INTERNATIONAL JOURNAL OF ONCOLOGY 33: 647-655, 2008 649
A B
120% .
110% - ]
~ ]
3 ) -8 Caki-1
§ moss: O Caki-2
s ] ! — VNFC
] "‘l’ : -ROW
i 90%: . p" i \
: %hﬁ - - ACHN
2 ) )
: . O\ ‘ : -+ 05-RO-2
3 : A 1] \} -0~ KURM
0% : _ A - KURII
. \ \ - KRO/Y
60% T
0 24 48 7” 96 100 1000 5000
Time after PEG-IFN-a2b (2048 I0/mL) Concentratisn of PEG-IFN-a2b (TU/mL)
addition (hours)

Figure 1. Anti-proliferative effects of PEG-IFN-a2b. (A) Chronological changes in relative viable cell number (% of the control) after adding 2,048 1U/ml
of PEG-IFN-a2b. Growth was significantly suppressed over time in 2 cell lines (KUR11 and KRC/Y). (B) Ninety-six hours after adding 8, 32, 128, 512 or
2,048 TU/ml of PEG-1FN-a2b. Cell proliferation was suppressed in a dose-dependent manner in 6 cell lines (all but Caki-2 and OS-RC-2). Eight samples were
used in each experiment. The experiment was repeated at least three times for each cell line. The values represent the average + SE.

8 and 11). The clinical daily dose of IFN-a2b for human
RCC is 600x10* IU/body (1.2x10° IU/kg), and this is
approximately four times the lowest dose (3 2x10% IU/kg) used
in this experiment. Tumor size was measured in two directions
by using calipers on the first and second days of s.c. injection
(day 1 and 2) and then once every 2 days until day 14, and
tumor volume (mm?) was estimated by using the equation:
Length x (Width)? x 0.5. Mouse body weight was measured
on day 0, 8 and 14. On day 15, all mice were sacrificed and
the tumors were removed.

The animals received human care according to criteria
outlined in the ‘Guide for the Care and Use of Laboratory
Animals’ prepared by the National Academy of Sciences and
published by the National Institutes of Health (NIH publication
86-23, revised 1985).

Effects of combination therapy of PEG-IFN-a2b and 5-FU
on RCC cell proliferation in nude mice. VMRC-RCW cells
(7.5x10¢ cells/mouse) were subcutaneously injected into 4-
week-old female BALB/c athymic nude mice (n=58). The
mice were divided into 7 groups (n=8 or 9 each) on day 7
when tumor size reached ~10 mm in diameter, and each
group was assigned to one of the 7 treatments: i) PEG-IFN-
a2b alone (6.400 IU); ii) IFN-a2b alone (6,400 IU); iii) low
dose 5-FU alone (160 pg); iv) high dose 5-FU alone (320 ug);
v) combination therapy of PEG-IFN-«2b (6,400 IU) and low

dose 5-FU; vi) combination therapy of IFN-u2b (6,400 1U)
and low dose 5-FU; and (vii) control.

5-FU was administered intra-abdominally every day for 2
consecutive weeks. The dose of 5-FU (160 pg/mouse, 8 mg/
kg) is comparable to the clinical dose.

Tumor size measurement and IFN administration were
performed in the same manner as described above. On day 15,
all mice were sacrificed and each tumor was removed. After
the tumor weight was measured, half of the obtained tumors
were used for histological examination and the other half
were used for quantitative real-time RT-PCR.

The number of cells showing characteristics of apoptosis
such as cytoplasmic shrinkage, chromatin condensation and
nuclear fragmentation was counted in ten 0.25 mm? areas
within an H&E-stained specimen, and the average number
per area was obtained. The TUNEL technique (ApopTag®
Peroxidase In Situ Apoptosis Detection Kits, Chemicon
International, CA, USA) was also used to detect apoptotic
cells. The average number of TUNEL-positive cells per area
was obtained as described above.

Immunohistochemistry. Double immunohistochemical staining
was performed by using anti-mouse endothelial cell (anti-
CD34) antibody, anti-human a smooth muscle actin (a-SMA)
antibody and histofine simple stain mouse Max-Po (Rat) kits
(Nichirei, Tokyo, Japan) as described elsewhere (16). We
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Figure 2. Anti-proliferative effects of the combination therapy of PEG-IFN-
«2b and 5-FU on VMRC-RCW cells in a 96-h culture. The relative viable
cell number decreased dose-dependently. Two samples were used in each
experiment. The experiment was repeated three times. The values represent
the average + SE. PEG-IFN, PEG-IFN-a2b.

calculated the number of artery-like blood vessels in the
entire area of each section and obtained for each the mean
number per mm?.

cDNA preparation and quantitative real-time RT-PCR. Total
RNA was extracted using RNA-Bee™ (Tel-Test, Inc., TX)
and reverse transcribed using Superscript™ III First-Strand
Synthesis System for RT-PCR (Invitrogen, CA) according to
the manufacturer's instructions. Quantitative real-time RT-
PCR was performed with an ABI PRISM 7300 (Applied
Biosystems, Foster City, CA). We examined 6 enzymes
related to 5-FU metabolism, i.e., TS, TP, DPD, OPRT, UP and
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TK. The sequences of the primers and probes for the 6
enzymes are listed elsewhere (17). The sequences for VEGF
were 5'-CCATGAACTTTCTGCTGTCTTGG-3' as the
forward primer, 5'-CTGCGCTGATAGACATCCATGA-3' as
the reverse primer, and 5'-TGCTCTACCTCCACCATGC
CAAGT-3' as the probe. The sequences of the primers and
probes for VEGFR-1, IFNAR-1, IFNAR-2 and glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) were
purchased from Applied Biosystems.

Statistical analysis. We used two-factorial ANOVA for the
comparisons of tumor volume, tumor weight, number of
apoptotic cells, number of artery-like blood vessels, and
relative levels of mRNAs related to 5-FU metabolism.

Results

Effects of PEG-IFN-a2b on the proliferation of RCC cell lines
in vitro. After adding 2,048 IU/ml of PEG-IFN-a2b, the
relative viable cell number of the cultured 8 cell lines was
suppressed in a time-dependent manner until 72 h, but at 96 h,
suppression was noted in only 2 cell lines (KRC/Y and
KUR11). On the other hand, with different doses of PEG-IFN-
«2b, the relative viable cell number at 96 h was suppressed in
the 6 cell lines, i.e., VMRC-RCW, KRC/Y, KURM, KUR11,
ACHN and Caki-1. In the 8 cell lines, ICy, was not reached for
either time- and dose-dependent suppressions, but the most
sensitive case was KUR11 with the dose of 2,048 IU/ml at
96 h. i.e., the relative viable cell number was 62.7% of the
control (Fig. 1).

In the VMRC-RCW cell line, the anti-tumor effects of
PEG-IFN-a2b and IFN-a2b were not markedly different.

Figure 3. Photomicrograph of VMRC-RCW cells cultured for 72 h on a Lab-Tek Chamber Slide. (A) Without PEG-IFN-a2b in culture medium. Mitotic
figures (thick arrows) were noted. (B) With 2.500 IU/m of PEG-IFN-a2b and 2.5 M of 5-FU in culture medium. Apoptotic cells (thin arrows) characterized
by cytoplasmic shrinkage and chromatic condensation were noted (H&E staining, x200).

— 443 —



INTERNATIONAL JOURNAL OF ONCOLOGY 33: 647-655, 2008 651

Table I. Effects of PEG-IFN-a2b and IFN-a2b on RCC cell proliferation in nude mice.

Treatment group Number Tumor weight Body weight

(g, mean x SE) (g, mean = SE on day 15)

Control (culture medium) 9 1.835+0.132 17.122+0.362
IFN-a2b (640 IU) 9 1.735+0.177 16.089+0.599
IFN-o2b (6,400 IU) 9 1.455+0.140 16.667+0.420
PEG-IFN-a2b (640 IU) 9 1.267+0.072%¢ 16.156+0.308
PEG-IFN-a2b (6,400 IU) 9 1.160+£0.075° 15.244+0.313
PEG-IFN-a2b (64,000 IU) 9 0.920+0.126° 16.922£0.601
PEG-IFN-a2b (640,000 IU) 8 0.444+0.077° 17.638+0.717

Cultured VMRC-RCW cells were subcutaneously transplanted in each nude mouse (1.0x107/mouse). Seven days later, when the largest
diameter of the tumor reached ~10 mm, mice were treated twice per week with s.c. injection of PEG-IFN-a2b, IFN-a2b, or culture medium.
All mice were sacrificed on day 15.*p<0.01 and ®p<0.001 vs. control; 5p<0.05 vs. the same concentration of IFN.

7]

I
i/
=
4

~o- IFN 6,400 IU

&~ PEG-IFNGO U

e
A

Estimand mmer velume (mm’)
§

1000 -4~ PEG-IFN&AN0 IU
2 || - PecINssmon
1
%0 0= PEG-IFN640000 IU
e 4"‘_{
T e TR R D
Timms sfwr growping (Days)

Figure 4. Chronological changes in the estimated volume of subcutaneously
transplanted RCC tumors (VMRC-RCW cells, 1.0x107) in nude mice
according to the treatment dose. Seven days after the transplantation, when
the largest tumor diameter reached ~10 mm (day 0), mice were divided into
7 groups (n=8 or 9, each). The arrows show the days of treatment. "p<0.05.
*p<0.01 and ***p<0.001 vs. control; *p<0.01 vs. the same dose of IFN-a2b
(6400 1U). The values represent the average + SE. PEG-IFN, PEG-IFN-a2b.

Effects of the combination treatment of PEG-IFN-a2b and
5-FU on the growth of the VMRC-RCW cell line in vitro.
Without 5-FU, the relative viable cell number did not decrease
to 50% or lower of the control even when the highest dose of
PEG-IFN-a2b (5.000 IU/ml) was added to the culture. When
5-FU (0.6 uM) was used in combination, the relative viable
cell number was suppressed to 41.6% even when PEG-IFN-
a2b was at the lowest dose (625 IU/ml, Fig. 2). The anti-
proliferative effect of these two agents was additive, not
synergistic.

Morphological examination in vitro. The 8 cell lines presented
such apoptotic features as cytoplasmic shrinkage and
chromatin condensation in a varying degree and in a dose-
dependent manner at 72 h after adding PEG-IFN-«2b. For the
combination treatment of PEG-IFN-a2b and 5-FU, more
apoptotic cells were observed than in the PEG-IFN-a2b
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Figure 5. Chronological changes in the estimated volume of subcutaneously
transplanted RCC tumors (VMRC-RCW cells, 7.5x10°%) in nude mice
according to the treatment method. Seven days after the transplantation,
when the largest tumor diameter reached ~10 mm (day 0), mice were
divided into 7 groups (n=8 or 9, each), i.e., PEG-IFN-a2b (6 400 IU) alone;
IFN-a2b (6 400 IU) alone; combination of 5-FU and PEG-IFN-a2b (6,400 1U)
or IFN-a2b (6,400 IU); 5-FU alone (low or high dose); and culture medium
alone (control). The arrows show the days of treatment. ‘p<0.05, “p<0.01
and ***p<0.001 vs. control: *p<0.001 vs. IFN-a2b and 5-FU. The values
represent the average + SE. PEG-IFN, PEG-IFN-a2b.

alone-treated cells, and the apoptotic cells increased dose-
dependently to PEG-IFN-a2b plus 5-FU (Fig. 3).

Effects of PEG-IFN-a2b on RCC cell proliferation in nude
mice. Chronological changes in estimated tumor volume after
IFN administration to nude mice are summarized in Fig. 4.
Dose-dependent suppression of tumor volume was observed
in mice receiving PEG-IFN-a2b. The estimated tumor
volume on day 14 in the mice receiving 6,400 IU of PEG-
IFN-a2b became 61.9% of the mice receiving the same dose
of IFN-a2b (p<0.01) and 56.8% of the control (p<0.001). The
tumor weight on day 15 in the mice receiving 6,400 IU of
PEG-IFN-a2b became 63.2% of the control (p<0.001, Table I).

Significant differences in the estimated tumor volume
were observed between each PEG-IFN-a2b group (640, 6.400,
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Table II. Effects of combination therapy of PEG-IFN-a2b and 5-FU on RCC cell proliferation in nude mice.

Treatment group Number Tumor weight Body weight
(g, mean + SE) (g, mean * SE on day 15)
Control (culture medium) 8 2.255+0.102 17.188+0.578
5-FU (low dose) 9 2.430+0.185 16.778+0.595
5-FU (high dose) 7 1.603+0.107¢ 15.686+0.814
IFN-02b alone 8 1.812+0.084° 16.363+0.692
IFN-a2b + 5-FU 8 1.917+0.170 16.344+0 426
PEG-IFN-a2b 8 1.771+0.1722 15.963+0.459
PEG-IFN-a2b + 5-FU 9 1.742+0.1942 15.767+0.621

Cultured VMRC-RCW cells were subcutaneously transplanted in each nude mouse (7.5x10%mouse). Seven days later, when the largest
diameter of the tumor reached ~10 mm, mice were treated with s.c. injection of IFNs and/or intraperitoneal injection of 5-fluorouracil (5-FU)
daily. All mice were sacrificed on day 15. The concentration of both PEG-IFN-o2b and IFN-a2b was 6 400 TU/ml. *p<0.05, ®p<0.01 and
‘p<0.001 vs. control.

Figure 6. Photomicrograph of a subcutaneous human RCC tumor in nude mice, which developed after the injection of VMRC-RCW cells. (A) A control mouse
that received culture medium alone. The tumor showed a thick trabecular arrangement of tumor cells and thin fibrous connective tissues and capillary vessels
in the stroma. (B) A mouse that received PEG-IFN-a2b and 5-FU. There were many apoptotic tumor-cells (thick arrows, H&E staining, x200). (C and D) Higher
magnifications of B (x400). Apoptotic tumor-cells characterized by shrinkage and eosinophilic change in the cytoplasm and chromatin condensation are
shown (thick arrows, H&E staining). (E) TUNEL-positive apoptotic cells showing brown nuclei (thin arrows, TUNEL staining, x200).

64,000, 640,000 IU) and the control (p<0.05 to p<0.001, Effects of the combination therapy of PEG-IFN-a2b and
Fig. 3). There was no significant difference between 640 or  5-FU on RCC cell proliferation in nude mice. Chronological
6,400 IU of the IFN-a2b group and the control. There were  changes in estimated tumor volume are shown in Fig. 5. The
no significant differences in body weight of the mice among  tumor volume on day 14 for the combination therapy of
the groups. PEG-IFN-a2b and 5-FU was 54.2% of the control (p<0.0001).
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Table IIL. Relative mRNA expression levels of the enzymes related with 5-FU metabolism, VEGF, VEGFR-1 and type I IFN

receptor subunits.

Treatment group DPD TP TK TS UP OPRT VEGF VEGFR-1 IFNAR-1 IFNAR-2
5-FU (low dose) 129 101 68 182 48 116 135 122 94
5-FU (high dose) 72 50 52 402 41 30 93 59 90
IFN-a2b 110 71 82 119 100 103 97 134 108 174
IFN-a2b + 5-FU 95 80 85 74 106 56 111 63 4424
PEG-IFN-«2b 648>4 4200 313 29704 124 3664 2717 159 217
PEG-IFN-a2b + 5-FU  159¢ 143¢ 162 129 129 86 251 138 91 141

mRNA levels were examined by quantitative real-time RT-PCR and normalized with GAPDH. The values of relative mRNA expression
level represent the average of the ratio to the level of control in each group. *p<0.05 and ®p<0.01 vs. control; °p<0.05 vs. PEG-IFN-a2b;
¢p<0.05 vs. IFN-a2b; and °p<0.01 vs. IFN-a2b plus 5-FU. DPD, dihydropyrimidine dehydrogenase; TP, thymidine phosphorylase; TK,
thymidine kinase; TS, thymidylate synthase; UP, uridine phosphorylase; OPRT, orotate phosphoribosyl transferase; VEGF, vascular
endothelial growth factor; VEGFR-1. VEGF receptor 1; IFNAR-1, type I interferon receptor subunit 1; and IFNAR-2, type [ interferon receptor

subunit 2.
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Figure 7. Number of apoptotic cells in the tumors. The number was counted
in ten 0.25 mm? areas in each section, and the average number per area in
each group was obtained. *p<0.05, *'p<0.01 and *p<0.001 vs. control;
#p<0.05 vs. IFN-a2b; 'p<0.001 vs PEG-IFN-a2b. PEG-IFN, PEG-IFN-a2b.

The tumor weights of the mice on day 15 were significantly
different between the control and the 5-FU high dose group,
each IFN alone group, and the combination group of PEG-
[FN-a2b and 5-FU. The two types of IFNs and/or 5-FU did
not affect the body weight of the mice (Table II).
Histological examination of the RCC tumor specimens
stained with H&E revealed that the number of apoptotic cells
was significantly higher in the mice treated with 6,400 IU of
PEG-IFN-a2b (p<0.01) or 6400 IU of IFN-u2b (p<0.05) in
comparison to the control (Fig. 6A-D). The incidence of
apoptosis in TUNEL-stained sections showed the same
tendencies as those obtained in the H&E-stained sections
(Fig. 6E). The number of apoptotic cells significantly
increased in the mouse tumors treated with the combination

therapy in comparison to the control (for each IFN, p<0.0001).
The number also significantly increased with the combination
treatment of PEG-IFN-u2b and 5-FU in comparison to PEG-
IFN-a2b alone (p<0.0001), and with the combination of IFN-
a2b and 5-FU in comparison to IFN-a2b alone (p<0.05,
Fig. 7).

The results of quantitative real-time RT-PCR are shown
in Table III. The VEGF mRNA levels increased significantly
in the PEG-IFN-a2b alone group (p<0.05 vs. control, p<0.05
vs. IFN-a2b) and in the combination (PEG-IFN-a2b plus
5-FU) group (p<0.05 vs. control, p<0.01 vs. IFN-a2b plus 5-
FU). There were also significant increases in the expression
levels of DPD (p<0.01), TP (p<0.05), and TS (p<0.05) in the
PEG-IFN-a2b alone group in comparison to the control. On
the other hand, significant decreases were observed in the
expression levels of DPD (p<0.05) and TP (p<0.05) in the
combination (PEG-IFN-u2b plus 5-FU) group in comparison
to the PEG-IFN-a2b alone group. In addition, the TS mRNA
levels in the PEG-IFN-a2b group increased in comparison to
the IFN-a2b group (p<0.05). The relative mRNA levels of
IFN-a2b receptors in the combination group were lower than
the levels of the IFN alone group.

The number of artery-like blood vessels increased slightly
in comparison to the control in the groups receiving IFN-a2b
alone, PEG-IFN-a2b alone, or the combination therapies; and
there were no significant differences among the 7 groups

(Fig. 8).
Discussion

Shang et al (18) examined 5 RCC cell lines and reported that
the greatest decrease in the viable cell number after adding
1,600 IU/ml of Sumiferon to the cultures was 42% (58% of
the control). On the other hand, Vyas et al (19) comparatively
examined the anti-tumor effects of PEG-IFN-«2b and IFN-
a2b by using an RCC cell line, ACHN, and reported that
the addition of 1,033 IU/ml of PEG-IFN-a2b suppressed the
viable cell number to 50% of the control. Our current
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experiment used concentration levels close to those of
Shang et al, and similar anti-tumor effects were obtained.
However, the level of suppression in our study did not reach
50% of the control even though the concentrations were higher
than those of Vyas et al. The reasons for these disparate
findings are not clear, however, they may be related to the
different cell density in the experiments, different measurement
methods, and possible changes in cell characteristics due to
cultures. Vyas et al (19) also reported that the anti-tumor
effects of PEG-IFN-a2b and IFN-a2b were not markedly
different as we demonstrated in the present study.

Some medical institutions administer the combination
therapy of IFN-a and 5-FU in the treatment for advanced
RCC. Sella et al (20) reported that the combination of IFN-a
and chemotherapy (5-FU and mitomycin C) resulted in a
significant clinical effect on RCC patients. Our results support
the anti-tumor effects reported by Sella er al regarding the
combination of IFN-a and chemotherapy. Moreover, in the
present study, the combination of PEG-IFN-a2b and 5-FU
exhibited enhanced anti-tumor effects in comparison to the
combination of IFN-a2b and 5-FU in vivo.

The induction of apoptosis is a mechanism of the anti-
tumor effects of IFN-a2b. and Vyas et al (19) reported a dose-
dependent increase in apoptotic cell number for PEG-IFN-a2b
in cell cultures. Shang et al (18) found that apoptosis induction
by IFN-a2b was not significant even at a dose of 5,000 IU/
ml. On the other hand, 5-FU induced apoptosis in a dose-
dependent manner, and 50 and 100 IU/ml of IFN-a2b was
able to promote 5-FU-induced apoptosis in RCC cells. In our
current study, the number of apoptotic cells in vitro increased
proportionally to the dose of PEG-IFN-«2b and to the doses
of PEG-IFN-u2b plus 5-FU in the combination treatment.
The apoptotic cell number in the tumors also increased dose-
dependently in the IFN-a2b alone group and PEG-IFN-a2b
alone group, and the number in each group further increased
with the combination of 5-FU. This indicates that PEG-IFN-
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a2b and IFN-a2b induced apoptosis and the combination with
5-FU induced apoptosis more extensively. Comparing the
two combination treatments, i.e., PEG-IFN-a2b plus 5-FU vs.
IFN-a2b plus 5-FU, the estimated tumor volume was signifi-
cantly smaller in the PEG-IFN-a2b plus 5-FU group, but the
number of apoptotic cells did not differ markedly between the
groups. Shang er al (18) revealed that IFN-a2b caused cell
cycle arrest at G1 in ACHN cells and at G2/M in Caki-1 cells
in their flow cytometric analyses, and this suggests that cell
cycle arrest could be the reason why there was no remarkable
difference in the number of apoptotic cells in our results.

Anti-angiogenesis activity is a biological effect of IFN-
a2b, and it has been shown that IFN-a2b inhibits angio-
genesis by down-regulating angiogenesis factors. For example,
Dinney et al (21) systematically administered IFN-a in a
nude mouse model of bladder tumor and reported a decrease
in in vivo blood vessel density in the tumors, which then
resulted in the shrinkage of the tumor size. On the other hand,
Kojiro et al (16) reported that there was no significant relation
between the tumor shrinkage effects and angiogenesis factors
or artery-like blood vessels when IFN-a and 5-FU were
administered in combination to nude mice receiving trans-
plantation of HCC cells. In our current study, the mRNA
expression of VEGF and the number of artery-like blood
vessels in the tumors were not suppressed in the PEG-IFN-
a2b alone group and the PEG-IFN-a2b plus 5-FU group, but
the estimated tumor volume of the PEG-IFN-a2b plus 5-FU
group was the most suppressed among the groups. The reason
for these contrary findings is unclear. Angiogenesis plays an
important role in the proliferation and metastasis of solid
tumors such as renal cancer, therefore the relation between
angiogenesis factors and anti-tumor effects should be
investigated in future studies by using different IFN
preparations and other RCC cell lines.

It has been reported that IFN directly suppresses tumor
proliferation and at the same time augments the suppressive
effects of 5-FU on tumor growth, including the induction
of apoptosis (15,22). In regards to the mechanism of this
augmentation, several researchers reported that IFN-a acts on
the metabolic pathway of 5-FU (23,24). Low levels of TS and
DPD and high levels of OPRT, TP. UP and TK render cancer
cells sensitive to 5-FU. In our results, the enzymes related to
5-FU metabolism, except OPRT, slightly increased (not
significantly) in comparison to the control. Therefore, the
activity of 5-FU-related enzymes were not related to the anti-
tumor effects shown in our PEG-IFN-«2b plus 5-FU group.

IFN-a2b exerts its actions through a specific cell surface
receptor, Type I IFN receptor, which consists of two subunits
IFNAR-1 and IFNAR-2. IFNAR-2 is the binding subunit and
is more important than IFNAR-1 for the expression of IFN-
o2b activity (25-27). Oie et al (17) examined the expression
of type I IFN receptor mRNA in 6 HCC cell lines treated
with 5-FU. They showed that the expression of type I IFN
receptor was markedly increased in the 3 cell lines whose
proliferation was suppressed synergistically by the admini-
stration of 5-FU and IFN-a than in the other 3 cell lines whose
proliferation was suppressed in an additive manner. In our
current study, expression of IFNAR-1 and IFNAR-2
increased in the IFN-a2b alone and PEG-IFN-a2b alone
groups, whereas the expression levels were markedly lower
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in the combination groups of IFN-a plus 5-FU than in the IFN
alone groups. These findings differ from those of Oie et al
which could be the reason why the effects of our combination
treatment were additive and not synergistic.

Our results confirmed that in the treatment of RCC, PEG-
IFN-02b presents more potent anti-tumor effects than
conventional non-pegylated IFN-a2b, and the effects are
augmented when 5-FU is used in combination. The most
probable mechanism of this potent effect is apoptosis
induction, and the target molecules that induce apoptosis will
be determined in future studies. We expect that the addition
of another agent to the combination of IFN-a2b and 5-FU
would result in more potent anti-tumor effects in the
treatment of RCC.
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Abstract. N-myc downstream regulated gene 1 (NDRG1)/
Cap43 is a 43 kDa protein that is widely distributed in the
body. Its expression is regulated by nickel, cobalt, hypoxic
condition and others; it is reported to be weaker in tumors
than normal tissues; and NDRG1/Cap43 is considered to act
suppressively to tumor metastasis. This current study immuno-
histochemically examined NDRG1/Cap43 expression in
hepatocellular carcinoma (HCC), and analyzed its relationship
to clinicopathologic factors and prognosis. The samples were
105 surgically resected HCC tissue blocks, i.e., 18 well-
differentiated HCC, 61 moderately differentiated HCC, 10
poorly differentiated HCC, 9 ‘nodule-in-nodule’ type HCC,
and 7 sarcomatous HCC. In all cases, NDRG1/Cap43 was not
expressed in normal liver cells. Strong expression was found
in 65 of the 105 cases (62%), i.e., in 11.1% of well-differ-
entiated HCC, 72.1% of moderately differentiated HCC,
80.0% of poorly differentiated HCC, and 71.4% of
sarcomatous HCC. In the ‘nodule-in-nodule’ type, its
expression was found in 55.6% of their well-differentiated
component, and this frequency was significantly higher than
that in well-differentiated HCC (11.1%). In the cases showing
strong NDRG1/Cap43 expression, frequency of portal vein
invasion and of intrahepatic metastasis was significantly
high. No clear relationship between the expression and
prognosis was observed. NDRG1/Cap43 expression that was
found in advanced HCC was thought to accelerate tumor
invasion and metastasis. NDRG1/Cap43 could act as a useful
biomarker of HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the fifth commonest
malignancy worldwide and is the third most common cause of
cancer related death. The geographic areas at highest risk
are located in Eastern Asia, Middle Africa, and some countries
of Western Africa. HCC most commonly develops in patients
with chronic liver disease, the etiology of which includes
alcohol, viral infection (hepatitis B and C), metabolic diseases
and aflatoxin (1,2). Surgery, including transplantation,
remains the only curative modality for HCC. The prognosis of
HCC is generally poor, and even after surgery, the 5-year
survival rate is limited to 25-29% (3). The ability to predict
patients at higher risk of recurrence and with a poor prognosis
would help to guide surgical and chemotherapeutic treatment.
Efforts have been made to predict recurrence and poor
prognosis in patients with HCC after hepatectomy using
clinicopathological parameters. Tumor size, tumor number,
vascular invasion and the presence of satellite lesion were
reported to be useful predictors (4-6). With the development
of molecular biology, many biomarkers related to invasion,
metastasis, recurrence and survival have been explored.
N-myc downstream regulated gene 1 (NDRG1, also known
as Drd-1, Cap43 or RTP) was identified as a homocysteine-
responsive gene that was induced by sulfhydryl regents such as
cysteine and 2-mercaptoethanol in human umbilical vein
endothelial cells (7). The NDRG1/Cap43 gene is mapped to
chromosome 8q24 (8) and encodes a 3.0 kb mRNA that is
translated into a protein with a molecular weight of 43 kDa
(7.9). NDRG1/Cap43 expression is regulated with nickel,
cobalt, oxidative stress, hypoxia, phorbol esters, vitamin A
and D, steroids, histone deacetylase-targeting drugs, lysophos-
phatidylcholine, oncogene, and tumor suppressor gene (p53
and VHL) products (7,8,10-12). NDRG1/Cap43 acts in
maintenance and differentiation (13) of myelin sheath; and in
exocytosis (14), maturation (15) and degranulation (16) of
mast cells. The NDRG1/CAP43 mRNA is widely expressed in
the non-neoplastic tissues and its expression is especially high
in the prostate (17), brain (18), kidney (13,19), placenta and
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intestine (1,3,4,7,9,10,14,15,20,21). Sincce NDRG1/Cap43
expression level in neoplastic cells of breast cancer, prostatic
cancer and colon cancer is lower in comparison to that in non-
neoplastic tissues, NDRG1/Cap43 is reported to be
suppressive to tumor metastasis (8,9,17,22-24). On the other
hand, NDRG1/Cap43 is also reported to be overexpressed
in tumor tissue than normal tissue (25), and to act as an
accelerating factor of metastasis (26). At present, actions of
NDRG1/Cap43 in tumor remain elusive.

To date, NDRG1/Cap43 expression in the liver (25) and
its relationship with hepatocellular carcinoma (HCC) were
reported (27,28). Chua et al showed high NDRG1/Cap43
expression in HCC correlated with shorter overall survival,
late tumor stage, vascular invasion, large tumor size, and
high histological grade and NDRG1/Cap43 could be a useful
predictor (27). In the current study we investigated NDRG1/
Cap43 expression and its histopathological features on
surgically resected HCC of humans, and evaluated NDRG1/
Cap43 as a possible biomarker of HCC.

Materials and methods

Tissue samples. Immunohistochemical examination was
performed on formalin-fixed paraffin sections of cancerous
and non-cancerous tissues of 105 HCC livers that were
surgically resected at Kurume University Hospital in the
period between 1989 and 2007. The 105 patients did not
receive preoperative anticancer therapies such as a trans-
catheter arterial embolization and radiofrequency are
summarized in Table I. Among them, 89 cases had a nodule

AKIBA et al: NDRG1/Cap43 EXPRESSION IN HEPATOCELLULAR CARCINOMA

Table I. Clinicopathological characteristics of 105 HCC cases.

Clinicopathological factors No. of cases (%)

Age (years, mean + SD) 64.3+£8.5
Sex (M/F) 80/25
Tumor size (mm, mean + SD) 38.2+£25.2
Differentiation
Well-differentiated 18 (17.1)
Moderately differentiated 61 (58.1)
Poorly differentiated 10 (9.5)
HCC with sarcomatous change 7(6.7)
Nodule-in-nodule appearance 9(8.6)
Portal vein invasion 46 (43.8)
Venous invasion 7(6.7)
Bile duct invasion 4(3.8)
Intrahepatic metastasis 8(26.7)
Virus marker
Hepatitis B virus (HBV) associated 10 (9.5)
Hepatitis C virus (HCV) associated 75(71.4)
HBYV and HCV associated 9(8.6)
HBYV and HCV negative 6(5.7)
Unknown 5(4.8)

Figure 1. Grading of NDRG1/Cap43 staining distribution. (a) Grade 0: NDRG1/CAP43 positive cells were present <10% of the entire area. (b) Grade +1: the area
was 10-40%. (¢) Grade +2: the area was 40-70%. (d) Grade +3: the area was 70-100%.
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Table II. Relationship between NDRG1/Cap43 expressions and clinicopathological factors.
NDRG1/Cap43 expression
Clinicopathological factors Strong Weak p value
(n=65) (n=40) (% test)
Age (years, mean + SD) 63.8+9.3 65.1£7.2 NS
Gender Male 48 32 NS
Female 17 8
Tumor size (mm, mean x SD) 413229 3341284
NS
Histological grade
Well-differentiated® 2 16
Moderately differentiated 44 17 p<0.0001, vs. (a)
Poorly differentiated 8 2 p=0.0003, vs. (a)
HCC with sarcomatous change 5 2 p=0.0032, vs. (a)
Nodule-in-nodule appearance
Well-differentiated component 5 4 p=0.0145, vs. (a)
Moderately differentiated component 6 3 p=0.003, vs. (a)
Portal vein invasion (+) 37 9 p=0.0004
“) 28 31
Venous vein invasion (+) 6 1 NS
) 59 39
Bile duct invasion (+) 4 I NS
) 61 39
Intrahepatic metastasis (+) 23 5 p=0.0074
) 42 35
Hepatitis B virus (+) 15 4 NS
“) 50 36
Hepatitis C virus +) 49 35 NS
) 16 5

of single histological grade, i.e., 18 well-differ-entiated HCC,
61 moderately differentiated HCC, and 10 poorly
differentiated HCC. Another 9 cases had 2 different
histological grades in a single tumor nodule, i.e., well-
differentiated component and moderately differentiated
component with a clear boundary between them (‘nodule-in-
nodule’ type). The remaining 7 cases presented sarcomatous
changes (sarcomatous HCC). Pathological features of HCC
were evaluated according to the World Health Organization
(WHO) classification (29).

Immunohistochemistry. Formalin-fixed, paraffin-embedded
sections (4 pm) were mounted on 3-aminoprophl-
triethoxysilane-coated slides (Matsunami Glass Inc., Ltd.,
Osaka, Japan), deparaffinized in xylene, and re-hydrated in
graded alcohol. The sections were soaked in 10 mmol/l of
sodium citrate buffer (pH 6.0) and treated in microwave for
20 min for antigen retrieval. NDRG1/Cap43 expression was
immunohistochemically examined with rabbit polyclonal anti-

NDRG1/Cap43 antibody (gift from Professor K. Kohno,
Department of Molecular Biology, University of Occupation
and Environmental Health, Fukuoka, Japan. Diluted 1:2000) as
the primary antibody (12,30), and using Histofine SAB-PO kit
(Nichirei, Tokyo, Japan) according to the manufacturer's
protocol. The sections were incubated with primary antibody
for 60 min at room temperature after blocking endogenous
biotin and peroxidase activities. Negative control was prepared
by replacing the primary antibody with normal rabbit serum.
The peroxidase reaction was developed with the addition of 3,
3-diaminobenzidine and H,0, substrate solution. After
counterstaining with hematoxylin, the slides were dehydrated,
coverslipped, and observed under a microscope (Olympus
BX41, Olympus Optical, Tokyo, Japan). The immunohisto-
chemical staining was evaluated independently by two
pathologists (J.A. and H.Y.). Immunoreactivity of NDRG1/
Cap43-positive cells was compared among the tissue sections,
and the ratio of the area where positive cells were present to
the area of entire specimen was calculated. NDRG1/Cap43
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Figure 2. NDRG1/Cap43 expression in non-neoplastic tissues. (a) NDRG1/Cap43 was always negative in normal liver cells. (b) Bile duct epithelium in portal

tract was always positive.

Figure 3. Photomicrograph of immunohistochemical staining. (a) NDRG1/Cap43 in well-differentiated HCC, (b) in moderately differentiated HCC, (c) in

poorly differentiated HCC, (d) in HCC with sarcomatous change.

expression in bile duct epithelium was used as an internal
positive control because it is always positive. NDRG1/Cap43
expression was graded into 4 levels according to the
distribution of immunoreactive HCC cells (Fig. 1), i.e., 0
when NDRG1/Cap43-positive cells were present in <10% of
the entire area, +1 when the area was 10-40%, +2 when
40-70%, and +3 when 70-100%. Staining intensity for
NDRG1/Cap43 was graded into 3 levels, i.e., 0 when the
intensity in HCC area was less than that of bile duct
epithelium, +1 when the intensity was almost equal to that of
bile duct epithelium, and +2 when the intensity was stronger
than that of bile duct epithelium. Total score was obtained as
the expression grade multiplied by the staining intensity
score. This total score was then evaluated into 2 levels, i.e.,

0-2, weak expression; 3-6, strong expression, and the relation-
ship between NDRG1/Cap43 expression and clinico-
pathological features was examined. Statistical significance
was examined with y? test.

The relationship between NDRG1/Cap43 expression and
postoperative course was examined in 72 of 105 cases who
were monitored up to 9.1 years after surgery. The survival
rates were calculated by using the Kaplan-Meier method, and
the differences were compared by the log-rank test.

Results

NDRG1/Cap43was always negative in non-cancerous liver
cells, and its positivity was not affected by the condition of
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Figure 4. Photomicrographs. (a) The boundary between well-differentiated component (left) and moderately differentiated component (right) with a nodule-
in-nodule appearance. (b) NDRG1/Cap43 was immunohistochemically stained in well-differentiated component (left) and moderately differentiated

component (right).

Figure 5. The area of portal vein invasion. (a) Strong NDRG1/Cap43 expression was found in tumor body and in the tumor casts of portal vein (arrows). (b) In
one case, NDRG1/Cap43 expression was not found tumor body and in the tumor casts of portal vein (arrows).

the liver (e.g., hepatitis and cirrhosis) or the type of infected
hepatitis virus. On the other hand, NDRG1/Cap43 was always
positive on the bile duct membrane in the portal tract (Fig. 2),
and this picture was used as the internal positive control in
this study. Among the 105 cases, NDRG1/Cap43 was
expressed at a high level in 65 (62.0%) cases. Their cytoplasm
and/or cellular membrane were NDRG1/Cap43 positive, but
nuclei were not. There was no significant relationship
between the location of positively stained area and clinico-
pathologic factors. In the 89 cases that HCC nodules were
in a single histological grade, strong NDRG1/Cap43
expression was found in 11.1% (2/18) of the well-
differentiated HCC, 72.1% (44/61) of moderately
differentiated HCC (p<0.0001, vs. well-differentiated), and
80.0% (8/10) of the poorly differentiated HCC (p=0.0003)
(Table II). Among the 7 sarcomatous HCC cases, strong
NDRG1/Cap43 expression was observed in 5 (71.4%) and
this was significantly higher than the well-differentiated
HCC (p=0.0032, Fig. 3). In the 9 cases with ‘nodule-in-
nodule’ appearance that contained 2 or more components of
different histological grades, NDRG1/Cap43 was strongly

expressed in 55.6% (5/9) of well-differentiated component
and 66.7% (6/9) of moderately differentiated component
(Table II). The frequency in well-differentiated component
was significantly higher than that in the well-differentiated
HCC of a single histological grade (p=0.0145, Fig. 4). In the
relationship with clinicopathologic factors, frequencies of
portal vein invasion and intrahepatic metastasis were
significantly high in the cases of strong NDGR1/Cap43
expression (p=0.0004 and p=0.0074, respectively). Among
the 17 cases who were evaluable for NDRG1/Cap43
expression in the tumor casts of portal vein, 16 cases showed
strong expression in the entire tumor body as well as in the
tumor casts of portal vein, but one of the 17 cases showed
low expression in the tumor body as well as in the tumor
casts of portal vein (Fig. 5). Post-operative course was
monitored in 72 cases, and NDRG1/Cap43 expression was
not clearly related to their survival time. However, among
clinicopathological factors the presence of portal vain
invasion was significantly associated with shorter survival
(log-rank test; p=0.003) and intrahepatic metastasis also
influenced shorter survival (log-rank test; p=0.0575) (Fig. 6).
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Figure 6. Kaplan-Meier analysis for overall survival time. (a) There was no significant difference between HCC with strong NDRG1/Cap43 expression (A)
and HCC with weak NDRG1/Cap43 expression (O). (b) Significant difference was observed between HCC with portal vein invasion (O) and HCC without
portal vein invasion (A) (log-rank test; p=0.003). (c) The period tended to be shorter in cases with intrahepatic metastasis () than those without intrahepatic

metastasis (A) (log-rank test; p=0.0575).

Discussion

Cangul (25) reported no or very mild positivity in non-
neoplastic liver cells. Chua et al (27) found no NDRG1/
Cap43 expression in normal liver cells, but 6% of cirrhosis
and benign liver lesions had the expression. On the other
hand, in our cases, NDRG1/Cap43 was not expressed in
non-neoplastic liver cells even though many of our cases were
positive to hepatitis B and/or C virus and had conditions of
chronic hepatitis or cirrhosis. This difference in the findings
would be attributable to the differences of antibody and
immunostaining kits used in each study, disease condition of
the patients examined, and evaluation method. Since it was
not expressed in non-neoplastic liver cells but shown with the
development of tumor, NDRG1/Cap43 could be a marker of
HCC.

NDRG1/Cap43 was strongly expressed in 62.0% of the
lesions of our cases, and the frequency of strong expression
was significantly higher in the moderately and poorly differ-
entiated HCC in comparison to well-differentiated HCC. This
indicated that NDRG1/Cap43 is not related to early event of
carcinogenesis in the liver but to the growth and development
into advanced HCC. This point is supported by the findings
that the cases with strong NDRG1/Cap43 expression highly
associated with portal vein invasion or intrahepatic metastasis,
and tended to have a larger diameter of the nodule. The
relationship between NDRG1/Cap43 expression and cancer
has not yet been fully elucidated, but previous studies
reported that NDRG1/Cap43 acts suppressively to metastasis
in prostatic cancer, breast cancer, colon cancer and pancreatic
cancer; and is also a useful prognostic factor (22-24,31). In
our current study, the relationship between NDRG1/Cap43
and prognosis was not clear, but the results indicated that
NDRG1/Cap43 accelerates vascular invasion and metastasis
of cancer. Chua et al (27) also showed in their HCC study that
NDRG1/Cap43 is an indicator of poor prognosis and related
to such features as vascular invasion, large tumor size and
high histological grade. On the other hand. in our cases portal
vain invasion and intrahepatic metastasis was associated with
short survival, and frequencies of portal vain invasion and
intrahepatic metastasis was significantly high in the cases
with NDRG1/Cap43 high expression. This suggests
NDRG1/Cap43 high expression is indirectly associated with
short survival.

HCC develops in the liver with such chronic diseases as
hepatitis and cirrhosis. It occurs as a well-differentiated
cancer without having a capsule or distinct margin, and then
de-differentiate to present ‘nodule-in-nodule’ appearance that
contains moderately or poorly differentiated component
within the nodule. At that stage, tumor growth is accelerated.
In our findings, frequencies of NDRG1/Cap43 expression in
the well-differentiated component of a ‘nodule-in-nodule’
type HCC was higher than in a well-differentiated HCC that
consists of a single grade HCC. In our cases, NDRG1/Cap43
may act as a promoter of dedifferentiation. Another possible
explanation for this difference in the expression rates is that
we examined well-differentiated HCC that was in the early-
stage of development, contained a single nodule of a single
histological grade, and had indistinct margin; therefore the
environment such as vascular structure is different from that
of ‘nodule-in-nodule’ type HCC resulting in a different
staining pattern to NDRG1/Cap43 even when their
histological grade was the same as the corresponding
component in a ‘nodule-in-nodule’ type HCC.

Vascular structure of HCC changes from portal vein to
arterial vessel along with tumor growth, and in this course
ischemic condition temporally occurs (32). On the other hand,
NDRG1/Cap43 expression is upregulated in hypoxia in
several cancer types (19,25,28,33) including HCC (28). In
our current study, not many of our well-differentiated
nodules, i.e., the early-stage HCC, expressed NDRG 1/Cap43,
whereas the well-differentiated component of ‘nodule-in-
nodule’ type that would be under hypoxic stress in its growth
process expressed NDRG1/Cap43 at a high frequency. This
suggests that hypoxia would be one of the factors that
regulate NDRG1/Cap43 expression in HCC.

Many of our cases that showed strong NDRG1/Cap43
expression in the area of portal tract invasion also showed
strong expression in the tumor body. On the other hand,
there was no expression in the area of portal tract invasion
in the cases that showed weak expression in the tumor
body. HCC with strong NDRG1/Cap43 expression had
significantly high frequency of portal tract invasion, and
they also showed NDRG1/Cap43 expression in the area
around the invasion. This indicated a mechanism where
NDRG1/Cap43-positive cells with high invasive capability
invaded the portal tract and then started to express
NDRG1/Cap43.
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Our findings showed that NDRG1/Cap43 expression

occurs in developed HCC and it promotes invasion and
metastasis. More details of the mechanism that accelerates
proliferation and metastasis should be examined in future
studies.
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Abstract. Fucoidan, the general term for sulfated polysaccha-
rides, is reported to engage in various biological activities
having anti-tumor, anti-coagulation and anti-viral effects.
Though it has been investigated, the mechanism of its anti-
tumor effects remains elusive. The current study examined the
anti-tumor effects of fucoidan extracted from Okinawa mozuku
on 15 human cancer cell lines (6 hepatocellular carcinomas,
1 cholangiocarcinoma, 1 gallbladder cancer, 2 ovarian cancers,
1 hepatoblastoma, 1 neuroblastoma and 3 renal cancers) using
an MTT assay. Changes in apoptosis and the cell cycle were
analyzed by flow cytometry. The results revealed that cell
proliferation was suppressed in 13 cell lines in a time- and/or
dose-dependent manner; this suppression was marked in the
hepatocellular carcinoma, cholangiocarcinoma and gallbladder
carcinoma cell lines. In contrast, proliferation of the neurob-
lastoma and 1 of the 2 ovarian carcinoma cell lines was not
affected. The ratio of apoptotic cells significantly increased in
5 of the 6 hepatocellular carcinoma cell lines, and the ratio of
G,/M cells increased in the 3 hepatocellular cell lines exam-
ined. These observations indicate that fucoidan is a potential
anti-tumor agent for the treatment of bile duct cancers, such as
hepatocellular carcinoma, cholangiocarcinoma and gall-bladder
carcinoma.

Introduction

Malignant tumors are a major cause of death in humans
and, though treatment methods for cancer have markedly
progressed, curative regimens and protocols are still under
investigation. At present, chemotherapy is regarded as the
most effective treatment for solid tumors.
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Recent studies have shown that the natural substances
extracted from green tea (1) and marine products, among
others, have favorable preventive effects against cancers.
‘Mozuku’ (brown seaweed) is a marine plant which grows off-
shore around Okinawa Island. It has attracted the attention of
scientists as well as the general public, and is considered a
food which has various beneficial effects on the body.
Fucoidan, the major component of ‘mozuku’, is the general
term used for sulfated polysaccharides, which are also found
in other seaweeds such as ‘wakame’, ‘hijiki’, ‘mekabu’.
Sulfated polysaccharides are reported to engage in various
biological activities having anti-tumor effects (2-6), anti-
thrombin activity (7,8), anti-coagulant activity (9) and anti-
viral effects (10,11). Their anti-tumor effects have been
investigated using various methods, but the mechanism of
their action has remained elusive.

In order to increase the understanding of these anti-tumor
effects, this in vitro study was conducted using 15 cell lines
from 5 types of human cancers (liver cancer, cholangiocarci-
noma, ovarian cancer, hepatoblastoma and neuroblastoma)
along with fucoidan extracted from ‘Okinawa mozuku’.

Materials and methods

Preparation of culture medium with fucoidan. Fucoidan
solution was kindly provided by FCC Horiuchi & Co.
(Kurume, Japan). The fucoidan was extracted from mozuku
(Cladosiphon Okamuranus Tokida) collected from the shores
of Okinawa Island in Japan, sold as a sea product (containing
fucose 22.1 mg/100 mg) with government approval, and used
as raw material for a health drink. The structure of the
polysaccharide from C. okamuranus has been investigated
previously (12,13).

The basal medium for cell culture was Dulbecco's modified
Eagle's medium (Nissui Seiyaku Co., Tokyo, Japan) supple-
mented with 5% fetal bovine serum (Whittaker Bioproducts
Inc., Walkersville, MD), 100 units/ml penicillin, and 100 pzg/ml
streptomycin (Gibco, Chagrin Falls, OH). Fucoidan was
diluted with this medium and prepared in 10 concentrations
(0.35,0.70, 1 .40, 2.82,5.63, 11.25, 22.50, 45, 90 and 180 pg/
ml). The osmotic pressures and pH values of the cultures
with or without fucoidan were within normal physiological
range.
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Figure 1. Photomicrograph of HAK-1B (A and B), KIM-1 (C and D) and KMC-1 (E and F) cells cultured for 72 h on a Lab-Tek Chamber slide. (A, C and E)
No fucoidan in culture medium. Some mitotic figures were noted. (B, D and F) With 22.5 g of fucoidan in culture medium. Apoptotic cells were character-
ized by cytoplasmic shrinkage, chromatic condensation and nuclear fragmentation (H&E staining, x200).

Cell lines and cell culture. Fifteen cell lines were used. These
included 6 human hepatocellular carcinoma (HCC) cell lines
[KIM-1 (12,14), KYN-1 (15), KYN-2 (16), KYN-3 (17),
HAK-1A, HAK-1 (18)], one cholangiocarcinoma cell line
(KMC-1) (19) and one gallbladder carcinoma cell line
(KMG-C) which were originally established in our laboratory.
Two human ovarian clear cell carcinoma cell lines (KOC-5C
and KOC-7C) were established as described elsewhere (20,21),
as were 3 human renal cell carcinoma cell lines (KURU II,
KURM and OSRC2) (22). The human neuroblastoma cell
line (SK-N-SE) was a generous gift from Dr K. Ueda of the
Department of Pediatrics and Child Health of Kurume
University. The human hepatoblastoma cell line (HuH-6)
was purchased from the Japan Health Sciences Foundation
(Osaka, Japan).

Observation of morphological changes. For light microscopic
observations, the cells were seeded on Lab-Tek Tissue Culture
Chamber Slides (Nunc Inc., Roskilde, Denmark), cultured

with or without fucoidan (2.82, 22.5 or 90 ug/ml) for 72 h,
fixed in Carnoy's solution for 10 min, then stained with hema-
toxylin and eosin (H&E) and observed under a microscope
(Olympus BH-2, Olympus Optical, Tokyo, Japan).

Effect of fucoidan on the proliferation of each cell line. The
effect of fucoidan on cell proliferation was investigated with
colorimetric assays using MTT [3-(4,5-dimethylthiazol-2yl-yl)-
2,5-diphenyltetrazolium bromide] cell growth assay kits
(Chemicon International Inc., Temecula, CA) as previously
described (23). Briefly, cells were seeded on 96-well plates
(Falcon, Becton Dickinson Labware, Tokyo, Japan) and
cultured for 24 h. The medium was then replaced with 100 ul
of fresh medium alone or containing the diluted fucoidan
solution (0.35, 0.70, 1.40, 2.82, 5.63, 11.25, 22.50, 45, 90 or
180 pg/ml). After 24, 48, 72 or 96 h, the number of viable
cells was counted. Each experiment was repeated at least
twice. The 50% inhibitory concentration (ICs,) was defined as
the fucoidan concentration (ug) that caused a 50% reduction
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Figure 2. Antiproliferative effect of fucoidan (A-C) 72 h after 0.35,0.70, 1.40,2.82, 5.63, 11.25,22.50 or 45 ug were added. Cell proliferation was suppressed in
a dose-dependent manner in the 4 cell lines (KIM-1, HAK-1B, KMG-C, KMC-1), but not in the other 11 cell lines. The values represent the means x SE of the
experiments. The experiment was repeated at least twice for each cell line. (D-F) Chronological changes in the relative viable cell number (% of the control) after
adding 22.5 ug of fucoidan. A time-dependent growth inhibition was observed in 13 cell lines with the exception of KOC-7C, and growth was suppressed over

time to varying degrees.

in cellular viability. The ICy, value was calculated and used as
a parameter in the comparison of the relative cytotoxicity of
each cell line.

Quantitative analysis of fucoidan-induced apoptosis. Six HCC
cell lines were cultured with or without fucoidan (22.5 or
90 ug/ml) for 72 h and then stained with Annexin V-EGFP
(enhanced green fluorescent protein) using Apoptosis Detection
Kits (Medical & Biological Laboratories, Nagoya, Japan)
according to the manufacturer's protocol. After staining, the
cells were analyzed using a FACScan (Becton Dickinson
Immunocytometry Systems, San Jose, CA), and the percentage
of Annexin V-EGFP-positive cells was determined.

Cell cycle analysis. Three HCC cell lines (HAK-1A, KYN-2,
KYN-3) were cultured with or without fucoidan (22.5 yg/ml)
for 24,48 or 72 h, labeled with 10 gmol/l BrdUrd for 30 min,
fixed in 70% cold ethanol at 4°C overnight, and stained with
anti-BrdUrd antibody and propidium iodide (Sigma Chemical
Co., St. Louis, MO) using a previously described technique
(23). The stained cells were analyzed by FACScan using the
CellQuest software program (ver. 3.3, Becton Dickinson). The
distribution of cells in the Gy/G,, S, or G,/M phase of the cell
cycle was calculated and shown as a percentage of each phase.
Statistical analysis. All data were expressed as the means + SD.
For data analysis, the Student's t-test was used. A P-value
<0.05 was considered to be statistically significant.

Results

Effect of fucoidan on morphological changes. Cell morphology
72 h after the addition of fucoidan solution was observed using
H&E staining. The cell density in culture decreased dose-
dependently (except for neuroblastoma) in order from HCC
(KIM-1, HAK-1A, HAK-1B, KYN-1, KYN-2, KYN-3),
cholangiocarcinoma (KMC-1), gallbladder carcinoma
(KMG-C), renal cell carcinoma (KURU II, KURM, OSRC2),
to ovarian cancer (KOC-5C, KOC-7C). The cell density of
the neuroblastoma cell line (SK-N-SE) did not decrease at
any concentration of fucoidan. As shown in Fig. 1, 3 HCC
cell lines (HAK-1B, KIM-1 and KMC-1) presented dose-
dependent apoptotic changes such as nuclear condensation,
cell shrinkage and nuclear fragmentation.

Effects of fucoidan on cell proliferation. MTT assay revealed
chronological and dose-dependent suppression of the prolifer-
ation of 4 cell lines (HAK-1B, KIM-1, KMG-C and KMC-1),
chronological suppression in 9 cell lines (KYN-1, KYN-2,
KYN-3, HAK-1A, KOC-5C, HuH-6, KURM, OSRC2,
KURU II), and no suppression in 2 cell lines (KOC-7C, SK-
N-SE) (Fig. 2).

The ICs, values at 72 h of culture ranged from 18.71 to
299.20 pg/ml. Levels at 72 h could not be obtained for
KMG-C, KMC-1, HAK-1B and KYN-2 because >50% sup-
pression occurred; however, at 48 h the ICs, was 13.33 ug for

— 458 —



540
m-
2607
2007
e
8
Q ]
100
507
o] wxd 1 K1 K
82%’ 977597‘?‘?8‘53
& Oo=2TvZZzZ
£ X %
ggigeevyzece g3

Figure 3. The ICy, of 15 cell lines treated with fucoidan for 72 h, “The ICs,
values of KMG-C, KMC-1, HAK-1B and KYN-2 cell lines at 72 h could not
be analyzed because the viable cell number was suppressed to <50% for all
concentration levels of fucoidan.

KMC-1, 50.64 ug for HAK-1B, 52.32 ug for KYN-2 and
76.25 ug for KMG-C. According to tumor type, the IC,, was
lowest in HCC and cholangiocarcinoma (Fig. 3).

Effect of fucoidan on apoptosis. Apoptosis was examined at
72 h of culture in the 6 cell lines that presented pronounced
growth suppression in the MTT assay. The number of apop-
totic cells increased significantly in the 5 HCC cell lines with
the exception of KYN-1, indicating that fucoidan induced
apoptosis (Fig. 4).

Effect of fucoidan on the cell cycle. Flow cytometry of the 3
HCC cell lines (HAK-1A, KYN-2, KYN-3) revealed an
increased number of cells in the G,/M phase at 72 h after the
addition of the fucoidan solution (22.5 pg/ml) to the culture
(Table I).

Discussion

The current study examined the anti-tumor effect of Okinawa
mozuku fucoidan on 15 human cancer cell lines. Chronological
and/or dose-dependent suppression of cell proliferation was
observed in 13 of the 15 lines (87%). Previous studies have
reported direct anti-tumor effects of fucoidan on HTLV-1-
infected T cell lines and primary ATL cells (24), lymphoma
cells (25) and a bronchopulmonary carcinoma cell line
(NSCLC-N6) (4). The various possible mechanisms of
fucoidan have also been explored, such as its anti-tumor
effect induced by anti-angiogenesis (5), growth suppression
due to immunopotentiation (26), and the suppression of
metastasis (27,28), but only on one cell line. This current
study investigated the effects had by fucoidan from the same
source at the same time on multiple cell lines.
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Figure 4. An analysis of apoptosis in 6 hepatocellular carcinoma cell lines
treated with or without fucoidan for 72 h. HAK-1A, HAK-1B, KIM-1, KYN-1,
KYN-2 and KYN-3 cell lines were treated with or without fucoidan (22.5 or
90 ug) for 72 h. The cells were harvested, labeled with Annexin-V-FITC and
then analyzed by flow cytometry. (A) Percentage of apoptotic cells in the
KYN-3 cell line. (B) Data represent the average (+ SE) percentage of apoptotic
cells. "P<0.001 vs. untreated cells.

The major components of fucoidan are L-fucose and sulfate
content. Previous studies used fucoidan extracted from Fucus
vesiculosus (25), Ascophyllum nodosum (4,7), Sargassum
kjellmanianum (29), Sargassum thunbergii (26) or Cladosiphon
okamuranus Tokida (24), in which the percentage of L-fucose
ranged from 12.6 to 36.0%, and the percentage of sulfate
content from 8 to 25%. Sulfate content was also reported to be
a factor with growth suppression effects (4,29). The fucoidan
solution used in the current study contained these 2 substances
within the above-mentioned ranges.

In this study, the suppression of cell proliferation was
more apparent in the cell lines of HCC, cholangiocarcinoma
and gallbladder carcinoma than in those of neuroblastoma,
hepatoblastoma, ovarian carcinoma and renal carcinoma. The
growth suppression effects also varied among the cell lines of
the same tumor type. The ICy, values of the HAK-1B (HCC)
and KMC-1 (cholangiocarcinoma) cell lines were additionally
markedly lower in comparison to previously reported data
(4,25). These findings indicate that the anti-tumor effects of
fucoidan vary according to tumor type and, along with previous
findings, demonstrate the anti-tumor effects of fucoidan on
colon cancer but not on mammary tumors (30). This indicates
that the supression of cell proliferation does not occur in all
cancer cell lines. The mechanism behind the more potent
growth suppression observed in the HCC and cholangiocarci-
noma cell lines should therefore be explored in future studies.
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Table 1. Flow cytometric analysis of the effect of fucoidan (22.5 yg/ml) on the cell cycle of hepatocellular carcinoma cell lines

at 24, 48 and 72 h of culture.

24 h 48 h 72h

Cell line Cell cycle Control Fucoidan Control Fucoidan Control Fucoidan
HAK-1A Gy/G, 30.7 243 384 228 429 20.5
S 48.8 376 369 46.3 38.1 44.1
G,/M 16.2 229 189 224 13.9 19.2
KYN-2 Gy/G, 26.1 28.8 319 322 340 444
S 57.7 312 46.8 37.7 32.1 21.1
G,/M 122 28.6 9.7 20.1 18.6 235
Gy/G, 320 352 42.1 378 46.0 494
KYN-3 S 53.6 27.0 414 34.8 35.7 295
G,/M 9.5 319 11.1 235 12.9 17.0

Control, cells cultured without fucoidan. Fucoidan, cells cultured with fucoidan (22.5 ug/ml). Values represent the percentage of cells at each

phase of the cell cycle.

Haneji et al (24) reported that apoptosis is induced by the
activation of the caspase pathway, and Aisa et al (25) demon-
strated anti-tumor effects accompanied by the activation of
the caspase pathway and the down-regulation of the ERK
pathway. In the current study, 5 of the 6 HCC cell lines pre-
sented a significant dose-dependent increase in apoptosis. The
activation of caspase-3 and -9 in HAK-1B, which presented
marked apoptosis, was therefore investigated. However, no
clear activation was observed (data not shown), indicating that
the anti-tumor effects of fucoidan on HCC cell lines could be
associated with a different pathway.

With regard to cell cycle effect, Haneji e al (24) reported
that fucoidan induced the accumulation of cells in the G,/S
phase, and Riou et al (4) observed that anti-tumor effects
were accompanied by a G, phase block. On the other hand,
Aisa et al (25) reported no effect on the cell cycle. The current
findings regarding the cell cycle demonstrate for the first
time an increase in cells in the G,/M phase.

In the current study, fucoidan suppressed cell proliferation
in a time- and dose-dependent manner at various degrees, and its
effects were particularly pronounced in the HCC, cholangio-
carcinoma and gallbladder carcinoma cell lines. The results
indicate that the mechanisms of fucoidan action include the
induction of apoptosis and the inhibition of the cell cycle.

At present, the clinical results of treatment for advanced
HCC and cholangiocarcinoma are unsatisfactory. Fucoidan
could be a potential anti-tumor remedy for specific cancers,
such as HCC or cholangiocarcinoma. More detailed informa-
tion on the anti-tumor effects of fucoidan should therefore be
obtained in future animal studies.
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