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Purpose: To evaluate the safety and efficacy of radiotherapy using proton beam (PRT) for unresectable hepatocel-
lular carcinoma.

Methods and Materials: Sixty consecutive patients who underwent PRT between May 1999 and July 2007 were
analyzed. There were 42 males and 18 females, with a median age of 70 years (48-92 years). All but 1 patient
had a single lesion with a median diameter of 45 mm (20-100 mm). Total PRT dose/fractionation was 76—cobalt
Gray equivalent (CGE)/20 fractions in 46 patients, 65 CGE/26 fractions in 11 patients, and 60 CGE/10 fractions
in 3 patients. The risk of developing proton-induced hepatic insufficiency (PHI) was estimated using dose-volume
histograms and an indocyanine-green retention rate at 15 minutes (ICG R15).

Results: None of the 20 patients with ICG R15 of less than 20% developed PHI, whereas 6 of 8 patients with ICG
R15 values of 50% or higher developed PHI. Among 32 patients whose ICG R15 ranged from 20% to 49.9 %, PHI
was observed only in patients who had received 30 CGE (V30) to more than 25% of the noncancerous parts of the
liver (n = 5 Local progression-free and overall survival rates at 3 years were 90% (95% confidence interval [CI],
80-99%) and 56% (95% CI, 43-69 %), respectively. A gastrointestinal toxicity of Grade =2 was observed in 3 pa-
tients.

Conclusions: ICG R15 and V30 are recommended as useful predictors for the risk of developing PHI, which should
be incorporated into multidisciplinary treatment plans for patients with this disease. © 2010 Elsevier Inc.

Hepatocellular carcinoma, Proton beam radiotherapy, Dose—~volume histogram, Radiation tolerance of the liver.
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INTRODUCTION

Recent improvements in diagnostic imaging and radiother-
apy (RT) techniques have made high-dose radiotherapy
a safe and effective treatment for selected patients with unre-
sectable hepatocellular carcinoma (HCC) (1). Charged-
particle radiotherapy can potentially deliver considerably
larger doses of RT to liver tumors, with greater sparing of
normal tissues, and proton beam radiotherapy (PRT) for
HCC using aggressively high total and fractional RT doses
has been investigated during the last 2 decades. The results
have shown local control rates ranging from 75% to 96%
and overall survival (OAS) rates exceeding 50% at 2 years
in groups of patients that include those who had HCC tumors
of =5 cm in diameter (2-4). HCC has a high propensity for
venous invasion, which is frequently associated with
multiple tumors within resected specimens (5-9). In this
context, the extent of resection was determined while

considering potential tumor spread via portal blood flow
and the necessity of preserving a functional liver reserve (5,
7, 10). Even in preselected patients who underwent
hepatectomy, more than 50% of tumors with diameters
greater than 4 cm demonstrated microscopic vascular
invasion (8, 11). Consequently, it will become more crucial
to consider the influence of vascular invasion on
undetectable tumor dissemination at the periphery of the
gross tumor in RT for unresectable HCC.

Given the high probability of obtaining local control by us-
ing PRT, an appropriate definition of the clinical target vol-
ume (CTV) according to patterns of tumor spread and
patients’ functional liver reserves is extremely important in
order to maximize the therapeutic ratio. Ideally, the entire por-
tal segment that contains HCC nodules should be covered
within the CTV when the tumor shows macro- or microscopic
vascular invasion. This requires a considerably larger
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irradiated volume even with PRT, partly because of unavoid-
able uncertainty in treatment planning without using intrao-
perative ultrasonography (7). Another possible way to
eradicate satellite HCC nodules, which are disseminated via
portal blood flow, is transarterial chemoembolization
(TACE). Currently, the standard treatment for patients with
unresectable HCC that is not amenable to local ablation ther-
apy is TACE instead of best supportive care (12). The OAS
rate at 3 years after TACE ranges from 32% to 47% in patients
with stage III cancer and with liver damage A to B, according
to the staging system used in a nationwide cohort study con-
ducted by the Liver Cancer Study Group of Japan (13). Con-
sidering that the tumoricidal effect of TACE in HCC with
vascular invasion is frequently incomplete (13), a significant
benefit of adding PRT to TACE would be expected. However,
presently, there has been no robust evidence supporting this
concept. Before we examine the validity of targeting the entire
anatomical portal segment containing HCC in a multidisci-
plinary approach that includes PRT, practical methods to es-
timate the safety of PRT according to the dose—volume
histogram (DVH) should be established in patients who
have various levels of severity of liver dysfunction. Findings
from our previous study consisting of 30 patients suggested
that the risk of proton-induced hepatic insufficiency (PHI)
could be predicted by the indocyanine green clearance test
and the retention rate at 15 minutes (ICG R15) in combination
with DVH parameters (14) such as percentages of hepatic
noncancerous portions receiving doses of >30 cobalt-Gray-
equivalent (CGE) (3). We have subsequently accumulated
data from additional patients in clinical practice. The clinical
results were evaluated, and we have again used the DVH anal-
ysis to examine the relationship between probability of PHI
and dose—volume parameters. )

METHODS AND MATERIALS

Patients

Patient eligibility was reported previously (3); in brief, they were
required to have uni- or bidimensional measurable HCC nodules of
=10 cm in maximum diameter on computed tomography (CT) and/
or magnetic resonance imaging (MRI) without evidence of extrahe-
patic tumor spread. All patients had a white blood cell count of
=2,000/mm>; a hemoglobin level of =7.5 g/dl; a platelet count of
=25,000/ mm>; and adequate hepatic function (total bilirubin, =3.0
mg/dl; alkaline phosphatase, aspartate aminotransferase, and alanine
aminotransferase of <5.0x normal; no ascites). Patients who had mul-
ticentric HCC nodules were not considered as candidates for PRT, ex-
cept for those who fulfilled the following two conditions: (/) multiple
nodules could be encompassed within a single clinical target volume;
and (2) lesions other than those of the targeted tumor were judged to
be controlled with prior surgery and/or local ablation therapy. This
retrospective study was approved by the institutional ethics commit-
tee, and written informed consent was obtained from all patients.

Treatment Planning

ICG R15 was measured in all patients to quantitatively assess the
hepatic functional reserve. Serological testing for hepatitis B surface
antigen and anti-hepatitis C antibody was done. All patients were
judged to be unresectable by expert hepatobiliary surgeons at our in-
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stitution, based on the patient’s serum bilirubin level, ICG R15, and
expected volume of resected liver (10). Percutaneous fine-needle bi-
opsies were performed for all patients unless they had radiologically
compatible, postsurgical recurrent HCC (3).

Treatment methods were published previously (3). In brief, gross
tumor volume (GTV) was defined using a treatment-planning CT
scan, and CTV and planning target volume (PTV) were defined as
follows in all but 2 patients: CTV = GTV + 5 mm, and PTV =
CTV + 3 mm of lateral, craniocaudal, and anteroposterior margins.
CTV encompassed the entire volume of the right lobe in 1 patient
who had a tumor of 4 cm in diameter that broadly attached to the bi-
furcation of the right anterior and posterior portal veins. In this pa-
tient, right portal vein embolization was done to facilitate
compensatory hypertrophy of the left lobe for expected surgery.
However, the patient was finally judged to be unresectable, and
PRT was selected. Another patient was treated with a CTV encom-
passing the entire right anterior portal segment because a tumor of 2
cm in diameter had invaded the bifurcation of the right anterosupe-
rior and anteroinferior portal vein associating with daughter HCC at
the right anterosuperior portal segment. The beam energy and
spread-out Bragg peak (15) were fine-tuned so that a 90% isodose
volume of the prescribed dose encompassed the PTV.

Forty-six patients received PRT to a total dose of 76 CGE in 3.8
CGE once-daily fractions, four to five fractions in a week. Another 3
patients underwent 60 CGE /10 fractions/2 weeks, depending on
availability of the proton beam. Eleven patients whose PTV encom-
passed the gastrointestinal wall received 65 CGE in 2.5 CGE /frac-
tion, five fractions per week. All patients were treated using a 150- to
190-MV proton beam. The relative biological effectiveness of our
proton beam was defined as 1.1 (16). No concomitant treatment
such as TACE, local ablation, or systemic therapy was allowed dur-
ing or after the PRT, unless a treatment failure was detected. Both
scanning of CT images for treatment planning and irradiation by
the proton beam were done during the exhalation phase using the
respiration-gated irradiation system and intrahepatic fiducial
markers as previously reported (3).

Outcomes

Death from any cause was defined as an event in calculation of
OAS, whereas tumor recurrences at any site or patient deaths were
defined as events in disease-free survival (DFS). An increase of
the tumor diameter within the PTV was defined as local progression,
and patients who died without evidence of local progression were
censored at the time of last radiographic examination. Adverse
events were reviewed weekly during the PRT regimen by means
of physical examination, complete blood count, liver function tests,
and other biochemical profiles as indicated. The severity of adverse
events was assessed using the National Cancer Institute common
terminology criteria for adverse events, version 3.0. After comple-
tion of PRT, reviews that monitored disease status, including CT
and/or MRI examinations and long-term toxicity, were done at
a minimum frequency of every 3 months in all 60 patients. The per-
centages of hepatic noncancerous portions (entire liver volume mi-
nus gross tumor volume) receiving CGE doses of >0 (V0), =10
(V10), =20 (V20), =30 (V30), =40 (V40), and =50 (V50) were
calculated using PRT planning software (PT-PLAN/NDOSE Sys-
tem, Sumitomo Heavy Industries Ltd., Tokyo, Japan), and their in-
fluence on the outcomes were analyzed (3). Time-to-event analyses
were done using Kaplan-Meier estimates from the start of PRT. The
differences between time-to-event curves were evaluated with the
log-rank test. Multivariate analyses were performed with Cox’s
proportional hazards model.
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RESULTS

Patients

A total of 60 patients with HCC underwent PRT in our in-
stitution between May 1999 and July 2007. Approximately
1400 patients with HCC were newly presented to our institu-
tion during this study period and about 35%, 30%, 25%, and
the remainder primarily treated with hepatectomy, TACE,
percutaneous local ablation, and other treatments, respec-
tively. Therefore 60 patients in this study corresponded to ap-
proximately 4% of overall, or 7% of patients with
unresectable HCC. Patient characteristics at the start of
PRT are listed in Table 1. All patients had underlying chronic
liver disease. One patient had a history of schistosomiasis,
and another patient had autoimmune hepatitis as the cause
of liver cirrhosis. Five additional patients were diagnosed
with liver cirrhosis caused by non-B, non-C hepatitis. A total
of 24 patients received PRT as the first treatment for their
HCC. Ten patients had postsurgical recurrences, 22 patients
received unsuccessful local ablation and/or TACE to the tar-
geted tumor, and 4 patients underwent successful local abla-
tion to a tumor other than the target prior to PRT. Histological
confirmation was not obtained in 1 patient who had a tumor
with typical radiographic features compatible with HCC (3).
Six patients had HCC nodules of =3 cm in diameter; how-
ever, they were not considered candidates for local ablation
therapy because of the tumor locations, which were in close
proximity to the great vessels or the lung.

Adverse events during PRT

All patients completed the treatment plan. Prolongation of
the overall treatment time for more than 1 week occurred in 4
patients: treatment of 3 patients was extended due to avail-
ability of the proton beam machine, and 1 patient’s treatment
was extended because of fever associated with grade 3 eleva-
tion of total bilirubin that spontaneously resolved within
a week. A total of 14 patients experienced transient grade 3
leukopenia and/or thrombocytopenia without infection or
bleeding that necessitated treatment. In addition, 8 patients
experiencing grade 3 elevation of transaminases without clin-
ical manifestation of hepatic insufficiency maintained good
performance status. PRT was not discontinued for these pa-
tients; nevertheless, these events spontaneously resolved
within 1 to 2 weeks.

Estimation of the risk of PHI by DVH analysis
Development of hepatic insufficiency presented with anic-
teric ascites and/or asterixis within 6 months after completion
of PRT in the absence of disease progression was defined as
PHI. Eleven patients, all of whom received a total PRT dose
of 76 CGE, developed PHI at 1 to 6 months (median, 2
months) after completion of PRT without elevation of serum
bilirubin and transaminases of more than threefold above
normal levels. DVHs for hepatic noncancerous portions
were drawn according to pretreatment ICG R15 values
(Fig. 1A-C). Results showed that all 20 patients with ICG
R15 of <20% were free of PHI, regardless of the DVH, for

Table 1. Characteristics of patients

Characteristics No. of patients (%)

Age (years)

Median 70

Range 48-92
Gender

Male 42 (70)

Female 18 (30)
ECOG performance status

0-1 57 (95)

2 3(5)
Viral markers

Hepatitis B surface antigen-positive 3(5)

Hepatitis C antibody-positive 49 (82)

Both positive 1(2)

Both negative 7 (12)
Child-Pugh classification

A 47 (78)

B 13 (22)

C 0
% patients with pretreatment ICG R15 values

<20 20 (20)

20-40 25 (55)

40-50 7(12)

=50 8 (13)
Tumor size (mm)

Median 45

Range 20-90

20-50 42 (70)

>50 ‘ 18 (30)
Macroscopic vascular invasion

Yes 42 (70)

No 18 (30)
Morphology of primary tumor

Single nodular 45 (75)

Multinodular, aggregating 9 (15)

Diffuse 5(8)

Portal vein tumor thrombosis 1(2)
Serum alpha-fetoprotein level (IU/mL)

<300 41 (68)

=300 19 (32)
Histology

Well-differentiated 15 (25)

Moderately-differentiated 28 (47)

Poorly-differentiated 7(12)

Differentiation not specified 9 (15)

Negative (radiological diagnosis only) 1)
Prior treatment

None 24 (40)

Surgery 10 (17)

Local ablation/TACE 26 (43)

2 to 94 months (median, 44 months). On the other hand, 6
of 8 patients with pretreatment ICG R15 values of =50%
died of PHI with (n = 3) or without (n = 3) evidence of
HCC recurrence at 2 to 15 months (median, 8 months). There
was no obvious relationship between DVH and development
of PHI in these 8 patients, as shown in Fig. 1C.

Among 32 patients whose ICG R15 values ranged from
20% to 49.9%, 5 patients developed PHI. The VO to V50
in these 32 patients are shown in Fig. 2. Differences in distri-
butions of these DVH parameters between patients who did
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Fig. 1. DVH are shown for all patients according to their pretreatment ICG R15 values, as noted in each panel. Thick lines
with rhomboid symbols represent DVHs for patients suffering from hepatic insufficiency within 6 months after completion

of PRT.

and did not develop PHI were statistically significant, with p
values of 0.012 in V0, 0.009 in V10, 0.012 in V20, 0.006 in
V30, 0.016 in V40, and 0.024 in V50 (Mann-Whitney U
test). The lowest p value was observed in the difference at
V30. Among 32 patients whose ICG R15 values ranged
from 20% to 49.9%, none of the 21 patients whose V30
were <25% experienced PHI, whereas 5 of 11 patients
(45%) whose V30 was =25% developed PHI (p = 0.037,
Mann-Whitney U test). The incidence of PHI was 2/25
(8%) in Child-Pugh class A patients, whereas PHI incidence
was 3/7 (43%) in class B patients in this group of 32 patients
(p = 0.218, Mann-Whitney U test). Of 5 patients who expe-
rienced PHI, 1 died at 8 months without evidence of HCC re-
currence. PHI spontaneously resolved in 4 patients; 2 patients
died of intrahepatic recurrence at 22 and 71 months, respec-
tively; 1 patient died of brain metastasis at 8 months; and 1
patient was alive and disease free at 50 months. In both of
the patients who survived for more than 4 years despite de-
velopment of PHI, the pretreatment functional liver reserve
was Child-Pugh class A and ICG R15 was less than 40%.
On the other hand, all 3 patients who experienced PHI and
died within 2 years had Child-Pugh class B liver functions.
Relationships between ICG R15 and V30 according to occur-
rence of PHI in Child-Pugh class A and B patients are shown
in Fig. 3a and b, respectively.

Other serious adverse events

Three patients experienced a gastrointestinal toxicity grade
of =2. One patient developed hemorrhagic duodenitis asso-
ciated with anemia at 2 months after completion of 76 CGE/

20 fractions/30 days of PRT. The dose administered to the
duodenum was estimated to be 50 to 80% of the prescribed
dose. Bypass surgery was attempted to alleviate the symp-
toms; however, this patient died of postoperative hepatic fail-
ure at 6 months. Two patients received 65 CGE/26 fractions
of PRT, with the entire circumference of the gastrointestinal
walls covered within the PTV. One of these 2 patients expe-
rienced grade 3 hemorrhagic ulcer at the ascending colon,
within the PTV. The patient was managed successfully
with right hemicolectomy at 10 months; however, the patient

70
60
50 ‘; % .
40 Q °
” 30 2 g S %
20 g @ e g ?
: :
10 T . : 5 8 S
0 . i . )
0 10 40 50

30
X (CGE)
Fig. 2. Distribution of VO to V50 in DVHs for 32 patients whose
pretreatment ICG R15 values ranged from 20% to 49.9%. Open cir-

cles represent values for patients who did not experience PHI,
whereas closed circles represent those who developed PHIL
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Fig. 3. Scattergram of V30 in each patient who had pretreatment liver functions classified as Child-Pugh class A (a) and
class B (b), as shown in each panel, according to the ICG R15 value. Open circles represent values in patients who did not
experience PHI. Closed squares represent those who developed PHI and died within 2 years with (n = 5) or without (n = 4)
disease recurrence. Closed triangles represent those who experienced transient PHI and survived for more than 4 years after

commencement of PRT.

died of local recurrence and subsequent hepatic failure at 23
months. The other patient developed grade 2 esophagitis
within the PTV at 7 months. Repetitive balloon dilatations
were required to alleviate the patient’s dysphagia; however,
the patient was alive without disease and taking a normal
diet at 30 months. There were no other observations made
of adverse events of Grade =3 in any of the patients.

Tumor control and survival

At the time of analysis in August 2009, 42 patients had al-
ready died because of intrahepatic recurrence in 27 nodal re-
currence in 1 distant metastasis in 3 hepatic insufficiency

without recurrence in 9 comorbidity in 1 and senility in 1.
Forty of these 42 patients had been free from local progres-
sion until death; the durations ranged from 2 to 77 months
(median, 20 months). Two patients who experienced local
progression died subsequently. A total of 15 patients were
alive at 25 to 92 months (median, 43 months) without local
progression. Three patients were alive at 49, 53, and 94
months, respectively, after salvage treatment for local pro-
gression, using local ablation in 2 and TACE in 1 A total
of 37 patients achieved complete disappearance of the pri-
mary tumor at 1 to 50 months (median, 10 months) post-
PRT. Eighteen patients had residual tumor masses on CT
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and/or MRI for 2 to 44 months (median, 21 months) until the
time of death or last follow-up visit without local progression.
The local progression-free (LPF) rates at 3 and 5 years were
90% (95% confidence interval [CI], 80%-99%) and 86%
(95% CI, 74%—-98%), respectively.

Of 5 patients who experienced local progression, 3 pa-
tients underwent 65 CGE/26 fractions, and 2 patients re-
ceived 76 CGE/20 fractions of PRT. All 3 patients who
received 60 CGE/10 fractions were free from local progres-
sion at 6, 30, and 51 months, respectively. LPF rates at 3
and 5 years for 46 patients who received 76 CGE/20 frac-
tions were 97% (95% CI, 92%-100%) and 93% (95% ClI,
83%—-100%), respectively. LPF rates at 3 years for 11 pa-
tients who underwent 65 CGE/26 fractions of PRT were
56% (95% CI, 16%-95%) and was worse than that in pa-
tients who received 76 CGE/20 fractions with statistical sig-
nificance (p = 0.005).

A total of 32 patients developed intrahepatic tumor recur-
rences that were outside of the PTV at 1 to 62 months (me-
dian, 20 months). Nine of these tumors occurred within the
same segment of the primary tumor. Nodal recurrence at
the hepatoduodenal ligament and distant metastasis were ob-
served as the first sites of failure in 2 and 3 patients, respec-
tively. In addition to the above-mentioned five deaths from
PHI or postsurgical mortality, 4 patients died of hepatic fail-
ure because of underlying liver disease at 17 to 23 months,
and 2 patients died from other reasons (comorbidity or senil-
ity) without evidence of HCC recurrence. Seven patients re-
mained alive and disease free at 27 to 51 months (median, 30
months). The median survival time for all 60 patients was 41
months, and actuarial OAS rates at 3 and 5 years were 56%
(95% CI, 43%-69%) and 25% (12%—39%), respectively.
DFS rates at 3 and 5 years were 18% (95% Cl, 7%—29%)
and 4% (95% Cl, 0%-12%), respectively, as shown in
Fig. 4. Two Child-Pugh class A patients who underwent
PRT with the CTV covering the entire right lobe or right an-
terior portal segment were alive and disease free at 50 and 26
months, respectively. The former patient had a pre-PRT ICG
R15 0f22% and received a V30 of 42% and experienced tran-
sient PHI that resolved spontaneously; the latter patient,
whose corresponding parameters were 8% and 37%, respec-
tively, did not experience PHI

Factor analysis

Univariate analyses revealed that factors related to func-
tional liver reserve and occurrence of PHI had significant in-
fluence on OAS (p < 0.05). Liver function (Child-Pugh class
A or B) and prior treatment (none or recurrent) were indepen-
dent and significant prognostic factors (p < 0.002), and occur-
rence of PHI had marginal significance (p = 0.011) by
multivariate analysis, as shown in Table 2. The DFS rate at
3 years for 24 patients who had no prior treatment for HCC
was 35% (95% CI, 14%-56%), whereas DFS for the remain-
ing 36 patients was 7% (95% CI, 0%—17%) (p = 0.011). In
Child-Pugh class A patients, OAS at 3 and 5 years for those
who had no prior treatment (n = 17) was 76% (95% CI, 56%—
97%) and 59% (95% CI, 33%—86%), respectively, and 63%
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Fig. 4. Kaplan-Meier estimation of local progression-free survival,
OAS, and disease-free survival rates for all 60 patients.

(95% C1, 45%—80%) and 25% (95% CI, 7%—42%), respec-
tively, for 30 patients with recurrent tumor (p = 0.060). In
Child-Pugh class B patients, the 2-year OAS for patients
without PHI (n = 5) was 80% (95% CI, 45%-100%), while
8 patients who developed PHI died within 2 years with
(n = 5) or without (n = 3) HCC recurrence (p = 0.009).

DISCUSSION

The promising tumoricidal effect of PRT using aggressive
escalation of total and fractional doses, which has been re-
peatedly reported previously, was reproduced in this study
(3, 4). The estimated actuarial local progression-free rate
within the PTV in patients receiving 76 CGE/20 fractions ex-
ceeded 90% at 3 years. DFS at 3 years for patients who un-
derwent PRT as an initial treatment (n = 24) was 35%, and,
among them, OAS at 3 years was 76% in Child-Pugh class
A patients (n = 17). These results are comparable to those ob-
served after surgical treatment (17). Although the number of
patients was small, these data indicate that appropriate local
control with PRT may provide survival benefit in adequately
selected patients with unresectable HCC. The fact that 9 of
the 32 intrahepatic HCC recurrences occurred within the
same anatomical portal segments showed that it should still
be possible to improve the progression-free rate by defining
the CTV so it covers undetectable tumor spread via the portal
blood flow.

As shown in Fig. 3, no patient who had ICG R15 of less
than 20% experienced PHI. In addition, only Child-Pugh
class A patients with pre-PRT ICG R15 of less than 40% sur-
vived for longer than 4 years despite development of PHI.
One of them underwent systematic portal segmental irradia-
tion with the CTV covering the entire right lobe, and the de-
tails for this patient will be reported separately. On the other
hand, all patients who had pre-PRT liver functions classified
as Child-Pugh class B and/or ICG R15 of 40% or higher died
within 2 years when they developed PHI. This suggests that
the role of systematic portal irradiation requiring a large irra-
diated volume should be pursued further in Child-Pugh class
A patients with favorable ICG R15 values; otherwise, the
CTV should be confined to the GTV with adequate margins.
Furthermore, in patients who have ICG R15 of 50% or
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Table 2. Factors related to overall survival

% of OAS at Multivariate p
No. of 3 years (MST,Univariate value, hazard

Factor patients  months) p value ratio (95% CI)
Age
<70 29 55 (41) 0.660 0.087
=70 31 61 (42) 0.52
(0.24-1.10)
Gender
Male 42 62 (41) 0.332 0.194
Female 18 44 (42) 0.62
(0.29-1.30)
Tumor size
(mm) .
<50 36 66 (44) 0.178 0.070
=50 24 46 (23) 0.54
(0.28-1.05)
Pretreatment
ICGRI15
<40% 45 67 (44) 0.002
=40% 15 33 (15)
Child-Pugh
classification
A 47 68 (45) <0.001 <0.001
B 13 23 (15) 0.19
(0.07-0.50)
Serum alfa-
fetoprotein
level (IU/mL)
<300 41 61 (42) 0.617 0.618
=300 19 53 (39) 0.83
(0.39-1.74)
PHI
No 49 65 (44) 0.001 0.011
Yes 11 18 (9) 0.29
(0.11-0.76)
% of patients
receiving V30
<25% 40 57 0.724
=25% 20 60
Total dose = 65
Gy
Yes 11 44 (29) 0.646 0.185
No 49 61 (42) 1.88
(0.73-4.76)
Prior treatment
None 24 67 (47) 0.112 0.002
Recurrence 36 53 (36) 0.32
(0.15-0.66)

Abbreviations: OAS = overall survival; MST = median survival
time; CI = confidence interval; PHI = proton-induced hepatic insuf-
ficiency.

higher, the indication for PRT should be considered with ex-
treme caution to prevent life-threatening PHI, as shown in
Fig. 3.

Results of this retrospective study showed 56% OAS at 3
years in all patients and 68% in 47 Child-Pugh class A pa-
tients. All of them were judged strictly as unresectable and
not amenable to local ablation. Therefore, a survival benefit
of adding PRT to TACE could be expected, which should
be tested in randomized trials. Suitable candidates for such
a study may be patients who have unresectable HCC of >4

cm in diameter (i.e., a high probability of microscopic vascu-
lar invasion) or who show macroscopic vascular invasion,
which is amenable to selective segmental TACE as a curative
treatment. Nevertheless, before developing that kind of ran-
domized study, data should still be compiled regarding the
safety and patterns of failure after PRT combined with
TACE while ICG R15 and V30 are taken into account. Pre-
liminary results of hypofractionated stereotactic body radio-
therapy for patients with relatively small primary or
metastatic liver tumors showed 70% to >90% of objective re-
sponse rates and 20 or more months of median survival time
(1, 18-20). Mature data regarding the relationship between
oncological outcomes and tumor characteristics, as well as
functional reserve of the liver, are needed to optimize cost-
effectiveness of localized, high-dose RT using X-ray or
charged particles for treatment of this disease. Nonetheless,
RT should have no role in preventing multifocal tumorigen-
esis, which will be continuously encountered by multidisci-
plinary approaches (21).

The risk of developing serious gastrointestinal sequela af-
ter PRT is another important issue to consider in patients who
have HCC located adjacent to the digestive tract. We attemp-
ted once-daily fractionation of PRT with 65 CGE/26
fractions. However, 2 of 11 patients who received this treat-
ment developed gastrointestinal toxicity grade of =2. More-
over, these 11 patients showed significantly worse LPF rates
than those who received 76 CGE/20 fractions of PRT. Three
patients who received 60 CGE/10 fractions of PRT were
controlled locally. Although our current data are based on
a limited number of patients, precluding definitive conclu-
sions, they suggest a low «/@ ratio (22) of HCC, and this as-
sumption should be examined further in clinical trials. Based
on currently available data, efforts to exclude the gastrointes-
tinal loop from the PTV by using, for example, surgical ma-
nipulations, seem to be positively considered in order to
expand the role of PRT for HCC.

CONCLUSIONS

In conclusion, PRT achieved excellent local progression-
free rates when aggressive, high-dose/fractionation was ad-
ministered. Child-Pugh class A patients with ICG R15 of
less than 40% tolerated PRT of a large irradiated volume
well, despite development of transient PHI. However, in
Child-Pugh class B patients, it seems reasonable to minimize
the irradiated volume to prevent detrimental liver damage in-
duced by PRT and underlying liver diseases. A V30 of less
than 25% in the noncancerous portion of the liver is consid-
ered an indicator of the safety of PRT in patients who have
pre-PRT ICG R15 of 20% to 50%. We believe that there
are extremely few indications for PRT in patients who have
ICGRI15 of 50% or higher. Gastrointestinal toxicity is a major
drawback of PRT for tumors adjacent to the gastrointestinal
tract, and surgical manipulation to exclude the intestinal
loop from the PTV should be positively considered as indi-
cated. If these issues are carefully considered, with special at-
tention to the patterns of tumor spread, when determining the
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CTV, aggressive high-dose PRT could become a legitimate
treatment for a certain population of patients with unresect-

10.

11.

12.
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able HCC for whom there is no standard treatment available
other than TACE or liver transplantation.
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Objective: The aim was to determine the recommended dose of combined chemotherapy
with mitoxantrone and uracil/tegafur (Phase | part) and to clarify its efficacy and safety in
patients with advanced hepatocellular carcinoma at the recommended dose (Phase Il part).
Methods: Patients eligible had histologically confirmed, chemo-naive advanced hepatocellu-
lar carcinoma and were amenable to established forms of treatment. The therapy consisted
of mitoxantrone administered intravenously at one of three dosages (6, 8 and 10 mg/m?®/day)
on day 1 and uracil/tegafur administered orally at 300 mg/m? from day 1 through day 21. The
treatment was repeated every 4 weeks until evidence of tumor progression or unacceptable
toxicity.

Results: A total of 25 patients were enrolled. In the Phase | part, dose-limiting toxicities
occurred in all three patients, given mitoxantrone at the dosage of 10 mg/m?®/day, and the rec-
ommended mitoxantrone dosage was determined to be 8 mg/m?/day. Among 19 patients
administered the drug at the recommended dosage, 1 patient (5.3%) showed patrtial
response, 8 patients (42.1%) showed stable disease and 10 patients (52.6%) showed pro-
gressive disease. The median survival and median progression-free survival were 8.4 and 2.5
months, respectively. The most common toxicities were Grade 3—4 leukopenia (63.2%) and
neutropenia (68.4%).

Conclusions: Mitoxantrone at 8 mg/m? combined with uracil/tegafur at 300 mg/m?/day was
determined to be the recommended regimen. Although this regimen was generally well toler-
ated, it appeared to have little activity against advanced hepatocellular carcinoma. These find-
ings do not suppott the use of this combination regimen in practice.

Key words: hepatocellular carcinoma — chemotherapy Phase I/l — mitoxantrone — uracil/tegafir

INTRODUCTION HCC patients develop recurrence or metastasis, regardless of
the treatment modalities employed. Although patients with
HCC at this advanced stage are generally treated by systemic

) ’ ) ) ) therapy, the prognosis remains poor (6,7). Sorafenib is an
liver transplantation and local ablation therapy, including orally administered molecular-targeted drug that targets

radiofrequency ablation and ethanol injection, are considered  fymor cell proliferation and tumor angiogenesis by inhibiting
as curative treatment for HCC (3). Transcatheter arterial che-  the serine—threonine kinases Raf-1 and B-Raf and the recep-
moembolization (TACE) has been applied to patients with tor tyrosine kinase activity of vascular endothelial growth
advanced incurable HCC (4,5). However, the majority of  factor receptors 1, 2 and 3 and platelet-derived growth factor

Hepatocellular carcinoma (HCC) is one of the most com-
monly occurring cancers worldwide (1,2). Surgical resection,

© The Author (2010). Published by Oxford University Press. All rights reserved.
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receptor 3. This drug was reported to confer an overall survi-
val advantage, with manageable toxicity, in comparison with
placebo in a Phase III trial, and it has been accepted world-
wide as the first-line chemotherapy for advanced HCC (8).
But the advantage is modest. There is urgent need to
develop more effective regimens.

5-Fluorouracil (5-FU) has been widely used for the treat-
ment of various gastrointestinal malignancies, including
advanced HCC (9,10). A high level of efficacy can be
expected when the drug is given as a continuous intravenous
infusion (11). However, this would necessitate a permanent
intravenous access. Uracil/tegafur (UFT) is an orally admi-
nistered drug which is a mixture of uracil and tegafur at a
molar ratio of 4:1. Tegafur is a prodrug of 5-FU that is
hydroxylated and converted to 5-FU by hepatic microsomal
enzymes, and uracil prevents the degradation of 5-FU by
inhibiting the enzyme dihydropyrimidine dehydrogenase,
which results in an increased level of 5-FU in the plasma
and tumor tissues (12,13). UFT has been reported to be as
effective as intravenous 5-FU for the treatment of malignan-
cies (14,15) and to be effective for the treatment of advanced
HCC (16,17).

The therapeutic usefulness of doxorubicin in patients with
advanced HCC has also been widely explored since the
1970s. A randomized trial in which doxorubicin was com-
pared with supportive care alone for advanced HCC showed
a significant survival benefit in the doxorubicin arm.
However, treatment with this drug has not been accepted as
a standard chemotherapy because of the high rate of fatal
complications reported (18). Mitoxantrone, another anthracy-
cline, has shown similar antitumor activity to that of doxoru-
bicin in both human tumor cell lines and animal models of
leukemia and has fewer myelotoxic and cardiotoxic effects
than doxorubicin (19). Clinical trials of mitoxantrone have
also demonstrated moderate activity against HCC, with a low
incidence rate of adverse effects (20,21).

Combination chemotherapeutic regimens composed of a
fluoropyrimidine and an anthracycline antibiotic have been
reported to show moderate efficacy against HCC with
tolerable toxicity (22-24), but combined chemotherapy with
UFT and mitoxantrone has not yet been examined. We con-
ducted Phase I/IT studies to determine the recommended
dosage of the combination of UFT with mitoxantrone
(UFM regimen) and to clarify the efficacy and safety when
administered at the recommended dose in patients with
advanced HCC.

PATIENTS AND METHODS
ELiciBILITY CRITERIA

The eligibility criteria for study enrolment were: (i) patients
with histologically confirmed HCC, who were (ii) unsuitable
for surgical resection, local ablation therapy or TACE, (iii)
were >20 years old, (iv) had an Eastern Cooperative
Oncology Group (ECOG) performance status (PS) of 0—2,

Jpn J Clin Oncol 2011;41(3) 329

(v) had adequate bone marrow function (white blood cell
>3000 cells/mm3, absolute neutrophil count >1500 cells/
mm?, platelet count >70 000 cells/mm? and hemoglobin
>8.0 g/dl), renal function [serum creatinine concentration
<upper limit of normal (ULN)] and hepatic function [serum
albumin level >3.0 mg/dl, total bilirubin level <3.0 mg/dl,
serum aspartate aminotransferase (AST) and alanine amino-
transferase (ALT) levels <5.0 x ULN], (vi) had a life

“expectancy of at least 12 weeks and (vii) provided written

informed consent from each patient.

The exclusion criteria were: clinically evident congestive
heart failure, serious cardiac arrhythmia, active or sympto-
matic coronary artery disease or ischemia, clinically serious
infection, seizure disorder requiring medication, prior malig-
nancy (any cancer treated curatively was permitted), clini-
cally evident brain or meningeal metastasis, and pregnant/
lactating women. This protocol was approved by the
Institutional Review Board for clinical investigation of the
National Cancer Center, in conformity with the provisions of
the Declaration of Helsinki, Good Clinical Practice guide-
lines, and local laws and regulations.

Stupy TREATMENT

UFT was administered orally at the dose of 300 mg/m? per
day in two divided doses for 21 consecutive days, followed
by a rest period of 7 days (400 mg/body per day in patients
with a body surface area of <1.50 m”? and 500 mg/body/day
in patients with a body surface area of >1.50 m?).
Mitoxantrone was given as a 60 min intravenous infusion on
day 1. This cycle was repeated every 28 days. Patients con-
tinued to receive additional courses of this regimen until a
cumulative dose of mitoxantrone of 100 mg/m?, evidence of
disease progression or the appearance of unacceptable
toxicity.

Prase I Part

The objectives of the Phase I study were to investigate the
frequency of dose-limiting toxicity (DLT) and to determine
the recommended dose of mitoxantrone and UFT. The cri-
teria of DLT included: Grade 4 leukopenia or neutropenia,
Grade 3 neutropenia accompanied by fever (>38°C) or
infection (clinically or biologically confirmed), thrombocyto-
penia <25 000/mm> or necessity of transfusion, Grade 3 or
4 non-hematological toxicity (except nausea/vomiting, anor-
exia, fatigue and hyperglycemia), AST and ALT >10 times
the ULN, suspension of UFT administration for over 3 suc-
cessive weeks, or an over 6-week delay in the commence-
ment of the next treatment cycle.

Three possible dosage levels of mitoxantrone (Level 1:
6 mg/m*/day, Level 2: 8 mg/m*/day and Level 3: 10 mg/m?/
day) were assigned for the Phase I part (Table 1). The first
patient to enter the study was started at Level 1. At least
three patients were treated at this level and observed for
DLT. Dose escalation was continued until at least one-third
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Table 1. Dose-escalation schedules of mitoxantrone and uracil/tegafur

Dose level Mitoxantrone UFT Number of
(mg/m?) (mg/m?) patients enrolled

1 6 300 3

2 8 300 6

3 10 300 3

UFT, uracil/tegafur.

of the patients in a given cohort showed DLT. If none of the
first three treated patients developed DLT during the first
cycle at a specific dose level, the dose escalation was contin-
ued. If one of the first three treated patients developed DLT
at any dose level, three additional patients were entered at
the same dose level; if only one or two of six patients at a
given level experienced a DLT, the dose escalation was con-
tinued. The maximum tolerated dose (MTD) was defined as
the dose level at which one-third or more of the patients
experienced a DLT. The recommended dose for the Phase 11
study was defined as the dose level preceding the attainment
of the MTD.

Prase Il Part

The primary endpoint of the Phase Il part was the objective
response rate. The secondary endpoints were the overall sur-
vival, progression-free survival and the frequency and sever-
ity of adverse events. The Phase II part was begun after
determination of the recommended dosage from the Phase I
part.

ASSESSMENT OF THE RESPONSE AND ToxicITy

Physical examination including cardiac symptoms, complete
blood cell counts, serum chemistries and urinalysis was per-
formed at the baseline and at least once every 2 weeks after
the start of the treatment. Dynamic computed tomography or
magnetic resonance imaging was undertaken to evaluate the
response at 4- to 6-week intervals after the start of treatment.
Tumor response was assessed using the Response Evaluation
Criteria in Solid Tumors (25). Toxicity was graded according
to the National Cancer Institute common toxicity criteria,
version 2.0. Progression-free survival was calculated from
the first day of treatment to the appearance of evidence of
tumor progression, clinical progression or last date of
follow-up. The overall survival was calculated from the first
day of treatment until death due to any cause or date of last
follow-up. Survival data were analyzed using the Kaplan—
Meier method.

STATISTICAL ANALYSIS

In the Phase II part, the primary endpoint was the response
rate, and data from at least 19 patients were accrued. The

threshold response rate was set at 5% and the expected
response rate at 15%. If no responses were observed in the
19 patients and the upper limit of the 90% confidence inter-
val (CI) did not exceed the expected rate of 15%, the UFM
regimen was judged to have no activity against HCC. If
response was confirmed in one or more of the 19 patients,
the decision of whether or not to proceed to a further study
using the UFM regimen was taken on the basis of other
factors, such as the safety and rate of response, overall survi-
val and time to progression in this study.

RESULTS
PATIENTS

From April 2004 to April 2007, 25 patients were registered
for the present study: 12 patients completed the Phase I part
(Level 1: 3 patients, Level 2: 6 patients and Level 3: 3
patients). Nineteen patients who received the recommended
dose (6 patients received this dose during the Phase I part)
were analyzed during the Phase II part. Table 2 shows the
baseline characteristics of the patients in the Phase I and
Phase II parts of the study of the UFM regimen. There were
19 males and 6 females with a median age of 67 years. All
the patients had a good ECOG PS score of 0—1. There were
21 (84%) and 4 (16%) patients with the Child—Pugh Stages
A and B, respectively. Thirteen (68%) patients had extrahe-
patic metastasis, and the major sites of metastasis were
lymph node [n = 7 (28%)] and lung [n = 6 (24%)].

TREATMENTS

In the Phase I part, there was no occurrence of DLT at the
Level 1 and Level 2 doses, but all of the three patients who
received the Level 3 dose experienced DLT; two of these
patients developed Grade 4 neutropenia and one patient
developed Grade 3 creatinine elevation. The additional three
patients at the Level 2 dose did not experience any DLT.
Therefore, Level 3 was considered as the MTD and Level 2
(UFT 300 mg/m?> and mitoxantrone 8 mg/m?) as the rec-
ommended dose for the Phase II part.

At the recommended dosage level, a total of 69 courses of
the UFM regimen were administered with a median of three
courses to each patient (range, 1—8 courses). The dose inten-
sity was 98.9% of the planned dosage for mitoxantrone and
97.9% for UFT.

The reasons for treatment discontinuation in the Phase I
and Phase II parts were disease progression in 19 patients,
liver dysfunction in 1 patient, DLT according to this proto-
col in 3 patients during the Phase I part and an over
6-week delay in the start of the next course because of the
development of leukopenia in 2 patients. After abandoning
the UFM regimen, 10 patients received the second-line
treatment. Five patients received systemic chemotherapy,
one patient received UFT alone and four patients received
a combined chemotherapy with UFT and doxorubicin. Two
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Table 2. Profile of hepatocellular carcinoma patients population
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Table 3. Toxicity

Phase I Phase II

No. of patients 12 19
Gender

Male 9 14

Female 3 5
Age (years)

Median 63 67

Range 5678 5677
Performance status

0 11 7

! 1 12
Viral marker

Hepatitis C antibody + 7 7

Hepatitis B antigen+ 2 5
Previous treatment

Surgical resection 4 10

Percutancous ablation therapy 3 3

Transcatheter arterial chemoembolization 5 8

Transcatheter arterial infusion 3 5

Radiation therapy 1 2

None 3 3
Child—Pugh classification

A 8 17

B 4 2
UICC tumor stage®

1 4 6

IVa 3 1

IVb 5 12

Portal vein tumor thrombosis
(+) 5 4

Extrahepatic metastasis

Lymph node 5 7
Lung 0 6
Bone 0 3
Adrenal gland 0 1
Peritoneum 0 1
None 7 6

*The International Union Against Cancer, 6th edition.

patients received transcatheter arterial infusion with cispla-
tin, one patient received salvage TACE because of HCC
rupture during the follow-up period, one patient received
salvage radiofrequency ablation because of rapid growth of
HCC that needed control and one patient received
immnunotherapy.

Toxicity grade Phase I part Phase 11 part

Level 1 Level 2 Level 3 Level 2
(n=23) (n=0) (n=23) (n=19)
1-2 3 4 1-2 3 4 1-2 3 4 1-2 3 4

Hematological toxicity

Leukopenia 2 1 00 2 00 11 4 9 3
Neutropenia 0 I 00 200 0 2 4 2
Thrombocytopenia 1 1 00 0 01 00 4 i 0
Anemia 0 0 0 1 00 0 0 0 1 0 0
Non-hematological toxicity
Nausea 3 000 00 2 00 3 0 0
Anorexia 0 00 2 00 1 003 0 0
Elevated bilirubin 2 000 10 1 00 6 0 0
Hypoalbuminemia | 00 0 000 0 0 1 0 0
Fatigue 0 000 001 0 0 1 0 0
Hyperpigmentation 0 000 000 0 0 1 0 0
Constipation 0 000 000 0 0 1 0 0
Elevated creatinine 0 000 000 100 0 0
Elevated AST 0 00 1 000 0 0 2 [
Elevated ALT 0 0 0 1 000 0 0 1 21
Liver dysfunction 0 000 000 000 0o 1"

AST, aspartate aminotransferase; ALT, alanine aminotransferase.
*Death related to adverse event.

ToxiciTy

Table 3 summarizes the toxicities observed in the patients.
At the recommended dose (level 2), the major Grade 3—4
hematological toxicities were leukopenia (63.2%) and neu-
tropenia (68.4%). The most common non-hematological
toxicities were elevated serum total bilirubin level (31.6%),
elevated AST level (26.3%), elevated ALP level (26.3%)
and anorexia (21.1%); however, no Grade 3—4 non-
hematological toxicities were observed. One patient died of
hepatic failure due to hepatitis B virus (HBV) reactivation.

EFFicacy

Of the 19 patients who were administered the recommended
dosage, 18 died during the follow-up period. All of the 19
patients administered the recommended dosage were evalu-
able for tumor response; of these, 1 patient achieved partial
response (PR), with an overall response rate of 5.3% (95%
CI, 0.0—-26.0%). Eight patients (42.1%) had stable disease
and 10 patients (52.6%) had progressive disease. The 1-year
survival rate, median overall survival, median progression-
free survival and time to progression were 26.3%, 8.4
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Figure 1. Overall survival and progression-free survival in 19 patients at
the recommended dose. Tick marks indicate censored cases.

months (95% CI, 5.4—11.4) and 2.5 months (95% CI,
1.5-3.5), respectively (Fig. 1).

DISCUSSION

Systemic chemotherapy for unresectable HCC is recognized
as an important treatment modality, because some patients
who have recurrent or very advanced disease are not suitable
candidates for effective local treatments such as surgical
resection, liver transplantation, local ablation therapy and
TACE. Many patients with HCC have underlying chronic
liver disease and impaired hepatic function, increasing the
toxicity of standard doses of many chemotherapeutic agents
and causing difficulty in delivering combination chemothera-
pies. The results, in terms of the therapeutic efficacy, of
investigation of cytotoxic agents for advanced HCC have
been disappointing, with few agents have yielded response
rates of over 20%, and no cytotoxic agents have produced
convincing survival benefits in the Phase III setting (26—28).

In Japan, only five anticancer agents, UFT, adriamycin,
cytarabine, mitomycin and 5-FU, had been approved for the
systemic chemotherapy of HCC by the Ministry of Health,
Labor and Welfare of Japan before sorafenib has been
approved. Among these drugs, the results of multiagent regi-
mens containing both a fluoropyrimidine and an anthracy-
cline antibiotic have shown favorable results for advanced
HCC (22-24). Thus, it was expected that the combination of
mitoxantrone and UFT (UFM regimen) would have effective
anticancer activity, and we conducted a Phase I/II study to
evaluate this regimen.

In the Phase I part, we determined the recommended dose
of mitoxantrone as 8 mg/m* on day 1 and of UFT as
300 mg/m? from days 1 to 21 of a 28-day cycle. The DLTs
observed at Level 3 were Grade 4 neutropenia (two patients)
and Grade 3 creatinine elevation (one patient).

Patients with HCC tend to experience more severe myelo-
suppression and hepatic toxicity than those with other malig-
nant diseases, because most have underlying cirrhosis, which

is usually associated with compromised hepatic function,
leukopenia and thrombocytopenia (24). In 19 patients treated
at the recommended dose level, the most frequently encoun-
tered toxicities were leukopenia and neutropenia, which are
well-known toxicities of the two drugs. When compared
with that in trial of mitoxantrone or UFT for other malignan-
cies, Grade 3 or 4 hematological toxicities occurred more
frequently (29—31). However, these toxicities were revers-
ible and generally well tolerated in patients with advanced
HCC, except for one case of treatment-related death; this
patient developed hepatic failure due to HBV reactivation,
because no antiviral drug for HBV infection, such as lamivu-
dine or entecavir, was given. This is a well-recognized com-
plication in patients with HBV infection who received
immunosuppressive therapy or chemotherapeutic agents
(32,33). Thus, patients with HBV infection should receive
prophylactic antiviral treatment before chemotherapy.

In the current study, 1 of the 19 patients showed a PR
(response rate, 5.3%). However, the rate of progressive
disease was 52.6%. In addition, the result of median time to
progression was only 2.5 months. Those results were unfa-
vorable when compared with those reported from other clini-
cal trials (8,21—23). Therefore, this regimen is considered to
be ineffective and cannot be recommended for use in clinical
practice. There were several reasons for this negative result.
One of the reasons was the number of anticancer drugs in
the regimen. A regimen containing two drugs may have little
activity, and three or more drugs may be needed to obtain
activity against HCC, because many of the regimens that
have been shown to exert anticancer effect against HCC
contain three or more drugs. The other reason was the rec-
ommended doses of the drugs in this regimen. We set the
criteria of DLT which had included Grade 4 neutropenia or
leukopenia. Two patients experienced DLT based on these
criteria. However, both recovered soon, with only obser-
vation. Therefore, the criteria may be too strict, although the
two drugs have been used at these recommended doses for
other malignancies. It may be possible to set higher dose
levels to obtain higher antitumor effect.

Recently, increasing knowledge of the molecular patho-
genesis of HCC as well as the introduction of molecular-
targeted therapies has created an encouraging trend in the
management of HCC. Combination regimens consisting of
molecular-targeted agents such as sorafenib and cytotoxic
agents have been reported as promising regimens for patients
with advanced HCC and other malignancies (34—37). The
UFM regimen itself has little antitumor activity, but the
result may be useful in the setting of future clinical trials of

cytotoxic agents used in combination with molecular-

targeted agents.

In conclusion, the recommended dose was mitoxantrone at
8 mg/m? and UFT at 300 mg/m*/day. A combined che-
motherapy with mitoxantrone and UFT appeared to show
little activity in patients with advanced HCC, although this
regimen was generally well tolerated. These findings do
argue against the use of this regimen in clinical practice.
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Background: Interferon-based (IFN-based) therapy is effective in the treatment of advanced hepatocellu-
lar carcinoma (HCC). However, the issue of resistance to this therapy remains to be solved. The aim of this
study was to identify microRNAs (miRNAs) that govern the sensitivity to IFN-o in HCC cells

Methods: miRNA microarray analysis using IFN-o-resistant clones of PLC/PRF/5 (PLC-Rs) and their

Keywords: parental cells (PLC-P) was conducted. Changes in the anti-cancer effects of IFN-o0 were studied after
MicroRNA gain-of-function and loss-of-function of the candidate miRNA.

miR-146a . Results: miR-146a expression was significantly higher in PLC-Rs than in PLC-P. miR-146a decreased
Hepatocellular carcinoma N . . .

Interferon the sensitivity to IFN-ot through the suppression of apoptosis. Further experiments showed that
SMAD4 miR-146a-related resistance to IFN-o was mediated through SMAD4.

Conclusions: The results indicated that miR-146a regulated the sensitivity of HCC cells to the cytotoxic
effects of IFN-o through SMAD4, suggesting that this miRNA could be suitable for prediction of the

clinical response and potential therapeutic target in HCC patients on IFN-based therapy.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Hepatocellular carcinoma (HCC) is one of the leading causes of
cancer-related deaths in the world. Treatment modalities for HCC
include ablative therapy, surgery, transarterial chemoembolization
(TACE) and drug therapy. Local ablation and surgical resection,
including transplantation, are suitable for local control of HCC,
however several limits exist in the application of each modality
(e.g., size, number, and location of tumor, liver function, extrahe-
patic metastasis, portal invasion) [1,2]. TACE has also limitations;
in principle, it can be applied only in patients free of tumor throm-
bi in the major trunk of the portal vein [1,2]. New drug therapies
for HCC are therefore desirable.

Several reports have demonstrated that interferon-based
(IFN-based) combination chemotherapy is effective in various
cancers [3-5]. We and others have reported a striking effect of IFN-
o and 5-fluorouracil combination therapy in HCC patients, including
those with tumor thrombi in the major trunk of the portal vein
[5-11]. Although this IFN-based therapy improves the prognosis of

Abbreviations: HCC, hepatocellular carcinoma; IFN, interferon; PLC-P, parental
PLC/PRF/[5; PLC-R, interferon-o-resistant clone of PLC/PRF/5.
* Corresponding author. Fax: +81 6 6879 3259,
E-mail address: hnagano@gesurg.med.osaka-u.ac.jp (H. Nagano).

0006-291X/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2011.09.124

patients with HCC, its effect is modest, at least in a proportion of
patients [9]. In a series of studies, we focused on the mechanisms
of resistance to IFN-based therapy in HCC patients and have since re-
ported the involvement of several molecules in the IFN-o-sensitivity
[8,12-14]. However, such molecules account for only part of the
resistance to [FN-based therapy, and each could not predict the sen-
sitivity completely, suggesting the involvement of yet unknown
mechanisms in [FN-o-resistance.

MicroRNA (miRNA), a modulator of gene expression in
post-transcriptional phase, has attracted the attention of oncolo-
gists because its aberrant expression correlates with carcinogenesis
or progression of cancers [15,16]. Many studies showed that miRNAs
also regulate the sensitivity to several chemotherapeutic agents in
various types of cancer. For example, miR-221/222 potentiated the
resistance to tamoxifen in breast cancer cells by targeting p27<iP!
[17]. miR-214 suppressed the expression level of PTEN and en-
hanced the resistance to cisplatin in ovarian cancer cells [18]. In
addition, we have recently reported that miR-21 plays an important
role in resistance of HCC cells to IFN-a, and that the expression level
of miR-21 correlated significantly with the clinical efficiency of IFN-
based chemotherapy and overall survival in patients with HCC [19].
However, there is a need for systematic assessment of the miRNA
expression and its roles in HCC.

In this study, comprehensive expression profiling of miRNAs was
performed in HCC cells and their IFN-a-resistant clones. The results

— 248 —



676 A. Tomokuni et al. / Biochemical and Biophysical Research Communications 414 (2011) 675-680

indicated that miR-146a confers resistance to IFN-o in HCC cells by
inhibiting apoptosis through SMADA4.

2. Materials and methods
2.1. Cell lines

Human HCC cell lines, PLC/PRF/5, were obtained from the Japan
Cancer Research Resources Bank (Tokyo, Japan). Parental PLC/PRF/5
(PLC-P) cells were exposed to progressively higher concentrations
of IFN-o for 10 weeks, until becoming IFN-o-resistant. By limiting
dilution of these cells, IFN-a-resistant clones (PLC-Rs; PLC-R1,
PLC-R2, and PLC-R3) were established. There were no significant
differences between PLC-P and PLC-Rs in cell morphology, cell
proliferation in the absence of IFN-o, and the expression levels of
type I IFN receptor type 2 (IFNAR2), signal transducer and activator
of transcription factor 1 (STAT1), and STAT2. However, the cell
viability of PLC-Rs was significantly higher than that of PLC-P
under treatment with IFN-a [14]. These cells were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum, 100 U ml~! penicillin and 100 mg ml~! streptomy-
cin at 37 °C in a humidified incubator with 5% CO, in air.

2.2. Drugs and reagents

Purified human IFN-o was kindly supplied by Otsuka Phar ma
ceutical Co. (Tokyo, Japan). The primary antibodies used for Western
blot analysis were polyclonal rabbit anti-human SMAD4 antibody (Cell
Signaling Technology, Beverly, MA) and monoclonal rabbit anti-human
ACTIN (Sigma-Aldrich Co., St. Louis, MO).

2.3. Transfection

The precursory oligonucleotide of hsa-miR-146a
(pre-miR-146a), antisense oligonucleotide inhibitor of hsa-miR-146a
(anti-miR-146a), SMAD4 siRNA oligonucleotides (siSMAD4), and their
scrambled oligonucleotides were obtained from Ambion Inc. (Austin,
TX). Pre/anti-miR-146a and siSMAD4 were transfected using Lipofect-
amine RNAIMAX (Invitrogen, Carlsbad, CA) according to the protocol
provided by the manufacturer. Each scrambled oligonucleotide was
transfected in the same way as a matched negative control.

2.4. RNA extraction

Total RNA including the small RNA fraction was isolated from
cell lines by miRNeasy Mini Kit (Qiagen, Hiden, Germany). The
quality of the RNA was assessed with a NanoDrop ND-1000 spec-
trophotometer (NanoDrop Technologies, Wilmington, DE) at 260
and 280 nm (Azg0/280) Wavelengths.

2.5. Real-time quantitative reverse transcription-PCR (qRT-PCR) for
microRNA expression

Reverse transcription (RT) reaction was performed with
TagMan MicroRNA RT Kit (Applied Biosystems, Foster City, CA),
and real-time quantitative PCR was performed with TagMan
MicroRNA Assays (Applied Biosystems) using the ABI7900HT sys-
tem (Applied Biosystems). The expression of the target miRNA
was normalized relative to that of the endogenous control,
RNU48. Data were analyzed according to the comparative Ct meth-
od [21].

2.6. Real-time qRT-PCR for messenger RNA expression

RNA was reverse transcribed using High Capacity RNA-to-cDNA
Master Mix (Applied Biosystems) according to the instructions

supplied by the manufacturer. Real-time quantitative PCR was per-
formed using designed oligonucleotide primers and LightCycler
480 Real-Time PCR system (Roche Diagnostics, Mannheim,
Germany). For detection of the amplification products, the
LightCycler-DNA master SYBR green I (Boehringer Mannheim,
Mannheim, Germany) was used as described previously [22], and
the amount of target gene expression was calculated. The
expression of the target gene was normalized relative to the
expression of GAPDH, which was used as an endogenous control.
The designed PCR primers were as follows: GAPDH forward
primer 5-GTCGGAGTCAACGGATTTGGT-3', GAPDH reverse primer
5-GCCATGGGTGGAATCATATTGG-3’; SMAD4 forward primer
5'-CAGCCTCCCATTTCCAATC-3', SMAD4 reverse primer 5'-CAACTG-
CACACCTTTGCCTA-3".

2.7. MicroRNA microarray experiments

The purified RNAs obtained from PLC-P, PLC-R1, PLC-R2, and PLC-
R3 were used as samples, and assessed as being of high quality by
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA)
and NanoDrop (NanoDrop Technologies). Next, 500 ng of extracted
total RNA was labeled with Hy5 using the miRCURY LNA Array micr-
oRNA Power Labeling kit (Exiqon, Vedbaek, Denmark). The labeled
RNAs were hybridized onto 3D-Gene Human miRNA Oligo chips
containing 1011 anti-sense probes printed in duplicate spots (Toray,
Kamakura, Japan). The annotation and oligonucleotide sequences of
the probes conformed to the miRBase miRNA database (http://micr-
orna.sanger.ac.uk/sequences/). After stringent washes, the fluores-
cent signals were scanned with the ScanArray Express Scanner
(Perkin Elmer, Waltham, MA) and analyzed using GenePix Pro ver-
sion 5.0 (Molecular Devices, Sunnyvale, CA). The raw data of each
spot were normalized by substitution with the mean intensity of
the background signal determined by the signal intensities of all
blank spots with 95% confidence intervals. Measurements of both
duplicate spots with signal intensities greater than 2 standard devi-
ations (SD) of the background signal intensity were considered to be
valid. The relative expression level of a given miRNA was calculated
by comparing the signal intensities of the averaged valid spots with
their mean value throughout the microarray experiments after nor-
malization by their median values adjusted equivalently.

2.8. Western blot analysis

Cells grown to semiconfluence were lysed in RIPA buffer
[25 mM Tris (pH 7.5), 50 mM Nacl, 0.5% sodium deoxycholate, 2%
Nonidet P-40, 0.2% sodium dodecyl sulfate, 1 mM phenylmethyl-
sulphonyl fluoride, and 1.6 mg ml~" aprotinin]. Western blot anal-
ysis was carried out as described previously [23].

2.9. Growth inhibitory assay

The growth inhibitory assay was assessed by the3-(4,5-dimeth-
ylthiazol-2-yl1)-2,5-diphenyl tetrazolium bromide (MTT) (Sigma-
Aldrich Co.) assay, as described previously [24]. In brief, cells were
incubated for 72 h under several concentrations of IFN-o. After
reincubation for 4 h with MTT solution, acid—isopropanol mixture
was added to dissolve the resultant formazan crystals. The absor-
bance of the plate was measured in a microplate reader at a wave-
length of 550 nm with a 650 nm reference, and the results were
expressed as a percentage of absorbance relative to that of
untreated controls.

2.10. Annexin V assay

Annexin V assay was conducted for measuring apoptosis. At
24 h after exposure to IFN-a at concentration of 500 IU ml~, cells
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were stained by annexin V-FITC and propidium iodide (PI) (Bio
Vision Research Products, Mountain View, CA) according to the
protocol recommended by the manufacturer. The analysis was
performed by FACS Calibur (BD Biosciences, Franklin Lakes, NJ).
Three different cell populations could be distinguished: (1) viable,
double-negative cells; (2) early apoptotic, annexin V-positive/PI-
negative cells; (3) secondary necrotic, double-positive cells.
Apoptotic cells were defined as the sum of cells from (2) and (3)
quadrants, as described previously [25]. Each sample contained
approximately 100,000 cells, and the experiment was repeated
three times.

2.11. Statistical analysis

Data are expressed as means + SD. Continuous variables were
compared using the Student’s t-test. A P-value <0.05 denoted the
presence of a statistically significant difference. Statistical analysis
was performed using JMP software version 8.0.2 (SAS Institute Inc.
Cary, NC).

3. Results

3.1. miR-146a expression was significantly higher in PLC-Rs than in
PLC-P

In order to identify the candidate miRNAs related to the sensi-
tivity to IFN-o, miRNA microarray analysis was performed using
PLC-P and PLC-Rs. The analysis showed that, among the 1011 miR-
NAs, the miRNAs expression levels of 376 (37.2%), 334 (33.0%), 349
(34.5%) in PLC-R1, -R2, and -R3, respectively, were altered by more
than 1.2-fold. Furthermore, 115 miRNAs were commonly identified
among the three clones (Fig. 1A). These miRNAs are listed in the
order of mean fold change of PLC-Rs relative to PLC-P in Supple-
mentary Table 1. Among them, miR-146a showed the highest
alteration (3.04-fold increase). The results of real-time qRT-PCR
for miR-146a confirmed the up-regulation in PLC-Rs (Fig. 1B).
Therefore, miR-146a was selected for further analysis.

3.2. Gain-of-function and loss-of-function of miR-146a alters the
sensitivity of PLC/PRF/5 cells to IFN-o

To evaluate the effect of miR-146a on the response to IFN-o in
PLC/PRF/5, pre-miR-146a was first transfected into PLC-P. Real-
time qRT-PCR showed that transfection of pre-miR-146a markedly
increased the miR-146a expression level for over 60 h (Fig. 2A).
MTT assay demonstrated that transfection of pre-miR-146a into
PLC-P cells induced resistance to IFN-a treatment (Fig. 2C). To
further assess the effect of miR-146a on the IFN-o-sensitivity,

A PLC-R1
115 miRNAs
(UP:70 DOWN:45)
349 miRNAs
PLC-R2 PLC-R3

anti-miR-146a was transfected into PLC-R1. Real-time qRT-PCR
showed sufficient inhibition of miR-146a expression for over 60 h
(Fig. 2B), and MTT assay demonstrated significant reduction of
viability of anti-miR-146a-transfected cells, compared with the
control cells (Fig. 2D). In order to clarify whether the altered IFN-
a-sensitivity is due to the amount variability of apoptotic cells,
we next performed annexin V assay. The results showed that
IFN-o-induced apoptosis was reduced in pre-miR-146a-transfec-
ted PLC-P cells, and conversely, increased in anti-miR-146a-trans-
fected PLC-R1 cells (Fig. 2E, F, and Supplementary Fig. 1A, B). These
results indicate that, at least partially, inhibition of apoptosis con-
tributes to miR-146a-induced IFN-o-resistance in PLC/PRF/5 cells.

3.3. miR-146a inhibits response to IEN-a by targeting SMAD4

Several genes have been identified to be the direct targets of
miR-146a [26-29]. Among them, SMAD4 is a potent tumor sup-
pressor in various cancers and its activation promotes malignant
potential, including chemoresistance, of colorectal cancer cells
[30,31]. Based on this background, we further investigated the rel-
evance of SMAD4 in PLC/PRF/5 cells. Pre-miR-146a transfection de-
creased, and anti-miR-146a transfection increased SMAD4 protein
level (Fig. 3A), suggesting that SMAD4 is one of the target genes of
miR-146a in PLC/PRF/5 cells. Next, we carried out siRNA for SMAD4
to validate its involvement in the sensitivity to IFN-o.. Knock down
of SMAD4 was confirmed by real-time qRT-PCR (Fig. 3B). MTT assay
demonstrated that transfection of siSMAD4 attenuated the sensi-
tivity of PLC-P to IFN-o (Fig. 3C). Finally, we performed co-transfec-
tion of anti-miR-146a and siSMAD4 to confirm the involvement of
SMAD4 in miR-146a-related resistance to IFN-o. MTT assay using
PLC-R3 cells showed that the growth-inhibitory effect of
anti-miR-146a transfection only was weakened by co-transfection
with siSMAD4 (Fig. 3D). These results suggest that SMAD4 medi-
ates, at least in part, the miR-146a-related resistance to IFN-o..

4. Discussion

In this study, we focused on miR-146a as a candidate regulator
of IFN-o-resistance. Several studies have examined the involve-
ment of miR-146a in various types of cancer. Most of these studies
investigated the clinical significance of C/G polymorphism in miR-
146a gene [32-34]. The cellular phenotypes regulated by miR-146a
have also been analyzed, and the results of such studies have dem-
onstrated that the impact of miR-146a on malignant potential dif-
fers according to the cell type. For examples, Li and colleagues [35]
reported the tumor suppressive activity of miR-146a. Re-expres-
sion of miR-146a inhibited the invasive capacity of pancreatic car-
cinoma cells with concomitant downregulation of epidermal
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Fig. 1. Analysis of microRNA (miRNA) expression in parental PLC/PRF/5 (PLC-P) and their interferon (IFN)-o. resistant clones (PLC-Rs). (A) Schematic diagram of the results of
microarray analysis. The protocol identified 115 miRNAs with more than 1.2-fold up- or downregulated gene expression in the three types of cells. (B) Real-time quantitative
reverse transcription-PCR (qRT-PCR) demonstrated significantly higher miR-146a expression in PLC-Rs than in PLC-P. Data are mean + SD of triplicate experiments. *P < 0.05.

— 250 —



678 A. Tomokuni et al./Biochemical and Biophysical Research Communications 414 (2011) 675-680

A

Pre-miR-146a transfection (PLC-P)

10000 |- === ===
£ 1000 f----------- eeemmmamneeemeooeo e
O 100 becme e ——— e R -
2 100
¥
(5]
R L ---- SR --
=
<
M j
0.1
Control Pre-miR-146a Pre-miR-146a Pre-miR-146a
12hr 12hr 36hr 60hr

C Pre-miR-146a transfection (PLC-P)

100
90
8 80
2
= 70
B
=
Z 60
o)
O 50
40
30
0 100 500 2500
IFN-o concentration (IU mlI'')
IFN-o-induced apoptosis (PLC-P)
T A el ; ‘‘‘‘‘‘‘‘
o
Y T U
<]
a,
S il .- ___ -
&
RPN G S -
3
&
S - - -
8
5]
a
Control Pre-miR-146a Control Pre-miR-146a
Untreated IFN-o treatment

Anti-miR-146a transfection (PLC-R1)

Relative expression

Control Anti-miR-146a Anti-miR-146a Anti-miR-146a

12hr 12hr 36hr 60hr

D Anti-miR-146a transfection (PLC-R1)

m Control
100 pumr—7---"-"""- 7 Anti-miR-146a

& 90 F
2
g
£ 80 r
3
@]

70 r

60

0 100 500 2500
IFN-o concentration (IU ml)
IFN-o-induced apoptosis (PLC-R1)
2 S bttt

Percentage of apoptoticcells

Anti-miR-146a
Untreated

Control Control Anti-miR-146a

IFN-o treatment

Fig. 2. miR-146a attenuated the IFN-o-sensitivity in PLC/PRF/5 cells. (A, B) Real-time qRT-PCR confirmed overexpression (PLC-P cells transfected with pre-miR-146a), and
suppression (PLC-R1 cells transfected with anti-miR-146a) of miR-146a for more than 60 h. (C, D) MTT assay showed significant changes in the sensitivity to IFN-o by gain-of-
function of miR-146a in PLC-P and loss-of-function in PLC-R1. (E, F) Pre-miR-146a transfection reduced, while anti-miR-146a transfection increased, [FN-a-induced apoptosis
significantly. Apoptotic cells were defined as annexin V-positive cells [i.e., the sum of annexin V-positive/propidium iodide-positive (annexin V-positive/PI-positive) and
annexin V-positive/Pl-negative cells]. Data are mean * SD of triplicate independent experiments. "P < 0.05.

growth factor receptor (EGFR) and IL-1 receptor-associated kinase
1 (IRAK1) [35]. Lin et al. {27] reported that miR-146a targeted Rho-
activated protein kinase 1 (ROCK1) and reduced the proliferation,
invasion and metastasis potential of hormone-refractory prostate
cancer cells. Conversely, Perske and co-workers [36] showed that
miR-146a suppressed macrophage-induced death of mouse renal
cell carcinoma cells by targeting inducible nitric oxide synthase
(iNOS). Although many investigators have examined the signifi-
cance of miR-146a in malignancies, only a few analyzed its role
in resistance to anti-cancer drug. Pogribny et al. [37] performed
miRNA microarray analysis using human breast cancer cell line
and its cisplatin-resistant variant, and their results showed that
miR-146a was most up-regulated in cisplatin-resistant cells.

On the other hand, the functional significance of miR-146a was
first identified in innate immune response [26]. Furthermore,

dysregulation of miR-146a was initially observed in autoimmune
diseases [38]. Because miR-146a inhibits type I IFN pathway by tar-
geting STAT1 [38], we first performed experiments of gain-of-func-
tion or loss-of-function of miR-146a, but these showed no changes
in STAT1 protein levels (data not shown). It was concluded that
STAT1 does not seem to be essential in miR-146a-related resis-
tance to [FN-o in HCC cells.

Among the different members of the SMAD family of proteins,
SMAD4 is considered as an important tumor suppressor in the
transforming growth factor -p(TGF-B) signaling pathway [31]. Pre-
vious studies reported that changes in SMAD4 gene correlated with
various types of human cancer. For example, deletion and somatic
alterations were most frequently observed in patients with pancre-
atic carcinoma and colorectal carcinoma [39)]. However, somatic
alteration of SMAD4 was observed less commonly in HCC patients
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Fig. 3. The miR-146a-related resistance to IFN-o treatment is mediated through
SMADA4. (A) Western blot analysis showed suppression of SMAD4 protein expres-
sion level by pre-miR-146a transfection, and enhancement by anti-miR-146a
transfection, (B) Knock down of SMAD4 in PLC-P was confirmed by real-time qRT-
PCR. (C) MTT assay showed that knock down of SMAD4 induced resistance to IFN-o
treatment. (D) IFN-o-sensitivity provided by anti-miR-146a transfection was
attenuated by co-transfection of siSMAD4 in PLC-R3 cells (IFN-o treatment was
performed at a concentration of 2500 [U ml™7).

(6%) [40]. Functional analyses of SMAD4 in HCC cells were
performed by Ji and colleagues [41,42], who showed that SMAD4-
RNAi suppressed proliferation but promoted apoptosis and migra-
tion of TGF-B-treated SMMC-7721 cells. In the present study, we
used PLC-P and PLC-Rs and showed that knock down of SMAD4
induced IFN-o-resistance, and both gain-of-function and loss-
of-function of miR-146a inversely altered the expression level of
SMAD4 protein. Moreover, direct binding of miR-146a to 3'UTR
of SMAD4 gene was recently confirmed in NB4 cells, acute promy-
elocytic leukemia cell line [29]. Taken together, we propose that
miR-146a inhibits IFN-a-induced apoptosis of HCC cells by target-

ing SMAD4. However, annexin V assay showed that the amount
variability of apoptotic cells influenced by miR-146a was subtle
albeit significant (Fig. 2E, F, and Supplementary Fig. 1A, B).
Undiscovered miR-146a-mediated cellular mechanisms other than
inhibition of apoptosis have to be determined hereafter.

We have reported the clinical efficiency of IFN-based therapy in
HCC patients [5,9-11]. The mechanism of the anti-cancer effect of
IFN-o in HCC was also analyzed. For example, IFNAR2 plays a cru-
cial role in IFN-a~induced apoptosis of HCC cells [12]. The Wnt/B-
catenin signaling pathway contributes to resistance to the anti-
proliferative effect of IFN-o [13]. Furthermore, assessment of the
expression levels of IFNAR2 and epithelial cell adhesion molecule
(EpCAM), the target molecule of the Wnt/B-catenin signaling path-
way, allowed the prediction of the clinical efficiency of IFN-based
therapy [8,13]. IGFBP7, which was identified by cDNA microarray
analysis using PLC-P and PLC-Rs, was also a useful predictor [14].
In spite of these perceptions, the prediction method established
by our group remains imperfect, and the efficient modality for
non-responders to I[FN-based therapy has not yet been achieved.

Recent evidence suggests that miRNA is a suitable target for the
treatment of cancer, based on the numerous advantages of miRNA-
based therapeutics compared with conventional drug approach.
For example, they regulate multiple components of the same cellu-
lar/physiological pathway and their effects are usually long-term
[43]. Although several problems remain to be overcome, e.g., drug
delivery system, off-target effects, or possible toxicity, a few stud-
ies employing animal models of liver diseases have already dem-
onstrated the effectiveness of miRNA-based therapeutics [44,45].
The results of the present study demonstrated the role of miR-
146a in the response to IFN-ot in HCC cells. Although further
assessment of the clinical significance is necessary, clinical applica-
tion of therapeutics related to this miRNA seems feasible in future.

In conclusion, we demonstrated in the present study that miR-
146a inhibited the anti-cancer effect of IFN-o in HCC cells, and that
this effect was mediated by SMADA4. In addition, the response to
IFN-o in PLC/PRF/5 cells was controlled by genetic manipulation
of miR-146a and SMAD4. Considered together, the results suggest
that miR-146a/SMAD4-mediated IFN-resistance is a potential
legitimate target for the treatment of HCC.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bbrc.2011.09.124.
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