associated to either apoptosis or cell cycle pathway.
Therefore, we studied the effect of SN-38 either transiently
present for 2 hours or after further incubation for 72 hours
in the presence and absence of 50 umol/L UDCA on the
mRNA expression level of various proteins associated to
these respective pathways. SN-38 reduced the mRNA level
of Bel-xy, p16, and c-fos by 30% to 50% but did not affect
the mRNA expression level of Bax, Bcl-2, p21, and p15. The
HT-29 cells have a mutated p53; therefore, this was used as
an additional internal control. However, in these experi-
ments, it was clear that UDCA had no significant effect
either alone or when added after removal of SN-38 on the
mRNA level of these proteins (data nat shown). These
results on the lack of effect of UDCA on transcriptional
regulation of proteins of the cell cycle are supportive of the
above report that UDCA did not alter the SN-38-induced
cell cycle arrest.

Effect of UDCA on AVY,,,

The involvement of the mitochondria in the apoptotic
effect of SN-38 and UDCA was investigated. When the
mitochondrial membrane is hyperpolarized, JC-1 forms
J-aggregates in the mitochondria, which emit a red orange
fluorescence detectable at 490-nm wavelength. However,
when the mitochondrial membrane is depolarized, JC-1
emits a green fluorescence detectable at 525 nm. First, we
used 1 pmol/L FCCP, a proton ionophore that is well
known to depolarize AW¥.. Five to 10 minutes after
application of FCCP, the population of cells detected at
525 nm increased, whereas that at 490 nm decreased,
indicating that the mitochondrial membrane was depolar-
ized (data not shown). Next, the effect of 1 pmol/L SN-38
and 100 pmol/L UDCA on the AV, over a period of 48
hours was investigated. Up to 6 hours, the number of cells
with depolarized mitochondria was not altered by either
SN-38 or UDCA alone. After 24 hours, this number was not
significantly increased by SN-38 alone, whereas 5N-38

B CTL

[ Il i ]
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followed by 24-hour incubation with 100 pmol/L UDCA
induced a significant (P < 0.01) increase in cells with
depolarized mitochondria by ~250% when compared
with control (Fig. 5A). By 48 hours, the percentage of cells
with depolarized mitochondria was similarly increased by
SN-38 alone (~300%) or by SN-38 followed by UDCA for
48 hours (~330%).

This was also confirmed by the visualization of depolar-
ized mitochondria using confocal laser scanning microsco-
py with TMRM and calcein-AM according to the method
developed by Nieminen et al. (22). Figure 5B and C reports
a change in shape of the cells following SN-38 treatment
for 48 hours. The HT-29 cells were rounder, larger,
and positioned at a higher Z-axis from the bottom plane
and were termed round cells. This was shown in a
reconstructed three-dimensional image (Fig. 5C). This
SN-38-induced increase in cell volume was cell density
independent (data not shown). The polarized mitochondria
were originally localized in the perinuclear area of the cells
represented by the void space when loaded with calcein-
AM as indicated by an arrow in Fig. 5B. However, the
mitochondria were rather diffuse and obscured in the
round cells, suggesting increased mitochondrial membrane
permeability or damage in these cells (Fig. 5B and D). In the
presence of UDCA for 48 hours, the number of round cells
significantly increased (P < 0.005) when compared with
those treated with SN-38 alone, and an abundant number of
apoptotic bodies were detected (see arrow in SN-38 +
UDCA; Fig. 5D). UDCA alone did not induce any
significant mitochondrial or cell volume changes (data
not shown). The percentage of the round cells after 48-hour
incubation was quantified in Fig. 5E. After 48 hours, SN-38
increased the number of round cells from ~3% to ~19%.
Furthermore, the addition of 100 umol /L UDCA resulted in
an increased number of round cells to ~48% (Fig. 5E).
The number of round cells determined 24 hours following

UDCA (€ 14

arbitary units)
oo
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Figure 4. Induction of ONA fragmentation by SN-38 and UDCA. A, HT-29 cells were incubated with SN-38 for 2 h, washed with PBS thrice, and then
further incubated in the presence or absence of 50 umol/L UDCA for 72 h. Cells were collected and electrophoresed in 0.5% agarose gels. B, cells were
incubated with 1 umol/L SN-38 for 2 h and with 100 pmol/L UDCA for either 24 or 48 h after removal of SN-38. The cells loaded on low melting point
agarose gels were permeabilized after solidification of the gel. Fragmented nucleic DNA migrates according to the molecular size. C, fluorescence intensity
of these comets was visualized with a Meridian laser spectrometer, and the ratio of the tait over the head of the comet was calculated as described in
Materials and Methods. Representative of three independent experiments. *, P < 0.005; **, P < 0.05, significantly different from respective control.
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Figure 5. Reduction of AV,, and mitochondrial membrane permeability transition by SN-38 and UDCA. A, AW/, was determined by flow cytometry using
the fluorescent marker JC-1. HT-28 cells were treated with 0.5 umol/L SN-38 for 2 h, washed with PBS, and then incubated up to 48 h in the presence
(SN/UD) and absence (SN38) of 100 umol/L UDCA. After trypsinization, JC-1 was loaded into HT-29 cells and analyzed by flow cytometry. Depolarized
mitochondria formed aggregates and this aggregation resulted in the alteration in fluorescent emission wavelength (525 - 590 nm). The number of cells
with depolarized mitochondria was counted and expressed as percentage of control. B, HT-28 cells were treated as described above. For the final 20 min of
incubation, the cells were coloaded with calcein-AM (1 umol/L) and TMRM (0.5 umol/L}. Representative images of the MT-29 cells loaded with either
calcein-AM or TMRM before and after SN-38 treatment. C, HT-29 cells costained with calcein-AM and TMRM were scanned under confocal laser scanning
microscope and a three-dimensional image was reconstructed from the images of serial scanning. CTL, untreated control cells; SN-38, HT-29 cells
48 h after incubation with 0.5 pmol/L SN-38 for 2 h. D, HT-29 cells were incubated, loaded, and scanned as described above. SN + (UDC, SN-38 + UDCA
condition; 1-6, serial confocal images collected as the focal plane was advanced in 0.2 umol/L increments from the bottom of the cell layer.
E, quantification of the rounded cells in SN-38-treated HT-29 cells. The number of rounded HT-29 cells was counted and expressed as percentage of total.
in each group, total number of counted cells was 150 to 200. All the images were coliected using a 63 objective oil immersion Jens in an inverted
microscope. Columns, mean of two independent experiments done in duplicate; bars, SE. *. P < 0.005, significantly different from control; **, P <
0.05, significantly different from SN-38-treated cells.

SN-38 treatment was not significantly different from that of and UDCA (Fig. 5A), suggesting a further alteration of the

control, whereas the addition of UDCA for 24 hours after mitochondrial membrane permeability transition by the
SN-38 removal resulted in a significantly increased number combination of SN-38 and UDCA. As a positive control for
of round cells (data not shown). These results are consistent mitochondrial membrane depolarization, we treated the

with the reduction of AW, by the combination of SN-38 cells with increasing concentrations of FCCT, an inhibitor
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of the mitochondrial oxidative chain. There was no increase
in round cells, whereas the cells showed a diffuse pattern of
depolarized mitochondria (data not shown). Therefore, the
semidetachment of the cells is a phenomenon induced by
SN-38 independently of its damaging effect on mitochon-
dria alone.

Role of Caspase-3, Caspase-8, and Caspase-9 on the
Combined Apoptotic Effect of SN-38 and UDCA

To test the hypothesis that UDCA activates the mito-
chondrial apoptotic pathway, we determined the caspase
activities in treated HT-29 cells. As shown in Fig. 6A, SN-38
induced a significant activation of caspase-3 and caspase-8.
The caspase-9 activity was slightly elevated by SN-38 alone
but was not statistically significant. The addition of 100
pmol/L UDCA for 24 hours resulted in the further
significant increase of both caspase-3 and caspase-9
activities without affecting that of caspase-8 (Fig. 6A).
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Figure 6. Role of caspases in the apoptotic effect of SN-38 + UDCA.
A, HT-29 cells were incubated with 0.5 umol/L SN-38 (SN) for 2 h. After
removal of SN-38, the cells were further incubated with 100 pmoli/L UDCA
(UD). Caspase activity in the cell lysate of the treated cells was
determined by colorimetric assay as described in Materials and Methods.
Columns, mean percentage of control determined in the absence of both
SN-3B and UDCA from two independent experiments done in duplicate;
bars, SE. *, P < 0.01, significantly different from control; **, P < 0.05,
significantly different from the condition with SN-38 alone. B, HT-29 cells
were incubated with 0.5 umol/L SN-38 for 2 h. After removal of SN-38,
the cells were further incubated with 100 pmol/L UDCA in the presence of
20 umol/L of various caspase inhibitors {zVAD, general caspase inhibitor;
DEVD, caspase-3 inhibitor; LEHD, caspase-9 inhibitor; /ETD, caspase-
8 inhibitor) for 24 h. The number of round cells was assessed under each
condition and expressed as percentage of maximum determined in the
presence of SN-38 and UDCA and in the absence of the caspase inhibitors.
The number of round cells determined in the presence of SN-38 alone was
subtracted from that of SN-38 + UDCA. **, P < 0.00%; * P < 0.01,
significantly different from control.
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Furthermore, the involvement of caspases in the UDCA-
induced increased apoptotic effect of SN-38 was investi-
gated using specific caspase inhibitors. The increased effect
of UDCA on both SN-38-induced apoptosis and formation
of round cells was almost completely abolished with 20
umol/L of the general caspase inhibitor, ZVAD-fmk
(Fig. 6B). The percentage of apoptotic cells induced by
SN-38 followed with UDCA treatment for 24 hours was not
significantly decreased in the presence of a specific caspase-
8 inhjbitor (IETD), whereas the incubation with either
caspase-3 (DEVD) or caspase-9 (LEHD) inhibitor resulted
in ~45% inhibition of the UDCA effect (Fig. 6B).

Role of JNK on the Combined Apoptotic Effect of
SN-38 and UDCA

JNK is one of the MAPKs implicated in camptothecin-
induced apoptosis. To investigate the possible involvement
of the MAPKs in SN-38- and UDCA-induced apoptosis, the
phosphorylation of ERK, p38, and INK was determined by
Western blotting using specific antibodies against the
respective phosphorylated and total form of these kinases.
These three kinases were phosphorylated to a certain extent
even in untreated HT-29 cells. Following the addition of 0.5
pmol/L SN-38, the activation of ERK and p38 was observed
as early as ~5 to 15 minutes and peaked at ~1 hour,
whereas the phosphorylation of JNK was relatively delayed
starting at ~30 minutes and reaching a plateau at ~2
hours (data not shown). This phosphorylation of JNK
lasted for at least 6 hours after addition of SN-38 (Fig. 7A)
and then gradually decreased over time to control level by
24 hours (Fig. 7B and C). In the simultaneous presence of
SN-38 and 100 pmol /L UDCA, the phosphorylation level of
JNK remained elevated at least up to 24 hours (Fig. 7B and
C). Next, we used specific JNK (SP600125) and ERK
(PD98059) inhibitors. These inhibitors almost completely
inhibited JNK and ERK phosphorylation, respectively, as
determined by Western blotting (Fig. 7C). Under these
conditions, SP600125 prevented the potentjation of SN-38-
induced apoptosis by UDCA (Fig. 7D). Taken together, the
results of this study suggest that one of the key mecha-
nisms by which UDCA increased SN-38-induced apoptosis
includes enhanced and/or stabilization of JNK phosphor-
ylation and activation.

Discussion

The present study shows that the bile acid, UDCA,
promotes the apoptotic response induced by SN-38 not
only in colon adenocarcinoma-derived HT-29 and 1S174T
cells but also in the hepatocarcinoma HepG2 cell line.
Addition of concentrations =30 umol/L UDCA after,
rather than before or during, SN-38 administration
increased DNA damage as well as decreased AV,
resulting in an increased SN-38 induced apoptosis at least
in HT-29 cells. UDCA had little apoptotic effect on its
own; furthermore, under these conditions, UDCA did not
affect the SN-38-induced alteration of the mRNA level of
key proteins involved in either apoptotic or cell cycle
pathways. Inhibition of caspase-3 and caspase-9 but not
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Figure 7. Role of JNK on the combined apoptotic effect of SN-38 and UDCA. A, HT-29 cells were incubated with 0.5 umol/L SN-38 for 2 h. After
removal of SN-38, the cells were further incubated without and with 100 pmol/L UDCA. Phosphorylated (P-JNK) and total {JNK) JNK expression was
determined over time in the absence and presence of either SN- 38 or SN-38 + UDCA. B, ratio between phosphorylated JNK and total JNK was calculated
according to the densitometric analysis at 24 h. C, HT-29 cells were incubated in the presence of either 50 umol/L. PD98059 (P) or 25 umol/L SP600125
(S} before the addition of 0.5 umol/L SN-38. After removal of both the respective ERK and JNK inhibitors and SN-38, the cells were further incubated for
24 h with 100 umol/L UDCA in the presence of the same respective inhibitor. The phosphorylation of ERK1/2 (P-ERK) and JNK was determined by Western
blotting using specific anti-phosphorylated antibodies. Representative of three independent experiments. D, apoptotic cell death was determined by the
morphologic identification of apoptotic cells by fluorescence microscopy using the conditions described in {C) and by using Hoechst 33258. * P < 0.01
compared with the same condition but without SP600125.

caspase-8 either partially or almost completely prevented formation. Indeed, UDCA could be preventing this loss in

the UDCA-induced apoptotic effect. These results contrast membrane permeability observed in secondary necrosis,
to reports supporting an antiapoptotic effect of UDCA  because this bile acid has been shown to protect mem-
against a variety of stimuli (15, 24). In these studies,  branes against damage by hydrophobic and more toxic bile
the protective effect of this bile acid was attributed to the acids (29). However, the significant further decrease in
stabilization of the mitochondrial structure, thereby pre- colony growth observed in the presence of SN-38 and
venting the loss of cytochrome ¢ (13, 25). Although there is UDCA would rule against this hypothesis.

no clear hypothesis to explain these differences, the present The observations using confocal laser scanning micros-
results are consistent with findings suggesting that UDCA copy revealed the process of SN-38-induced apoptotic cell

enhances efficacy of photodynamic therapy on cancer cells death and its enhancement by UDCA in HT-29 cells. Our
(19). In the present study and that by Kessel et al, one of  results indicated that the detachment of the cells from
the clear effects of UDCA is to enhance the mitochondrial the culture plate is an early event in apoptosis, which is
damage of the chemotherapeutic agents. Furthermore, consistent with previous reports using various colonic
the activation of JNK could be one of the reasons for our adenoma cell lines (30). In the presence of SN-38 and
observed significant effect of UDCA when present after SN- UDCA, the majority of the floating cells were externalizing

38 exposure, whereas Kessel et al. reported the requirement phosphatidylserine, whereas <3% of the attached cells were
for UDCA to be present before photoirradiation (19). phosphatidylserine positive. Deprivation of the cells from
Apoptosis and necrosis can be distinguished morpholog- anchoring to substrate leads to rapid cell death. This form
ically (26). The common apoptotic markers, such as of apoptosis has been termed anoikis. Gunthert et al.
chromatin condensation, DNA fragmentation, apoptotic observed an early detachment of the HT-29 cells from
bodies, and caspase activation, are absent in necrotic cells the plate in Fas-induced apoptosis (31). In this report,
(27). Once the apoptotic signal has been induced, the cell the authors proposed the shedding of cell surface
is rapidly cleared by phagocytosis without spilling its adhesion molecules, which occurred at an early stage of
intracellular content. However, when apoptotic cells escape Fas-dependent apoptosis, contributed to the active disinte-
clearance, which is mostly the case in cell culture, the cells gration of the cells. However, the induction of the dis-
may present a loss of membrane permeability associated appearance of these cell surface adhesion proteins may
with late-stage apoptosis (termed secondary necrosis; not be a Fas-specific phenomenon and may be induced by
ref. 28). Therefore, one of the possible mechanisms to SN-38 and potentiated by UDCA.
explain the increased apoptosis and reduced necrosis in the Shrinkage of the cells, which is also generally considered
presence of SN-38 and UDCA includes the UDCA-induced as an early marphologic change in the apoptotic process,
alteration of the apoptotic process and secondary necrosis — was not observed in the present study. In fact, most of
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the cells treated with either SN-38 or SN-38 and UDCA
showed an increased cell volume, which was independent
of the cell density. This precludes the possibility that the
increase in size is due to the death of the surrounding cells
and the increased space availability. However, although
the number of semidetached cells and apoptotic bodies was
increased, this increase in cell volume with SN-38 was
not modified by UDCA. These data support the likelihood
that the blockade of the cell cycle in the S and G;-M phases
by SN-38 was responsible for the increase in cell volume
as suggested previously (9). This is also consistent with
the lack of effect of UDCA on SN-38-induced cell cycle
alteration reported in the present study.

Release of cytochrome ¢ from the mitochondria into the
cytosol results in the activation of the caspase adaptor
Apaf-1 and procaspase-9, which form a holoenzyme
complex termed “‘apoptosome.’”’ Caspase-9 in context with
this holoenzyme activates downstream caspases, most
importantly caspase-3, which results in DNA fragmenta-
tion and apoptosis (32-34). In addition, the direct
oligomerization of the Fas receptor (CD95/Apo-1) leads
to the initial activation of the caspase cascade starting from
caspase-8 (35). Recent reports indicated that bile acids can
induce hepatocyte cell death via ligand-independent
oligomerization of Fas and activation of the death receptor
pathways (36). In addition, certain bile acids have been
shown to activate a phosphatidylinositol 3-kinase/protein
kinase Cg/nuclear factor-<xB survival pathway (37). This
latter activation can oppose the Fas-dependent apoptosis
and therefore can inhibit the inherent cytotoxicity of
bile acids. The present study supports the involvement of
caspase-9 rather than caspase-8 in the UDCA-induced
potentiation of SN-38-induced apoptosis, because (a) the
SN-38-induced caspase-3/9 activity is facilitated by UDCA
and (b) a specific caspase-9 but not caspase-8 inhibitor can,
at least partially, reduce the UDCA effect. These findings
suggest the simultaneous activation of various apoptotic
pathways by SN-38, whereas the involvement of UDCA is
mostly limited to the caspase-9-dependent pathway. Taken
together, the present study suggests that the effect of
UDCA is correlated with mitochondrial membrane depo-
larization, and the promotion of the apoptotic signaling
damage induced by SN-38, and is most probably indepen-
dent from the Fas-associated apoptotic process.

SN-38 is the most potent metabolite of CPT-11 and
thought to be a major player in the antitumor action of
CPT-11 (6). It is known that the inhibition of DNA
topoisomerase 1 by SN-38 leads to apoptotic cell death in
various cell lines, including the adenocarcinoma LS174T
colon cancer and hepatocellular HepG2 cell lines (7). The
fact that SN-38 decreases the mRN A expression level of the
antiapoptotic protein Bcl-x but not that of either Bcl-2 or
Bax is of interest because it has been reported previously
that 10-hydroxycamptothecin induced apoptosis in HepG2
cells by decreasing Bcl-2 and Bax (38). The results of the
present study are more in line with those of Magrini et al.
who have shown that CPT-11 decreased Bcl-x protein
expression level without affecting that of both Bcl-2 and
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Bax in colonic HCT116 p53~/~ cells (10). These authors
suggested that the decrease in Bcl-x;, known to inhibit Bax
resulted in the integration of the liberated Bax into the
mitochondrial membrane and the apoptosis induction (10).
It is also worthwhile to mention that SN-38 induced a
decreased mRNA expression level of p16™"* and c-fos.
Indeed, in a previous study, Fukuoka et al. have reported
that the apoptotic effect of CPT-11 was p16 dependent and
was increased in A549 cells transfected with p16 (39). There
are only a few studies that have focused on CPT-11 and
c-fos. The study by Singh et al. suggests that there is an
improved patient survival when c-fos expression is high
{40). Therefore, the level of expression of both p16 and c-fos
may have an important role in cells refractory to CPT-11,
and further study of the role of these proteins in the CPT-
11-induced cell death should be worthwhile. The stimula-
tory effect of various bile acids on ¢-fos mRNA expression
and the lack thereof of UDCA has been reported previously
{41) and is supported by results of the present study.
Furthermore, the complete lack of effect of UDCA on the
alteration of any of these mRNA levels supports a post-
transcriptional effect of this bile acid.

The proapoptotic role of prolonged JNK activation has
been reported recently in various colonic cancer cell lines,
including HT-29 (42-44). Indeed, studies using target gene
disruption have established that the JNK signaling path-
way is required for stress-induced release of mitochondrial
cytochrome ¢ and apoptosis (43). Previous reports also
revealed the activation of JNK by several chemopreventive
agents, including SN-38, facilitating apoptosis in cancer
cells (42, 44, 45). The intermediate signaling moiety
between JNK activation and cytochrome c release may be
linked to the Bax protein, as activated JNK fails to induce
apoptosis in cells deficient of members of the proapoptotic
Bax subfamily of the Bcl-2-related proteins. In the present
study, the SN-38-induced JNK activation was further
prolonged by the presence of UDCA, and pretreatment
with SP600125, a specific JNK inhibitor, led to a substantial
decrease in apoptotic cell death induced by SN-38 and
UDCA. These findings suggest that the JNK pathway
plays a pivotal role in SN-38- and UDCA-induced cell
death. JNK phosphorylation by UDCA may not occur only
after SN-38 stimulation but rather through a direct
mechanism because the long-term incubation with UDCA
alone also induces the JNK phosphorylation to a certain
extent. It should also be noted that the simultaneous
phosphorylation of all three major MAPK (JNK, ERK, and
p38) pathways, which have different and, in some cases,
opposite biological functions, suggests that the balance
and integration of the MAPK pathways may modulate
the commitment of the cells to either apoptosis or survival
following external stimuli. Indeed, the extensive interaction
among all three MAPKs has been reported in various
tissues and cells and is relevant to cancer therapy (see ref.
46 for review). In the present study, JNK phosphorylation
by SN-38 plus UDCA was further increased in the presence
of an ERK inhibitor supporting the presence of cross-talk
between these two pathways in HT-29 cells and the
predominance of [NK-induced cell death when stimulated
with SN-38 plus UDCA. It is possible that SN-38 can
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induce simultaneous JNK and ERK phosphorylation and
the balance between these two pathways determines the
final fate of the cell. UDCA facilitation of JNK phosphor-
ylation may in turn tip the balance between these pathways
over time and enhance apoptosis.

In man, the biliary bile acid concentration ranges from
5 to 40 mmol/L, whereas the portal and systemic bile
acid concentration ranges from 30 to 100and 1 to 3 pmol/L,
respectively. The oral administration of 130 to 600 mg
UDCA (0.38-1.53 mmol) results in a significant increased
UDCA concentration representing >50% of the total biliary
bile acid concentration (47) and reaches a peak plasma
concentration of up to 16 pumol/L in healthy volunteers (48).
Furthermore, although the majority of the bile acid pool is
reabsorbed from the small intestine, >5% escape the
enterohepatic circulation and are found in the colon and
feces. Therefore, although difficult to assess with accuracy,
one could expect to see UDCA concentrations of 0.1 to
1 mmol/L in the colon. However, the bile acid can be
dehyd roxylated by bacterial enzymes, which would further
decrease the intestinal UDCA concentration. To this effect,
Makino and Nakagawa have reported that although UDCA
was still detectable in the feces a large portion had been
7p-dehydroxylated to lithocholic acid (49). In addition,
it is quite possible that the colonic UDCA concentration
could be significantly increased if this bile acid was
administered rectally. Together, these results support the
possibility of achjeving UDCA concentrations, from the
combined apical and basolateral poles of the colonocytes
following UDCA administration, as shown in the present
study to be able to stimulate SN-38-induced apoptosis.
Furthermore, it is worthwhile mentioning that, as previ-
ously shown clinically by Takeda et al., oral administration
of UDCA, at least when combined with magnesium oxide
and bicarbonate, did not increase the overall toxicity of
CP-11/SN-38 (50).

Insummary, UDCA increases the apoptotic and decreases
the necrotic effects of SN-38 in the various adenocarcinoma
cell lines, including HT-29. This effect of UDCA involves
mitochondrial membrane depolarization and activation
of caspase-3 and caspase-9 and these actions are mediated,
at least in part, through JNK activation. Taken together,
these results support a beneficial effect of UDCA by
increasing the targeted apoptotic-associated cell death.
By facilitating apoptosis over necrosis, UDCA could be
preventing or at least decreasing the associated inflam-
matory response as well as facilitating wound healing.
However, the clinical relevance of UDCA as an enhancer
of chemotherapeutic lethality remains to be confirmed.
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Proton Beam Therapy for Hepatocellular Carcinoma:
A Retrospective Review of 162 Patients

Toshiya Chiba," Koichi Tokuuye,? Yasushi Matsuzaki,' Shiniji Sugahara Yoshimichi Chuganiji,’ Kenji Kager
Junichi Shoda," Masaharu Hata,?> Masato Abei,' Hiroshi Igaki,? Naomi Tanaka,' and Yasuyuki Akine?

Abstract

Purpose We present results of patrents wrth hepatocellular carcmoma (HCC) treated wrth
proton beam therapy. .-
Experrmental Desrgn. We rev1ewed 162 patlents havrng 192 HCCs treated from November

1985 to July 1998 by proton beam therapy with or wrthout transarterral embolization and percu- :
taneaus ethanalinjection. The patrents inthe present series were considered unsurtable forsurgery -

for various reasons, rnc!udlng hepatic dysfunctron multiple tumors recurrence after. surglcal

resection,’ and concomltant |IInesses The medran total dose of proton rrradratron was 72 Gy :

in 16 fractrons over 29 days

Results: The overall survival rate forall of the162 patlents was 23. 5% at 5 years The local control L

rate at 5 years was 86.9% for all 192 tumors among the 162 patients. The degree of impairment of -

" hepatic functions’ attnbutable to coexisting liver crrrhosrs and the number of tumors in the liver -

- significantly : affected patient survrval For 50 patlents having least lmpatred hepatrc functions and

" > asolitary tumor, the survival rate at 5 years was 53 5%.The patlents had very few acute reactlons e
" “to treatments and a few late sequelae dunng and after the treatments. j: : :
" Conclusions: Proton beam therapy for patlents with HCC is eﬁecttve safe, weII tolerable and :
" repeatable. [tis the useful treatment mode for either cure or palhatlon for patlents wrth HCCirres-. i

pective of tumor size, tumor location in the liver, rnsuffrcrent feeding of the tumor. with artenes :

L presence of vascular rnvasron rmparred hepatrc functrons and coexustmg rntercurrent drseases e

The estimated number of patients with primary hepatocellular
carcinoma (HCC) was ~ 1 million per year worldwide (1); the
average survival for patients with HCC is a few months when
untreated (2-4). In Japan, HCC is the third highest cause of
cancer-related deaths for men and the fourth for women (5).
Patients having long-term hepatitis B or C with liver cirthosis
are frequently found to have HCC; 90% of patients with HCC
have had hepatitis C virus infection (6, 7).

Several treatment modalities are currently available for
patients with HCC. For 17,885 patients with HCC treated in
Japan over the 2-year period (8) from January 1998 to
December 1999, proportions of patients with HCC treated
with each modality were 51.4% for transarterial chemoembo-
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lization (9-13), 42.1% for transcatheter arterial embolization,
29.2% for surgery (14) 25.7% for percutaneocus ethanol
injection (15, 16), 7.3% for microwave coagulation therapy
(17, 18), 2.1% for radiofrequency ablation (19-21), and 1.5%
for radiotherapy.

Photon therapy has rarely been used in HCC treatment
because the tolerance dose is ~30 Gy per 3 weeks when the
entire organ is irradiated, which is considerably lower than that
necessary for tumor control (22 -26).

Proton beams allow a rapidly increasing dose at the end of
the beam range (Bragg peak) with which excellent dose
localization to the target is obtained (27). We began proton
beam therapy for malignancies of various organs, including the
liver, in 1983 (28). We previously reported excellent local
wmor controls in patients with HCCs treated with proton
beam therapy (26, 28 - 31). In this repori, we present long-term
results of proton beam therapy for 162 patients having 192
HCCs treated from 1985 to 1998.

Patients And Miethods

Patients. The present study was conducted according to the Helsinki
Declaration and approved by the Ethics Committee of the University of
Tsukuba. All patients gave their written informed consents.

Patients with at least one of following conditions were eligible for
proton beam therapy: {a) medically inoperable conditions attributable
to coexisting advanced cirrhosis (i.e., indocyanin green R,5 > 25%,
serum total bilirubin level 34.2-59.9 pmol/L) and other intercurrent
diseases; (b) HCC(s) not suitable for surgical resection and considered
difficult to control with nonsurgical treatments, such as transcatheter
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arterial embolization and percutaneous ethanol injection; (c) patient’s
refusal of surgery. The patient was required to have three or fewer
tumors in the liver to enter the study; when the patient had multiple
tumors, they were encompassed in a single irradiation field.

From November 1985 to July 1998, we treated 165 patients with
HCCs using proton beam therapy at the Proton Medical Research
Center, University of Tsukuba. Three of the 165 patients were excluded
from present analysis: one patient discontinued proton beam therapy
because of severe cholecystitis not attributable to irradiation; one patient
discontinued the treatment for nonmedical reasons; and one patient
underwent liver transplantation following proton beam therapy. The
remaining 162 patients having 192 HCCs were reviewed with regard to
survival rates, local control rates, and treaument sequelae.

Of the 162 patients, 110 underwent ultrasound-guided percuta-
neous needle (21 Majima needle, Top Co., Ltd., Tokyo, Japan) biopsy,
and 100 of the 110 were diagnosed pathologically as having HCC. The
remaining 52 patients did not undergo needle biopsy for various
reasons: tumor location was considered too dangerous for needle
insertion, concomitant illness, and patient’s refusal of biopsy. For 100
patients with pathologically diagnosed HCC, 95% of the patients had
tumors of grade I and II in the Edmondson and Steiner grade (32).
Thirty-nine of the 62 patients without pathologic diagnosis were
judged to have HCC based on increased serum a-fetoprotein level of
>100 pg/L and imaging studies. The remaining 23 patients were
diagnosed solely on imaging studies.

Table 1 shows patient characteristics. The median age was 62.5 years
ranging from 41 to 84 years. Patients were categorized retrospectively
according to the degree of impairment in the hepatic function using
Child-Pugh classification (33). About half of the patients showed class
B and C in the classification. Of the patients, 86% had performance
status 0 or 1.

Table 1. Clinical characteristics of patients
Characteristics No. patients (%)
Age (y)
<60 56 (34.6)
60-69 72 (44.4)
=70 34 (21.0)
Gender
Men 124 (76.5)
Women 38 (23.5)
Underlying liver disorders
Cirrhosis 154 (95.1)
A 82 (50.6)
B 62 (38.3)
C 10 (6.2)
Chronic hepatitis 7 (4.3)
Normal liver 1 (0.6)
Etiology of liver disorders
Hepatitis B virus 15 (9.3)
Hepatitis C virus 129 (79.6)
Hepatitis B and C viruses 3(1.9)
Non - hepatitis B, non — hepatitis C 11 (6.8)
Alcoholic 2{1.2)
Unknown 2(1.2)
Performance status
0 61 (37.7)
1 79 (48.8)
2 21 (13.0)
3 1 (0.6)
4 0 (0)
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-Table 2. Background of hepatic tumoratentry . " -
Characteristics n (%)
No. tumors

Single 80 (49.4)

Multiple 82 (51.6)
Type of tumor

Nodular 156 (96.3)

Massive 6 (3.7)

Diffuse 0
Tumor-node-metastasis stage

| 66 (40.7)

i 70 (43.2)

A 25 (15.4)

B 1(0.6)
Tumor size (cm)*

3.0 51 (26.6)

3.0-50 108 (56.3)

5.0 33(17.2)
Serum o -fetoprotein (pg/L)

<20 50 (30.9)

20-99 38 (23.5)

100-500 35 (21.6)

>500 39 (241)
*192 tumors treated by proton beam therapy.

Table 2 shows characteristics of 162 tumors. Tumors were
categorized retrospectively according to International Union Against
Cancer tumor-node-metastasis classifications (34). Of the patients,
60% had advanced tumors (stages Il and !1IB). Among the 25 patients
with stage IIIA, 10 patients had tumors involving a major branch of
the portal vein (portal vein tumor thrombus). Of those 10 patients, 6
had portal vein tumor thrombus in the main trunk. The median
maximal diameter of tumors was 3.8 cm ranging from 1.5 to 14.5 cm.
Of the 162 patients, 112 (69.1%) had =20 pg/L in serum
a-fetoprotein levels for which the median value was 227 pg/L (range,
21-12,539 pg/L).

Proton Irradiation. Procedures for proton beam therapy at the
University of Tsukuba were reported previously (28, 35). Briefly,
proton beams were provided with a booster synchrotron of the High
Energy and Accelerator Research Organization. The beam energy was
degraded to 250 from 500 MeV before medical use. Proton beams
were available for medical use for 4 hours a day on ~ 120 days a year.
The two treatment rooms were equipped with either a horizontal or a
vertical port. We irradiated patients once a day, 3 or 4 days a week
because of the limited time for using the beam.

Fiducial markers (0.8 mm in diameter and 2 mm long iridium
seeds) were implanted adjacent to the tumor under ultrasonography
guidance. A clinical target volume was gross tumor volume plus 5 to
10 mm margins at each axial plane on the treatment planning
computed tomography images. Irradiation was given mostly with
right-angled vertical and horizontal beams. For patients who had a
wmor adjacent to the gastrointestinal tract, we irradiated the patient
with other angles whenever necessary to avoid irradiating the
gastrointestinal tract. We started to use respiration-gated irradiation
(36, 37) in December 1992 to reduce the irradiated volume
autributable to organ motion that accompanies breathing.

Of the 192 tumors irradiated, 9 tumors were irradiated simulta-
neously, resulting in a total number of treatment courses of 183. Of the
162 patients, 11 had wo courses of weatment at different times, 2 had
three courses, and 2 had four courses. The median total dose was 72 Gy
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ranging from 50 to 88 Gy with a median fraction dose being 4.5 Gy
ranging from 2.9 to 6 Gy. Patients were treated with different
fractionation regimens: 72 Gy in 16 fractions over 24 to 43 days for
64 treatment courses, 78 Gy in 20 fractions over 33 to 42 days for 11
courses, 84 Gy in 24 fractions over 33 10 50 days for 10 courses, 50 Gy in
10 fractions over 13 to 21 days for 10 courses, and miscellaneous
regimens for the remaining 97 courses. Various fractionation regimens
were used especially in the earlier period of the present study. For that
reason, equivalent doses with 2 Gy per fraction were calculated using a
linear quadratic model with o/p ratios of 10 and 3 for early and late
responding tissues (Table 3; ref. 38).

Follow-up. After completion of proton beam therapy, patients
were examined every 3 months until 2 or 3 years and every 6 months
afterward. Follow-up examinations incuded the following whenever
possible: clinical history; physical examination, including assessing
performance status according to the WHO handbook for repor-
ting results of cancer treatment (39); biochemical examination, serum
a-fetoprotein values; abdominal computed tomography or magnetic
resonance imaging and percutaneous needle biopsy 3 weeks after the
completion of irradiation.

Local tumor control was defined as the situation in which an
irradiated tumor showed no sign of regrowing and no new tumor
appearing in the treatment volume.

A patient was considered to have died of hepatic failure when the
patient died with marked progression of coexisting liver cirrhosis
without having marked growing of HCC. Death from tumor progression
occurred when the patient died with marked growing of HCC (more
than a half volume of the whole liver) and distant metastasis without
displaying progressing liver cirrhosis.

Treatment Sequelae. An increase of serum total bilirubin
»51.3 pmol/L was considered significant acute toxicity in the hepatic
function. Decreases of >20 g/L hemoglobin, >3 x 10°/L WBC, and >50
x 10°/L platelet count were considered significant acute treatment
sequelae in the hematopoietic systemns. Late sequelae were graded
retrospectively according to the late radiation morbidity scoring scheme
of the Radiation Therapy Oncology Group/European Organization for
Research and Treatment of Cancer (40).

Statistical Methods. Survival tates and local conwol rates were
calaulated with the Kaplan-Meier method (41). Statistical significance
of differences for both survival rates and local control rates was
examined using the log-rank test (42). The difference between the two
values calculated was examined using Student’s t test or Fisher's exact
test. Possible factors affecting survival were assessed with Cox
proportional hazards regression analysis (43). Statistical analyses were
done with SPSS version 11.0 (SPSS, Inc., Chicago IL).

Results

Patients were followed up until death or June 30, 2003. The
median observation period for survival for all patients was
31.7 months ranging from 3.1 to 133.2 months.

Table 3. Dose fractionations and equivalent doses
when given 2 Gy per fraction

Equivalent total
doses (2 Gy/fraction)

Total No. Dose/

dose (Gy) fractions fraction a/f =10 o/f=3
72 16 45 87.0 108.0
78 20 3.9 90.4 107.6
84 24 35 8945 109.2
50 10 5.0 625 80.0

www.aacrjournals.org
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Fig. 1. Local tumor control after proton beam therapy.

Of the 162 patients, 17 were alive at their last follow-up.
Their follow-up periods ranged from 32.4 to 133.2 months.

Imaging studies after proton beam therapy for four patients
having four HCCs were unavailable; hence, the four patients
were considered lost to follow-up for local control analysis at
the end of treatment.

Local Tumor Control. The local control rate at 5 years was
86.9% for all of the 192 tumors among the 162 patients (Fig. 1).
No significant difference in the local conurol rate at 5 years was
observed between patients with tumors <5 c¢m in maximal
diameter (87.8%) and those with >5 cm (82.1%; P = 0.40).
Thirteen tumors locally recurred between 7 and 43 months
(median, 21 months) after the completion of the irradiation.
Maximal diameter of tumors that had recurred were median
4.7 ¢m ranging from 2.0 to 7.0 can before irradiation. The
tumors were irradiated to median total doses of 72 Gy ranging
from 55 to 84 Gy. For locally controlled tumors, the maximal
diameter was median 3.5 cm ranging from 1.5 to 14.5 cm and
total doses irradiated were median 72 Gy ranging from 50 to 88
Gy. No correlation was found among local control and
equivalent doses (o/p = 10).

No significant difference in local control was observed
between those treated with proton beam therapy with other
modalities (90.7%) and those treated with proton beam
therapy alone (81.3%; P = 0.22).

Eight of 68 (11.8%) tumors treated before December 1992,
when we started respiratory-gated irradiation, recurred locally.
In contrast, only 5 of 124 (4.0%) tumors treated after
December 1992 recurred. Notwithstanding, that difference
was not statistically significant (P = 0.07).

Survival. The overall survival rate for all of the 162 patients
at 5 years was 23.5% (Fig. 2). The degree of impairment in the
hepatic function attributable to coexisting cirrhosis and the
number of tumors affected survival on the Cox regression
analysis (Table 4). Tumor size, total irradiated dose given, and
prior treatments before proton irradiation were not significant
factors.

Survival rates for patients with chronic hepatitis and class A
cirrhosis were significantly better than for those with B cirrhosis
and those with C cirthosis (P < 0.0001); no significant
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Fig. 2 Actual survival for all the patients.

difference was found between patients with B cirrhosis and
those with C cirrhosis (Fig. 3).

Five-year survival rates according to the tumor-node-
metastasis classification were as follows: 45.3% for stage I,
11.2% for stage 11, and 26.9% for stage IIIA.

The 5-year survival rate for patients without prior therapy {45
patients) and those with prior therapy (117 patients) were
37.7% and 17.9% (P = 0.02), respectively.

There were 50 patients with favorable prognostic factors
(Child-Pugh class A and solitary tumor) in the present series,
and in these patients, the 5-year survival rate was 53.5% (Fig. 4).

Performance Status. Two (1.4%) patients were with perfor-
mance status O before irradiation and performance status 1 after
irradiation; another 2 (1.4%) patients were performance status
2 before and performance status 3 after irradiation. All
remaining patients had stable performance status before and
after irradiation.

Histopathologic Changes. Of the 100 patients who had been
diagnosed pathologically as having HCC before irradiation,
47 were unable to undergo biopsy after the irradiation because
the tumor was not detected with ultrasound. The remaining
53 patients with 53 tumors underwent biopsy 3 weeks after
completion of proton beam therapy. Complete necrosis was
observed in 12 (22.6%) tumors, degeneration of the nucleus
and vessels in 16 (30.2%), fibrosis in 2 (3.8%), disappearance
of tumor cells in 9 (17.0%), and no change in 14 (26.4%).

Vascular Invasion. Vascular invasion of the tumor or portal
vein tumor thrombus into the main stem or the primary
bifurcation of the portal vein was shown in 10 patients. The
median total dose given to portal vein tumor thrombus was
55.3 Gy in 15 fractions over 20 days ranging from 50 Gy in
10 fractions over 13 days to 77 Gy in 22 fractions over 44 days.
After irradiation, the tumors in the vessels were reduced in size
markedly without impairing the patient’s hepatic functions.
The median survival period after proton beam therapy for the
patients was 26.4 months ranging from 5.1 to 76 months.

Treatment Sequelae. Elevated plasma aspartate transami-
nase and alanine transaminase values by a factor of 3 at the
most were observed in 18 patients on 18 courses (9.7%]).
However, they subsided quickly without causing any remark-
able problems.

Clin Cancer Res 2005;11(10) May 15, 2005

Table 5 shows that there were very few acute reactions to
the treatment in 162 patients on 185 courses aside from the
transient elevation of aspartate transaminase and alanine
transaminase. All acute reactions subsided within 2 weeks.
No patients discontinued treatment because of the acute
reactions.

Five patients had late sequelae of grade [I or higher: one
patient had fibrotic stenosis of the common bile duct, which
was located in the treatment volume, 13 months after
irradiation; two patients had biloma with infection adjacent
to the irradiated volume 29 and 38 months after irradiation,
respectively; one patient had intractable gastric ulcer in the
treatment volume 4 months after irradiation; the remaining
patient had an ulcer in the ascending colon 6 months after
irradiation. All patients who had developed late sequelae were
treated before 1995. No patients died of treatment sequelae in
the present series.

Outcome. As of June 2003, 145 of the 162 (89.5%) patients
were dead. Of all 162 patients, 85% had developed another
HCC(s) in the liver within 5 years following proton beam
therapy. They underwent transarterial chemoembolization/
transcatheter arterial embolization (51.4%), proton beam
therapy (13.3%), percutaneous ethanol injection (6.7%),
miscellaneous therapies, including systemic chemotherapy
(6.7%), and no treatment {22.0%) as treatments for the newly
developed HCCs.

Causes of death for the 145 patients were hepatic failure for
55 (37.9%) patients, 12 of whom had gastrointestinal
bleeding at their death; tumor progression for 68 (46.9%);
intercurrent diseases (renal failure for 4 patients, intracranial
hemorrhage for 3, pneumonia for 3, and miscellaneous for 4)
for 14 {9.7%); suicide for 1 (0.7%); and unknown for
7 (4.8%).

Table 4.'Resul'ts of a Coxpro\p»orrtional hazards
regression T R . ‘

Adjusted rate ratio
(95% confidence interval

Variable of hazard ratio) P

Child-Pugh classification

A 1.00

B* 2.22 (1.54-319) <0.0001

o 3.57 (1.81-7.03) 0.0002
No. tumors '

Solitary 1.00

Multiple 1.568 (1.09-2.31) 0.02
Tumor size

<50 1.00

=50 141 (0.92-2.15) on
Proton doses

(72 1.00

>72 101 (0.74-1.46) 0.95
Prior treatment

Received 1.00

Not received 0.88 (0.58-1.34) 0.56

* Child-Pugh B compared with those of Child-Pugh A.
'Child-Pugh C compared with those of Child-Pugh A.
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Fig. 3. Survival for the patients according to the degree of hepatic dysfunction. For
patients with chronic hepatitis and Child-Pugh class A-C cirthosis, the 5-year
survival rates were 35.1%, 10.3%, and 0%, respectively.

Fifteen of the 162 patients in the present series had two
courses or more of proton beam therapy; 13 of these had such
treatment for tumors judged as newly developed and 2 for
tumors judged as locally recurring.

Discussion

In the present series, the 5-year survival rate for 50 patients
with a solitary tumor and with least impaired hepatic function
(Child-Pugh class A) was 53.5%. It was 57.9% for 15,453
patients with a solitary HCC who underwent surgery from 1988
to 1999 in Japan (8). It is impossible to simply compare these
results because the studied patient populations differ entirely. In
fact, we have shown that survival of patients with HCC depends
largely on the degree of impairment in hepatic function because
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Fig. 4. Survival for patients with least impaired hepatic function (chronic hepatitis
or Child-Pugh class A cirrhosis) and a solitary tumor.
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of coexisting liver cirrhosis and the number of tumors in the
liver. However, it can be inferred that proton beam therapy is as
effective as hepatectomy for patients with HCC.

Only ~30% of patients with HCC undergo surgery (44).
Reasons why patients choose not to undergo surgery include
poor medical condition caused by intercurrent diseases to
undergo surgery, poor hepatic functions attributable to coexist-
ing liver cirrhosis, advanced age, and too advanced tumor stage.
In the present series, 65% of all patients were ages =60 years.
About half of the patients had multiple tumors and 45% of the
patients were class B or C in Child-Pugh classification.
Therefore, it seems that the patients with a wider spectrum of
general conditions and tumor conditions are treatable with
proton beam therapy.

Of patients who underwent percutaneous ethanol injection,
microwave coagulation therapy, and radiofrequency ablation
from January 1998 to December 1999 in Japan, only a small
proportion of the patients had tumors >5 cm (3.5% for
percutaneous ethanol injection, 1.8% for microwave coagula-
tion therapy, and 6.4% for radiofrequency ablation; ref. 8). In
the present series, 33 of 192 (17.2%) tumors were >5 ¢m in
maximal diameter. The tumor size did not significantly affect
local control in the present series, suggesting that proton beam
therapy could be used to treat patients with relatively large
turnors. We are often unable to detect HCC with ultrasound
when it is located at a site adjacent to the lung and the bone. In
such cases, we could not treat it with ablative procedures. When
a tumor is located at a site adjacent to a larger blood vessel, we
are also unable to treat it effectively with radiofrequency
ablation because of the heat dissipation through the vessel (45).
Smaller (<3 cm in maximal diameter) multiple tumors are often
treated with transcatheter arterial embolization and transarterial
chemoembolization. However, it is impossible 1o use trans-
catheter arterial embolization/transarterial chemoembolization
when the tumor is not fully fed with arteries.

Although we had a better local control rate after initiating the
use of respiration gating irradiation (11.8% versus 4.0%), we
are unable to assess the degree of its contribution to
improvement of local control. Our irradiation techniques,
including target delineation, improved considerably during the
period. Unfortunately, we have no methodology to distinguish
their contributions.

For the same reason, we are unable to identify a tumor that
locally recurred because of a geographic miss in treatment
planning. Of the 13 tumors that locally recurted in the present

Table 5. Treatment sequelae in 185 courses

Treatment sequelae No. treatment courses (%)

Acute-subacute

Elevation of bilirubin 320
Anemia 2 (1)
Leukocytopenia 1 (0.5)
Thrombocytopenia 6 (3.2)
Elevation of transaminase level 18 (9.7)
Late
Infection biloma 2011
Common bile duct stenosis 1(0.5)

Gastrointestinal tract bieeding 210
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series, 10 recurred in the central portion of the irradiated
volume, whereas the remaining 3 tumors did so at the
periphery; some of the 3 tumors that recurred peripherally
might have recurred due to a geographic miss.

Of 145 patients who had died as of June 2003, 68 (46.9%)
died of tumor progression. On the other hand, the local control
rate for all tumor was high (86.9%). The high local control rate
with the higher tumor progression rate is explained by the
multifocal nature of HCC in the cirrhotic liver; 84% of all
patients in the present series developed HCC(s) at a site that
was remote from the treated tumor in the liver within 5 years.
A significant proportion of them eventually became uncontrol-
lable, engendering patient death. The remaining 77 (53.1%)
patients died of various causes unrelated to tumor progression,
of whom 55 (37.9% of 145 patient deaths) died of hepatic
failure attributable to liver cirrhosis.

No significant difference in local control rate was found
between patients with no prior therapy and those previously
treated with other modes of therapy, suggesting that a patient
with HCC could be treated exclusively with proton beam
therapy.

Photon radiotherapy to give 44 to 52 Gy in 4 to 5.5 weeks for
patients with HCC yielded a limited improvement in survival
and local control rates (46, 47). Robertson et al. (48) and
Blomgren et al. (49) recently attempted to increase the dose of
irradiation to the hepatic tumors using conformal radiotherapy
or stereotactic radiotherapy. Long-term results of their attempts
are yet to be shown. In addition, it is unavoidable to have a
large portion of the liver and other adjacent organs irradiated
with lower doses of deeply penetrating photons. Such
treatment may or may not engender late radiation sequelae,
including radiation-induced carcinogenesis.

In the present series, most patients were given very high doses
compared with those given with photon beams (Table 3),
which may explain the higher local control rate obtained in the
present series.

Few effective treatments are available for patients having
HCC with vascular invasion (50). However, in the present
series, 10 patients with a tumor involving major branches of
portal veins survived a median 26.4 months after proton beam
therapy. Proton beam therapy is the currently preferred
treatment for patients having HCC with vascular invasion.
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few late sequelae after treatment. For those reasons, proton
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Abstract

The potential anti-proliferation effect of interferon-alpha (IFN-a) against hepatoceliular carcinoma (HCC) and its growth inhibitory
mechanisms remain unclear. We examined four human HCC cell lines and every cell line had the anti-proliferative effect of IFN-a.. The PLC/

PRE/S cell line, which expressed the TFN receptor most abundantly,

responded most effectively to IFN-a stimulation. Here, we delineate the

anti-proliferative effect of IFN-a via the MAPK pathway in human HCC cell lines. [FN-c retarded G1/S transition with no evidence of
apoptosis and inhibited cell proliferation. [FN-o diminished the phosphorylation of both extracellular signal-regulated kinase (ERK) and
mitogen-activated ERK-regulating kinase (MEK), but not Raf, within 5 min. Knockdown of signal transducers of activation and

transcription] (STAT1) or Janus kinasel (JAK1) suppressed the re

duction of phosphorylation both of ERK and MEK and diminished the

growth inhibition by IFN-a. These results suggest that IFN-o induces anti-proliferative signaling via the JAK/STAT pathway downstream of
[FN-a receptors and may reduce the growth stimulation signaling by cross-talk with the MEK/ERK pathway without TFN-a-induced

transcription.
© 2005 Elsevier B.V. All rights reserved.

Kevwords: Interferon (IEN); Extracellular signal-regulated kinase (ERK), Mitogen-activated ERK-regulating kinase (MEK); Signal transducers of activation
and transcription] (STAT1); Janus kinasel (JAK1); Small mterfering RNA (siRNA)

1. Introduction

Hepatocellular carcinoma (HCC) is the fifth most
common malignant disorder and causes about 1 million
deaths a year worldwide. Hepatocellular carcinoma is more
common in Asia and Africa than in other continents. About
80% of patients with HCC also have liver cirrhosis. Chronic
infection with hepatitis B virus and hepatitis C virus
increases the risk of developing HCC. HCC is a malignant
tumor of hepatocellular origin that develops in patients with
risk factors that include alcohol abuse, viral hepatitis, and
metabolic liver disease; aflatoxins have also been implicated
as a risk factor for HCC. In spite of aggressive treatments

* Corresponding author. Fax: +81 29 855 5271
F-mail address: kazuhiko.uchidaf@ cbiri.org (K. Uchida).

0167-4%89°$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.10164.bhamer.2005.06.003

for HCC including hepatectomy, transarterial embolization
with percutaneous ethanol injection therapy, and radio-
frequency ablation, most patients show disease recurrence
that finally progresses to the advanced stages with vascular
invasion and multiple intrahepatic metastases. Thus, prog-
nosis for HCC is generally poor and the 5-year survival rate
is limited to 25—58% after surgery [}].

IFNs are crucial and potent components of the early
response against virus infection and are used for the medical
treatment of hepatitis C and hepatitis B as well as solid
tumors and hematologic malignancies [2.3]. IFN therapy
improves the survival rate of patients with chronic hepatitis
C by preventing liver-related causes of death including liver
dysfunction and HCC. Studies have compared IFN-treated
patients to untreated patients regarding overall mortality and
observed higher mortality in untreated patients [4]. IFN also
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prevents recurrence of HCC after complete resection or
cthanol injection treatment, even if hepatitis C virus cannot
be eradicated. The group not treated with IFN showed 70%
recurrence while the treated group showed 10% [5]. In nude
mice. [FN inhibits metastasis and angiogenesis of HCC after
curative resection [6]. Thus, IFN is expected to function in
the chemoprevention of HCC.

Recently, interferon-alpha (IFN-a) has been used as a
chemotherapeutic agent i combination with anti-cancer
drugs against HCC. Generally, IFN-a is administered
along with several chemotherapeutic agents such as 5-FU/
[FN-a or 5-FU/FN-a/cisplatin/methotrexate and doxoru-
bicin to patients with advanced and unresectable HCC
{7--9]. These clinical trails have demonstrated the consid-
erable effectiveness of IFN in patients with HCC; yet how
[FN-& modulates the anti-tumor activity of anticancer
drugs like 5-FU against HCC cells remains unclear. IFN
therapy improves the survival rate of patients with chronic
hepatitis C by preventing liver-related causes of death [4]
and inhibits intrahepatic recurrence in HCC with chronic
hepatitis C [10]. Because of the complex genetic back-
ground of HCC, any given therapeutic approach may
yield inconsistent results and different responses. Without
the identification of an adequate molecular target, inter-
preting and validating the results of clinical trials are
difficult.

IFN-« has been initially described as an antiviral cytokine
that affects the growth and differential function of various
cell types [11]. IFN acts with transducing regulatory signals
through the Janus tyrosine kinase/signal transducers of
activation and transcription (JAK/STAT) pathway [12]
IFN-a receptor engagement initiates signals that are trans-
mitted from the cell surface to the nucleus. Upon ligand
binding to the IFN-a receptor, the receptor-associated Janus
family kinases, Tyk2 and JAK]. are auto-phosphorylated on
tyrosine residues and the tyrosine phosphorylation activates
the cytoplasmic latent signal transducer and activators of
transcription factors STAT! and STAT2. STAT! has two
isoforms: STAT!-a (91 kDa) and STATI-B (84 kDa).
STAT!-p is a naturally occurring splice variant of STAT1-
o that lacks 38 carboxy-terminal amino acids [] 3]. Activated
STAT1/STAT] homodimers and STATI/STAT2 hetero-
dimers translocate to the nucleus, where they bind with
p48 to form the interferon-stimulated gene factor-3 (ISGF-3)
trimeric complex. The ISGF-3 complex recognizes and binds
to the interferon-stimulated response element (ISRE)
sequence in the regulatory regions of the genes. Certain
IFN-a-inducible proteins, such as double-stranded RNA-
activated protein kinase (PKR) [14], 2'.5'-oligoadenylate
synthetase (OAS), and Mx proteins mediate the antiviral
actions. However, the signal transduction pathway for the
anti-proliferative effect of IFN-« is not fully understood. The
p53 gene is transcriptionally induced by IFN-o/f through
ISGF-3 activation accompanied by an increase in p53 protein
level, but IFN-a/f signaling itself does not activatc p53;
rather, it contributes to boosting the p33 responses to stress

signals, such as 5-FU, X-ray irradiation, and viral infection
115].

The signaling pathways employing extraccllular-regu-
lated kinase (ERK) and mitogen-activated ERK-activating
kinase (MEK) are critical in growth factor signaling. These
pathways are fundamental in controlling cell development
and activation proliferation [16].

In the CD4+ lymphoblastoid and monocytoid cell lines
'17] and in CD4+ T cells [18], IFN-« inhibits activation of
the MEK/ERK pathway. However, CD4+ lymphoblastoid
and monocytoid cells need 24-48 h to affect MEK and
ERK1/2 signaling after IFN-a treatment; no effect was
observed upon short-term exposure until 30 min. Suppres-
sion of cell proliferation of CD4+ T cells needs at least 2 h
to activate cell growth inhibition signals.

In this study, we intend to delineate the rapid response of
the anti-proliferative action of IFN-a via the MAPK
pathway in human HCC cell lines. Using small interfering
RNA (siRNA) technology, we investigated the enhancement
of phosphorylation of MEK and ERK and blocked the
inhibition of phosphorylation of MEK and ERK by IFN-a.
Our results suggest the cross-talk of the JAK/STAT pathway
activated by IFN-a and the MAPK pathway with rapid
inhibition of MAPK signaling not due to de novo protein
synthesis and/or transcriptional activation of downstream
genes.

2. Materials and methods
2.1. Cell cultures and cytokines

Human HCC cells lines HepG2, Hep3B, PLC/PRF/5,
and HuH7 (all from Cell Resource Center for Biomedical
Research Institute of Development, Aging and Cancer,
Tohoku University) were grown in Dulbecco’s modified
Eagle’s medium (Nissui, Tokyo, Japan) supplemented with
10% fetal calf serum (FCS). Cells were treated with
recombinant human TFN-a (IFN-a2a; Roche) after incuba-
tion in serum-free medium for 48 h, and ecither left
unstimulated or stimulated with TFN-a (0, 50, 100, 500,
and 1000 units/ml) with 10% FCS medium. When cells
were assayed until 8 days, IFN-a was added every 48 h at a
concentration as indicated.

2.2. Cell proliferation analvsis and IFN-x treatment

To analyze the effect of IFN-a on cell proliferation, cells
were grown without FCS for 48 h, and then received fresh
medium including 10% FCS with or without IFN-a.
Interferon-a was added to the medium at a concentration
of 0, 50, 100, 500, or 1000 units/ml. A proliferation assay
was performed by analyzing the number of viable cells from
the cleavage of tetrazolium salts added to the culture
medium with WST-1 (Roche) according to the manufactur-
er's protocol. Briefly, HCC cells (HepG2, Hep3B, PLC/
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PRE/5, and HuH7) at a concentration of 5x 10° cells/200 ul
medium/well were seeded in 96-well plates. After the
incubation period (Days 0, 2, 4, 6, and ), WST-1 was
added at 10 pl‘well and the cells were incubated for 4 h.
Absorbance of the samples against a background control as
a blank was measured using a microtiter plate reader (Tecan,
Mainnedorf, Switzerland). This experiment was repeated
four times.

2.3. DNA svnthesis assay

DNA synthesis and its inhibition by IFN-a were
measured by 5-bromo-2'-deoxy-uridine (BrdU) incorpora-
tion into DNA. Cells from each cell line were seeded in
quadruplicate in a 96-well plate in a volume of 5310 cells/
200 ! medium/well and cultivated in medium containing
10% FCS. After incubation for 24 h, DNA synthesis was
assayed with a commercial cell proliferation enzyme-linked
immunosorbent assay (ELISA) kit (Roche) according to the
manufacturer’s instructions.

2.4. Flow cytometry

The cells ('2><106) were harvested from culture dishes
with trypsinization, washed in phosphate-buffered saline
(PBS), suspended in 200 ul of ice-cold 70% ethanol, and
incubated on ice for at least 1 h. The cells were washed with
PBS, exposed to RNase A (Sigma), and incubated at 37 °C
for 30 min. The cells were then suspended in propidium
jodide (Sigma) in PBS, and DNA analysis was performed
using fluorescence-activated cell sorting (FACS) with a
FACSAria™ instrument (Becton Dickinson, San Jose, CA)
emitting a 488-nm beam. The cell cycle was evaluated by
measuring the percentage of G0/Gl-, S-, and G2/M-phase
cells, at time points of 0 (control), &, 16, 24, and 32 h after
treatment with IFN-a. Every experiment was repeated four
times.

Flow cytometry of annexin V-stained and propidium
jodide-stained cells was also performed to detect apoptotic
cells. Briefly, 1x10° cells were washed and resuspended in
HEPES buffer [10 mM HEPES (pH 7.4), 140 mM NaCl,
and 5 mM CaCl,] containing annexin V (1:50 v/v) and | pg/
ml of propidium iodide for 15 min, and then analyzed by
flow cytometry.

2.5 Immunoblotting

The activitics of Raf, MEK, and ERK signaling cascades
were assessed by the immunoblotting of cell lysates and
probing with anti-phospho-Raf, anti-phospho-MEK, anti-
phospho-ERK 172, and anti-ERK1/2 antibodies (Cell Signal-
ing Technologies, Beverly, MA). Anti-IFN-o/p3 receptor
antibody was from Santa Cruz Biotechnology (Santa Cruz,
CA), anti-protein kinase R (anti-PKR), and anti-phospho-
STAT1 antibodies were purchased from Cell Signaling
Technologies, and anti-STAT antibody was purchased from

Sigma (St. Louis, MO). Quantification of all blots was
performed by densitometry analysis using the LAS-3000
densitometer and Multi Gauge Version 2.2 software from
Fuji Photo Film (Tokyo, lapan).

2.6. Immunoprecipitation of STAT] and MEK

Cells were washed twice with ice-cold PBS; ice-cold NP-
40 buffer [50 mM Tris—HCI (pH 8.0), 150 mM NaCl, and
1% NP-40, supplemented with protease inhibitors cocktail
(Sigma)] was added at 1 ml per 107 cells/100 mm dish. The
cell lysate was centrifuged at 14,000xg for 15 min and the
supernatant fraction was transferred to a fresh centrifuge
tube to which was added 10 pl of protein G agarose bead
slurry (50%) per 1 ml of cell lysate. The cell lysate solution
was incubated at 4 °C for 10 min on an orbital shaker and
the protein G agarose beads were removed by centrifuga-
tion. The cell lysate was diluted to 1 mg/ml total cell protein
with PBS and 5 pg of anti-MEK or anti-STAT antibodies
was added to 1 ml of cell lysate. The cell lysate/antibody
mixture was incubated for 2 h at 4 °C; 10 ul protein G
agarose bead slurry was added and the mixture was rocked
gently for 1 h at 4 °C. The agarose beads were collected by
centrifugation and the supernatant was discarded. The beads
were washed twice with PBS and resuspended in 60 pl of
2% sample buffer, then boiled for 5 min. The supernatant
fraction components were separated by SDS-PAGE.

2.7. siRNA-mediated knockdown of STATI and JAK]

The siRNA oligomer targeted to STAT1 (Cell Signaling
Technology) and JAK ] (Ambion, Austin, TX) were used for
suppression of JAK/STAT signaling. Cells were seeded at
50% confluence 1 day before transfection and transfected
using Transfection Reagent (Mirus) according to the
manufacturer’s protocol. Successful transfection of siRNA
was confirmed by fluorescent detection of SignalSilence™
control siRNA (Cell Signaling Technology) and Western
blotting analysis of STAT1 and JAK1 confirmed knock-
down of STAT! and JAKI.

2.8. Phosphatase assay

A commercial serine/threonine phosphatase assay system
was purchased from Promega (Madison, WI). The activities
of protein phosphatase (PP) 2A, PP2B, and PP2C were
measured according to the manufacturer’s protocol. Briefly,
the assay began with a standard phosphatase reaction
performed in the reaction buffer with the provided
phosphorylated bisamide rhodamine 110 peptide substrate
and 7-amino-4-methycoumarin (AMC) control substrate.
Following the phosphatase reaction, protease solution was
added to simultaneously stop the phosphatase reaction and
completcly digest the dephosphorylated serine/threonine
PPasec rhodamine 110 substrate and AMC substrate,
producing highly fluorescent rhodamine 110 and AMC.
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Phosphorylated serine/threonine PPase rhodamine substrate
was resistant to protease digestion and remained non-
fluorescent. Thus, the rhodamine 110 fluorescence intensity
measured in the assay correlated with phosphatase activity
in the presence of protease, and the AMC fluorescence
intensity was an indication of protease activity.

2.9. Swatistical analysis

Data from each experiment are expressed as mean*S.E.
Differences between groups were examined for statistical
significance using Student’s t-test. All of the experiments
were repeated more than four times and reproducible results
were obtained.

3. Results

3.1. IFN-x wmreatment reduces cell proliferation and DNA
synthesis in HCC cell lines in a dose-dependent manner

We investigated the effect of IFN-a on the inhibition of
cell proliferation in the four HCC cell lines HepG2, Hep3B,
PLC/PRF/5, and HuH7 by a cell proliferation assay using
WST-1 up to 8 days after IFN-a treatment. After incubation
in serum-free medium for 48 h, HCC cells were exposed to
IFN-« at the concentrations of 0 (control), 50, 100, 500, and
1000 units/ml with 10% FCS. Among these cell lines, PLC/
PRF/5 and HuH7 were the most effective in suppression
(Fig. 1A, B). At Day 8 following IFN-a treatment with 1000
units/ml, PLC/PRF/5 showed 31% reduction and HuH7
showed 25% reduction. Following treatment with 500 units/
ml of IFN-a, proliferation of PLC/PRF/5 showed 21%
reduction. A dose-dependent anti-proliferative effect was
assessed in PLC/PRE/5 at more than 50 units/ml of IFN-a
and in HuH7 at the concentrations of 500 and 1000 units/ml
at Day 8 after IFN-a treatment. Statistical significance in
suppression was observed in PLC/PRF/S at the concen-
tration of 500 units/ml and 1000 units/ml and HuH7 at the
concentration of 1000 units/m] of IFN-a (P<0.01). The cell
line PLC/PRF/5 showed a statistically significant reduction
(P<0.05) at Day 2 and Day 4 at the concentration of 500
units/ml and 1000 units/ml (Fig. 1A). However, HepG2 and
Hep3B did not demonstrate a statistically significant
reduction (data not shown).

To determine whether IFN-a dependent suppression of
proliferation is due to IFN-a-dependent inhibition of DNA
synthesis in HCC cells, we performed a BrdU incorporation
assay and flow cytometry. As in the WST-1 assay, after
incubation with FCS-free medium for 48 h before IFN
treatment, HepG2, Hep3B, PLC/PRF/S, and HuH7 cells
were incubated in medium with 10% FCS plus [FN-a at a
concentration of 0 (control), 50, 100, 500, or 1000 units/ml.
The PLC/PRF/5 cell line was the most influential among the
four cell lines and had 29% reduction of DNA synthesis by
IFN at 1000 units/ml compared with the control (P<0.01)

{Fig. 1C). The HuH7 cell line also showed decreased DNA
synthesis (P <0.05).

3.2. IFN-o prevented cell cvcle progression in HCC cells

Several studies have shown that IFN-a reduces cell
cycles by arresting the cells in the GO/G1 phase in a vanety
of cell lines [2.19.20]. Using PLC/PRF/5 cells, which were
most sensitive to IFN-a, we performed flow cytometry
analysis to determine cell cycle progression at 0, 8, 16, 24,
and 32 h after incubation with 1000 units/m} JFN-«. The
percentage of cells in GO/G1 was 82% and that in the S
phase was 14% after serum-starvation for 48 h (at O time
after serum plus IFN addition). Cells without IFN-a
treatment showed a decrease of 49% in GO0/G1 and an
increase to 39% in the S phase 16 h after serum addition. On
the other hand, IFN-« prevented entry into the S phase from
GO/G1; as a result, the GO/G] population was increased to
59% and the S phase population was decreased to 34% at 16
h, and 26% of cells were still in the S phase at 24 h, when
24% of the S phase cells were observed in untreated HCC
cells (Fig. 2). These data suggest that I[FN-a treatment
retards cell cycle progression after serum stimulation in
HCC cells. Annexin V fluorescence was not detected in
IFN-a-treated cells, indicating no apoptotic cells in this
fraction (data not shown).

3.3. Expression of the IFN receptor

We examined the quantification of IFN-a receptors in
four human hepatocellular carcinoma cell lines (HepG2,
Hep3B, PLC/PRF/S, and HuH7) with anti-human IFN o/p
receptor antibody with a molecular weight of 60 kDa (Fig.
3A). On gel electrophoresis, 20 pg of each whole-cell lysate
was applied and equal amounts of total protein were
confirmed by a-tubulin. The PLC/PRF/S cell line expressed
the IFN receptor most abundantly, about twice the intensity
of other cell lines.

3.4. Signal transduction via IFN receptor in HCC cells

To confirm the IFN-« signals and the subsequent JAK/
STAT pathway activation, we checked the expressions of
STAT1 and phosphorylated STAT1 at the times of 0, 5, 15,
30, and 60 min after stimulation with 1000 units/ml IFN-a
in PLC/PRF/5 cells (Fig. 3B). Upon the binding of IFN-a to
the IFN-a/p receptors, Tyk2 and JAK] are autophosphory-
lated on the tyrosine residues and their phosphorylated
forms activate the cytoplasmic latent signal transducer,
including the transcription factors STAT! and STAT2.
STAT] was expressed at all time points; the phosphorylated
STATI, which was not detected before stimulation, was
detected within 5 min after stimulation and increased to its
highest intensity at 30 min, then decreased (Fiz. 3B).

Activated STATI!/STAT!1 homodimers and STAT1/
STAT2 heterodimers translocate to the nucleus, where they
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Fig. 1. Growth inhibition of hepatocellular carcinoma by IFN-a. Cell proliferation curves of cell lines HepG2. Hep3B (data not shown), (A) PLC/PRF/5, and
(B) HuH7 are indicated up to 8 days, assayed by WST-1 with or without the addition of 50. 100. 500. and 1000 units/m) of [FN-. Dala are shown as means of
four trials for each experiment. IFN-u significantly reduced cell growth of PLC/PRF/S to 21% at 500 units/m] and 31% at 1000 units’ml relative to the control
( P<0.01). The HuH7 cell line showed a 25% reduction in cell growth at 1000 units/ml ( P<0.01). (C) DNA synthesis assayed by BrdU incorporation. The
PLC/PRF’S cell line showed the most efficient inhibition among the four cell lines. Interferon-a induced a 29% reduction of DNA synthesis at 1000 units/ml
compared with the 0 time control. HepG2 and Hep3B had reductions but they were not statistically significant (data not shown). Data are shown as the means
of four trials for each experiment and each error bar shows the standard deviation.

bind with p48 to form the interferon-stimulated gene factor- several antiviral proteins including PKR [21]. We checked
3 (ISGF-3) trimeric complex; ISGF-3 recognizes and binds PKR expression as evidence of the IFN response. At 0, 1,
to the interferon-stimulated response element (ISRE) 6, 12, and 24 h after incubation with 1000 units/ml of IFN-

sequence in the regulatory regions of the genes and creatcs a. the expression of PKR protein in PLC/PRF/S cells was
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Fig. 2. Cell cycle retardation in IFN-a-treated PLC/PRF/5 cells. At 16 h, the GO/G} cell population decreased to 49% and the S phase cell population increased
10 39% in medium without TFN-a; however, in IFN-u-treated cells. the GO/G1 population decreased to 59% and the S phase population decreased 10 34%. In
PLC/PRF/S cells, IFN-a prolonged the transition from GO0/G1 and the entry into the S phase.

analyzed (Fig. 3C). The expression of PKR increased
gradually 24 h after IFN-a treatment. These results indicate
that, in PLC/PRF/5 cells, JAK/STAT signaling via IFN
receptors induces transcriptional activation of a downstream
gene in response to IFN-a. The JAK/STAT signaling had a
peak at 30 min and induction of PKR expression took more
than 6 h.

3.5. [FN-o inhibits activation of the MEK/ERK pathway
before JAK/STAT activation but does not inhibit Raf-1
activity

The MEK/ERK pathway is pivotal for cell proliferation
and activation and MEK activation requires the upstream
kinases Raf-1 and Ras [22.23]. We examined whether JFN-
a signaling affected the phosphorylation of Raf-1, MEK,
and ERK1/2 in the suppression of the proliferation of HCC
cells. The PLC/PRF/5 cells were incubated with serum-
starved medium for 48 h; then, fresh serum with or
without 1000 units/m! IFN-a was added. After incubation
for 0, 5, 15, 30, and 60 min, the levels of phosphorylation
of Raf, MEK, and ERK1/2 were assessed to compare [FN-
a-treated cells to control cells. Levels of phospho-Raf-1,
phospho-MEK, phospho-ERK1/2, MEK, and ERKI/2 at
the time of 5 min are shown in Fig. 4A. As a result, [FN-«
reduced the phosphorylation of MEK (47% reduction) and
the phosphorylation of ERK1/2 (41°% reduction) 5 min
after treatment (P<0.05) (Fig. 4B). Phosphorylation of
ERK1/2 showed statistically reduction at 30 min and 60
min after treatment (data not shown), but phosphorylation
of MEK was not significantly reduced. However, phos-

phorylation of Raf-1 did not show any difference between
cells treated with and without IFN-a«. These results suggest
that IFN-a sets in motion a cascade of events within the
first 5 min of treatment, leading to the reduction of MEK
and ERK1/2 functions. Although we tested whether IFN-a
treatment induced a protein interaction between STAT and
MEK by immunoprecipitation using both STAT and MEK
antibodies, we detected neither STAT in the MEK
precipitate nor MEK in the STAT precipitate (data not
shown).

3.6. Knockdown of STATI and JAK1 diminished the effect of
IFN-2 and enhanced the phosphorylation of MEK and ERK

We achieved successes knockdown of STAT1 and
JAK1 with siRNA treatment (Fig. SA). Phosphorylation
of MEK and ERKI1/2 was reduced and suppression of
STAT!1 and JAK1 by siRNA results in abolishment IFN
effect on MEK/ERK phosphorylation by IFN-a treatment
(Fig. SB, C). Phosphorylation of MEK and ERK1/2 was
relatively enhanced by knockdown of STAT! and JAKI
with sIRNA treatment. Morcover, knockdown of STATI
and JAKI with siRNA treatment attenuated the anti-
proliferative effect of IFN-a treatment (Fig. 5D) assayed
by WST-1.

4. Discussion

The present study revealed that IFN-a induced rapid
down-regulation of MEK and ERK1/2 phosphorylation in



