawn at intervals for the immediate
measurement of blood glucose concentration, and 20% glucose
was infused ac variable rates to maintzin blood glucose at ca.
125 mgtdL. All infusions were done using microdialysis
pumps (KD Scientific Inc., Boston, MA). The rate of glucose
appearance (mg/kg per minute), which equals the rate of total
body glucose urilization during steady state, was calculated as
the ratio of the rate of infusion of 13-*H]glucose and the steady
state plasma [*H-Jglucose specific activity. HGP (mg/kg/min)
during clamps was determined by subtracting the glucose
infusion rate from the rate of glucose appearance.

Glucose Uptake by Skeletal Muscie

The extensor digitorum longus (EDL} or soleus muscle

“was excised from 2-month-old mice and exposed to insulin at

the indicated concentrations. 2-Deoxyglucose uptake was de-
termined as described previously.1¢

Treatment With Anti-TNF-o« Antibody

To suppress TNF~x, a dose of 200 pg/mouse of neu-
tralizing hamster monoclonal antibody (TN3-19.12, Sanca
Cruz Biotechnology Inc.) was administered by IP injection on

days 1 and 4, and plasma glucose and insulin levels were
determined at day 5.17

Statistical Analysis

The results are expressed as means * standard error.
The significance of the difference in means was determined by
Student ¢ test or Mann—Whitney Uf test whenever appropriate.
P < 0.05 was considered significant.

Results

Hyperinsulinemia and Insulin Resistance In
Transgenic Mice

At the age between 1 and 12 months, there was
no significant difference in body weight between the core
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gene transgenic mice and concrol mice. Figure 1A shows
body weight of 2-month-old mice. Fasting plasma glu-
cose (FPG) levels wete slightly elevated in the core gene
transgenic mice compared with control mice, but the
difference was not significant (P = 0.79, Figure 1B). In
contrast, there was a marked increase in the level of
serum insulin in the core gene transgenic mice than
control mice (P < 0.001, Figure 1C). Hyperinsulinemia
was observed in the core gene transgenic mice as early as
1 month old. These findings suggest that decreased
responsiveness to the hormone may have resulted in
compensatory hyperinsulinemia. Adminiseration of glu-
cose to 2-month-old core gene transgenic mice revealed
mild glucose intolerance compared with control mice of
the same age, but the difference was not scatistically
significant at any time points measured (Figure 2A).
HCYV envelope gene transgenic mice of the same age, in
which the envelope genes wete expressed under the same
transcriptional regulatory region as the core gene trans-
genic mice, did not manifest hyperinsulinemia or ele-
vated FPG levels, indicating that not the transcriptional
regulatory region used but the expressed gene itself is
essential in this phenotype.

The insulin tolerance test conducted at the age of 2
months revealed that che reduction in plasma glucose
concentration after IP insulin injection was impaired in
the core gene transgenic mice, displaying higher plasma
glucose levels than those in control mice at all time
points measured (Figute 2B). At 40 and 60 minutes, the
difference was statistically significant between transgenic
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Figure 2, Insulin resistance in the core gene transgenic mice. (A)
Glucose tolerance test {n = 5 In each group). Animals were fasted
ovemnight (>16 hours). D-Glucose (1 g/kg body weight) was adminis-
tered by [P injection to conscious mice, and plasma glucose levels
were determined at the time points indicated, (8} Insulin tolerance
test (n = 5 In each group). Human insulin (1 U/kg body weight} was
administered by IP injection to fasted conscious mice and glucose
concentrations were determined. Values were normalized to the base-
line glucose concentration at the time of insulin administration. Val-
ues are mean * standard error; *P < 0.05; NS, statistically not
significant; nTg, nontransgenic mice; Tg, transgenic mice.
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Figure 3. Analysis of pancreatic Islet mass In the core gene trans-
genic and control mice. (A and B) Morphology of representative Islets
(H&E staining) from normal control mice (A) or the core gena trans-
genic mice (B). (C) Relative Islet area, expressed as a percentage of
the total stained pancreatic sectlon, for control mica {nTg) and the

core gene transgenic mice {Tg) (h = 10 In each group). Values are
mean = standard ermor; *P < 0.05,

and control mice (39.6 > 1.3 vs. 24.4 & 1.1 and 43.7 *+
2.1vs. 264 * 2.3, P < 0.05). These data are consistent
with a defecr in the actions of insulin on glucose disposal
and/or production in the core gene transgenic mice.

Morphoclogy of Pancreatic Islet Cells

Because a critical factor contributing to whether
insulin resistance progresses to diabetes is the capacity of
the pancreatic B-cells to respond to increased demands
for insulin secretion, we evaluated the morphology of
pancreatic islet cells by histologic examination. In the
pancreas of HCV core gene transgenic mice, an approx-
imately 3-fold increase in islet mass was observed (Figure
3, P < 0.05), which is consistent with Bcell compen-
sation to insulin resistance. There was no infiltration of
inflammatory cells within or surtounding the islets.

Feeding Transgenic Mice a High-Fat Diet
Leads to Overt Diabetes

Thus, an insulin resistance is present but no ap-
parent glucose intolerance (overt diabetes) in the HCV
cote gene transgenic mice. This is probably because of
the genetic background of C57BL/6 mice, which has
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been shown to maintain either normal or mildly elevated
glucose levels despite insulin resiscance.'® To determine
whether a high-fat diet exacerbates the prediabetic phe-
notype, 2-month-old HCV core gene transgenic mice
were fed a high-fac diet for up to 8 weeks. Both the
transgenic and control mice showed a similar increase
(about 30%) in body weight (Figure 44). After 8 weeks
on this diet, 1009 (10 out of 10) of the transgenic mice
exhibited casual (fed) plasma glucose levels >>250 mg/
dL, whereas none of the 10 control mice fed the same diet
exhibited Ievels >>250 mg/dL (325.0 + 66.6 vs. 179.0 *
17.4 mg/dL, P < 0.01, Figure 4B). Insulin levels were
significantly higher in the core gene transgenic mice than
in control mice both at fasting and fed state (Figure 4C,
P < 0.01 and P < 0.001). In control mice, serum insulin
levels in high-fat diet state were significantly higher than
those in normal diet state at fed state (Figures 1C and
4C, P < 0.01). Although FPG levels were not signifi-
cantly different between the transgenic and control mice,
these results indicate that feeding 2 high-fat diet leads ro
the development of overt diabetes in a mouse model for
HCYV infection. Body weight gain, particularly with high
levels of lipid, may trigger the process leading to overt
diabetes in an insulin resistance model mouse with com-
pensatory hyperplasia of islet cells.

Insulin Resistance in the Core Gene
Transgenic Mice Is Chiefly Caused by
Hepatic Insulin Resistance

We then investigated the mechanism of insulin
resistance in the core gene transgenic mice. There was no
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Figure 4. Body welght and glucose homeostasis after a highfat dlet.
Cantrol and transgenic mice were fed a highfat diet for 8 weeks;
thereafier, body weight and blood parameters were determined. (A)
Body welght at the end of the highfat dlet (n = 10 in each group). (B)
Plasma glucose levels determined in a fasting or fed state {n = 101n
each group). (C) Serumn Insuiin levels In afasting or fed state (n = 10
in-each group). Values are mean * standard emor; NS, statistically
not significant; **P < 0.01; ***P < 0.001; nTg, nontransgenic mice;
Tg, transgenic mice,
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significant difference in body weight becween the trans-
genic and control mice as already shown in Figure 1A.
After the age of 3 months, the core gene transgenic mice
developed hepatic steatosis, which is known to be one of
the causes of insulin resistance in humans,! However, in
1-month-old mouse livers that were used in the analysis
of insulin resistance, no hepatic steatosis was noted. No
difference was observed in the levels of free fatty acids in
the sera between the transgenic and control mice (0.56 *
0.33 vs. 0.50 = 0.21 mmol/L, n = 7 in each group, P =
0.65).

Then, we explored the role of the liver in patho-
genesis of insulin resistance in the core gene trans-
genic mice. To directly measure HGP, the hyperinsu-
linemic-euglycemic clamp technique was conducted as
described in Materials and Methods. The core gene
transgenic mice showed a normal or slightly lower rate
of HGP during the basal period as compared with
control mice (Figure 5A). Although insulin infusion
during the clamp suppressed HGP by 60% in the
control mice, insulin induced lictle effect on HGP of
the core gene mice (Figure 5A). This is consistent with
the notion that insulin resistance in the core gene
transgenic mice is chiefly depending on the shortage of
insulin action on the liver.

To study the involvement of muscles in the develop-
ment of insulin resistance in the core gene transgenic
mice, we then examined whether or not insulin-stimu-
lated glucose uptake is impaired in che skeletal muscles.
The exrensor digitorum longus muscle (EDL) from
2-month-old core gene transgenic and control mice were
excised and exposed to insulin at the intermediate (0.30
nmol/L) and maximal (10.0 nmol/L) concentrations.
There was no significant difference in 2-deoxyglucose
uptake in the EDL muscle between the core gene trans-
genic mice and control mice at either insulin concentra-
tion (Figure 5B, at 0.30 nmol/L, P = (.23 and at 10.0
nmol/L, P = 0.76). As another tepresentative muscle
that differs from EDL in metabolic properties, the soleus
muscle was examined in the same manner as EDL. 2-De-
oxyglucose uptake by the soleus muscle was not signif-
icantly different becween the core gene transgenic and
control mice (Figure 5C, at 0.30 nmol/L, P = 0.49 and
at 10.0 nmol/L, P = 0.49). Thus, in the core gene
transgenic mice, contribution of the peripheral skeletal
muscle in the development of insulin resistance is neg-
ligible. This is in agreement with the observation that
the core protein was exclusively present in the liver as
detected by Western blotting,2® which was confirmed by
a sensitive enzyme immunoassay {Tsutsumi T. et al,,
unpublished data, December 2002).2!
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Figure 5. Characterization of giucose metabolism in the core gene
transgenic mice. (A) Hyperinsulinemic-euglycemic ctamp. Hepatle glu-
cose production was calculated using hyperinsulinemic-euglycemic
clamp, There was a failure of Insulin to suppress hepatic glucose
production in the core gene transgenic mice (n = 5 In each group). (B
and C} Glucose uptake by the muscle after Insulin stimulation. The
extensor digitorum longus muscle (A) or soleus muscle (B) of
2:month-old mice were excised and exposed to insulln at intermediate
(0.30 nmoi/L) and maximal {10.0 nmo!/L) concentrations. 2-Deoxy-
glucose uptake was determined as described in the Materials and
Methods section {n = 8 in each group). Values are mean = standard
eror; NS, statistically not significant; nTg, nontransgenic mice; Tg,
transgenic mice.

Elevated TNF-x Level and Altered Tyrosine
Phosphorylation of Insulin Receptor
Substrate-1 In the Liver and Insulin
Resistance

We have noted an increase in TNF-at levels in the
liver of HCV core gene transgenic mice,?? which has also
been documented in the sera of human hepatitis C pa-
tients.22-% On the other hand, TINF-ex has been shown to
induce insulin resistance in experimental animals and
cultured cells,26-2% Therefore, we next determined the
protein expression level of TNF-ot by ELISA in the liver
of these mice that were used in the current study. The
TNF-a levels in the liver of 2-month-old transgenic
mice were 702.2 £ 283.3 pg/mg protein and 313,5 *

- 181 -



March 2004

113.6 pg/mg protein in that of 2-month-old control
mice (n = 10 in each group, P < 0.001). Thus, the levels
of TNF-at exhibited a more than 2-fold increase in the
HCV core gene transgenic mice compared with the
control mice, which may be associated with insulin re-
sistance.

Suppression of tytosine phosphorylation of IRS-1 and
-2 is one of the mechanisms by which a high level of
TNF-a causes insulin resistance.29-3! We, therefore, ex-
amined the suppression of tyrosine phosphorylation of
IRS-1 in response to insulin action in the core gene
transgenic mice. Twenty minutes after the administra-
tion of human insulin (1 Urkg body weight), when the
plasma glucose levels decreased (Figure 2B), IRS-1 in the
liver of control mice exhibited a marked phosphorylation
of its ryrosine. In contrast, phosphorylation level of ty-
rosine in IRS-1 in the liver of core gene transgenic mice
manifested appatently no increase compared with the
basal level after the administration of insulin (Figure 6).
In contrast, there was no difference in the time course of
tyrosine phosphorylation of IRS-2 between the core gene
transgenic and control mice (data not shown). These
results indicate that a suppression of tyrosine phosphot-
ylation of IRS-1, that is, a suppression of the insulin
action in the liver, is at least one of the mechanisms of
insulin resistance in HCV transgenic mice, whereas path-
ways other than IRS-1 may also be involved.

nTyg Ty

e D . T

4+ 4+  antk-TNFix
0 2040 0 2040 O 40 min. afterinsulin

A W e e e G i e BRH-PY

IP: anti-IRS-1

Figure 6. Phosphorylation of tyrosine in IRS-1 in response to insulin
stimulation. Liver tIssues from control mice and core gene transgenic
mice with or without anti-TNFa antibody treatment were analyzed
before and 20 and 40 minutes after Insulin administration. The
samples were subjected to Immunoprecipitation with antHRS-1 antl-
body and subsequently immunoblotted with antibodies as Indicated.
Experiments were performed in triplicate, and a representative picture
Is shown. (A} Immunobilot with antiphosphotyrosine antibody. There
was no augmentation of phosphorylation of tyrosine in IRS-1 after
Insulin stimulation In the core gene transgenic mice, whereas tyrosine
phosphorylation was markedly enhanced In control mice. Insulin-
stimulated tyrosine phosphorylation was restored 40 minutes after
anti-TNF antibody treatment. (8} Fmmuncblotting with antHRS-1
antibody as a controt of IRS-1 load. nTg, nontransgenic mice; Tg,
transgenic mice; anttPY, antiphosphotyrosine antibody; anti-PS, an-
tiphosphoserine antibody. IP, immunoprecipitation,
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Figure 7. Serum insulin levets and Insulln tolerance test after anti-
TNF« antibody treatment. {A) Serum insulin levels were determinedin
the fasting state with or without anti-TNF-« antibody treatment as
described in the Materials and Methods section. Insulin levels de-
creased significantly after ant-TNF-« antibody treatment in the core
gene transgenic mice (n = 5 In each group). (B) Insutin tolerance test
(n = 5 in each group). Human insulin was administered by IP Injection
to fasted conscious mice and glucose concentrations were deter
mined 24 hours after the second administration of anti-TNF-a anti-
body. As control, mice were injected with hamster IgG Instead of
anti-TNF.a antibody. Values were normalized to the baseline glucose
concentration at the time of insulin administration. Values are
mean * standard error; *P < 0.05 when compared with Tg control;
nTg, nontransgenic mice; Tg, transgenic mice.

The c-Jun N-terrinal kinase (JNK) pathway has been
shown to mediate the inhibitory effect of TINF-& on
insulin action through the phosphorylation of serine in
IRS-1.3233 Because an activation of the JNK pathway
was observed in the liver of core gene transgenic mice,!3
phosphorylation of setine residues in IRS-1 was exam-
ined using antiphosphorylated serine monoclonal anti-
bodies (Ser®®” and Ser®'?), However, there was no differ-
ence in the time course of serine phosphorylation after
insulin stimulation between the core gene transgenic and
control mice (data not shown).

Blockade of TNF-« Action Restores Insulin
Sensitivity

Then the anti-TNF-a antibody was administered
to block the in vivo activity of TNF-x in mice as
described in the Materials and Methods section.l?
Twenty-four hours after the second administration of the
anti-TNF-t¢ antibody (200 pg/mouse), serum insulin
levels in transgenic mice became significantly Iower than
the baseline (Figure 7A, 230.8 £ 70.7 vs. 153.6 * 17.4
pmol/L, P < 0.05), Serum insulin levels in control mice
also decreased, but there was no significant difference
from the baseline (123.3 * 36.1 vs. 112.0 * 39,7
pmol/L, P = 0.25). Levels of FPG also decreased, but the
difference from the baseline was not statistically signif-
icant. The insulin tolerance test conducted 24 hours after
the second administration of anti-TNF-a antibody is
shown in Figure 7B. As expected from serum insulin
levels, anti-TNF-ax antibody treatment restored the sen-
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sitivity of the core gene transgenic mice to insulin ac-
tivity. At this time point, phosphorylation of tyrosine in
IRS-1 in the liver of transgenic mice in response to
insulin action was restored to a similar level to that in
control mice (Figure 6A, 40 minutes after insulin ad-
ministration), These results strongly support the notion
that the increased level of TNE-¢ is one of the bases for
insulin resistance in the HCV core gene transgenic mice.

Taken together, these data indicate that the presence
of the HCV core protein in the liver, at a level similar to
that in human chronic hepatitis C patients,?! confers
insulin resistance to the mice by affecting the liver, by
disturbing the insulin-induced suppression of hepatic
glucose production 3433

Discussion

Since Allison et al.! reported an association be-
tween HCV infection and diabetes, evidence has been
accumulating connecting these 2 condirions, In such
studies, HCV infection has a significantly stronger asso-
ciation with diabetes than hepatitis B viral infection.4-7
The variables other than HCV infection that are associ-
ated with diabetes are cirrhosis, male sex,> and aging.6 In
addition to these clinic-based, case-control studies,
Mehta et al.? have reported the result of investigation at
population level. In this cross-sectional national survey,
persons 40 years or older with HCV infection were more
than 3 times more likely to have type 2 diabetes than
those without HCV infection. Thus, the association of
HCV infection with diabetes has become closer as shown
by epidemiological studies. However, there are some
difficulties in establishing a definite relationship between
HCYV infection and diabetes on the basis of epidemio-
logical studies; in patients, there are other numerous
factors perturbing the verification of the definite rela-
tionship, such as obesity, aging, ot particularly advanced
liver injuries. Moreover, the biological mechanism un-
derlying diabetes or insulin resistance in HCV infection
is unknown. In vitro or cultured cell studies have a very
limited utility for the study of insulin resistance or
diabetes because insulin fresistance is a condition that
involves mulciple organs, such as the skeletal muscles
and liver. Thus, the use of good experimental animal
mode] systems may be useful both in establishing a
definite telationship between dizbetes and HCV infec-
tion and in elucidating the role of HCV in the develop-
ment of insulin resistance.

In the current study, the HCV core gene transgenic
mice exhibited insulin resistance as early as 1-month old,
despite an apparent absence of glucese intolerance.

GASTROENTEROLOGY Vol. 126, No. 3

Development of insulin resistance without any liver
injury'®!! or excessive body weight gain, as shown in the
current study, clearly indicates that infection of HCV per
se is a cause of the development of insulin resistance.
Alchough only the core protein is expressed in these mice
instead of HCV teplication in humans, the fact that the
intrahepatic core protein levels are similar between the
core gene transgenic mice and chronic hepatitis C pa-
tients?® warrants extrapolating the result into hepatitis C
patients. Certainly, dispersion in the intrahepatic core
protein levels in human chronic hepatitis € patients
compared with the constant amount of the core protein
must be taken into account. The occurrence of insulin
resistance in the cote gene transgenic mice as early as
1-month old also excluded the possibility that aging isa
cause of insulin resistance. Nonetheless, aging could be
an aggravating factor for insulin resistance. Thus, the
current analysis shows a definite causal relationship be-
tween HCV infection and the development of insulin
resistance.

Our earlier studies have shown the development of
hepatic steatosis in these HCV core gene transgenic mice
after the age of 3 months.!? However, insulin resistance
invariably preceded the occurrence of hepatic steatosis,
indicating that insulin resistance is not a consequence of
hepatic steatosis in these mice. Certainly, it is possible
that insulin resistance in the core gene transgenic mice
may be affected or aggravated afrer the occurfence of
hepatic steatosis. On the other hand, insulin resistance
may be one of the factors that cause hepatic steatosis,!?
whereas the impairment of very-low-density lipoprotein
(VLDL) secretion from the liver and hypo-B-oxidation of
fatty acids are considered to be the bases of development
of hepatic steatosis in the core gene transgenic mice.2!3¢

The general mechanism undetlying insulin resistance
is not precisely understood and is considered to be mul-
tifactorial 393738 Chiefly, it involves glucose consump-
tion by the skeletal muscle and glucose production in the
liver. Our current analysis revealed 2 failute of insulin in
the suppression of HPG in the liver and an absence of
suppression of glucose uptake by the muscles in the core
gene transgenic mice, Combined, these resules indicare
the insulin resistance in the core gene transgenic mice is
chiefly due to hepatic insulin resistance. An elevated
intrahepatic TNF-o level plays one of the roles in caus-
ing insulin resistance through suppressing insulin-in-
duced cyrosine phosphorylation of IRS-1. It should be
noted that TNF-ax levels are invariably elevated in the
sera of patients with HCV infection.2? Moreover, resto-
ration of insulin sensitivity after anti~TNF-at antibody
administration strongly suppotts the notion that TNF-
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is, at least in this animal model, a major factor for the
development of insulin resistance in HCV infection.
Taken together, insulin resistance in the core gene trans-
genic mice mainly depends on suppression of the inhib-
itory effect of insulin on hepatic glucose production. This
is consistent with the observation that the core protein is
present only in the liver but absent in the skeletal muscle
of the core gene transgenic mice (Tsutsumi T., unpub-
lished data, December 2002).2! Impairment in other
undetermined pathways may also be responsible for the
development of insulin resistance in HCV infection.

Insulin resistance alone does not always lead to the
development of overt diabetes in humans or murine
models. Particulatly, in the models with the C57/BL6
strain,!® hyperplasia of the islets of Langerhans in the
pancreas compensates for insulin resistance by secteting
higher amounts of insulin. Along with a gain in body
weight by being fed a high-calorie diet, the core gene
transgenic mice but no control mice developed overt
diabetes, showing thar obesity is a risk factor for diabetes
as observed in patients or as shown in animal models for
diabetes unrelated to HCV infection.?”8 This observa-
tion would suggest that HCV infection confers insulin
resistance and additiona] factors such as obesity, aging, or
possibly inflammation may contribute to the complete
development of overt diabetes. The effect of high-fat diet
on control C57BL/6 mice may be milder in the current
study compared with a previous study.3? However, there
was a substantial increase in FPG levels in high-fat-diet-
fed control mice compared with normal-diet-fed control
mice (Figures 1B and 4B). In addition, at fed-state,
serum insulin levels in high-fat-diet-fed control mice
were significantly increased compared with those in nor-
mal-diet-fed control mice (Figures 1B and 4B). It is
unclear why plasma glucose levels were not very high at
fed-state in control mice, but one possible explanation is
the lower calorie content in the cutrent study than those
in the previous report: 4.70 keal/g for our high-fat dier
vs. 5.55 kecallg for high-calotie diet in the previous
study. A shorter duration of high-fat diet than the pre-
vious study (2 months vs. 6 months) may be another
possible explanation.?? Such a mild elevation in plasma
glucose levels in high-fat-diet-fed C57BL/6 mice as the
one observed in our study has also been described in
previous studies.4®

In conclusion, the HCV core protein induces insulin
resistance in transgenic mice without gein in body
weight at young age. These results indicate a direct
involvement of HCV per se in the pathogenesis of dia-
betes in patients with HCV infection and provide a
molecular basis for insulin resistance in such a condition.
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Despite their resules, even if they seem strongly suggest an impor-
tant role for TNF-t, is our opinion that the responsibility of this
cytokine should be considered carefully.

In our previous study (Int J Immunopathol and Pharmacol [in
press]) we assayed the TNF- serum levels in patients with and
without DM during CHC, not finding any statistical significant
differences in its concentrations. In our groups, all the patients did
not present obesity or hypertrigliceridemia or else hypercholesterol-
emmnia.

Taking into consideration that insulin resistance and DM type 2
are correlated to peripheral alteration of glucose metabolism TNF
related” and on the lighe of the auchors evidences on transgenic mice
model how we could take to mean our results?

These evidences taken together seem supgest the presence of 2
different nerwork in CHC; hepatic and peripheral.

In che liver the likely source of TNF-a production should be the
Kupffer cells,® so have the authors evaluated these cells at o liver
biopsy or TNF-a concentrations in serum?

Ortherwise, how they explain the increased levels found, consider-
ing also that the transgenic mice do not present the same inflamma-
tion of an HCV infected patienc?

The significance of TNF-at augmented serum levels during CHC
natural history, and its possible effects on metabolism seem to be not
so clear. Consequently, considering that other cytokines are been
suggested in diabetes mellitus as IL-6% how we can judge as guilty
the TNF-a?

Moreover, making an allowance for che infective and immune
adverse effects,'® which should be the rational of an eventual anti-
TNF treacment in infected patients?

In conclusion, alchough the interesting work of Shintani et al., on
transgenic mice, focuses new attention on HCV direct role on insulin
resistance, the fascinating connection with 2 possible cyrokine envi-
ronments in this metabelic disorder is really still unclear, A wider
cytokine network evaluation both in liver and periphery is required to
understand the intricate inflammatory network in DM pathogenesis
in bumans during chronic hepatitis C.
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Reply. We appreciate the comments of Perrella et al.! on our recent
study published in GASTROENTEROLOGY. We realized afresh that the
association of diabetes and hepatitis C virus (HCV) infection is a
maejor concern to gastroenterologists and researchers in related Gelds.
We also appreciate their comment that our study has focused a new
attencion on the direct role of HCV on insulin resistance. Their key
poiat is that it is not clear yet whether TNF-a is a central mediator
for insulin resistance in chronic HCV infection according to theit data
and the considerations on the cytokine network. )

We agree to their comment in che point that we should be careful in
assessing the role of TNF-« in the genesis of insulin resistance in HCV
infection, in particular, in human patients, where numerous other factors
than those in on animal mode! would play roles in glucose homeostasis.
In our article, we have stated char the increased level of TNF-o is one of
the bases for insulin resistance in the mouse model but impairment in
other undetermined pathways may also be responsible for the develop-
ment of insulin resistance in HCV infection.! Insulin resistance in our
mouse mode] is chiefly the central one, i.e., derived from the liver;
suppression of insulin action on the hepatic glucose production is ichib-
ited. Considering this specific involvement of the liver, the levels of
TNF-ax not in the serum but in the Liver would be essential in develop-
ment of insulin resistance in this mouse medel. Unforunately, we cannot
access the dara by Perrella et al. char there was no significant difference
in serum TNF-x levels between the hepetitis C patients with and
without diabetes, but we suppose the number of patients analyzed was
lasge enough to verify the absence of difference. Nonetheless, the levels of
TNF-x in the liver, where HCV teplicates, may be critical in develop-
ment of che central insulin resistance,

Naturally, it is possible that the core protein eperates directly to
inhibir insulin acticn of tyresine-phosphorylation of insulin recepror
sustrate-1,' which inhibition was, interestingly, also observed in the
liver of chronic hepatitis C patients.2 On the other hand, because the
expression of the cote protein was virtually limited to the liver in the
mice,’ the contribution of peripheral factor to insulin resistance,
which may be present in human heparitis C patients, could not be
evaluated in our study, Mitochondrial dysfunccion, suggested 1o have
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a role in insulin fesistance in the eldely, might also have a contri-
bution in insulin resistance in HCV infection.

in our mouse model, we have not identified the type of cells that
produce TNF-t in the liver, but determination of other cytokines
including IL-6 was alceady done: only TNF-ot and IL-1£ levels were
increased in the liver among numerous cytokines.$ Serum levels of
TNF-ax wete determined as well, resulting to be below the decection
limit of sensitive Elisa assays (Moriya K, et al. unpublished data). As
described previously, there was no histopathological inflammation in
the liver of HCV core gene transgenic mice.* However, such increases
in intrahepatic proinflammacory cytokine levels, combined with the
overproduction of ceactive oxygen species (ROS),” allow us to hypoth-
esize that HCV core protein per se induces “biochemical inflamma-
tion” in the mouse liver in the absence of apparent inflammation.

In surmnmary, from our daca, an impairment of intracellular insulin
signaling pathway in the liver is the basis for insulin resistance in HCV
infection, in which an elevated intrahepatic TNP-o level would be one of
the key factors. Additional factors associated with insulin resistance must
be explored, in particular, associated with peripheral insulin resistance.
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Abstract

Using quantitative fluorescence in situ hybridization (Q-FISH), the average telomere length of hepatoma cells was assessed by the
average telomeric signal intensity of cancer cells relative to that of stromal cells. We demonstrated first the applicability of Q-FISH
for tissue sections by comparing Q-FISH and Southern blotting results. Tumors less than 50 mm in diameter and with a relative
telomeric intensity of less than 0.6 were categorized as group A and the remainder as group B. In group A, the telomere length cor-
related negatively with tumor size, whereas in group B there was no correlation. Compared with the group A tumors, the group B
tumors were of significantly more advanced stage, showed higher telomerase and proliferative activities, and exhibited less differen-
tiated histology. Therefore, we considered that a lack of correlation between telomere length and tumor size, namely, size-indepen-

dence of telomere length, is associated with unfavorable clinicopathological features of hepatocellular carcinomas.

© 2004 Elsevier Inc. All rights reserved.

Keywords: Hepatocellular carcinoma; Quantitative fluorescence in site hybridization; Telomere length; Tumor size

The telomeres at the ends of chromosomes are com-
posed of terminal DNA sequence repeats and telo-
mere-binding proteins [1]. These structures have an
essential role in the maintenance of chromosomal stabil-
ity by capping the chromosomes and protecting them
from end-to-end fusion. Telomere repeat sequences are
subjected to shortening with each cell division because
of their incomplete replication during DNA synthesis
'[2). The loss of telomere repeat sequences has been pro-
posed as a possible mechanism of cellular senescence
[1,3] Conversely, in germ cells, the majority of estab-

* Abbreviations: HCC, hepatocellutar carcinoma; Q-FISH, quanti-
tative fluorescence in situ hybridization.
* Corresponding author, Fax: +81 75 251 0710.
E-mail address: tomnaka@silver.ocn.ne jp (T, Nakajima).

0006-291X/§ - see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbre.2004.10.152

lished cell lines, and more than 85% of malignant cells,
the length of the telomeres is maintained or increased
through the action of telomerase [4].

The average length of telomeres is assessed conven-
tionally by Southern blot analysis. However, this meth-
od has several drawbacks [5-8]. First, more than
10% cells are needed to obtain sufficient DNA. Second,
the restriction enzyme used to prepare the DNA cleaves
at sites in the subtelomeric DNA at various distances
from the beginning of the repetitive sequences and,
therefore, the terminal restriction fragments (TRFs)
measured by Southern blot analysis include the telo-
meres and subtelomeric sequences of unknown length.
Third, this method provides no information regarding
the telomere lengths in individual cells. The last problem
is particularly important when investigating tissues
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comprising several types of parenchymal and stromal
cells with different telomere lengths.

Approximately 60% of the normal liver consists of
hepatocytes. The remainder includes biliary epithelia,
sinusoidal cells {(endothelial cells, Kupffer cells, hepatic
stellate cells, and pit cells), and infiltrating blood cells.
During chronic liver cell injury, the telomere sequences
of hepatocytes are shortened progressively, but those
of other cells, particularly infiltrating lymphocytes, are
shortened to a lesser degree, because of their weak telo-
merase activity [9,10). Southern blotting, therefore, may
provide misleading results from DNA extracted from a
mixture of several types of cells in the liver.

Quantitative fluorescence in situ hybridization
(Q-FISH) using a telomere-specific probe enabled us
to assess telomere lengths at the level of the individual
cell [5-8] In this study, we determined first whether this
method can be applied to paraffin-embedded tissue
sections of diseased liver by comparing the results of
Q-FISH with those of Southern blotting, Then, we
elucidated the biological significance of telomere lengths
in hepatocellular carcinoma (HCC) in terms of clintco-
pathological parameters.

Materials and methods

Patients, Liver tissues containing HCC were obtained from 14 male
and 16 female patients at surgery. The patients were 60.5 £ 9.3 years
old and none had received preoperative chemotherapeutic or inter-
ventional treatment. Five patients were serologically positive for hep-
atitis B surface antigen (HBsAg) only, 23 for anti-hepatitis C antibody
{anti-HCV) only, one was positive for both HBsAg and anti-HCV, and
one was negative for both HBsAg and anti-HCV. Two patients were in
stage I, 20 were in stage IT, 6 were in stage IT1, and 2 were in stage IV
according to the TNM classification. Nine tumors were of the well-
differentiated type, 11 were of the moderately differentiated type, and
10 were of the poorly differentiated type. Controls for this study were
histologically normal liver tissues from two patients who underwent
partial hepatectomy for metastatic liver cancers. Informed consent was
obiained from all patients in a written form.

Sample preparation, A portion of each sample was immediately
frozen with liquid nitrogen and stored at —80 °C before use for the
telomere repeat amplification protocol (TRAP) assay [I1] and
Southern blot analysis [12} The remainder was fixed with 4% buffered
paraformaldehyde at 4 °C overnight and paraffin-embedded for his-
tological examination. Sections were cut from the faces of the frozen
tissue blocks immediately adjacent to the faces of the matching par-
affin blocks, from which sections had been cut previously for histo-
logical assessment. Two frozen sections of an average thickness of
20 pum were cut from each tissue block and used for protein and DNA
extraction.

Three sections of 5 pm-thickness were cut serially from each par-
affin block. These were used for quantitative fluorescence in situ
hybridization {Q-FISH)} for the telomere region, hematoxylin and eo-
sin {HE} staining, and immunohistochemical staining for Ki-67 aati-
gen. Tumor histological grades were determined according to the
classification of the Liver Cancer Study Group of Japan [13].

Evaluation of telomere length by Southern blot analysis. DNA was
purified from the samples by digestion with proteinase K and phenol-
chloroform extraction. Ten micrograms of DNA was digested over-
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night with 6 U/ug of the restriction endonuclease Hinfl (Takara, Ja-
pan) at 37°C. The terminal restriction fragments (TRFs) were
separated by electrophoresis on a 0.8% agarose gel at 2.5 V/em for
20 h, depurinated in 0.25N HCl, and denatured in 1.5 M NacCl con-
taining (.5 M NaOH. Then, the DNA fragments were transferred to a
nylon membrane (Hybond N+, Amersham, Buckinghamshire, UK} by
capillary blotting. An oligonucleotide {TTAGGG), was used as the
probe and was labelled with fluorescein-dUTP using an ECL 3'-oli-
golabeling kit (Amersham). After prehybridization for 30 min,
hybridization was performed at 45°C in 5% S5C containing 0.5%
blocking agent (provided in the kit), 0.02% SDS and 0.5% hybridiza-
tion buffer component {provided in the kit) in a hybridization oven
(KURABO, Japan) for 17 h. After washes with 1% SSC containing
0.1% SDS at 50 °C for 30 min, hybridized probes were detected by
chemiluminescence using an ECL detection system (Amersham)
according to the manufacturer’s protocol and exposed to X-ray films
for 15 min. For densitometric analysis, after the image was captured by
a CCD camera, the size of the mean TRF was determined as the
indicator of mean telomere length at the peak position of the hybrid-
ization signals, using ATTO densitograph software (version 4.02,
ATTO, Japan).

Semiquantitative analysis of telomerase activity by TRAP assay. The
TRAP assay was performed using a TRAPEZE Telomerase Detection
Kit (Oncor, Gaithersburg) according to the manufacturer’s protocol.
Six micrograms of protein was assayed in 50 pi of reaction mixture
composed of reaction buffer (20mM Tris-HCl, pH 8.3, L.5mM
MgCl,, 63 mM KCl, 0.05% Tween 20, ] mM EGTA, and 0.01% bo-
vine serum albumin), 50 mM of each deoxynucleotide triphosphate,
0.1 pg TS primer (5-AATCCGTCGAGCAGAGTT-3", and 2 U Tag
DNA polymerase (Takara, Japan). After a 30-min incubation at 30 °C,
the mixture was incubated for 5 min at 90 °C to inactivate the telo-
merase. Then, the samples were subjected to 30 PCR cycles at 94 °C for
30s, 52 °C for 305, and 72 °C for 60 s (final extension 120 5). Twenty
microliters of PCR product was loaded and run on a 12% non-dena-
turing polyacrylamide gel in 0.5x Tris-borate-EDTA buffer. After
electrophoresis, the gel was stained with SYBR Green 1 (Molecular
Probes, Eugene, USA) for 30 min.

Evaluation of telomerase activity was carried out using a CCD
imaging system (ATTO) and ATTO densitograph software. To con-
trol the telomerase activity of the six-nucleotide ladder, protein ex-
tracts were incubated at 85 °C for 10 min prior to mixing with the
reaction mixture (heat-inactivated control). Internal control oligonu-
cleotides K1 and TSK1 which, together with the TS primer, produce a
36 bp band, were used to distinguish false negative results attributable
to the presence of intrinsic inhibitors of Tag polymerase in the ex-
tracts. For semiquantitative analysis, a TSRS control template was
used instead of the sample extract (quantitation control). TSRS is an
oligonucleotide with a sequence identical to the TS primer extended
with eight telomeric repeats. This control serves as a standard for
estimating the amount of TS primers with telomeric repeats extended
by telomerase in a given extract. The relative telomerase activity in a
sample was derived from the ratio of the intensity between the internal
control and the telomerase ladder im a lane using the following
formula: '

RTA = 100 x {(X/C)/{r/CR}},

where RTA is the relative telomerase activity, X is the signal of the re-
gion of the gel corresponding to the TRAP product ladder bands from
the sample, and C is from the internal standard in each sample. Simi-
larly, r and CR are the signals from the TSR3 quantification control
lane and internal control lane, respectively. Telomerase activities were
classified into the following three groups: 1-+ (0 <RTA <50),
2+ (50 £ RTA < 100), and 3+ (100 £ RTA).

Quantitative fluorescence in situ hybridization for telomere length.
The telomere length of each cell was assessed by measuring the fluo-
rescent intensity of telomere FISH on each paraffin section. Paraffin
sections were deparaffinized with xylene, hydrated through a graded
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cthanol series, and then placed in deionized water (DW). Slides were
then autoclaved at 121 °C for 20 min in Target Retrieval Solution
(Catalog No. 51700; DAKQ, Kyoto). After cooling to room temper-
ature for 20 min, the slides were washed in DW for 1 min three times,
and immersed in 0.3% hydrogen peroxide/absolute methanol at room
temperature for 20 min to block endogenous peroxidase. Skdes were
placed in DW for 3 x 2 min, in 70% ethanol for 1 min, in 95% ethanol
for I min, in 100% ethancl for I min, and then air-dried. Ten micro-
liters of a fluorescent isothiocyanate (FITC)-labelled telomere-specific
peptide nucleic acid (PNA) probe (vial 2 in K 5325, DAKO, Denmark)
was applied to each sample, which was then covered with an
i8 x 18 mm coverslip, and denatured on a heat block at 90 °C for
5 min. Slides were then moved to a dark moisture chamber at 45 °C
overnight. Coverslips were then carefully removed in Tris-buffered
saline with Tween 20 (TBST) (Item No. 003178 in XK0618, DAKO,
Denmark) and the slides were washed in wash solution (vial 4 in K
5325) at a dilution of 1:50 at 52 °C for 20 min, followed by 5 X 3-min
washes in TBST. The slides were incubated with anti-FITC-horse-
radish peroxidase (HRP) (Item No. 004404 in K0618) diluted 1:100 in
anti-FITC-HRP diluent (Item No. 004407 in K0618) at room tem-
perature for 30 min, followed by 5 x 3-min washes in TBST. Seventy
microliters of Fluorescyl Tyramide (Item No. 004409 in K0618) was
applied to each slide at room temperature for 15 min. The slides
were then immersed in TBST for 5x 3 min, counterstained with
4'-6-diamidino-2-phenylindole (DAPI) (1000 ng/ml, VYS-32-804830,
Vysis), and finally coverslipped.

Fluorescent microscopy and image analysis of telomeres. Following
the protocol of Meeker et al. [5], image-processed telomeric signals
were quantified from digitized flucrescence microscopic images using
the image analysis software package IP Labs (version 3.54, Scanalytics,
Fairfax, VA). Noo-lymphocyte stromal cells were used as internal
controls, following previous reports [14-16} The resulting sums of
telomeric pixel intensities for 15-20 nuclei of cancer cells and those of
non-lymphocyte stromal cells were recorded. To control for different
amounts of DNA in the sectioned nuclei, telomeric signal intensity was
modified by dividing each telomere fluorescence sum for a given nu-
cleus by the sum of the pixels of the DAP] signal within that nucleus,
as reported previously [5] The average meodified telomeric signal
intensity of cancer cells and that of non-lymphocyte stromal cells were
designated as Tel-T and Tel-S, respectively. We assessed the ratio Tel-
T/Tel-8 as relative telomere length under various histological
conditions.

Results

In normal liver tissues, strong telomeric signals were
observed in the stromal cells. The telomeric signal inten-
sities of cancer cells were mostly weaker than those of
the non-lymphocyte stromal cells (Fig. 1A).

First in this study, the telomere lengths were assessed
by Southern blotting and by Q-FISH (Fig. 1B). A signif-
icant correlation was noted between TRF assessed by
Southern blotting and the relative signal intensity (Tel-
T/Tel-S) by Q-FISH (Fig. 2A, r=0.651, p <0.0001,
n = 30). Therefore, we concluded that Q-FISH was appli-
cable to paraffin-embedded liver tissues under our
conditions.

The telomere signalintensities of cancer cells relative to
those of the stromal cells {Tel-T/Tel-S ratio) ranged from
0.11 to 1.33, In eight tumors, this ratio was larger 0.6 and
relative telomere intensities were not correlated with tu-
mor size (indicated by triangles in Fig. 2B). In the remain-
ing 22 tumors, Tel-T/Tel-S ratio was less than 0.6. The
relative telomere intensities of these tumors were corre-
lated with tumor size before the tumor size reached
50 mm (indicated by closed circles in Fig. 2B and shown
separately in Fig. 2C, (r = 0.460, p < 0.05, n = 18). How-
ever, when the tumors were 50 mm or larger, the relative
telomere intensities were higher than expected for the tu-
mor size (n = 4, indicated by open circles in Fig. 2B).

The tumors whose relative telomere lengths were corre-
lated negatively with tumor size were categorized as group
A (indicated by closed circles in Fig. 2B, n = 18) and the
remaining tumors, which showed no relationship between
tumor size and relative telomere length, were categorized
as group B (indicated by triangles and open circles in Fig,
2B, n=12). Compared with the group A tumors, the
group B tumors were significantly more likely to be of

Fig. 1. (A) Representative telomere FISH in hepatocellular carcinoma (HCC). Stromal cells are indicated by arrowheads. (B) Representative results
of telomere length analyzed by Southern blotting. (C) Representative examples of telomere repeat amplification protecol assay in the same tumor as
(B). Lanes 1 and 3 show the quantitation control and the heat-inactivated {85 °C, 10 min) control, respectively. The band at the bottom of each lane

represents the internal standard.
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Fig. 2. {A) A significant correlation was noted between the terminal restriction fragment assessed by Southern blotting and the refative signal
intensity (the average telomeric signal of cancer cells divided by the average telomeric signal of corresponding noe-lymphocyte stromal cells) by
quantitative FISH (r = 0.504, p < 0.01, n = 30). {B) The telomere signal intensities of cancer cells relative to non-lymphocyte stromal cells ranged
from 0.11 to 1.33. In eight tumors (open circles) this ratio was larger than 0.6. Of the remaining 22 tumeors, 18 were less than 50 mm in size (closed
circles) and four were 50 mm or larger (closed triangles). (C) In the tumors whose relative telomeric intensities were less than 0.6 and whose sizes were
less than 50 mm in diameter (closed circles in (B), the telomeric intensities were negatively correlated with tumor size (r = —0.460, p <0.05, n = 18).

Table 1

The tumors whose telomere lengths correlated negatively with turnor
size were categorized as group A and the remaining tumors, which
showed no relationship between tumor size and telomere length, were
categorized as group B

Group A Group B

TNM stage p=0.0342
I+1 16 6
IT+Iv 2 6

Telomerase activity p=0.0110
— 4 0
1+ 10 4
2+ 3 6
3+ 1 2

Histological grade »=0.0492
Welt 8 1
Moderately + poorly 10 11

Proliferative activity p=0.0183
Ki positive Index (%) 166+ 7.5 228+38.1

Compared with the group A tumors, group B tumors shows significantly
higher incidence of stage III or IV (p = 0.0342 by Fisher's exact prob-
ability test), higher telomerase activity (p = 0.0110 by Mann-Whitney U
test), higher proliferative activity {(p = 0.0188 by Mann—Whitney Utest),
and higher incidence of moderately or poorly differentiated histology
(p = 0.0492 by Fisher’s exact probability test), and a higher proliferative
activity (p = 0.0188 by Mann-Whitney U test).

stage Il or IV (p = 0.0342 by Mann—Whitney Utest) and
have higher telomerase activity (p =0.0110 by Mann-
Whitney U test), a higher incidence of moderately or
poorly differentiated histology (p = 0.0492 by Fisher’s ex-
act probability test), and a higher proliferative activity
(p = 0.0188 by Mann-Whitney U test) (Table 1).

Discussion

One previous study using cell lines demonstrated that
the average TRF values assessed by Southern blotting
are significantly related to the telomere lengths measured
by Q-FISH after paraffin-embedding [5]. Using paraffin-
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embedded liver tissues, we demonstrated first the correla-
tion between the average TRF values evaluated by South-
ern blotting and the relative telomere intensities assessed
by Q-FISH, and justified the application of Q-FISH.
Small deviations in some cases can be attributed to the
variability of telomere lengths among the various types
of cells in the liver. Specifically, during chronic liver in-
jury, hepatocytes proliferate in a process of regeneration
and telomere regions are shortened progressively, while
those of the infiltrating lymphocytes are shortened Iess be-
cause of their weak telomerase activity [9,10]. Sinusoidal
cells are also reported to escape from progressive telomere
shortening in the regenerating process [9,10]. Because
Q-FISH enables us to measure accurately the telomere
length of each cell, it is a particularly useful method to
apply to diseased liver tissues, which consist of several
types of cells with different telomere lengths.

Most human somatic cells can undergo only a limited
number of divisions in vitro because the telomeres are
shortened with each cell division, leading to cellular senes-
cence. In cancer cells, the activation of telomerase results
in the maintenance or elongation of telomeres and enables
unlimited numbers of cell divisions [17]. However, little is
known about the zlteration of telomere length during
tumor growth in vivo. Because tumor size is supposed
to reflect the number of cancer cell divisions, we studied
the relationship between telomere length and tumor size.
Previously, only a few reports have mentioned the rela-
tionship between tumor size and telomere length, and
most of them only compared telomere lengths in tumors
and non-tumorous tissues [18-20]. In one paper, the
authors reported that the telomeres of HCCs larger than
30 mm in size were significantly shorter than those of
smaller tumors [21]. This can partly explain our data from
group A tumors, whose telomere lengths correlated nega-
tively with tumor size. But other authors have reported
that there is no significant correlation between telomere
length and tumor size [22). We considered that, in the
group A tumors, the effect of telomere maintenance and
elongation was not as much as the shortening effect of cell
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division and, therefore, they remain tumor size-depen-
dent, Thisis also supported by our finding that the telome-
rase activity in group A tumors was significantly lower
than that in group B tumors. To our knowledge, our pa-
per is the first to categorize HCCs into two groups, based
on whether or not the telomere length is dependent on tu-
mor size.

The group A tumors, whose telomere lengths corre-
lated negatively with tumor size, were of significantly
less advanced stage and showed lower telomerase and
proliferative activities than the group B tumors. This re-
sult indicates that the tumors are less aggressive while
the telomere lengths remain dependent on tumor size
but they gain more growth advantage to resist cellular
senescence once the telomere lengths become size-inde-
pendent. In previous reports, when HCCs grew larger
than 3 cm in size, they frequently gained further malig-
nant features [23]. This is in good agreement with our
conclusion that all tumors of 5cm in size or larger
showed size-independent telomere lengths, accompanied
by highly malignant clinicopathological features.

Telomere length has not been used widely as a biolog-
ical marker for HCCs, probably because conventional
Southern blot analysis requires more than 10° cells and
the application is limited to surgically resected materials.
Furthermore, prior to our report, there was no report on
the association between telomere length and the clinico-
pathological features of HCCs. Because Q-FISH is gener-
ally applicable to biopsied materials, clarifying the
telomere length of each cell, it is considered to be a poten-
tially helpful method for evaluating the prowth advantage
of HCC:s from the viewpoint of size-independence of telo-
mere length.
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