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OBJECTIVES:

The combination of computed tomography with hepatic arteriography and arterial portography

(CTHA/CTAP) can detect additional hepatocellular carcinoma (HCC) nodules undetected by

conventional dynamic CT.

METHODS:

In this single-center, randomized, open-label, controlled trial, we randomly assigned 280 patients

who were diagnosed as having HCC by conventional dynamic CT, and eligible for radiofrequency
ablation (RFA), to undergo CTHA/CTAP before treatment, or to the control group. Newly detected
HCC nodules by CTHA/CTAP were intended to be ablated completely. The primary end point was
recurrence-free survival and the key secondary end point was overall survival. The analysis was con-
ducted on an iniention-to-treat basis. Those with nonabiated nodules were treated as for recurrence.

RESULTS:

A total of 75 nodules were newly diagnosed as HCC by CTHA/CTAP in 45 patients. Three patients

(one in the CTHA/CTAP group and two in the control group) who refused treatment were excluded
from all analyses. The cumulative recurrence-free survival rates at 1, 2, and 3 years were 60.1, 29.0,
and 18.9% in the CTHA/CTAP group and 52.2, 29.7, and 23.1% in the control group, respectively
(P=0.66 by log-rank test; hazard ratio, 0.94 for CTHA/CTAP vs. control; 95% confidence interval
(Cl), 0.73-1.22). The cumulative overall survival rates at 3 and 5 years were 79.7 and 56.4% in the
CTHA/CTAP group and 86.8 and 60.1% in the conirol group, respectively (P=0.50; hazard ratio,

1.15, 95% Cl, 0.77-1.71).

CONCLUSIONS: CTHA/CTAP may detect recurrent lesions earlier. However, CTHA/CTAP before RFA did not improve
cumulative recurrence-free survival or overall survival.

Am ] Gastroenterol 2013; 108:1305-1313; doi:10.1038/ajg.2013.109; published online 30 April 2013

INTRODUCTION

Hepatocellular carcinoma (HCC) ranks as the fifth most common
cancer worldwide (1). In Japan, ~35,000 patients die from HCC
every year (2), and the main cause of HCC is hepatitis C virus
infection. In chronic hepatitis patients, screening of HCC is usually
performed by ultrasonography, and the diagnosis is confirmed by
contrast-enhanced dynamic computed tomography (CT). Hyper-
attenuation in the arterial phase and hypoattenuation in the equi-
librium phase are considered to be definitive signs of HCC (3-7).
Hyperattenuation in the arterial phase is more emphasized when

contrast material is injected from the hepatic artery through a
catheter, because dilution of contrast material in the systemic cir-
culation is avoided, thus keeping a high concentration of contrast
material in the liver. This technique is called CT during hepatic
arteriography (CTHA) (6,8-10). Similarly, hypoattenuation in the
equilibrium phase is accentuated after injection of contrast mate-
rial into the superior mesenteric artery, which is referred to as CT
during arterial portography (CTAP) (11-14). The combination of
CTHA and CTAP gives higher sensitivity and specificity for HCC
detection than conventional dynamic enhanced CT (8).
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If new HCC nodules are detected with CTHA/CTAP, in addition
to those detected with dynamic CT, the treatment of choice may be
changed (15,16). For example, surgical resection and liver trans-
plantation are usually contraindicated for multinodular HCC; that
is, exceeding three nodules. Percutaneous tumor ablation methods,
such as ethanol injection and microwave coagulation, have played
an important role as nonsurgical treatments that can achieve
high local cure rates without affecting background liver function
(17-20). Radiofrequency ablation (RFA) is currently considered
to be the most effective first-line percutaneous ablation protocol
because of its greater efficacy in terms of local cure as compared
with ethanol injection (21-24). However, even after complete abla-
tion, patients frequently encounter intrahepatic tumor recurrence
at a rate of 50% in 2 years, the majority of which occurs at locations
distant from the primary ablated site (25). Considering the tumor
doubling time, many nodules diagnosed as recurrent within 2 years
were probably present at the time of first ablation. If nodules that
are undetectable by conventional dynamic CT could be detected
and ablated, the recurrence rate would be decreased.

Although CTHA/CTAP is one of the most sensitive techniques
available for detection of small HCC, its disadvantages include
invasiveness, high cost, and a high false-positive rate (26). The indi-
cation for CTHA/CTAP can be justified only when the expected
benefits exceed the risk and cost of the procedure. We conducted
a single-center, randomized, open-label, controlled trial to assess
the utility of CTHA/CTAP before RFA in patients with early-stage
HCC by comparing recurrence-free and overall survival.

METHODS

Patients

The study population consisted of patients with early-stage HCC
with an indication for RFA. Those who met the following crite-
ria were enrolled between September 2004 and February 2009:
(i) diagnosis of typical HCC on dynamic CT performed within
2 weeks, i.e., hyperattenuation during the arterial phase and
hypoattenuation during the equilibrium phase (5,6); (ii) tumor
size <3.0cm and no more than three tumor nodules; (iii) Child-
Pugh class A liver function; and (iv) age >20 years. Exclusion
criteria were: allergy to contrast media; portal or hepatic vein
tumor thrombosis; extrahepatic metastasis; diffuse and infiltra-
tive tumors; renal failure (serum creatinine >2.0 mg/dl, or serum
urea nitrogen >30mg/dl); impaired coagulation (e.g., platelet
count <50%10%ul, or prothrombin activity <50%); pregnancy;
or past history of choledochojejunostomy. We included those with
previous treatments as well as treatment-naive cases provided that
there was no local recurrence at enrollment. These inclusion cri-
teria and the study design did not change till the study completely
ended. The study design conformed to the Declaration of Helsinki
Principles and was approved by the ethics committee of our insti-
tution. The study was registered at the University Hospital Medical
Information -Network (UMIN) Clinical Trial Registry (UMIN-
CTRO00000070). Written informed consent was obtained from
each patient. This study complied with the CONSORT guidelines
for reporting of clinical trials (27).
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Study design

Before receiving RFA, patients were randomly assigned to
undergo CTHA/CTAP or not in equal numbers. Patient registra-
tion and randomization were performed by computer-generated
allocation at a web-based data center (Internet Data and Infor-
mation Center for Medical Research) administered by UMIN. At
the time of randomization, patients were stratified either as treat-
ment naive, for whom RFA was planned as an initial treatment
for HCC, or recurrent, for whom RFA was planned for recurrent
HCC. The randomization was based on the Efron’s biased-coin
design (28). In principal, the assignment was not blinded to the
investigators and the participants. The interval between ran-
dom assignment and implementation of treatment for HCC was
<4 weeks. CTHA/CTAP was performed on the assigned patients
on the second day of admission, and RFA was performed 2 or 3 days
later, given that the total number of HCC nodules remained <4.
When >4 HCC nodules were detected on CTHA/CTAP, patients
first received transarterial chemoembolization (TACE) immedi-
ately after CTHA/CTAUP, followed later by RFA to achieve com-
plete ablation of the tumor nodules.

Radiographic procedures

For the diagnosis of HCC at study entry, intravenous contrast-
enhanced dynamic CT was performed on an outpatient basis
using an X-ray CT device with 4, 8, or 16 detector rows (Aquilion
4/16; Toshiba, Tokyo, Japan; LightSpeed Qx/I, LightSpeed Ultra;
GE Healthcare, Milwaukee, WI). Images were obtained during the
early arterial, late arterial, and equilibrium phases at 28, 40, and
120s after starting the intravenous bolus injection of iopamidol
(Iopamiron; Nihon Schering, Osaka, Japan) or iohexol (Omni-
paque; Daiichi Sankyo, Tokyo, Japan) at a rate of 2.3-3.3 ml/s with
a power injector. The total dose of iodine was 0.7 g/kg body weight,
with an upper limit of 37 g iodine. The injection time for the con-
trast material was 30s. Images were reconstructed with a section
thickness of 2.5mm and a reconstruction interval of 1.5 mm, and
were reviewed by experienced radiologists.

CTHA/CTAP was performed on an inpatient basis. First, a
4-Fr modified Shepherd-hook catheter and a 4-Fr hepatic-curve
catheter were placed in the celiac artery and superior mesenteric
artery, respectively, through bilateral femoral arteries, according
to Seldinger’s method. Digital subtraction angiography was per-
formed from the celiac artery to evaluate hepatic artery anatomy.
A microcatheter was inserted through the 4-Fr catheter and placed
in the proper or common hepatic artery for hepatic arteriography.

The CTAP catheter was placed in the superior mesenteric artery
inall cases. In the case of a replaced or accessory right hepatic artery,
the catheter was inserted well beyond the origin of the hepatic artery
to prevent contrast medium overflow into the hepatic artery. Less
than 30 ml of contrast agent, which was diluted to 100 mg I/ml, was
used before the CTHA/CTAP study. First, CTAP was performed
using 90ml nonionic contrast medium diluted to 100mg I/ml,
and then CT scanning was performed 30s after the start of the
injection at a rate of 3.0ml/s. Multidetector-row CT images were
obtained during a single breath hold in a longitudinal direction
with collimation of 1 mm, table speed of 30mm/s, 120kVp, and
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300mAs. CTHA was performed at least 5min after CTAP, using
the same parameters. CT scanning was performed at 10 and 45s
after the start of contrast medium injection into the microcatheter
at a rate of 2.0-2.5ml/s. A total of 30-50 ml contrast agent diluted
to 100mg I/ml was used. When the liver was perfused by two or
more hepatic arteries such as a replaced right hepatic artery, acces-
sory right hepatic artery, or left hepatic artery downstream of the
left gastric artery, CTHA was performed from each of the respec-
tive arteries. A diagnosis of typical HCC on CTHA/CTAP was
defined as a round hypervascular nodule on CTHA with a defect
on CTAP, accompanied by corona enhancement during the second
phase of CTHA or hypoattenuation during the equilibrium phase
of prior dynamic CT (10,29).

TACE was additionally performed when 24 HCC nodules were
detected on CTHA/CTADP, as evaluated at the time by the oper-
ating radiologist. The procedure used 3.0ml contrast medium,
30mg doxorubicin (Adriacin; Kyowahakko Kirin, Tokyo, Japan),
and 3.0 mliodized oil (Lipiodol Ultra-Fluid; Guerbet Japan, Tokyo,
Japan). The amounts of contrast medium and iodized oil in this
suspension were arbitrarily adjusted according to tumor size.
This agent was injected into each feeder of the HCC, followed
by infusion of 2-mm-diameter gelatin sponge particles (Gelpart;
Nihonkayaku, Tokyo, Japan).

CTHA/CTAP images were scrutinized by two experienced
radiologists, who made the final diagnosis. The radiologists were
not blinded to information regarding the preceding conventional
dynamic CT. Preceding intravenous contrast-enhanced dynamic
CT was retrospectively reviewed for nodules newly diagnosed by
CTHA/CTAP to determine whether the nodules could have been
detected on dynamic CT.

Radiofrequency ablation

RFA was performed on an inpatient basis. The precise procedure
of RFA is described elsewhere (30). All RFA procedures were per-
formed percutaneously under ultrasonographic guidance. We
used a 17-gauge cooled-tip electrode (Cool-Tip; RF Ablation Sys-
tem, Covidien, Boulder, Colombia, CO) for RFA. Radiofrequency
energy was delivered for 6-12min for each application. For
large tumors, the electrode was repeatedly inserted into different
sites, such that the entire tumor could be enveloped by assumed
necrotic volumes. A CT scan with a 5-mm section thickness was
performed 1-3 days after RFA to evaluate technical effectiveness.
Complete ablation was defined as hypoattenuation of the entire
tumor. We intended to ablate not only the tumor but also some
of the liver parenchyma surrounding it. When we suspected that
some portion of tumor remained nonablated, RFA was repeated.
We did not predefine the procedure number in a treatment: treat-
ment was generally continued until CT imaging demonstrated
necrosis of the entire tumor.

Follow-up

The follow-up regimen after RFA consisted of blood tests and
monitoring of tumor markers in an outpatient setting. Ultra-
sonography and dynamic CT were performed every 4 months.
Tumor recurrence was defined as a newly developed lesion on a

© 2013 by the American College of Gastroenterology
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dynamic CT that showed hyperattenuation in the arterial phase
with washout in the late phase. Recurrent site was categorized as
intrahepatic recurrence distant from ablated nodules, local tumor
progression defined as the appearance of viable cancer tissue
touching the ablated nodules, and extrahepatic metastasis (31).
The follow-up was censored in February 2011 when 2 years had
passed after the enrollment of patient 280. No interim analysis
was specified in the protocol.

End points

The primary end point was recurrence-free survival, where both
recurrence and death were treated as an event. We intended to
ablate all detected nodules in both groups. When additional nod-
ules were detected by CTHA/CTAP, the newly detected nodules
were also ablated. When >3 nodules were diagnosed as HCC by
CTHA/CTAP, we performed TACE and subsequently intended
to ablate all of the nodules. When nonablated viable tumors
were detected by CT for treatment evaluation, those cases were
treated as an event 120 days after randomization. Even when
newly detected nodules showed dense Lipiodol deposits after
TACE, the nodules were considered as viable if the nodules were
nonablated.

Secondary end points were the number of additional nodules
detected by CTHA/CTAP, the proportion of patients with com-
plete ablation, overall survival, and safety of CTHA/CTAP and
RFA. Complications were defined according to the guidelines
of the Society of Interventional Radiology (32). According to
the guidelines, major complications were defined as those that
required therapy or prolonged hospitalization, or left permanent
adverse sequelae, or death.

Statistical analysis

This study was designed to detect a 15% increase in 2-year recur-
rence-free survival in the CTHA/CTAP group from an antici-
pated 35% in the control group. To detect this difference with a
power of 80% and type I error of 5% (two-sided test), we needed
280 patients (140 for each arm). Differences between groups for
each characteristic were tested for significance with Fisher’s exact
test for categorical variables and ¢-test for continuous variables.
All data necessary for analysis was corrected in the main
computer server system of University of Tokyo, Department of
Gastroenterology.

Recurrence-free survival and overall survival were calculated
using the Kaplan-Meier method and were compared by the
log-rank test. Cox proportional hazard regression was used to
calculate hazard ratios with 95% confidence interval (CI) between
the groups in univariate and multivariate settings. The primary
end point was evaluated in subgroups according to the following
characteristics: age, sex, body mass index, treatment naivety, hepa-
titis B surface antigen (HBsAg) positivity, hepatitis C virus anti-
body positivity, tumor size, tumor number, platelet count, tumor
marker positivity for o-fetoprotein (AFP), lens culinaris aggluti-
nin-reactive fraction of AFP, and des-y-carboxy prothrombin. An
adjusted hazard ratio comparing the groups was calculated using
multivariate Cox regression with factors that showed significance
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Figure 1. Patient enroliment and outcomes. CTAP, computed tomography during arterial portography; CTHA, computed tomography during hepatic
arteriography; RFA, radiofrequency ablation; TACE, transarterial chemoembolization.

in univariate analysis. Data at entry were used for the analyses.
A post hoc analysis comparing the recurrence-free survival of those
with and without newly diagnosed HCC in the CTHA/CTAP
group was performed.

All analyses were performed on an intention-to-treat basis.
Differences with a two-sided P value of <0.05 were considered
statistically significant. Data processing and analysis were per-
formed with S-PLUS ver. 7 (TIBCO Software, Palo Alto, CA).
Finally, all authors had access to the study data and had reviewed
and approved the final manuscript.

RESULTS

Patient enrollment

According to the study protocol, the registration started from
September 2004 for 5 years and the follow-up was censored in
February 2011 when 2 years had passed after the enrollment of
patient 280. During the study period, 280 of 591 (47.4%) eligible
patients agreed to participate in the trial, and 140 of these were
randomly assigned to undergo CTHA/CTAP before RFA. Three
patients declined to undergo CTHA/CTAP after assignment.
A total of 140 patients were randomly assigned to the control

The American Journal of GASTROENTEROLOGY

group. One patient assigned to the control group received CTHA/
CTAP because of strong preference (Figure 1).

Treatment

In 45 (32.4%) patients, 75 nodules with a median diameter of
8mm (range, 2-20) were additionally diagnosed by experienced
radiologists as definite HCC on CTHA/CTAP. The detailed char-
acteristics of newly diagnosed nodules have been reported previ-
ously (33). In 17 patients, the number of HCC nodules exceeded
3 after CTHA/CTAP, and TACE was performed subsequently.
We intended to ablate all nodules by RFA including additionally
detected nodules. In 122 patients, there were <3 HCC nodules,
and complete ablation was obtained in 121 patients (99.2%).
Among 17 patients treated with TACE, 14 (82.4%) subsequently
underwent RFA and complete ablation was obtained in 13 (92.9%)
patients. The remaining 3 patients (17.6%) did not undergo RFA
because of tumor nodule multiplicity in 2 patients and simultane-
ously diagnosed malignant B-cell lymphoma in the third patient.
Among 140 patients who were assigned to the control group,
137 (97.9%) were treated with RFA, and complete ablation was
obtained in 136 (99.3%) patients. One patient withdrew consent
and underwent hepatic resection. Two patients refused to receive
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any treatment and were lost to follow-up. Finally, 139 (99.3%)
patients in the CTHA/CTAP group and 138 (98.6%) patients in
the control group were included in the analysis.

Patient characteristics

There was no statistically significant difference in patient charac-
teristics between the groups (Table 1). Median age at enrollment
was 70 years, and approximately two-thirds of patients were male.
Approximately 55% of patients were treatment-naive cases and the
remaining patients had a history of previous treatment. Among
those previously treated patients, the median interval between the
initial treatment and the study enrollment was 42 (interquartile
range, 22-65) months in the CTHA/CTAP group and 30 (20-61)
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months in the control group. There was no statistically significant
difference between the two groups (P=0.72). The total number
of HCC nodules detected in original contrast-enhanced
dynamic CT was 197 (101 patients were uninodular and the rest
were multinodular) in the CTHA/CTAP group and 196
(98 patients were uninodular and the rest were multinodular) in
the control group.

Recurrence
By the end of the follow-up, tumor recurrence was identified in
109 patients (78.4%) in the CTHA/CTAP group and 112 patients
(81.2%) in the control group. The distribution of recurrent site
was intrahepatic distant recurrence (N=98), local tumor pro-
gression (N=7), both (N=1), and extrahepatic metastasis (N=3)
in the CTHA/CTAP group and intrahepatic distant recurrence
(N=103), local tumor progression (N=4), both (N=2), and ext-
rahepatic metastasis (N=3) in the control group. Five patients
(3.6%) in the CTHA/CTAP group and 1 patient (0.7%) in the
control group in whom complete ablation could not be obtained
by RFA were treated as recurrence on 120 days after randomiza-
tion when the first follow-up CT would have been scheduled. In
each group, four patients died without recurrence. The cumula-
tive recurrence-free survival rates at 1, 2, and 3 years were 60.1,
29.0, and 18.9% in the CTHA/CTAP group and 52.2, 29.7, and
23.1% in the control group, respectively (Figure 2a). The dif-
ference between the two groups was not statistically significant
(P=0.66 by log-rank test; hazard ratio, 0.94 for CTHA/CTAP vs.
control; 95% CI, 0.73-1.22). The CTHA/CTAP group showed bet-
ter recurrence-free survival with marginal statistical significance
in the subgroups with higher AFP or AFP-L3 values (Figure 3).
Univariate Cox regression analysis identified older age (P=0.01),
hepatitis C virus antibody positivity (P=0.001), lower albumin
level (P=0.04), recurrent cases (P<0.001), multinodular HCC
(P<0.001), and higher AFP level (P=0.02) as significant predic-
tors for recurrence-free survival (Table 2). Adjusted hazard ratio
of the CTHA/CTAP group vs. the control group by multivariate
Cox regression analysis was 0.86 (95% CI, 0.67-1.12; P=0.27,
Table 3).

Overall survival

By the end of the follow-up, 51 patients (36.7%) in the CTHA/
CTAP group and 45 patients (32.6%) in the control group died.
The cumulative overall survival rates at 3 and 5 years were 79.7
and 56.4% in the CTHA/CTAP group and 86.8 and 60.1% in the
control group, respectively (Figure 2b). There was no statistically
significant difference between the groups (P=0.50 by log-rank
test; hazard ratio, 1.15, 95% CI, 0.77-1.71).

Safety

No procedural complications attributable to CTHA/CTAP or
TACE were observed. Major complications related to RFA were
observed in 2 patients (1.4%) in the CTHA/CTAP group (2 with
neoplastic seeding) and in 3 patients (2.2%) in the control group
(1 each with hepatic infarction, hemothorax, and neoplastic
seeding). There was no procedure-related death.
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Figure 2, Kaplan-Meier estimate of the recurrence-free survival and over-
all survival. (a) The cumulative recurrence-free survival rates at 1, 2, and
3 years were 60.1, 29.0, and 18.9% in the CTHA/CTAP group and 52.2,
29.7, and 23.1% in the control group, respectively. (b) The cumulative
overall survival rates at 3 and 5 years were 79.7 and 56.4% in CTHA/CTAP
group and 86.8 and 60.1% in the control group, respectively. (c) Patients
with an additional nodule detected by CTHA/CTAP showed significantly
poorer recurrence-free survival than those without an additional nodule.
CTAP, computed tomography during arterial portography; CTHA,
computed tomography during hepatic arteriography.

Recurrence-free survival between those with and without
additional nodules in CTHA/CTAP group

As a post hoc analysis, we compared the recurrence-free survival
between those with (N=45) and without (N=92) additional HCC
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Figure 3. Recurrence-free survival of subgroups by Cox proportional
hazard regression according to clinical characteristics at study entry.
AFP, o-fetoprotein; BMI, body mass index; Cl, confidence interval;

CT, computed tomography; CTAP, computed tomography during arterial
portography; CTHA, computed tomography during hepatic arteriography;
DCP, des-y-carboxy prothrombin; HBsAg, hepatitis B surface antigen;
HCVAD, hepatitis C virus antibody; yr, year.

nodules diagnosed by CTHA/CTAP. As compared with those
in whom additional HCC nodules were not detected by CTHA/
CTAP, those with additional nodules included more HBsAg-nega-
tive patients (97.7 vs. 78.3%, P=0.002), previously treated patients
(62.2 vs. 23.9%, P=0.006), and patients with multiple HCC nod-
ules on dynamic CT (44.4 vs. 17.4%, P=0.002). Patients with
additional nodule by CTHA/CTAP showed significantly poorer
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recurrence-free survival than those without additional nodules
(P=0.003, Figure 2c).

DISCUSSION
An advance in diagnostic technology generally indicates improved
sensitivity or specificity, which corresponds to the detection of

© 2013 by the American College of Gastroenterology

CTHA/CTAP Before RFA

smaller lesions with a clearer view in imaging modalities. In our
previous study, we showed that 75 nodules with a mean diam-
eter of 8.7 mm (range, 2-20mm) in 45 (33%) of 139 patients who
underwent CTHA/CTAP were additionally diagnosed as definite
HCC, compared with dynamic CT examination (33). However,
no significant difference was observed in terms of recurrence-free
survival between those who did and did not undergo CTHA/
CTAP before RFA.

One reason for this discrepancy may be that the impact of
CTHA/CTAP on recurrence reduction was diluted by a Jong-term
follow-up of >2 years. It is unlikely that CTHA/CTAP could detect
small nodules that would be detected 22 years later by conventional
dynamic CT. In fact, the number of recurrences identified within
1 year after enrollment was lower in the CTHA/CTAP group than
the control group (54 vs. 65, data not shown).

Another reason could be that fewer patients achieved complete
ablation of target nodules in the CTHA/CTAP group than in the
control group. The additionally diagnosed HCC nodules were
small, and detection of these nodules by ultrasonography was
difficult. Recent technologies such as contrast ultrasonography
or fusion imaging, which can improve the accuracy of ablation
techniques (34-36), may increase the probability of detection of
smaller nodules before RFA.

Precise evaluation of the stage of progression is important
for deciding on treatment procedures in HCC management.
Seventeen patients in the CTHA/CTAP group were diagnosed
with >4 nodules by CTHA/CTAP, which is not considered
suitable for RFA according to widely used criteria.

In our previous study, we showed that recurrence as opposed
to initial occurrence, multinodularity on dynamic CT, and HBsAg
negativity were significant predictors for finding additional HCC
by CTHA/CTAP (33). In fact, the CTHA/CTAP group showed
better outcomes in the subgroups with HBsAg-negative cases,
previously treated patients, and multinodular HCC. However,
post hoc analysis comparing recurrence-free survival of those with
and without additional nodules detected by CTHA/CTAP showed
that those with a higher probability of additional nodules were
also at a higher risk of recurrence. The advantage of CTHA/CTAP
in finding more HCC nodules might be counter balanced by the
higher risk of recurrence.

This study has several limitations. First, the additional nod-
ules detected by CTHA/CTAP were not confirmed histologically.
Therefore, we cannot exclude the possibility of overdiagnosis.
Second, 45% of the patients had a history of previous treatment
including resection, RFA, and TACE. Those previous treatments
might substantially alter the hemodynamic status in the liver and
affect the accuracy of CTHA/CTAP. On the other hand, in the
previously treated cases, the radiologists could refer to the past
series of dynamic CT during performing CTHA/CTAP, which
might improve the accuracy of CTHA/CTAP as compared
with treatment-naive cases. Third, 17 patients in the CTHA/CTAP
group underwent TACE as a salvage treatment because total
number of HCC nodules exceeded 3 after CTHA/CTAP. This
might affect the recurrence-free and overall survival in the CTHA/
CTAP group.
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Our results may be extrapolated to other imaging modalities
including gadoxetic acid-enhanced magnetic resonance imaging
and second-generation contrast ultrasonography (37,38). These
newly developed modalities also make possible the detection of
small nodules that are invisible by dynamic CT. However, better
diagnosis does not necessarily lead to better primary outcome.

In conclusion, CTHA/CTAP before RFA resulted in improved
HCC diagnosis and detection of additional nodules in one-third
of the study participants. However, it did not improve recurrence-
free survival. The indications for CTHA/CTAP should be evalu-
ated carefully.

Study protocol URL: https://upload.umin.ac.jp/cgi-open-bin/
ctr/ctr.cgi*function=brows&action=brows&recptno=R000000117
&type=summary&language=E.
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Regulation of the expression of the liver
cancer susceptibility gene MICA by
microRNAs

Takahiro Kishikawa'*, Motoyuki Otsuka'?*, Takeshi Yoshikawa', Motoko Ohno', Akemi Takata’,
Chikako Shibata', Yuji Kondo', Masao Akanuma®, Haruhiko Yoshida' & Kazuhiko Koike'

'Department of Gastroenterology, Graduate School of Medicine, The University of Tokyo, Tokyo 113-8655, Japan, 2Japan Science
and Technology Agency, PRESTO, Kawaguchi, Saitama 332-0012, Japan, *Division of Gastroenterology, The Institute for Adult
Diseases, Asahi Life Foundation, Tokyo 100-0005, Japan.

Hepatocellular carcinoma (HCC) is a threat to public health worldwide. We previously identified the
association of a single nucleotide polymorphism (SNP) at the promoter region of the MHC class I
polypeptide-related sequence A (MICA) gene with the risk of hepatitis-virus-related HCC. Because this SNP
affects MICA expression levels, regulating MICA expression levels may be important in the prevention of
HCC. We herein show that the microRNA (miR) 25-93-106b cluster can modulate MICA levels in HCC
cells. Overexpression of the miR 25-93-106b cluster significantly suppressed MICA expression. Conversely,
silencing of this miR cluster enhanced MICA expression in cells that express substantial amounts of MICA.
The changes in MICA expression levels by the miR25-93-106b cluster were biologically significant in an
NKG2D-binding assay and an in vivo cell-killing model. These data suggest that the modulation of MICA
expression levels by miRNAs may be a useful method to regulate HCCs during hepatitis viral infection.

epatocellular carcinoma (HCC) is the third most common cause of cancer-related mortality worldwide’.
Although multiple major risk factors have been identified, such as genetic factors, environmental toxins,
alcohol abuse, obesity, and metabolic disorders’, infection with hepatitis virus B (HBV) or C (HCV)
remains the major etiological factor for HCC'.

Disease progression in HBV-induced or HCV-induced HCC is a multistep phenomenon. The clinical out-
comes vary among individuals'** because disease progression is influenced by both environmental and genetic
risk factors. In terms of genetic susceptibility factors for HCV-induced HCC, we previously identified a single
nucleotide polymorphism (SNP) site in the 5'-flanking region of the MICA gene on 6p21.33 (rs2596452) that is
strongly associated with progression from chronic hepatitis C to HCC®. Individuals with the risk allele A of
rs2596452 showed lower serum MICA protein levels®. Our subsequent study revealed that the same SNP site was
also significantly associated with the risk of HBV-induced HCC®. However, interestingly, the risk allele was G in
cases of HBV infection, which differed from HCV infection, and the individuals with the risk allele showed
increased MICA protein expression levels®. Despite the different risk alleles at the same SNP site and inverse
association between serum MICA levels and HCC risks in these two etiologies, MICA protein expression levels
are significantly associated with susceptibility to HCC in chronic hepatitis viral infection.

MICA is highly expressed on viral-infected and cancer cells and acts as a ligand for NKG2D to activate the
antitumor effects of natural killer cells and CD8 T cells”®. This NKG2D-mediated tumor rejection is considered to
be effective in the early stages of tumor growth®'". Thus, the expression levels of MICA on the tumor cell surface
may determine the antitumor efficacy, and the levels of shedding MICA in serum may act as a decoy of NKG2D to
avoid tumor rejection.

Although several stress pathways regulate the transcription of the MICA gene'®", cellular microRNAs are
suggested to control MICA protein expression via post-transcriptional mechanisms'*'®. Recently, nucleic-acid-
mediated gene therapy has been undergoing clinical trials'. Therefore, to target the clinical application of our
GWAS results toward prevention of chronic-hepatitis-infection-induced HCC by nucleic-acid-mediated therapy,
we determined the regulatory mechanisms of MICA protein expression using miRNA overexpression and
miRNA functional silencing.
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Figure 1 | Expression of MICA protein in HCC cells. (a), Flow cytometry assessment of MICA protein expression in HCC cells (purple lines).
Isotype IgG was used for background staining (black lines). HeLa cells were used as the positive control. Representative results from two independent
experiments are shown. (b), Immunofluorescence staining for MICA in Huh7 and Hep3B cells. Representative images from two independent

experiments are shown. Scale bar, 25 pm.

Results

HCC cell lines differentially express MICA protein. To determine
MICA protein levels in HCC cells, four representative HCC cell lines
(Huh7, HLE, PLC/PREF/5, and Hep3B cells) underwent flow cyto-
metry to evaluate MICA protein expression because no appropriate
antibodies against MICA protein are at present available for western
blotting. HeLa cells, which are known to express MICA protein’,
were used as a positive control. Hep3B and PLC/PRF/5 cells expre-
ssed substantial MICA protein levels, Huh7 and HLE cells expressed
no MICA protein (Figure 1a). This was confirmed by immunocyto-
chemistry using Huh7 and Hep3B cells, which showed staining
mainly of cell surfaces (Figure 1b). These results suggest that the
MICA protein expression status depends on the cell line examined,
even those from the same organ.

The MiR25-93-106b cluster regulates MICA expression. Because
upregulation of MICA expression was observed in Dicer-knockdown
cells'®, we hypothesized that MICA expression levels may be at least
partly regulated by miRNAs. We initially tested miRNAs that might
affect MICA expression using reporter constructs into which MICA
3’-untranslated region (3'UTR) sequences were cloned and by
transiently overexpressing 76 mature synthetic microRNAs, which
were selected on the basis of their hepatic expression level, as in our
previous studies'>*’. Among the microRNAs examined, several may
target MICA 3'UTR (Supplementary Figure 1). Among them, we
focused on miR93 and miR106b, which were considered to target
MICA 3"UTR based partly on the results of our initial miRNA testing
described above; in addition, their possible target sequences were
identified in the MICA 3'UTR sequences by a computational
search using TargetScan 6.0 *'. Additional reasons that we focused
on these two miRNAs were as follows: 1) these miRNAs share the
same seed sequences, to which two perfect-match complementary
sequences exist in the 3'UTR of MICA (Figure 2a); 2) the target

sequences are highly conserved among mammals and are thus
likely to be biologically important sites; and 3) these miRNAs are
located as a “miR25-93-106b cluster” on human chromosome
7q22.1, and so they may be expressed together under the same
transcriptional control. We introduced mutations in the first
possible miRNA target sequences of MICA 3’UTR in the reporter
constructs (Supplementary Figure 2a); these sequences have a higher
likelihood to be target sites, as determined by TargetScan. Co-
transfection experiments revealed that reporter activity was sup-
pressed by overexpression of a miR25-93-106b cluster-expressing
plasmid (Figure 2b and Supplementary PFigure 2b). The over-
expression of an unrelated miR (let-7g)-expressing plasmid did not
have any significant effects on the reporter activity (Supplementary
Figure 2c) and the suppressive effect was lost using constructs with
three point mutations in the seed sequences (Figure 2¢), suggesting
that miR25-93-106b directly targets these sequences and suppresses
gene expression.

To confirm these effects, we generated HeLa and Hep3B cell lines
that stably expressed the miR25-93-106b-cluster by transducing cells
with miR25-93-106b-cluster-expressing lentiviruses (Figure 2d). As
expected, the expression of the miR25-93-106b-cluster significantly
suppressed MICA protein expression (Figure 2e). However, the
expression levels of endogenous miR93 and 106b were not always
proportional to the levels of MICA protein expression in the cell lines
examined (Supplementary Figure 3). These results suggest that
MICA protein expression can be regulated by miR93 and 106b, but
that its expression is simultaneously endogenously regulated by other
factors (possibly by promoter activities, including epigenetic
changes).

Inhibition of miR25-93-106b function increases MICA protein
expression. To develop methods of enhancing MICA protein
expression levels based on the above results, we examined the
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control. Representative images from two independent experiments are shown. Full-length blot images are available in Supplementary Figure 5.

(e), Suppression of MICA expression by overexpression of miRNA93 and 106b. Flow cytometry assessment of MICA protein expression in control (black
lines) and stably miR25-93-106b cluster-expressing HeLa and Hep3B cells (red lines). Gray-shaded histograms represent the background staining using
isotype IgG. Representative results from two independent experiments are shown.

effects of functional downregulation of miR25-93-106b on MICA
expression. We first performed a reporter assay of transient func-
tional silencing of miR25-93-106b using a construct that produces
mature anti-sense RNAs designed to silence miR25-93-106b func-
tion. As expected, the reporter activities with MICA 3’UTR sequ-
ences were enhanced by the functional silencing of miR25-93-106b
in HeLa, Hep3B, and Huh?7 cells (Figure 3a). However, such effects
were not observed using mutant reporter constructs not targeted by
those miRNAs (Figure 3b), suggesting that the enhancing effects of
the reporter activities were miRNA-dependent.

Next, HeLa, Hep3B, and Huh?7 cells were stably transduced with a
lentivirus that expresses anti-sense RNAs as described above, and
MICA protein expression levels were determined by flow cytometry.
Consistent with the reporter assay results, MICA protein expression
was increased in HeLa and Hep3B cells by the functional silencing of
miR25-93-106b (Figure 3c). However, in Huh7 cells, which express
no MICA protein in the normal state, silencing of miR25-93-106b
had no effect on MICA protein expression (Figure 3c). These results

suggest that MICA protein expression levels can be regulated by
modulating miRNA function, albeit only if at least a small quantity
of MICA protein is present. In contrast, modulation of miRNA func-
tion does not influence MICA protein expression levels when the
MICA protein is not expressed, but this could be because there are
other forms of regulation at extremely low levels.

MICA protein levels are related to tumor susceptibility to NK
cells. To determine the consequences of the modulation of MICA
protein expression levels by miRNAs, we first determined the bind-
ing ability of NKG2D, a receptor of MICA, using HeLa and Hep3B
cells overexpressing the miR25-93-106b cluster or with silencing of
miR25-93-106b function. As expected, the levels of NKG2D binding
to the cells, theoretically through binding to MICA, were decreased
in HeLa and Hep3B cells overexpressing the miR25-93-106b cluster
(Figure 4a). On the contrary, the levels of NKG2D binding to the cells
were increased in Hela and Hep3B cells in which miR25-93-106b
function had been silenced (Figure 4b).
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Figure 3 | Silencing of miR25-93-106b cluster enhances MICA expression. (a), (b), Cells were co-transfected with pGL4-TK (internal control), Luc-
MICA-3"UTRwt (a) or Luc-MICA-3"UTRmut (b), and either an empty control vector (white bar) or plasmid expressing mature anti-sense sequences of
miR25-93-106b cluster (black bar). Data shows the means * s.d. of the raw ratios (F/R) obtained by dividing firefly luciferase values with renilla
luciferase values of three independent experiments. *p << 0.05. (c), Enhancement of MICA expression by expression of anti-sense sequences of the miR25-
93-106b cluster. Flow cytometry assessment of MICA protein expression in control (black lines) and stably mature anti-sense sequences of miR25-93-
106b cluster-expressing cells (green lines). Gray-shaded histograms represent the background staining using isotype IgG. Representative results from

three independent experiments are shown.

Next, to determine whether tumor cells with different miRNA-
induced MICA protein expression levels exhibited differing sus-
ceptibilities to NK-cell-mediated killing in vivo, we performed a
tumor-clearance assay that measures short-term in vivo killing by
NK cells®. Hep3B control cells, Hep3B cells with miR25-93-106b
cluster overexpression, or Hep3B cells with miR25-93-106b and
HA-tagged MICA overexpression, labeled with fluorescent DiO, were
injected into C57Blacké/] mouse tail veins together with an equal
number of Hela cells labeled with Dil (internal reference control).
After 5 h, surviving Hep3B and HelLa cells in the lungs were enum-
erated by flow cytometry. The number of Hep3B cells that had sur-
vived divided by the number of Hela cells that had survived
represents the relative killing of Hep3B cells in vivo. As shown by
the in vitro binding assay using NKG2D, the killing rate of Hep3B
cells in which miRNA function had been silenced was higher, and that
of cells overexpressing miRNAs was lower, than that of control cells.
The effects of miRNA overexpression were similar to those obtained
in MICA knocked-down Hep3B cells (supplementary Figure 4).
Additionally, the lower cell-killing rate in Hep3B cells overexpressing
miRNA was antagonized by the co-expression of exogenous MICA
protein (Figure 4c), suggesting that the decreased clearance was
mediated by reduced MICA expression levels secondary to overex-
pression of miRNAs. These results suggest that tumor progression and
invasion can be regulated by expression or silencing of miRNAs in at
least some cells by regulation of MICA expression levels.

Discussion

In this study, we showed that the miR25-93-106b cluster modulates
MICA protein expression by HCC cells. Because our previous GWAS
analyses identified that MICA is the critical gene determining HCC
susceptibility in patients with chronic hepatitis infection®?, the

herein-described methods of modulating MICA expression may be
useful for developing novel methods of prevention and therapeutics
against HCCs.

MICA is a membrane protein that acts as a ligand for NKG2D to
activate innate anti-tumor effects through natural killer and CD8*
cells’. Qur previous GWAS study showed that a risk allele at the SNP
in the MICA promoter region was significantly associated with the
susceptibility of HCV-induced HCC as well as with lower serum
MICA levels. Although polymorphisms at the same SNP site were
also associated with HBV-induced HCC, the risk allele determining
the susceptibility of HCC was somehow different from that in HCV-
induced HCC. While the reason why. different MICA gene variations
act as risk alleles at the same SNP site between HBV- and HCV-
induced HCC has not been elucidated, it is assumed that changes in
the membrane-bound MICA and soluble MICA levels due to differ-
ences in post-translational processing according to virus type may
affect the risk allele results. In any case, because the importance of the
regulation of MICA expression levels to prevent development of
HCC due to chronic hepatitis viral infection cannot be denied, the
regulation of MICA levels by microRNAs as shown here may be
useful for the development of preventive methods of preventing
HCC development during chronic hepatitis infection.

While several cellular signaling pathways lead to upregulation of
MICA'?, we used microRNAs to regulate the expression levels of
MICA in this study. As shown by the results of our GWAS analyses,
which found that the polymorphisms in the promoter region of
MICA are associated with changes in the sMICA levels>®, promoter
activities of the MICA gene also have significant effects on MICA
expression levels®. Our results showed that miR93 and 106b express-
ion levels were not always correlated with those of MICA in HCC cell
lines, suggesting that the regulation of MICA expression is not solely
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Figure 4 | NKG2D binding levels change in proportion to MICA
expression levels. (a), (b), Flow cytometry of human IgG-fused NKG2D
binding to the control (black lines), miR25-93-106b cluster-expressing
cells (red lines) (a), and mature anti-sense sequences of miR25-93-106b
cluster-expressing cells (green lines) (b). Representative results from three
independent experiments are shown. (c), In vivo killing of DiO-labeled
Hep3B and Dil-labeled HeLa cells (internal control cells) injected together
into the tail veins of six mice in each group. Fluorescence intensities were
quantified by flow cytometry as the ratio of Hep3B to HeLa cells in the
lungs. The data from control Hep3B cells were set as 1.0. Data represent the
means * s.d. of three independent experiments. *p < 0.05.

dependent on miRNAs. In addition, in cells with no endogenous
MICA expression, such as Huh7 cells, modulation of microRNA
expression had no effect on the regulation of MICA expression.
This suggests that at least low-level endogenous expression, which
may be determined by promoter activities, are needed for regulation
by miRNA. Therefore, changes in promoter activities and epigenetic
changes in the MICA gene should also be determined. This will
facilitate application of the regulatory function of miRNAs reported
here.

One class of antisense oligonucleotides, namely locked nucleic
acids, can be used to sequester microRNAs in the liver of various
animals, including humans'®***. A clinical trial targeting miR-
122 with the anti-miR-122 oligonucleotides miravirsen, the first
miRNA-targeted drug, is underway for the treatment of HCV infec-
tion'®. Thus, nucleic-acid-mediated gene therapy is becoming a
realistic option. Modulation of MICA expression levels by such

nucleic-acid-mediated therapy based on the results presented herein
may also be a promising option for prevention and/or therapy of
HCC.

In summary, we have shown that the miR25-93-106b cluster can
be used to modulate MICA expression levels in HCC cells. Based on
our GWAS results and associated studies, regulation of MICA pro-
tein expression levels is crucial to prevent the development of HCC
during chronic hepatitis viral infection. It is important to identify the
other factors that regulate MICA transcriptional activities as well as
the post-translational processes and their association with suscept-
ibility to HCCs. That said, miRNA regulation of MICA expression as
shown here may facilitate regulation of the host innate immune
system in an HCC-suppressive manner during chronic hepatitis viral
infection.

Methods

Cell culture. The human HCC cell lines Huh7, HLE, PLC/PRF/5, and Hep3B were
obtained from the Japanese Collection of Research Bioresources (JCRB, Osaka,
Japan). The human cervical cancer cell line HeLa was obtained from the American
Type Culture Collection (ATCC, Rockville, MD). All cells were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum.

Mouse. Experimental protocols were approved by the Ethics Committee for Animal
Experimentation at the Graduate School of Medicine, the University of Tokyo and the
Institute for Adult Disease, Asahi Life Foundation, Japan and conducted in
accordance with the Guidelines for the Care and Use of Laboratory Animals of the
Department of Medicine, the University of Tokyo, and the Institute for Adult Disease,
Asahi Life Foundation.

Flow cytometry. Cells were hybridized with anti-MICA (1:500; R&D Systems,
Minneapolis, MN) and isotype control IgG (1 :500; R&D Systems) in 5% BSA/1%
sodium azide/PBS for 1 h at 4°C. After washing, cells were incubated with goat anti-
mouse Alexa 488 (1:1000; Molecular Probes, Eugene, OR) for 30 min. Flow
cytometry was performed and data analyzed using Guava Easy Cyte Plus (GE
Healthcare, Little Chalfont, UK).

Reporter plasmid construction, transient transfections, and luciferase assays. The
reporter plasmid for the analysis of the effects of miRNAs on MICA 3"UTR were
constructed by subcloning the MICA 3'UTR sequences from pLightSwitch-MICA
3UTR (SwitchGear Genomics, Menlo Park, CA) into the pGL4.50 vector (Promega,
Madison, WI) at the Fsel site by the In-Fusion method (Clontech, Mountain View,
CA) to insert the MICA 3'UTR sequences into the 3'-UTR of the firefly luciferase
gene, which was under the control of the CMV promoter. The sequences of the
primers were 5'-CTA GAG TCG GGG CGG CG GCC ATT TCA GCC TCT GAT
GTC AGC-3' and 5'-GTC TGC TCG AAG CGG CCG GCC TGG CCT GAG ACT
CTG TCT TAA-3'. The resultant plasmid (Luc-MICA 3'UTRwt) was used as a
template for the construction of mutant reporter plasmid (Luc-MICA 3'UTRmut),
which carries three point mutations in the seed sequences of miR93 and 106b in the
MICA 3'UTR, itself generated by a Quik Change II XL Site-directed Mutagenesis Kit
(Stratagene, Heidelberg, Germany) according to the manufacturer’s instructions.
Transient transfection and reporter assays were performed as described previously®.

Lentiviral constructs, viral production, and transduction. To generate a neomycin-
resistant miR25-93-106b cluster-expressing lentiviral construct, copGFP in the
pmiRNA25-93-106b cluster-expressing plasmid (System Biosciences, Mountain
View, CA) was replaced with a neomycin resistant gene, which was subcloned from
the pCDH-Neo vector (System Biosciences), at the Fsel site. The primers used were
5'-GCT ACC GCT ACG AGG CCG GCC CAT GAT TGA ACA AGA TGG ATT
GCA-3" and 5'-TCG CCG ATC ACG CGG CCG GCC TCA GAA GAA CTC GTC
AAG AAG GC-3'. To remove the copGFP region from pmiRZIP25-93-106b (System
Biosciences), a construct expressing mature anti-sense sequences of the miR25-93-
106b cluster, sequences coding the GFP gene were removed by excision with Xbal and
Pst] sites followed by connecting the cut ends with annealed oligonucleotides (5'-
CTAGACGCCACCATGCTGCA-3"and 5’ -GCA TGG TGG CGT-3") to maintain
the coding frame and the expression of the downstream puromycin-resistance gene.
To generate HA-tagged MICA protein overexpressing the lentiviral construct, MICA
cDNA was amplified by PCR using a Halo-tag-MICA-expressing plasmid {Promega,
Madison, WT) as a template and cloned into a pCDH-puro vector (System
Biosciences) at the NotI site. The primer sequences used were 5'-ATC GGA TCC
GCG GCC GCA CCA TGT ACC CAT ACG ATG TTC CAG ATT ACG CTA TGG
GGC TGG GCC CGG TC-3' and 5'-AGA TCC TTC GCG GCC GCT TAG GCG
CCC TCA GTG GAG C-3'. Let-7g precursor expressing plasmid was generated by
inserting about 1,000 bp long PCR product around the let-7g genomic region into
pCDH-puro vector using Xbal and Not1 sites. The production and concentration of
lentiviral particles were described previously””. shRNA against MICA-producing
lentiviral particles with puromycin resistant gene were purchased from SantaCruz
Biotechnology (sc-4924-V, Dallas, TX). Cells were transduced with lentiviruses using
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polybrene (EMD Millipore, Billerica, MA). The selections were performed with
400 pg/mL G418 and 2 pg/mL (HeLa) or 6 pg/mL (Hep3B) puromycin.

Immunocytochemistry. Cells on two-well chamber slides were fixed with 4%
paraformaldehyde. Fixed cells were probed with the primary MICA antibody (R&D
Systems) for 1 h after blocking with 5% normal goat serum for 30 min. Cells probed
with the MICA antibody were incubated with the secondary Alexa Fluor 488 goat
anti-mouse antibody (Molecular Probes) for 30 min. Slides were mounted using
VectaShield with DAPI (Vector Labs, Burlingame, CA).

Northern blotting of miRNAs. Northern blotting of miRNAs was performed as
described previously”. Briefly, total RNA was extracted using TRIzol Reagent
(Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. Ten
micrograms of RNA were resolved in denaturing 15% polyacrylamide gels containing
7 M urea in 1 X TBE and then transferred to a Hybond N+ membrane (GE
Healthcare) in 0.25 X TBE. Membranes were UV-crosslinked and prehybridized in
hybridization buffer. Hybridization was performed overnight at 42°C in ULTRAhyb-
Oligo Buffer (Ambion) containing a biotinylated probe specific for miR93 (cta cct gca
cga aca gea ctt tg) and 106b (atc tge act gtc agc act tta), which had previously been
heated to 95°C for 2 min. Membranes were washed at 42°C in 2 X SSC containing
0.1% SDS, and the bound probe was visualized using a BrightStar BioDetect Kit
(Ambion). Blots were stripped by boiling in a solution containing 0.1% SDS and

5 mM EDTA for 10 min prior to rehybridization with a U6 probe (cac gaa ttt gcg tgt
cat cct t).

miRNA library screening. To screen for miRNAs that target MICA 3'-UTR,
synthetic miRNA mimics and reporter constructs were used as described
previously'®®. Seventy-six types of synthetic mature miRNAs that are highly
expressed in the liver® were custom-made (B-Bridge, Tokyo, Japan) and transfected
by RNAi Max (Life Technologies, Carlsbad, CA) into Huh?7 cells in 96-well plates that
had been transfected 24 h before with Luc-MICA 3"UTRwt. The cells were then
incubated for another 24 h. As negative controls, oligonucleotides of artificial
sequences were applied'®. The luciferase activities were measured using a GloMax 96
Microplate Luminometer (Promega). The experiments were performed in duplicate.

NKG2D binding assay. Cells were incubated with 4 g of recombinant human
NKG2D fused to human IgG1 Fc chimera protein. After washing, cells were
incubated with an Alexa488-conjugated affinity purified F(ab’)2 fragment of goat
anti-human IgG (Jackson ImmunoResearch Laboratories, West Grove, PA). As a
negative control, cells were incubated with only Alexa488 anti-human IgG. The
intensity of the fluorescence was determined by flow cytometry.

In vivo cell-killing assay. Hep3B cells and HeLa cells were labeled with the
fluorescent dye VybrantDiO and Dil (Molecular Probes), respectively. Cells were
mixed at a density of 2 X 107 in 1-ml PBS, and 200 pl was injected into the tail vein.
Five hours later, lungs were collected, and single-cell suspensions were collected using
a cell strainer, Fluorescence was assayed by flow cytometry, and the ratio of the
experimental Hep3B cells to HeLa cells (internal control) was calculated.

Statistical analysis. Statistically significant differences between groups were
determined using Student’s {-test when variances were equal. When variances were
unequal, Welch’s t-test was used instead. P-values of < 0.05 were considered to
indicate statistical significance.
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The flavonoid apigenin improves glucose
tolerance through inhibition of microRNA
maturation in miRNA103 transgenic
mice
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Kentaro Kojima', Masao Akanuma?, Young Jun Kang?®, Haruhiko Yoshida', Motoyuki Otsuka'
& Kazuhiko Koike'

'Department of Gastroenterology, Graduate School of Medicine, The University of Tokyo, Tokyo 113-8655, Japan, ?Division of
Gastroenterology, The Institute for Adult Diseases, Asahi Life Foundation, Tokyo 100-0005, Japan, *Department of Immunology and
Microbial Sciences, The Scripps Research Institute, La Jolla, CA 92037, USA, 4Japan Science and Technology Agency, PRESTO,
Kawaguchi, Saitama 332-0012, Japan.

Polyphenols are representative bioactive substances with diverse biological effects. Here, we show that
apigenin, a flavonoid, has suppressive effects on microRNA (miRNA) function. The effects were mediated
by impaired maturation of a subset of miRNAs, probably through inhibition of the phosphorylation of
TRBP, a component of miRNA-generating complexes via impaired mitogen-activated protein kinase
(MAPK) Erk activation. While glucose intolerance was observed in miRNA103 (miR103)-overexpressing
transgenic mice, administration of apigenin improved this pathogenic status likely through suppression of
matured miR103 expression levels. These results suggest that apigenin may have favorable effects on the
pathogenic status induced by overexpression of miRNA103, whose maturation is mediated by
phosphorylated TRBP.

. olyphenols, common components of many popular drinks and foods, and caffeine, an alkaloid in various
seeds and leaves, are representative bioactive substances with diverse biological effects'*. However, while
some effects have been examined in detail’, the molecular mechanisms underlining these biological effects
are mostly undetermined.

MicroRNAs (miRNAs) are short, single-stranded, non-coding RNAs expressed in most organisms ranging
from plants to vertebrates®. Primary miRNAs, which possess stem-loop structures, are processed into mature
miRNAs by Drosha, Dicer, RNA polymerase III, and other related molecules. These mature miRNAs then bind
the RNA-induced silencing complex (RISC), and the resulting co-complex directly binds the 3’-untranslated
regions (3'-UTRs) of target mRNAs fo act as suppressors of translation and gene expression. Thus, dependent
upon the identity of the target mRNAs, miRNAs are responsible for the control of various biological functions,
including cell proliferation, apoptosis, differentiation, metabolism, oncogenesis, and oncogenic suppression®™.
For example, it was reported recently that expression of miRNA103 and 107 (miR103 and 107) was upregulated in
obese mice, and that the gain of miR103 function in either liver or fat was sufficient to induce impaired glucose
homeostasis™.

Because the effects of bioactive substances are diverse and the functions of miRNAs result in diverse biological
consequences, we hypothesized that some effects of bioactive substances may depend on modulation of miRNA
function. In this study, we examined whether polyphenols and caffeine affect miRNA function and determined
the molecular mechanisms underlying these effects. In addition, we applied the results obtained here to clinically
relevant models to facilitate their use in practical applications.

Resulis

Apigenin suppresses miRNA function. To determine the effects of polyphenols and caffeine on miRNA
function, we determined the luciferase activities of several types of reporters constructed containing
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miRNA-binding sites (the function of which is suppressed by corre-
sponding miRNAs) upon treatment with caffeine or polyphenols.
The polyphenols used here were apigenin, procyanidin A2 and
procyanidin B2 from flavonoids, and chlorogenic acid from phe-
nolic acid. A cell line derived from the liver, Huh7, was used
because substances in food theoretically flow into the liver first
through the portal vein immediately after intestinal absorption.
Among the bioactive substances examined, only apigenin signi-
ficantly inhibited the effects of miRNAs such as miR122, miR185
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and miR103 (Figure la), which are highly expressed in the liver'’.
The effects were similarly observed irrespective of endogenous
miRNAs or exogenous overexpression of corresponding miRNAs
(Figure la and b) in a dose-dependent manner (Figure Ic).
Another liver cell line, Hep3B, showed similar results, suggesting
that the effects were not cell line-specific (Supplementary Figure
la, b and ). The effects were detected with 5 pM apigenin; this
concentration is physiologically attainable™'. These results
suggest that apigenin has suppressive effects on miRNA function.
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Figure 1| Apigenin inhibits miRNA function. (a), Apigenin inhibits endogenous miRNA function. Huh?7 cells were transfected with reporters to
determine the functions of the indicated miRNAs. Twenty-four hours after treatment with the indicated substances, reporter assays were performed. Data
represent the means * standard deviation (s.d.) from three independent experiments. *, p < 0.05 (#-test). (b), Apigenin inhibits the function of
exogenously overexpressed miRNAs. Huh7 cells were transfected with reporters and corresponding miRNA precursor-expressing plasmids or an empty
vector. Twenty-four hours after treatment with the indicated substances, reporter assays were performed. Data represent the means * s.d. from three
independent experiments. ¥, p < 0.05 (#-test). (c), Dose-dependent effects of apigenin on miRNA function. Huh7 cells were transfected with reporter
plasmids to determine miR122 function. Cells were treated with indicated doses of apigenin for 24 h and luciferase assays were performed. Caffeine was
included as a negative control. Data represent the means * s.d. from three independent experiments. *, p < 0.05 (#-test) compared with the negative

control.
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Apigenin inhibits miRNA maturation from miRNA precursors.
To elucidate the molecular mechanisms underlying the inhibitory
effects of apigenin on miRNA function, we first determined the
expression levels of miRNA pathway-related molecules including
Drosha, DGCRS8, KSRP, Argonaute 2 (Ago2), and Dicer in the
presence of apigenin. While the expression levels of Drosha, Ago2
and Dicer proteins appeared to decrease slightly after a high dose of
apigenin, no significant changes were observed in the expression
levels of these proteins (Figure 2a and Supplementary Figure 2a).
Next, we examined the expression and maturation of miRNAs by
quantitative real-time polymerase chain reaction (qRT-PCR) and
Northern blotting (Figure 2b and Supplementary Figure 2b).
Expression levels of mature endogenous miR122, miR103, and
miR185 decreased and accumulation of precursor miRNAs was
also observed after apigenin treatment (Figure 2b), suggesting that
maturation from miRNA precursors was decreased. In addition, a
comprehensive miRNA microarray analysis confirmed that apigenin
altered the expression levels of a major subset of miRNAs
(Supplementary Figure 2¢; the raw data were deposited in the GEO
database; GSE46526). However, some miRNAs, such as let-7, were
not affected by apigenin treatment, which was confirmed by qRT-
PCR (Figure 2b). These results suggest that apigenin has an
inhibitory effect on the maturation of a subset of miRNAs.

Apigenin inhibits phosphorylation of TRBP. The microRNA-
generating complex is composed of Dicer and phospho-TRBP
isoforms'®, and TRBP phosphorylation enhances the maturation of
a subset of miRNAs through stabilization of the microRNA-
generating complexes'. Phosphorylation of TRBP is mediated by
mitogen-activated protein kinase (MAPK) Erk'®. Because apigenin
is known to inhibit Erk activity's", we hypothesized that the
inhibitory effects of apigenin on miRNA maturation may be medi-
ated by decreased phosphorylation of TRBP through inhibition of
Erk. Consistent with previous reports, although caffeine had no effect
on the Erk phosphorylation status, apigenin clearly inhibited Erk
phosphorylation 24 h post-treatment without changes in total Erk
levels (Figure 3a). Concordantly, SRE-driven reporter activities were
diminished by apigenin treatment (Figure 3b), suggesting that
apigenin indeed inhibited an Erk-mediated intracellular signaling
pathway, consistent with previous reports'®'?. While TRBP was

a b

DGCR8

Drosha

Relative levels of

Negative Caffeine 5 puM - 10 pM

control Apigenin

Relative levels of

phosphorylated under normal serum culture conditions, and its
phosphorylation status did not change with caffeine treatment, its
phosphorylation was inhibited by apigenin (Figure 3c). This effect
was confirmed by electrophoresis in a phos-tag gel, which showed a
clear slow-migrating band, indicating that TRBP was phosphory
lated in control and caffeine-treated conditions, but its phosphoryla-
tion was inhibited upon treatment with apigenin (Figure 3d). To
confirm that Erk activity was inhibited by apigenin following
TRBP phosphorylation, we examined the effects of apigenin using
Huh7 cells stably expressing constitutively active Mekl (CA-MEK)
on TRBP phosphorylation. As shown in Figure 3e, the degree of
TRBP phosphorylation was increased only by CA-MEK expres-
sion, and the augmented phosphorylation was not diminished by
apigenin treatment (Figure 3e), suggesting that the effects of
apigenin could not be observed under the induced Erk activation.
That is, the effects of apigenin were most probably mediated by
inhibition of Erk activation: In addition, we established Huh7 cells
stably expressing dominant negative Erk (DN-Erk). As predicted, the
levels of mature miRNA103, 122, and 185, were decreased in DN-Erk
expressing cells, but were slightly increased in CA-MEK expressing
cells, irrespective of apigenin treatment (Figure 3f). The expression
levels of mature let-7, which were examined as a representative
miRNA that was not affected by apigenin treatment in the miRNA
microarray (Figure 3f), were not changed by enforced expression of
DN-Erk or CA-MEK, suggesting that this miRNA maturation is not
significantly regulated by MAPK activity or TRBP phosphorylation,
consistent with a previous report”. These results suggest that
apigenin inhibits Erk phosphorylation, and subsequent decreased
MAPK activity leads to a decrease in TRBP phosphorylation,
which may result in decreased maturation of a subset of miRNAs.

Apigenin improves glucose tolerance through inhibition of miRNA
function. To apply the above results in a clinical setting, we focused
on recent findings demonstrating that a gain of miR103/107 expres-
sion induces impaired glucose homeostasis in vivo'. To utilize this,
we generated transgenic mice expressing a miR103 precursor under
control of the CMV promoter (Supplementary Figure 3a). Over-
expression of miR103 in these mice was confirmed by Northern
blotting against mature miR103 in liver tissues (Figure 4a and
Supplementary Figure 3b). No significant over-saturation of RISC
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Figure 2 | Apigenin impairs miRNA maturation. (a), Cells were treated with the appropriate substances for 24 h and the indicated proteins were

blotted. Representative results from three independent experiments using Huh7 cells are shown. Full-length blot images are available in Supplementary
Figure 5a. (b), The expression levels of mature miRNAs and miRNA precursors were determined by QRT-PCR using Huh7 cells with or without apigenin
treatment for 24 h. Data represent the means = s.d. from three independent experiments. *, p < 0.05 (#-test) compared with the control (DMSO only)

treatment.
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Figure 3 | Apigenin inhibits TRBP phosphorylation. (a), Cells were treated with caffeine or apigenin for 24 h. Cell lysates were blotted with anti-

phosphorylated Erk and anti-total Erk1/2. Representative results from three independent experiments using Huh7 cells are shown. Similar results were
obtained using Hep3B cells. (b), A luciferase assay was performed to determine SRE-driven transcription under apigenin treatment. Caffeine was
included as a comparison. Data represent the means * s.d. from three independent experiments using Huh7 cells. ¥, p < 0.05 (#-test) compared to the
negative control. (¢), Huh7 cells were transfected with wild-type TRBP-expressing plasmids followed by treatment with the indicated substances for 24 h.
Serine-to-alanine mutant TRBP (SAA) indicates non-phosphorylated TRBP. Representative results from three independent experiments using Huh7
cells are shown. (d), Substance-treated Huh7 cell lysates were separated using a Mn2+-Phos-tag gel to discriminate the phosphorylated form of TRBP.
Representative results from three independent experiments using Huh7 cells are shown. (e), TRBP-expressing Huh?7 cells were stably transfected with
myc-tagged CA-MEK-expressing plasmids followed by apigenin treatment for 24 h. Phosphorylation status of TRBP was determined by Western blotting.
Representative results from three independent experiments are shown. (f), Huh7 cells were stably transfected with myc-tagged CA-MEK-expressing
plasmids or myc-tagged DN-Erk-expressing plasmids. The expression of the transfected constructs was confirmed by Western blotting using anti-myc
antibodies (left panels). Expression levels of mature miRNAs in those cells with or without apigenin treatment were determined by Northern blotting
(right panels). Representative results of at least three independent experiments are shown. Full-length blot images in a, b, ¢, d, e, and f are available in

Supplementary Figure 5b, ¢, d, e, and f.

complexes due to overexpressing miR103 in these mice was
confirmed by a lack of significant changes in the expression levels
of other mature miRNAs, such as miR122 and miR185 (Figure 4a).
As expected from a previous report”, these miR103 transgenic mice
showed an increase in both random and fasting blood-glucose levels
and insulin levels (Supplementary Figure 3¢ and d). The mean size of
adipocytes in visceral fat was larger in normal chow fed miR103
transgenic mice than in control mice, and their size became larger
nearly in parallel in both control and miR103 transgenic mice under
a high-fat diet (Supplementary Figure 3e).

To determine the effect of apigenin in these models, 40 mg/kg
apigenin was intraperitoneally injected daily for 14 days in miR103
transgenic mice. The level of mature miR103 was decreased, and
precursors accumulated in apigenin-treated mice, as determined

by Northern blotting and qRT-PCR (Figure 4b and Supplementary
Figure 4a and b). Similar to the in vitro results, levels of mature
miR122 and miR185, but not let-7, in the liver tissues were also
decreased by apigenin treatment (Supplementary Figure 4a and b).
Phosphorylated TRBP in the liver tissues was decreased in apigenin-
treated mice, as determined by a retarded band in the phos-tag gel
(Figure 4c), consistent with the in vitro results (Figure 3d). Erk phos-
phorylation was consistently decreased following apigenin treatment
(Supplementary Figure 4c). In addition, we confirmed the upregu-
lated expression level of caveolin-1, a major regulator of the insulin
receptor, which is a direct target gene of miR103" in these tissues
(Supplementary Figure 4c). As expected from these results, apigenin-
treated miR103 transgenic mice showed decreased random and fast-
ing blood glucose-levels (Figure 4d). While miR103 transgenic mice
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