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Figure 2 Reactive oxygen species (ROS) production in sham-operated and ovariectomized (OVX) FL-N/35 transgenic and non-
transgenic mice. (a) Frozen liver sections from mice in each group were stained with dihydroethidium (DHE). (b) Fluorescence
intensity was quantified by NIH image analysis software for three randomly selected areas of digital images for five mice in each
group. The results are shown as box plot profiles. The bottom and top edges of the boxes are the 25th and 75th percentiles,
respectively. Median values are shown by the line within each box. *: P < 0.05 versus sham-operated non-transgenic mice. **:
P < 0.05 versus sham-operated nontransgenic mice, OVX non-transgenic mice and sham-operated transgenic mice.

oxide) production in both transgenic mice and non- cantly increased hepatic expression of IL-6 mRNA to the
transgenic mice, but the level of ROS production was same degree in both transgenic mice and non-transgenic
greater in the OVX transgenic mice than in the OVX mice (Fig.3). This ovariectomy-induced increase in
non-transgenic mice (Fig. 2). We next measured inflam- hepatic IL-6 mRNA was consistent with the results of a
matory cytokine levels in the liver. Ovariectomy signifi- previous report that OVX mice produced more hepatic
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Figure 3 Expression levels of inflammatory cytokines in sham-operated and ovariectomized (OVX) FL-N/35 transgenic and
non-transgenic mice. The mRNA levels of interleukin (IL)-6, IL-1f and tumor necrosis factor (TNF)-o. were measured by real-time
reverse transcription polymerase chain reaction for five mice in each group. The relative quantities of target mRNA in the liver were
normalized with GAPDH mRNA. *P < 0.05 vs sham-operated non-transgenic mice. **P < 0.05 vs sham-operated transgenic mice.
[, Sham; |, OVX.
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Figure 4 Hepatic iron content and hepcidin mRNA level] in sham-operated and ovariectomized (OVX) FL-N/35 transgenic and
non-transgenic mice. (a) Hepatic iron content in mice in each group (n = 5). The results are shown as box plot profiles. The bottom
and top edges of the boxes are the 25th and 75th percentiles, respectively. Median values are shown by the line within each box.
*P < 0.05 vs sham-operated non-transgenic mice. **P < 0.05 vs sham-operated transgenic mice. (b) The mRNA level of hepcidin
was measured by real-time reverse transcription polymerase chain reaction for five mice in each group. The relative quantities of
target mRNA in the liver were normalized with GAPDH mRNA. *P < 0.05 vs sham-operated non-transgenic mice. **P < 0.05 vs

sham-operated transgenic mice. [E, Sham; B, OVX.

IL-6 than non-OVX mice after chemically induced liver
injury.® There also was a trend for increase in TNF-¢t and
IL-1f mRNA expression after ovariectomy in both the
transgenic mice and non-transgenic mice, but their
increases did not reach statistical significance, probably
because of the large deviation (Fig. 3). These results sug-
gested that inflammatory cytokines were unlikely to be
associated with greater ROS production in OVX trans-
genic mice than in OVX non-transgenic mice.

Hepatic iron content and hepcidin
expression level in the liver

We previously reported that male FL-N/35 transgenic
mice developed hepatic iron accumulation through the
reduced transcription of hepcidin,® a negative regulator
in iron homeostasis.??* Excess divalent iron can be
highly toxic, mainly via the Fenton reaction producing
hydroxyl radicals.”® Therefore, we measured hepatic
iron content to assess whether greater ROS production
resulted from increased hepatic iron accumulation in
OVX transgenic mice. Unexpectedly, ovariectomy sig-
nificantly decreased hepatic iron content to the same
degree in both transgenic mice and non-transgenic mice
(Fig. 4a). These results are potentially explained by
significantly increased transcription of hepcidin after
ovariectomy (Fig. 4b). Ovariectomy-induced increase in
hepatic IL-6 mRNA may in turn account for increased
hepcidin transcription, because IL-6 acts to stimulate
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hepcidin expression through the STAT3 pathway.**
These results suggested that hepatic iron content was not
related to greater ROS production in OVX transgenic
mice than in OVX non-transgenic mice.

Attenuated antioxidant potential against
ovariectomy-induced ROS production in
FL-N/35 transgenic mice

The increase in inflammatory cytokine production and
the hepatic iron content after ovariectomy were compa-
rable in transgenic and non-transgenic mice. Neverthe-
less, the serum ALT level, hepatic steatosis and ROS
production were greater in OVX transgenic mice than
in OVX non-transgenic mice. Therefore we measured
dROM and BAP in serum to compare antioxidant poten-
tials in OVX transgenic and OVX non-transgenic mice.
We confirmed the significant negative correlation
between the ratio of BAP to dROM and hepatic content
of superoxide (Fig. 5). As expected, the values for dROM
were higher in OVX mice than in sham-operated mice,
regardless of whether they were transgenic or non-
transgenic. However, a significant increase in the BAP
value was found in OVX non-transgenic mice but not in
OVX transgenic mice, which resulted in a lower ratio of
BAP to dROM in the OVX transgenic mice than in the
OVX non-transgenic mice (Table 2).

The first line of defense against ROS is the detoxifying
enzymes that scavenge ROS. These include SOD and
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Figure 5 Negative correlation between the ratio of biological
antioxidant potential (BAP) to derivatives of reactive oxygen
metabolites (dROM) and hepatic content of superoxide.
R=-0.453, P<0.05. Hepatic content of superoxide was
determined based on the area of dihydroethidium (DHE)
fluorescence.

GPx1. Therefore we next investigated the expression
levels of SOD2 and GPx1. The hepatic expression levels
of SOD2 mRNA and GPx1 mRNA were significantly
greater in OVX non-transgenic mice than in sham-
operated non-transgenic mice, but were comparable in
OVX transgenic mice and sham-operated transgenic
mice (Fig. 6a). Western blot analysis of the hepatic
mitochondria fractions also showed significant
increases of SOD2 and GPx1 expression in OVX
non-transgenic mice but not in OVX transgenic mice
(Fig. 6b). These results suggested that antioxidant
defense mechanisms may be induced against
ovariectomy-related ROS production in non-transgenic
mice but not in transgenic mice.

Oxidative stress in OVX HCV transgenic mice 7

SIRT3 and PGC-1o. expression in OVX
FL-N/35 transgenic mice

Proliferator-activated receptor-y co-activator-lo. is a
master regulator of mitochondrial biogenesis and respi-
ration® and required for the induction of many ROS-
detoxifying enzymes, including SOD2 and GPx1 upon
oxidative stress.”® SIRT3 is a member of a class I
histone deacetylase and is reported to mediate PGC-10-
dependent induction of ROS-detoxifying enzymes.” In
accordance with the changes in SOD2 and GPx1 levels
after ovariectomy, the hepatic expression of SIRT3
mRNA was significantly greater in OVX non-transgenic
mice than in sham-operated non-transgenic mice, but
comparable in OVX transgenic mice and sham-operated
transgenic mice (Fig. 7a). Western blot analysis of
hepatic mitochondria showed a significant increase of
SIRT3 expression in OVX non-transgenic mice but not in
OVX transgenic mice (Fig. 7a).

Proliferator-activated receptor-y co-activator-1c. inter-
acts with various nuclear receptors in addition to per-
oxisome proliferator-activated receptor-y and is docked
to the promoter of its target genes by all these nuclear
receptors. Therefore, we investigated PGC-10. expres-
sion levels not only in liver homogenates but also in
the nuclear fraction of mouse liver. The expression
levels of PGC-1a in liver homogenates were compa-
rable in sham-operated and OVX non-transgenic mice
and in sham-operated and OVX transgenic mice.
However, the expression levels of PGC-l1a in the
nuclear fraction of the liver significantly increased after
ovariectomy in both non-transgenic and transgenic
mice, and OVX transgenic mice had a lower PGC-1a
expression level than OVX non-transgenic mice
(Fig. 7b). These results suggested that the antioxidant
potential against ovariectomy-induced ROS production
may be reduced in OVX transgenic mice through lesser
activation of PGC-la than in OVX non-transgenic
mice.

Table 2 Derivatives of reactive oxygen metabolites (dROM), biological antioxidant potential (BAP) and ratio of BAP to dROM

Non-transgenic Transgenic
Sham-operated OovX Sham-operated OVX
dROM (U.CARR) 145.2+£15.1 158.7 £ 15.9* 170.8 £10.4 199.3 £21.1**
BAP (umol/L) 3217+123 3644 +177* 3362+ 178 3542 + 140
Ratio of BAP to dROM 223+23 23.1£2.0 20.8£1.8 17.8:£1.9%**

Data are mean + standard deviation.

*P < 0.05 compared with sham-operated non-transgenic mice. **P < 0.05 compared with sham-operated transgenic mice. ***P < 0.05

compared with ovariectomized (OVX) non-transgenic mice.
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Figure 6 Expression levels of super-
oxide dismutase 2 (SOD2) and
glutathione peroxidase 1 (GPx1) in
sham-operated and ovariectomized

Transgenic (OVX) FL-N/35 transgenic and non-
transgenic mice. (a) The mRNA levels of
SOD2 and GPx1 were measured by real-
time reverse transcription polymerase
chain reaction for five mice in each
group. The relative quantities of target
mRNA in the liver were normalized
with GAPDH mRNA. (b) Immunoblots
for SOD2 and GPx1 were performed
using mitochondrial fractions of liver
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Suppressed AMPK activation in OVX FL-N/35
transgenic mice

Proliferator-activated receptor-y co-activator-1o. activity
is modulated through both transcriptional regulation
and regulation of its activity by post-translational modi-
fications.”® AMPK is one of the signaling pathways regu-
lating PGC-1a and acts both through modulation of
PGC-1la transcription and by phosphorylation of the
PGC-1a protein.”® HCV has been shown to reduce the
kinase activity of AMPK through Ser485/491 phos-
phorylation of AMPK.?® Therefore, we examined the
expression levels of AMPK to investigate the mecha-
nisms underlying the lower PGC-1c expression in the
nuclear fraction of the OVX transgenic liver. The expres-
sion levels of AMPKo, which is one of the three subunits
(o, B and y) of AMPK, were comparable in sham-
operated and OVX mice and in non-transgenic and
transgenic mice. However, the expression level of phos-
phorylated AMPKa was significantly greater in OVX
non-transgenic mice than in mice in the three other

© 2013 The Japan Society of Hepatology

297

Nontransgenic

lysates from five mice in each group.
*P<0.05 vs sham-operated non-

Transgenic  transgenic mice. B, Sham; B, OVX.

groups, though it was similar in sham-operated trans-
genic mice and OVX transgenic mice (Fig.7c). In
addition, its levels were significantly greater in non-
transgenic mice than in transgenic mice (Fig. 7c). These
results suggested that AMPK was activated in OVX non-
transgenic mice, but not in OVX transgenic mice,
because AMPX is active only after phosphorylation of
the a-subunit at a threonine residue within the kinase
domain (T172) by upstream kinases.* Taken together,
the results in the present study suggested that OVX
FL-N/35 transgenic mice developed marked hepatic ste-
atosis concomitant with increased ROS production via
attenuation of antioxidant potential through inactiva-
tion of the AMPK/PGC-1a signaling pathway.

DISCUSSION

HE OVX MICE in the present study were assumed to
be a standard model for evaluating the biological
effect of ovariectomy because the effects of ovariectomy
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Figure 7 Expression levels of sirtuin 3 (SIRT3), peroxisome proliferator-activated receptor-y co-activator-1¢ (PGC-1¢:), adenosine
monophosphate-activated protein kinase o. (AMPKa), and phosphorylated AMPKo. (P-AMPK¢) in sham-operated and ovariecto-
mized (OVX) FL-N/35 transgenic and non-transgenic mice. (a) The mRNA levels of SIRT3 were measured by real-time reverse
transcription polymerase chain reaction for five mice in each group. The relative quantities of target mRNA in the liver were
normalized with GAPDH mRNA. Immunoblots for SIRT3 were performed using the mitochondrial fractions of liver lysates from
five mice in each group. (b) Immunoblots for PGC-1a were performed using liver lysates and their nuclear fractions from five mice
in each group. *P < 0.05 vs mice in the other three groups. **P < 0.05 vs sham-operated transgenic mice. (¢) Immunoblots for
AMPKo and P-AMPKo were performed using liver lysates from five mice in each group. *P < 0.05 vs mice in the other three groups.

**P < 0.05 vs sham-operated transgenic mice. [, Sham; l, OVX.

on dietary intake, bodyweight, uterine weight, liver
weight and serum leptin levels were similar to the results
from previous studies.?’-** Ovariectomy increased ROS
(superoxide) production in both transgenic liver and in
non-transgenic liver, which was consistent with the
ovariectomy-induced increase in NADPH oxidase activ-
ity and the protective effect of estrogen against mito-
chondrial oxidative damage' found in previous studies.
Of note was the much greater degree of ROS production
after ovariectomy in transgenic mice than in non-

transgenic mice. These results suggested that HCV
protein expression has the potential to increase the sen-
sitivity to oxidative stress in the liver. At least two pos-
sibilities may account for the increased sensitivity to
oxidative stress in FL-N/35 transgenic mice. One possi-
bility is an additive effect of HCV-induced ROS produc-
tion on ovariectomy-induced oxidative stress. The HCV
core protein has been shown to inhibit mitochondrial
electron transport®*® and to induce ROS production.®
In fact, basal ROS production tended to be higher in
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transgenic mice than in non-transgenic mice, but was
not significantly different. These results suggested that
additive HCV-induced ROS production was unlikely to
be the cause of the significantly increased ROS produc-
tion after ovariectomy in the transgenic mice. The other
possibility is HCV-associated attenuation of antioxidant
potential against ovariectomy-induced oxidative stress.
In this respect, OVX transgenic mice had a lower ratio of
BAP to dROM than OVX non-transgenic mice and the
expression of SOD2 and GPx1 in the liver was not
increased. These results suggest that HCV protein attenu-
ated antioxidant potential against ovariectomy-induced
oxidative stress.

Proliferator-activated receptor-y co-activator-la is
required for the induction of many ROS-detoxifying
enzymes upon oxidative stress.”® SIRT3 has been shown
to function as a downstream target gene of PGC-1o and
mediate the PGC-lo-dependent induction of ROS-
detoxifying enzymes.” Additionally, AMPK, which is a
crucial cellular energy sensor, regulates PGC-1a activity
through both modulation of PGC-1o transcription
and phosphorylation of the PGC-1a protein.”®*” Thus,
AMPK/PGC-1a signaling is one of the important path-
ways that protect cells from oxidative stress through the
induction of several key ROS-detoxifying enzymes.
Recent evidence indicating that HCV replication inhibits
AMPK activity” prompted us to investigate whether the
antioxidant potential against ovariectomy-induced oxi-
dative stress in FL-N/35 transgenic mice was attenuated
through inhibition of this signaling pathway. As
expected, upon ovariectomy, AMPK was activated in
non-transgenic mice, but not in transgenic mice. This, in
turn, led to the lower expression of PGC-la in the
nuclear fraction of the liver in OVX transgenic mice than
in OVX non-transgenic mice, resulting in the absence of
significant induction of SIRT3 in the mitochondrial frac-
tion of the liver in the OVX transgenic mice. Thus, ROS
production in the liver in OVX transgenic mice was
increased by attenuation of the antioxidant potential
through inhibition of AMPK/PGC-1a. signaling.
However, it remains unknown why the expression
of PGC-1¢ in the nuclear fraction was significantly
increased in OVX transgenic mice regardless of the lack
of activation of AMPK. Various kinases other than
AMPK and post-translational modifications other
than phosphorylation have been shown to regulate
PGC-1a expression.?® Therefore further investigations
are required to clarify this issue.

Of particular concern is the relevance of the present
results to HCC development in patients with HCV-
associated chronic liver diseases. A recent study from
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Japan demonstrated a higher proportion of females,
especially among elderly patients with HCV-related
HCC, suggesting that the sex disparity in HCC develop-
ment becomes less distinct as the patient’s age at HCC
diagnosis increases.® In general, ROS production creates
a pro-carcinogenic environment under which chromo-
somal damage is likely to occur. The present findings
that OVX transgenic mice have increased hepatic ROS
production compared with that in OVX non-transgenic
mice may indicate one of the mechanisms by which
women with HCV infection are at high risk for HCC
development when some period has passed after meno-
pause, even though we need to clinically ascertain the
increased hepatic oxidative stress in HCV-infected
menopausal women with HCC.
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Risk Factors for Survival and the Development of
Hepatocellular Carcinoma in Patients with Primary
Biliary Cirrhosis
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Abstract

Objective Early diagnosis of hepatocellular carcinoma (HCC) is critical in the management of patients with
primary biliary cirrhosis (PBC), since the prognosis of PBC has improved. The aim of this study was to in-
vestigate whether HCC development affects the prognosis of PBC and to identify the risk factors for HCC in
Japanese patients with PBC.

Methods We compared the survival rates between patients with HCC and those without and analyzed the
risk factors for HCC development in 210 patients with PBC who were followed up for a median period of
8.5 years.

Results HCC developed during follow-up in 11 patients (5.2%) and was diagnosed simultaneously at the
time of diagnosis of PBC in five patients (2.4%) who were excluded from the analysis. A Kaplan-Meier
analysis showed a significant difference in overall survival between the patients who did and did not develop
HCC (p<0.001). A multivariate analysis revealed age (OR: 1.08, 95% confidence interval [CI]: 1.03-1.13, p=
0.001), the albumin level (OR: 0.24, 95% CI: 0.10-0.56, p=0.001), the total bilirubin level (OR: 1.60, 95%
CI: 1.09-2.36, p=0.017) and HCC development (OR: 2.97, 95% CIL: 1.24-7.15, p=0.015) to be significant
prognostic factors and identified only an advanced histological stage (Scheuer’s classification Il or IV, OR:
6.27, 95% CI: 1.80-21.83, p=0.004) to be a risk factor associated with HCC.

Conclusion HCC development significantly affects the survival of patients with PBC, and an advanced his-
tological stage is the only risk factor associated with HCC development. These results highlight the important

role of liver fibrosis in hepatocarcinogenesis in patients with PBC.

Key words: diabetes mellitus, liver fibrosis, prognosis, survival, ursodeoxycholic acid

(Intern Med 52: 1553-1559, 2013)
(DOI: 10.2169/internalmedicine.52.0010)

Introduction

Primary biliary cirthosis (PBC) is a progressive chole-
static liver disease characterized by the presence of highly
specific antimitochondrial antibodies, portal inflammation
and lymphocyte-dominated destruction of the intralobular
bile ducts that eventually leads to cirrhosis (1). The inci-
dence of PBC has increased over recent decades, possibly
attributable to augmented testing of liver biochemistry rather

than a rise in disease incidence. The routine use of bio-
chemical screening has also made it possible to diagnose
PBC at an earlier stage (2). In addition to early diagnosis,
the high prevalence of treatment with ursodeoxycholic acid
(UDCA) makes it possible for patients with PBC to live
longer. However, the natural history of PBC is still debated
and depends on several variables and symptoms of liver dis-
ease (3). In general, the risk of cancer development in-
creases as humans live longer, and the development of hepa-
tocellular carcinoma (HCC) is no exception.
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Enroliment of patients with PBC

from 3 different hospitals(n=254)

Excluded patients who
were positive for HBsAg
(n=2) or anti-HCV (n=5)

Excluded patients who had
history of alcohol intake >
40g/day (n=4)

Excluded patients who
were not followed-up for
more than 0.3 years (n=12)

Excluded patients who had
no pathological
diagnosis(n=12)

l n=é10

Figure 1.

Patients with PBC are considered to be at low risk for the
development of HCC (4), although several reports have re-
vealed that PBC is associated with an increased risk of
HCC (5-8). Additionally, whether the development of HCC
affects the overall survival of patients with PBC remains
controversial (5, 7, 9, 10). This matter and the identification
of risk factors for HCC development are of importance for
improving the prognosis of patients with PBC. There are,
however, few studies reporting the risk factors for HCC
among patients with PBC (5-7, 9, 11). The age at diagno-
sis (7, 11), male sex (5, 7, 10, 11), a history of blood trans-
fusions (7, 11), cigarette smoking (6), portal hyperten-
sion (11), a more advanced histologic stage of dis-
ease (9, 10) and superinfection with hepatitis C virus
(HCV) (6) have been reported to be risk factors for HCC in
patients with PBC. Such risk factors remain a matter of de-
bate due to recent changes in the nutritional environment
and/or lifestyle. For instance, previous studies did not in-
clude obesity or diabetes mellitus as clinical parameters for
assessing risk factors related to the development of HCC in
patients with PBC, even though these parameters have been
recognized to be risk factors for the development of
HCC (12, 13).

The aim of this study was to determine whether HCC de-
velopment affects the prognosis of PBC and to identify the
risk factors for HCC development in Japanese patients with
PBC based on recent clinical evidence.

Materials and Methods

This study was conducted among three series of patients
from three different liver disease centers who were treated
for a diagnosis of PBC between May 1984 and May 2010.
A total of 245 patients were recruited, including 116 pa-
tients from Kawasaki Medical School affiliated hospital, 72
patients from Yamaguchi Grand Medical Center and 57 pa-

Numbers of patients included and excluded in the retrospective cohorts.

tients from Kawasaki Hospital. The diagnosis of PBC was
established when the patient fulfilled at least one of the fol-
lowing criteria defined by the Intractable Hepato-Biliary
Disease Study Group of Japan: (i) laboratory abnormalities
consistent with chronic cholestatic liver disease and the
presence of chronic nonsuppurative destructive cholangitis,
(ii) positive antimitochondrial antibodies and a liver histol-
ogy compatible with PBC, (iii) a medical history and labo-
ratory abnormalities consistent with chronic cholestatic liver
disease and positive antimitochondrial antibodies. The histo-
logical stage was classified according to Scheuer’s classifi-
cation (14). The following 35 patients were excluded from
the analysis due to confounding risk factors for HCC or in-
complete clinical parameters: hepatitis B surface antigen
(HBsAg) positivity in two patients, anti-HCV antibody (anti-
HCV) positivity in five patients, a history of excessive alco-
hol consumption (>40 g/day) in four patients, a lack of
follow-up for more than 0.3 years in 12 patients and a lack
of pathological diagnosis in 12 patients (Fig. 1).

The diagnosis of diabetes mellitus was made based on a
history of antidiabetic medication use, including oral hypo-
glycemic agents and insulin, since the diagnostic criteria for
diabetes mellitus proposed by the Japan Diabetes Society
were not applied to all patients due to the lack of several
biochemical parameters. The diagnosis of portal hyperten-
sion was made based on the presence of esophageal or gas-
tric varices, ascites or splenomegaly. The clinical character-
istics at diagnosis of PBC are shown in Table 1. The pa-
tients were regularly assessed with biochemical tests every
one to four months and followed for a median period of 8.5
(range, 0.3-25.8) years. To determine the presence of HCC,
abdominal ultrasonography was performed in all patients
without HCC at intervals of four to 12 months. HCC was
diagnosed based on the findings of abdominal ultrasonogra-
phy and confirmed based on the findings of computed to-
mography (CT), magnetic resonance imaging, hepatic arteri-
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Table 1. Clinical Characteristics of Patients at Diag-
nosis of PBC
- Mean =+ SD or frequency
Characteristic (number of analyzed patients)
Age (years) 58 +11(210)
Gender (Male/Female) 31/179
Body mass index (kg/mz) 22.4+3.1(196)
Blood transfusion (+/-/unknown) 13/192/5
Diabetes mellitus (+/-) 19/191
Portal hypertension (+/-) 39/171
Platelet count (x 10*uL) 21.94+8.2(210)
ALT (TU/L) 58+ 53 (210)
AST (IU/L) 56+ 40 (207)
Alkaline phosphatase (IU/L) 523 +£434 (207)
y-GT (IU/L) 230+ 233 (207)
Total bilirubin (mg/dL) 0.9+0.9(210)
Albumin (g/dL) 3.9+0.5(209)
Prothrombin time (%) 82.9% 16.4 (209)
1gM (mg/dL) 410+ 279 (203)
Anti-HBc (+/-/unknown) 13/40/157
Histological stage (I or II/III or IV) 169/41
Treatment with UDCA (+/-) 189/21

ALT: alanine aminotransferase, AST: aspartate aminotransferase,
v-GT: y-glutamyltransferase, Anti-HBc: anti-hepatitis B core
antibody, UDCA: ursodeoxycholic acid

ography and/or a fine-needle aspiration liver biopsy.

Overall survival was defined as the period from the day
of PBC diagnosis until death, liver transplantation or the last
medical examination and compared between the patients
who did and did not develop HCC. Laboratory parameters
measured at the time of PBC diagnosis were compared to
those measured at the time of HCC diagnosis in patients
who developed HCC during the follow-up period. The study
protocol conformed to the 1975 Declaration of Helsinki
Declaration and was approved by the ethics committees of
the involved institutions.

Statistical analysis

Baseline continuous variables are expressed as the mean +
SD. Comparisons between groups were made using the
Mann-Whitney test for continuous variables and the ° test
with Yates correction or Fisher’s exact test for categorical
variables. Cumulative survival was calculated using the
Kaplan-Meier method, and the differences among the groups
were analyzed with the log-rank test. Univariate and multi-
variate analyses of predictors of survival were performed us-
ing the Cox proportional hazards model. A multivariate
analysis of predictors for the development of HCC was per-
formed using the logistic regression test. A p value of less
than 0.05 was considered to be significant. All analyses de-
scribed above were performed using the SPSS software
package (version 11, SPSS Inc., Chicago, IL).

Results

Development of HCC in patients with PBC

Sixteen (7.6%) of the 210 patients with PBC developed
HCC. A diagnosis of HCC was made in 11 patients (5.2%)

1
3

55

0

during follow-up, whereas HCC and PBC were almost si-
multaneously diagnosed in the remaining five patients
(2.4%) who had diabetes mellitus and advanced histological
stages, except for a man aged 84 who was potentially at
high risk for HCC due to his age. These five patients (three
men and two women) were thereafter excluded from the
analysis. The clinical and histological features of the 11 pa-
tients who developed HCC during follow-up are summarized
in Table 2. The HCC incidence according to gender was
3.6% (1/28) in men and 5.6% (10/177) in women. The
mean interval between the diagnosis of PBC and the devel-
opment of HCC was 11.4+5.7 years. Antibodies to hepatitis
B core antigens (anti-HBc) were positive in two patients
(18.2%), negative in five patients (45.4%) and unknown in
four patients (36.4%), respectively. Six patients (54.5%) and
one patient (9.1%) had advanced histological stages (III) and
diabetes mellitus at the diagnosis of PBC, respectively. It
should be noted that the follow-up period until the develop-
ment of HCC was significantly longer in the patients with
mild histological stages (I or II) (14.8+4.1 years) than in
those with advanced histological stages (IIT) (8.5+5.5 years),
suggesting a potential risk for HCC development after a
long period of time even in patients with a mild histological
stage of PBC. Six patients had solitary tumors whose size
was less than 30 mm, except for one. These tumors were
treated with local ablation, such as percutaneous microwave
coagulation therapy, percutaneous ethanol injection or ra-
diofrequency ablation, transarterial chemoembolization
(TACE), combination of local ablation and TACE or liver
transplantation, in all patients, except one (case 9 in Ta-
ble 2) who could not be treated due to rupture of HCC.

To determine whether HCC develops as liver damage pro-
gresses, laboratory parameters (platelet count, alanine
aminotransferase [ALT], aspartate aminotransferase [AST],
alkaline phosphatase, y-glutamyltransferase, total bilirubin,
albumin and prothrombin time) were compared between the
two time points of PBC diagnosis and HCC diagnosis in the
11 patients. The serum albumin level, prothrombin activity
and platelet count were significantly lower at the time of
HCC diagnosis than at the time of PBC diagnosis, suggest-
ing that the development of HCC largely depends on the
progression of liver disease (Fig. 2). Patients with PBC who
developed HCC had significantly lower cumulative survival
rates than those who did not. The 5-, 10-, 15- and 20-year
cumulative survival rates of the PBC patients with HCC and
those without HCC were 91/98%, 61/87%, 51/83% and 10/
80%, respectively (p<0.001, Fig. 3).

Factors associated with survival in patients with
PBC

We next investigated the factors associated with survival
in patients with PBC in order to determine whether HCC
development actually affects the prognosis. In addition to
the baseline characteristics of the patients at the time of
PBC diagnosis, treatment with UDCA and the development
of HCC were incorporated into the parameters used to ana-
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Table 2. Characteristics of 11 Patients with PBC who Developed HCC

Ageat Anti-  Histological HCC
Case PBC/HCC Sex BMI DM HBe  siage af Solitary or Maximum Vascular Therapy Cause of death
diagnosis & multiple size (mm)* invasion Py
1 6467 M 258 - + i Solitary 10 - PMCT Sepsis
2 66/75 F 269 - - I Multiple 45 - PEI + TACE Hepatic failure
3 65/74 F 232 - + 111 Multiple 32 - TACE Hepatic failure
4 59/70 F 233 + - 111 Multiple 20 - REI + TACE HCC
5 61/75 F 17.8 - - 1! Multiple 30 - TACE Hepatic failure
6 38/55 F 19.5 - - I Solitary 30 - PEI+ TACE Hepatic failure
7 38/55 F 208 - NAT 1 Multiple 15 - TACE Hepatic failure
8 58/76 F 23.1 - - I Solitary 30 - TACE Hepatic failure
9 64/66 F 222 - NA I Solitary 100 + - HCC rupture
10 41/49 F 277 - NA I Solitary 10 - Transplantation ~ Alive
11 48/65 F 246 - NA 111 Solitary 27 - TACE Alive

BMI: body mass index, DM: diabetes mellitus, Anti-HBc: anti hepatitis B core antibody, TNA: unknown, §at the diagnosis of PBC, ftumor sizes in
cases 2, 3, 4, 5 and 7 represent the largest ones among multiple tumors. {PMCT: percutaneous microwave coagulation therapy, PEL: percutaneous
ethanol injection, TACE: transarterial chemoembolization, RFA: radiofrequency ablation
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Figure 2. Serum albumin levels, platelet counts and prothrombin activity at diagnosis of primary
biliary cirrhosis (PBC) and hepatocellular carcinoma (HCC) in the patients with PBC who devel-
oped HCC. The results are shown as box plot profiles. The bottom and top edges of the boxes are the

25th and 75th percentiles, respectively. *: p<0.05

lyze the factors associated with the survival of patients with
PBC. However, we did not incorporate the response to treat-
ment with UDCA into these parameters due to a lack of es-
tablished biochemical criteria for the response to UDCA al-
lowing for prediction of the prognosis. Treatment with
UDCA (600 mg daily) was started within six months from
diagnosis of PBC in 186 patients (91%). The reason why
UDCA was not administered in the remaining 19 patients
was unknown. The duration of UDCA treatment was almost
the same as the follow-up period, since almost all of the pa-
tients continued taking UDCA due to a lack of moderate to
severe adverse effects.

A univariate analysis identified age, portal hypertension,
platelet count, AST, the total bilirubin and albumin levels,
prothrombin activity, advanced histological stage (Scheuer
criteria III or IV) and HCC development to be significant
predictors of survival in patients with PBC (Table 3).
Among these predictors, a multivariate analysis revealed age
(OR: 1.08, 95% CI: 1.03-1.13, p=0.001), the total bilirubin
(OR: 1.60, 95% CIL: 1.09-2.36, p=0.017) and albumin levels
(OR: 0.24, 95% CI: 0.10-0.56, p=0.001) and HCC develop-
ment (OR: 2.97, 95% CI: 1.24-7.15, p=0.015) to be signifi-
cant factors associated with survival in patients with PBC
(Table 3).
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%
N

Survival rate

0.0

[ I I | I |
0 60 120 180 240 300 360
Time (months)

Patients without HCC 194 142 75 36 9 1
Patients with HCC 1 10 6 5 1 -
Figure 3. Cumulative survival curves for the patients with
primary biliary cirrhosis who developed hepatocellular carci-
noma (HCC) and those who did not. The solid and broken
lines indicate patients with HCC and those without HCC, re-
spectively. Log-rank test p<0.001

Factors associated with the development of HCC in
patients with PBC

As the development of HCC has been demonstrated to be
significantly associated with survival in patients with PBC,
it is important to determine screening targets for HCC to
improve the prognosis for patients with PBC. In this study,
the patients with PBC who developed HCC had lower plate-
let counts (p=0.008), lower albumin levels ((p=0.02) and
more advanced histological stages of disease (Scheuer crite-
ria II or IV) (p=0.005) at the time of PBC diagnosis than
those who did not (Table 4). A multivariate analysis identi-
fied only an advanced histological stage (Scheuer criteria III
or IV) (OR: 6.27, 95% CI: 1.80-21.83, p=0.004) as being a
predictor of the development of HCC in patients with PBC
(Table 5).

Discussion

The frequency of HCC development in patients with PBC
is estimated to be around 3% (0.7-3.6%) according to recent
and relatively large cohort studies conducted in European
countries, the United States and Japan, although this fre-
quency increases as the histological stage pro-
gresses (5-10, 15, 16). In this study 5.2% of the patients
with PBC developed HCC during follow-up and 2.4% of the
patients had HCC simultaneously at the time of PBC diag-
nosis. The incidence of HCC was slightly higher in the pre-
sent study than that reported in previous studies; however, it
is unknown whether this difference is significant. The higher
incidence of HCC observed in the present study may be ex-

plained by the relatively longer period of follow-up in a re-
stricted number of institutions. Such situations potentially
include less drop out patients during the follow-up period.

HCC was demonstrated to develop as liver damage pro-
gressed in the patients with PBC, as indicated by significant
decreases in the serum albumin levels, prothrombin activity
and platelet counts at the time of HCC development. These
results are consistent with a previous observation of a Japa-
nese study group in which all patients had progressed to an
advanced histological stage (Scheuer criteria III or IV) by
the time of HCC development (7). We also found that HCC
development is a significant risk factor for survival in pa-
tients with PBC. Because the PBC patients had already pro-
gressed to an advanced histological stage at the time of
HCC diagnosis, these results appear to be reasonable and
are consistent with those of a study from Spain and Italy (9)
and a recent Japanese report based on a nationwide sur-
vey (10). In fact, the six PBC patients with HCC (6/9, 67%)
evaluated in the present study died of hepatic failure (Ta-
ble 2). In some of the patients with HCC, it was difficult to
determine whether the cause of death was hepatic failure or
HCC. Therefore, deaths resulting from progressive hepatic
failure related to portal venous invasion or rupture of HCC
were defined as deaths caused by HCC. Deaths resulting
from progressive hepatic failure during the course of treat-
ment for HCC without portal venous invasion were defined
as deaths caused by hepatic failure.

In contrast to PBC, HCC development (n=19) was not
found to be a significant risk factor for survival in patients
with alcoholic liver cirrhosis (n=103) who were followed
during almost the same period as those followed in this
study and who developed hepatic failure within a relatively
short period of time unless they stopped drinking alcohol
(unpublished data). The long-term clinical course of PBC
may also account for the association between HCC develop-
ment and a poor prognosis in patients with PBC. In addition
to HCC development, age, the albumin level and the total
bilirubin level at onset of PBC were selected as significant
prognostic factors in patients with PBC in the present study.
These results are in part consistent and in part inconsistent
with those of previous studies (7, 17), most likely due to the
different backgrounds of the patients studied.

That the majority (90%) of patients were treated with
UDCA may account for why we did not find any differ-
ences in survival between the treated patients and the un-
treated patients. However, a limitation of this study is that
the response to treatment with UDCA could not be incorpo-
rated into the analytic factors for survival. The response to
UDCA has been reported to be associated with a better
prognosis among PBC patients with moderately advanced
disease compared with patients with mild disease (18), who
accounted for the majority (80%) of the patients in the pres-
ent study. Recent biochemical criteria for predicting the out-
comes of patients with early PBC at low risk for long-term
development of liver cirrhosis (19) may be useful for assess-
ing whether the response to UDCA treatment affected the
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Table 3. Univariate and Multivariate Analyses of Predictors for Survival

in Patients with PBC
Univariate Multivariate
Variables Ha'z ard 95% CI p value Ha.z ard 95% CI p value
ratio ratio
Age (years) 1.09  1.04-1.14 <0.001 1.08  1.03-1.13 0.001
Male 1.65 0.63-4.34 0.31
Body mass index (kg/m?) 092 0.81-1.05 0.24
Blood transfusion 1.19  0.28-5.03 0.62
Diabetes mellitus 370 1.56-7.14 0.009
Portal hypertension 334 1.93-7.04 0.002
Platelet count (x 10*/uL) 0.92 0.87-0.97 0.003
ALT (IU/L) 1.00  0.99-1.00 0.64
AST (IU/L) 1.01  1.00-1.01 0.04
Alkaline phosphatase 1.00  1.00-1.00 0.24
(IU/L)
¥-GT (IU/L) 1.00  1.00-1.00 0.87
Total bilirubin (mg/dL) 2.03 1.50-2.76 <0.001 .60 1.09-2.36 0.017
Albumin (g/dL) 0.13  0.06-0.27 <0.001 024  0.10-0.56 0.001
Prothrombin time (%) 094 0.91-096 <0.001
IgM (mg/dL) 1.00  1.00-1.00 0.12
Anti-HBc 0.83  0.23-3.00 0.27
Histological stage III or 510 2.40-10.66 <0.001
v
Treatment with UDCA 335 0.45-24.78 0.24
Development of HCC 5.15 2.31-11.49 <0.001 297 1.24-7.15 0.015

ALT: alanine aminotransferase, AST: aspartate aminotransferase, y-GT: y-glutamyltransferase,
Anti-HBc: anti hepatitis B core antibody, UDCA: ursodeoxycholic acid, HCC: hepatocellular

carcinoma

Table 4. Comparison of Clinical Characteristics at Diag-
nosis of PBC between Patients who Developed HCC and
Those who Did Not

Variables Patients Patients pvalue
with HCC  without HCC

Number of patients 11 194

Age (years) 58+ 11 58+ 10 0.91
Gender (Male/Female) 1/10 27/167 0.54
Body mass index (kg/m?) 23.6x£2.7 223+3.1 0.10
Blood transfusion (+/-) 1/10 11/178 0.50
Diabetes mellitus (+/-) 1/10 14/180 0.58
Portal hypertension (+/-) 4/7 33/161 0.12
Platelet count (x 10%uL) 16.0+7.5 225+8.0  0.008
ALT (IU/L) 47£29 59£55 0.66
AST (IU/L) 6036 55+40 0.40
Alkaline phosphatase (IU/L) 468 + 338 518 +432 0.72
v-GT (IU/L) 127+ 86 236+ 238 0.08
Total bilirubin (mg/dL) 1.6+1.7 0.9+0.6 0.11
Albumin (g/dL) 3.6+0.6 4.0+0.5 0.02
Prothrombin time (%) 76.8+14.0  83.6%:16.5 0.30
IgM (mg/dL) 479 +393 405273 0.91
Anti-HBc¢ (+/-/unknown) 2/6/3 11/30/153 0.65
Histological stage (I or II/III or IV) 5/6 163/31  0.005
Treatment with UDCA (+/-) 11/0 175/19 0.33

ALT: alanine aminotransferase, AST: aspartate aminotransferase, y-GT:
v-glutamyltransferase, Anti-HBc: anti hepatitis B core antibody, UDCA:
ursodeoxycholic acid

survival of patients with PBC in this study.

Diabetes mellitus was demonstrated to increase the risk of
HCC in a large cohort of patients without concomitant liver
disease (12) and in a cohort of patients with hepatitis C,
hepatitis B or alcoholic cirrhosis (20, 21). However, these
previous studies did not include diabetes mellitus as a clini-
cal parameter for assessing risk factors related to the devel-

Table 5. Multivariate Analysis of Predictors for De-
velopment of HCC in Patients with PBC

Odds ratio
6.27

Variables
Histological stage IIl or IV

95% CI p value
1.80-21.83  0.004

opment of HCC in patients with PBC (5-7, 9-11). We did
not find any associations between diabetes mellitus and the
development of HCC, although the proportion of patients
with diabetes mellitus (9%) in this study was relatively
small. Although a link between insulin resistance and meta-
bolic hepatocarcinogenesis has been reported (22), the con-
tribution of diabetes mellitus to the development of HCC in
patients with chronic liver diseases may vary according to
the etiology of liver disease. :

We did not identify male sex to be a significant factor as-
sociated with HCC development in patients with PBC,
which is inconsistent with the results of some previous stud-
ies (5, 7, 10, 11). In particular, the discrepancy between the
present study and a recent Japanese nationwide study (10)
may be explained by at least three factors. First, the patient
sample size was much smaller in this study than in the na-
tionwide survey. Second, the present study included more
patients with an advanced histological stage of disease
(Scheuer criteria III or IV) (18%) than the nationwide sur-
vey (12%), although other clinical parameters, such as age,
gender and the frequency of treatment with UDCA, were
similar between the two studies. Third, the exclusion crite-
rion regarding a history of excessive alcohol consumption
(>40 g/day) employed in this study may be associated with
this discrepancy since the nationwide survey did not clearly
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exclude patients with a history of excessive alcohol con-
sumption. As shown in a previous study (9), we also found
only an advanced histological stage (Scheuer’s classification
III or 1V) to be a risk factor associated with the develop-
ment of HCC in patients with PBC. Considering that cho-
langiocytes, not hepatocytes, are primarily affected and liver
fibrosis progresses as the histological stage advances in
PBC, these results indeed highlight the important role of
liver fibrosis in hepatocarcinogenesis in patients with PBC.
In addition, it should be noted that the follow-up period un-
til the development of HCC was significantly longer in the
patients with a mild histological stage (I or II) than in those
with an advanced histological stage (IIT or IV). These results
suggest a potential risk for HCC development after a long
period of time, even in PBC patients with a mild histologi-
cal stage of disease at the time of diagnosis.

In conclusion, the development of HCC has been demon-
strated to affect the survival of Japanese patients with PBC.
Considering that the prognosis of PBC has improved in gen-
eral as a result of early diagnosis and the use of UDCA, the
early diagnosis of HCC is also crucial for obtaining a better
prognosis for patients with PBC. Therefore, strict surveil-
lance for HCC is necessary among patients with PBC who
are in the advanced stage of disease.
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Introduction

Hepatocellular carcinoma (HCC) is one of the common cancers
in the world. It is well-known to be associated with the chronic
infection of Hepatitis B (HBV) and Hepatitis C (HCV) viruses. In
Japan, nearly 70% of HCC patients are infected with HCV [1].
The annual rate of developing HCC among patients with HCV-
related liver cirrhosis in Japan is estimated to be about 4-8 percent
[2]. Recent analyses have identified various genetic factors that are
related with viral induced liver diseases [3-5]. In our previous two-
stage genome-wide association study (GWAS) using a total
number of 1,394 cases and 5,486 controls, a SNP rs2596542
located on chromosome 6p21.33 was shown to be significantly
associated with HCV-induced HCC P=4.21x10""% and
OR=1.39) [6]. This SNP is located within the class I major
histocompatibility complex (MHC) region and is at about 4.8 kb
upstream of MHC class I polypeptide-related seq A (MIC4) gene.
We also identified that the risk A allele of SNP rs2596542 was
strongly associated with the low expression of soluble MICA
(sMICA) in the serum of HCV-related HCC patients [6].

PLOS ONE | www.plosone.org

MICA is a membrane protein which is up-regulated in various
tumor cells and also induced in response to various cellular stresses
such as infection, hypoxia, and heat shock [7]. It is an important
component of the innate immune response, as MICA can bind to
the NKG2D receptor and subsequently activate natural killer
(NK) cells, CD8+ cells, and y8 T cells [8,9]. Moreover, membrane
MICA can be shed by metalloproteinases, including MMP9,
ADAMI10, and ADAM17, and secreted into serum as a soluble
form [10,11]. Since these metalloproteinases are often activated in
HCC, the expressions of both membrane-bound MICA and
sMICA are increased [12,13]. SNP rs2596542 was found to be
associated with the progression from chronic hepatitis C (CHC) to
HCQC and also with serum sMICA level. Hence, both rs2596542
and sMICA would be possible prognostic biomarkers for CHC
patients. However, their underlying molecular mechanisms were
not fully elucidated so far.

We hypothesize that MICA variations could affect sSMICA level
by either one or both of the following two possible mechanisms: (1)
the genetic variation(s) in the coding region affecting the protein
stability and (2) the transcriptional regulation. Previously, variable
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numbers of tandem repeats (VINTRs) in exon 5 of MICA were
identified to affect MICA subcellular localization and serum
MICA level [14]. The exon 5 of MICA encodes the transmem-
brane domain and the insertion of an extra G nucleotide in the
domain would result in a premature stop codon that would
generate MICA protein without a transmembrane domain and
subsequently affect sMICA level [14]. However, our previous
results indicated that MICA VNTR was not significantly
associated with the sMICA level or HCC risk [6]. Therefore, in
the current study, we have tried to investigate whether the MIC4
variations would affect the MICA transcription in the liver cancer
cells. Through the functional analysis of genetic variations in the
MICA promoter region, we here report a causative SNP rs2596538
that increases the binding affinity of the transcription factor
Specificity Protein 1 (SP1) and the risk of progression of the
disease.

Materials and Methods

Samples and genotyping

DNA samples for direct sequencing (50 HCV-related HCC
cases), imputation analysis (721 HCV-related HCC cases and
5,486 HCV-negative controls), and serum samples for sMICA
ELISA (246 HCV-related HCC) were obtained from BioBank
Japan [15,16]. Genotyping of SNPs from 1,394 HCC patients and
measurement of sSMICA expression by ELISA were performed in
the previous study [6]. Genotyping of SNP rs2596542 in 1,043
CHC was performed previously in RIKEN using Illumina
HumanHap610-Quad BeadChip [17]. Al CHC subjects had
abnormal levels of serum alanine transaminase for more than 6
months and were positive for both HCV antibody and serum
HCV RNA. The SNP 152596542 in liver cirrhosis samples without
hepatocellular carcinoma from BioBank Japan (n=420) and the
University of Tokyo (n=166) were genotyped using Illumina
HumanHap610-Quad BeadChip or invader assay [18]. All
subjects were either subjected to liver biopsy or diagnosed by
non-invasive methods including hepatic imaging, biochemical
data, and the presence/absence of clinical manifestations of portal
hypertension [18]. The samples used in the current project were
listed in Table S1. Case samples with HBV co-infection were
excluded from this study. The subjects with cancers, chronic
hepatitis B, diabetes or tuberculosis were excluded from non-HCV
controls. All subjects were Japanese origin and provided written
mformed consent. This research project was approved by the
ethical committees of the University of Tokyo and RIKEN.

Imputation study

The imputation study was performed by using a hidden Markov
model programmed in MACH [19] and haplotype information
from 1000 genomes database [20]. The imputation results were
confirmed by direct DNA sequencing in 50 randomly selected
samples.

Cell culture

Human liver cancer cell lines HLE and HepG2 were purchased
from JHSF (Osaka, Japan) and ATCC. These cells were grown in
Dulbecco’s modified Eagle’s medium (Invitrogen) with 10% fetal
bovine serum. Cells were cultured at 37°C with 5% COs,.

EMSA

HLE cells were grown in 15 cm culture plate until they reached
95% confluency. The plate was then sealed with parafilm and
immersed in a water bath at 42.5°C for 1.5 hours [21]. Nuclear
extracts from these cells were prepared according to the standard
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protocol [22]. EMSA was carried out using DIG Gel Shift Kit, 2™
Generation (Roche) according to the manufacturer’s instructions.
The sequences of the 12 probes were listed in the Table S2. In
brief, 30 fmol of labeled probes were hybridized with 5 pg nuclear
extract for 15 minutes at room temperature. The mixtures were
then loaded into a 6% TBE gel, separated by electrophoresis at
4°C and transferred onto a nylon membrane. The membrane was
then hybridized with anti-digoxigenin-AP antibody and developed
by CSPD solution. For competition study, nuclear extracts were
incubated with non-labeled oligonucleotides first before adding
labeled probe. For supershift assay, SP1 antibody (SC-59X, Santa
Cruz Biotechnology) was added into the nuclear extract and
incubated on ice for 30 minutes first before adding labeled probe.
The mixtures were then separated by electrophoresis using 4%
TBE gel. All EMSAs were repeated twice for reconfirmation of the
results.

Chlp

The HLE cells (G allele homozygote) and HepG2 cells
(heterozygote) were used in the ChIP assay. The plasmid
pCAGGS-SP1 was transfected into both cells by using FuGENE6
Transfection Reagent (Roche). The ChIP assays were carried out
using Chromatin Immunoprecipitation Assay Kit (Millipore)
according to the manufacturer’s protocol. In brief, the cells were
treated with formaldehyde to crosslink DNA-protein complexes at
48 hours post-transfection. DNA-protein complexes were then
sheared by sonication and immunoprecipitated by rabbit poly-
clonal anti-SP1 antibody (SC-59X, Santa Cruz Biotechnology).
The resulting DNAs were analyzed by PCR (Table S2). In order to
determine the binding specificity of SP1 to the SNP rs2596538
allele, the PCR products from HepG2 cells were further sub-
cloned into pCR 2.1 vector and sequenced to assess G to A ratio in
both input DNA and immunoprecipitant.

Dual luciferase reporter assay

Three copies of 31 bp DNA fragments equivalent to the EMSA
oligonucleotides of SNP rs2596538 were cloned into pGL3-
promoter vector (Promega). The plasmids were co-transfected with
pCAGGS-SP1 and pRL-TK plasmids (Promega) into HLE cells
by FuGENE6 Transfection Reagent (Roche). The pCAGGS-SP1
plasmid provided the expression of transcription factor SP1, and
pRL-TK plasmid served as internal control for transfection
efficiency [23]. The cells were lysed at 48 hours post-transfection,
and relative luciferase activities were measured by Dual Luciferase
Assay System (Toyo B-Net).

Western blotting

Cancer cell lysates were prepared by using pre-chilled RIPA
buffer, and 25 pg of each lysate was loaded into the gel and
separated by SDS-PAGE. Western blotting was performed
according to the standard protocol. Rabbit anti-MICA antibody
(ab63709, abcam: 1/1000) and rabbit anti-SP1 antibody (17-601,
Upstate Biotechnology: 1/500) were used in the experiment.

Statistical analysis

The case-control association was analyzed by Student’s #test
and Fisher’s exact test as appropriate. The association of allele
dependent SMICA expression was studied by Kruskal-Wallis test
using R statistical environment version 2.8.1. The LD and
coefficients (D’ and 7%) were calculated by Haploview version 4.2
[24].
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Table 1. Association of rs2596542 with the progression from
CHC to LC and HCC.

Control

Case MAF  MAF 4 OR 95% C.l.

0.20296 1.094

0.95-1.26

HCCvs LC 0.4012 0.3797

MAF, minor allele frequency; OR, odds ratio for minor allele. C.I, confidence
interval. SNP rs2596542 was analyzed in 1,043 chronic hepatitis C (CHC), 586
liver cirrhosis without hepatocellular carcinoma (LC) and 1,394 HCV-induce
hepaticellular carcinoma patients (HCC). "calculated by Armitage trend test.
doi:10.1371/journal.pone.0061279.t001

Results

Analyses of SNP rs2596542 in HCV-infected patients at
different disease stages

Since the development of HCC consists of multiple steps, we
investigated the role of SNP rs2596542 with disease progression.
SNP rs2596542 was genotyped in patients at three different
disease categories of CHC (chronic hepatitis C) without liver
cirrhosis (LC) or HCC, LG without HCC, and HCC. The
statistical analysis indicated that SNP rs2596542 was significantly
associated with disease progression from CHC to LC with P-value
of 0.048 and odds ratio of 1.17 (Table 1). The risk allele frequency
among HCC patients (40.1%) was higher than that among LC
patients (38.0%), but the association was not statistically significant
(P-value of 0.203 and odds ratio of 1.09). These results suggested
the involvement of MICA with both liver fibrosis and hepatocel-
lular carcinogenesis.

HCV-HCC risk is not associated with MICA copy number
variation

A previous report has indicated the deletion of the entire MICA
locus in 3.2% of Japanese population [25] and this deletion was
shown to be associated with the risk of nasopharyngeal carcinoma
(NPC), especially in male [26]. To identify the functional SNP that
may affect MICA mRNA expression, we analyzed the relation
between the MICA copy number variation (CNV) and the HCC

Functional Variant of MICA Associated to HCV-HCC

susceptibility. We quantified this CNV by real-time PCR in 375
HCV-related HCC patients and 350 HCV-negative controls. As
shown in Table S3, we found no difference in the copy numbers
between HCC cases and controls, indicating that this CNV is
unlikely to be causative genetic variation for the risk of HCC.

Direct sequencing of 5’ flanking region of MICA

We then focused on the variations in the 5’ flanking region of
the MICA gene which may be associated with its promoter activity.
We had conducted direct DNA sequencing of the 5-kb promoter
region which included the marker SNP rs2596542 using genomic
DNAs of 50 HCC subjects and identified 11 SNPs showing strong
linkage disequilibrium with the marker SNP rs2596542 (D>0.953
and 7>0.832) (Fig. S1, Table 2).

Allele specific binding of nuclear protein to genomic
region including SNP rs2596538

To investigate whether these genetic variations would affect the
binding affinity of some transcription factors, we had conducted
the electrophoretic mobility shift assay (EMSA) using the nuclear
extract of HLE human hepatocellular carcinoma cells. Since
MICA is a stress-inducible protein [21], we first treated the cells
with heat shock treatment at 42°C for 90 minutes and confirmed
significant induction of MICA expression as shown in Fig. la.
Then we performed EMSA using 24 labeled-oligonucleotides
corresponding to each allele of the 12 candidates’ SNPs. The
results of EMSA demonstrated that an oligonucleotide corre-
sponding to a G allele of SNP rs2596538 exhibited stronger
binding affinity to a nuclear protein(s) than that to an A allele
(Fig. 1b). We then confirmed the specific binding of nuclear
proteins to the G allele by competitor assay using non-labeled
oligonucleotides (Fig. Ic). The self (G allele) oligonucleotides
inhibited the formation of DNA-protein complex in a dose-
dependent manner, but the non-self (A allele) oligonucleotides
showed no inhibition effect. Taken together, some nuclear
protein(s) in hepatocellular carcinoma cells would interact with a
DNA fragment including the G allele of SNP rs2596538.

Table 2. Linkage disequilibrium between 11 candidate SNPs and SNP rs2596542.

SNP ID

Relative position® A1

152428475 —4788 G 0.36

152428474 —4387 G 039

5284452 —3703 C 0.38

152844522 —2710 C 0.34

A1 frequency D’ Id

1 0.918

0.953 0.832

doi:10.1371/journal.pone.0061279.t002
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Note: Direct DNA sequence of 5-kb promoter region of MICA from 50 HCV-HCC subjects. D’ and r? were calculated by comparing the genotypes of these SNPs to the
marker SNP 152596542 by Haploview. A1, minor allele; *Relative position to exon 1 of the MICA gene.
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Figure 1. SNP rs2596538 affects the binding affinity of nuclear proteins. (A) Real-time quantitative PCR (upper) and Western blotting
(lower) of MICA before and after heat shock treatment in HLE cells. B2M and B-actin are served as internal and protein loading control. (B) EMSA using
31 bp labeled probes flanking each SNP located within the 4.8 kb region upstream of MICA transcription start site. A black arrow indicates the shifted
band specific to G allele of SNP rs2596538. (C) EMSA using the labeled G allele of SNP rs2596538 and nuclear extract from heat treated HLE cells. Non-
labeled A or G allele of SNP rs2596538 at different concentrations are used as competitors. Pointed arrow indicates shifted band. *P<<0.05 by
Student'’s t-test.

doi:10.1371/journal.pone.0061279.g001
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Figure 2. Binding of transcription factor SP1 to G allele of SNP rs2596538. (A) Multiple alignment of a GC box and DNA sequence of Aor G
probe of SNP rs2596538 used in EMSA. (B} EMSA using the labeled G allele of SNP rs2596538 and nuclear extract from heat treated HLE cells. Non-
labeled consensus oligonucleotides of seven transcription factors are used as competitors. Pointed arrow indicates shifted band. (C) EMSA using the
labeled G allele of SNP rs2596538 and nuclear extract from heat shock treated HLE cells in the presence of anti-SP1 antibody or normal rabbit IgG.
Asterisks on the left side indicate the shifted (*) and super-shifted bands (**). Normal rabbit IgG serves as a negative control. (D) ChlP assay using
HepG2 and HLE cell lines were ectopically expressed with SP1 protein. DNA-protein complex was immunoprecipitated with anti-SP1 antibody
followed by PCR amplification using a primer pair flanking SNP rs2596538. DNAs precipitated without antibody are served as a negative control. PCR
primers flanking the 3' UTR region of MICA are served as a negative control. (E) Genotype distribution at SNP rs2596538 in PCR fragment amplified
from the input genomic DNA and DNA-protein complex immunopurified from HepG2 cells by using anit-SP1 antibody. ¥*P<0.05 by Student’s t-test.

doi:10.1371/journal.pone.0061279.9g002

SNP rs2596538 regulates the binding of SP1

Since in silico analysis identified a putative GG box in a
protective G allele but not in a risk A allele (Fig. 2a), the
transcription factor SP1 might preferentially bind to the G allele.
Base on this information, we further performed competitor assay
using non-labeled oligonucleotides (Table S2) and found that
among seven tested oligonucleotides, only SP1-consensus oligonu-
cleotides could effectively inhibit the binding of the nuclear
protein(s) to the labeled G allele (Fig. 2b). In addition, we identified
that the addition of anti-SP1 antibody caused a supershift of a
band corresponding to the DNA-protein complex while control
IgG did not cause the band shift (Fig. 2c). This result clearly
indicated that the SP1 protein is very likely to be a component of
the DNA-protein complex.

Furthermore, we performed chromatin immunoprecipitation
(ChIP) assay to confirm the binding of SP1 to this genomic region
in vivo. We had used two cell lines with different genetic
backgrounds at SNP rs2596538 locus: HLE cells carrying the
only G allele, while HepG2 cells harboring both A and G alleles.
After the introduction of SPI expression vector (pCAGGS-SP1)
into these cell lines, the cell extracts were subjected to ChIP assay
using anti-SP1 antibody (Fig. 2d). Subsequent PCR experiments
indicated that SP1 bound to a genomic fragment containing the G

PLOS ONE | www.plosone.org
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allele of SNP rs2596538 in vivo, while 3° UTR region of MICA
(negative control) was not immunoprecipitated with anti-SP1
antibody. To further evaluate the binding ability of SP1 to each
allele i vivo, we sub-cloned the DNA fragment that amplified from
genomic DNA of HepG2 cells before and after immunoprecip-
itation by anti-SP1 antibody. The subsequent sequencing results
showed that 26 out of 29 tested clones contained the G allele,
demonstrating the preferential binding of SP1 to the G allele
(Fig. 2e).

SP1 over-expression preferentially up-regulates MICA
expression at G allele

To further investigate the physiological role of the interaction
between SP1 and this genomic region, we performed reporter
gene assay. Three copies of 31-bp DNA fragments flanking the
candidate functional SNP rs2596538 were subcloned into the
multiple cloning sites of the pGL3 promoter vector. The relative
luciferase activity of the plasmid including the G allele was
significantly higher than that including the A allele (Fig. 3a).
Furthermore, over-expression of SP1 in the cells could significantly
enhance the luciferase activity of the G-allele vector, while the
enhancement of the A-allele vector was relatively modest (Fig. 3a).
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Figure 3. Transcriptional regulation of MICA by SP1 through genomic region including SNP rs2596538. (A) Reporter assay using
constructs including 3 copies of 31 bp DNA fragment flanking SNP rs2596538. Reporter constructs are transfected into HLE cells with pRL-TK and
pCAGGS or pCAGGS-SP1 vector. The value of relative luciferase activity was calculated as the firefly luciferase intensity divided by the renilla luciferase
intensity. The data represent the mean * SD value of 4 independent studies. (*P<<0.05, Student’s t-test) (B) MICA expression in HLE cells after
transfection with pCAGGS or pCAGGS-SP1 vector. B-actin is served as a protein loading control.

doi:10.1371/journal.pone.0061279.g003

We also evaluated the effect of ectopically expressed SP1 on the
MICA expression in HLE cells. Western-blot analysis showed that
MICA protein expression was significantly increased after the SP1
over-expression (Fig. 3b). These results provided a strong evidence
that the G allele has higher transcriptional potential that can be
inducible by SP1.

Association of SNP rs2596538 with HCC risk and sMICA
level in HCV-induced HCC patients

To further investigate the role of SNP rs2596538 in human
carcinogenesis, we investigated the association of SNP rs2596538
with HCV-induced HCC in 721 HCV-HCC cases and 5,486
HCV-negative controls that had been genotyped using Illumina
HumanHap610-Quad Genotyping BeadChip in our previous

Table 3. Association of SNP rs2596542 and SNP rs2596538
with HCV-induced HCC.

Relative
P value

position® A1 OR

SNP ID

152596538 —2778 A 1.343 1.82x107%

Note: Genotype data of 721 HCV-HCC cases and 5,486 HCV-negative controls
were imputed using 1000 genomes as reference. A1, risk allele; OR, odds ratio
for the risk allele calculated by considering the protective allele as a reference.
?Relative position to exon 1 of the MICA gene.
doi:10.1371/journal.pone.0061279.t003
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study [6]. We performed imputation analysis by using haplotype
data from 1000 genome database [20] and found that an A allele
of SNP rs2596538 was considered to be a risk allele for HCV-
related HCG (Table 3, odds ratio=1.343, P=1.82x107>). The
functional SNP rs2596538 exhibited a stronger association with
the HCQ risk than the marker SNP rs2596542 (2.46x107°). We
also analyzed the relationship between the SNP rs2596538 and the
sMICA level among 246 HCV-induced HCC patients and found a
significant association with the P-value of 0.00616 (Fig. 4). These
results were concordant with our functional analyses in which the
G allele exhibited a higher affinity to SP1 and revealed a higher
transcriptional activity.

Discussion

Approximately 160 million people (2.35% of the worldwide
population) are estimated to have HCV infection [27]. Since HCV
carriers have an increased risk to develop liver cirrhosis and
subsequent HCC [28,29], the prediction of cancer risk is especially
important for CHC patients. In our previous study, we have
identified that SNP rs2596542 located in the upstream of MICA
gene was significantly associated with the risk of HCC develop-
ment among CHC patients as well as the serum level of sMICA
[6]. In this study, we found that the genetic variant at SNP
32596538 strongly affected the binding affinity of SP1. Over-
expression of SP1 remarkably induced MICA expression in cells
carrying the G allele that has a higher affinity to the SP1 binding.
These findings are concordant with higher serum sMICA level
among HCC patients with the G allele at SNP rs2596538. SP1is a
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