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Abstract

Alternate-day drug administration (ADDA) of S-1,
of which the final antitumor product is 5-fluorouracil
(5-FU), has been considered to be a good alternative
to current standard continuous drug administration
(CODA) because it reduces adverse effects that can
occur. However, the antitumor efficacy of ADDA
and its possible combinational regimens with other
drugs have not been comprehensively studied. In
the present study, a panel of gastric cancer cell
lines were used to compare the antitumor effect of
ADDA using 5-FU to CODA. The majority of cell
lines demonstrated no difference in antitumor effects
between ADDA and CODA in growth suppression
and colony formation assays. Moreover, simultaneous

administration of cis-diamminedichloroplatinum
reduced the differences between ADDA and
CODA in both assays. Although cell cycle changes
in response to the drugs were regulated almost
exclusively by drug type, rather than administration
mode, the number of apoptotic and necrotic cells
increased in both ADDA and CODA groups in 5-FU-
sensitive cell lines. These results suggest that ADDA
may be a reasonable treatment approach without
compromising the antitumor effects of S-1; however,
modulators for 5-FU should be carefully considered
depending on the molecular profile of individual
tumors.

Key words : alfernate-aay drug administration; 5-FU, gastric carncer;
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Abbreviations

5-FU: five-fluorouracil; ADDA: alternate-day
drug administration of 5-FU; CODA: continuous
drug administration of 5-FU; CDDP: cis-
diamminedichloroplatinum; RFS: relapse-free survival;
GIs: 50% growth inhibitory concentration; Clsy: 50%
colony-formation inhibitory concentration; PPC: peak
plasma concentration.

129

I. Introduction
One of the most recent prominent
achievements in gastric cancer chemotherapy
has been the therapeutic use of S-1 (TS-
1, Taiho Pharmaceutical, Tokyo, Japan) 2.

Curative gastrectomy followed by adjuvant
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chemotherapy using S-1 as a single agent
has demonstrated a significant improvement
in both relapse-free survival and overall
survival *?®. However, the 5-year outcome
analysis revealed that more than 30% of
patients experience cancer relapse despite the
therapy ?. To amend the S-1 regimen, which
i1s currently a continuous drug administration
(CODA), it is important to consider both the
antitumor effect and any adverse effects
experienced by the patients who receive
the chemotherapy. An alternate-day drug
administration (ADDA) regimen seemed
to show fewer adverse events than CODA
without influencing the expected clinical
outcomes *. However, the detailed biological
mechanism on how an ADDA affects tumor
growth remains to be elucidated.

The product of the antitumor activity of
S-1 is 5-FU, and this activity is enhanced
by gimeracil, which potently inhibits 5-FU
degradation, and by oteracil, which reduces
gastrointestinal toxicity by suppressing the
activation of 5-FU in the alimentary tract .
As a consequence, the concentration of 5-FU
produced from S-1 is maintained at a high
level, thereby enhancing the antitumor activity
and reducing adverse effects °. Therefore, the
actual antitumor activity of S-1 at the cellular
level is achieved through 5-FU. In fact, 5-FU
has been used to examine the antitumor
activity and toxicity of S-1 in in vitro assays™°.

In the present study we evaluated the in
vitro antitumor activity of 5-FU in an ADDA
model using a panel of gastric cancer cell
lines. In principle, we sought to determine
whether the antitumor effect of 5-FU using
ADDA is equivalent to CODA in terms of
growth suppression and colony formation. We

further evaluated the mechanism of growth
by measuring cell cycle distribution, cell
death induction, invasion/migration ability,
and protein level alterations in response to
the drug administration. Based on previous
reports, we hypothesized that 5-FU should
have sufficient antitumor activity when
using ADDA against most cell lines ?, but
that some 5-FU insensitive tumor lines may
exist. For those tumors, pharmacological
modulation of 5-FU may be necessary based
on the mechanisms of insensitivity ”. In
fact, one of the most challenging tasks is to
identify tumors that are insensitive to S-1.
However, to date a very limited number of
sensitivity prediction markers have been
reported for S-1 or 5-FU . In addition to the
comparison of ADDA and CODA, we also
investigated the effect of continuous CDDP
administration as a modulator *¥. The results
of these investigations provide justification for
ADDA as a potential alternative to CODA
based on biological mechanisms and may
provide evidence for the utility of CDDP as a
modulator to S-1.

I1. Materials and Methods

1. Gastric cancer cell lines and drugs

Nine human gastric cancer cell lines
were used for the study (Table 1). GCIY,
H111TC, KE39, Kato-III, MKN7, MKN45,
MKN74, and NUGC-4 were obtained from
the RIKEN BioResource Center Cell Bank
(Tsukuba, Japan). IWT-1 was established in
our laboratory, and the use of this cell line
was approved by the institutional review
board of Iwate Medical University (HG H25-
15,?). All cell lines were cultured in RPMI-
1640 supplemented with 10% fetal bovine
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Table 1. Characteristics of the gastric cancer cell lines.

Cell name Gender Age at sampling  Doubling time in culture (hours) Origin
[references]

GCIY Female Not available 55 Primary
H111TC Not available Not available 72 Primary
KE39 Male 77 384% Lymph node metastasis
Kato III Not available Not available 36% Primary
IWT-1 Male 58 227 Peritoneal dissemination
MKN7 Male 39 35° Lymph node metastasis
MKN45 Female 62 229% Liver metastasis
MKN74 Male 37 17% Liver metastasis
NUGC4 Not available Not available 36.1% Primary

serum (FBS) in a 37C incubator with 5% CO.,.
The drug solutions of 5-FU (Kyowa Kirin,
Tokyo, Japan) and CDDP (Randa® inj, Nippon
Kayaku, Tokyo, Japan) were purchased from
commercial sources. The doubling time of
cells was measured by seeding 1.0-2.0 x 10*
cells/well of a 24-well plate and monitoring
the cell number every 24 hours for a period
of 96 hours with a Tali® Image-based
Cytometer (Life Technologies, Carlsbad, CA).
The concentrations used in the assays were
determined by growth suppression and colony
formation assays based on 30-50% of the cells
surviving.

2. Growth suppression assay

Ten thousand cells were disseminated in
a well of a 96-well microtiter plate. We then
added 5-FU over a 10-fold dilution series
once the cells reached 80% confluency (range
384 mM to 38.4 nM). The concentration of
CDDP was maintained at 8.3 uM, which is
equivalent to its peak plasma concentration
(opc; 25 u g/ml) ™. For the CODA of 5-FU
with CDDP, each drug was maintained in
media for 24 hours and then cell growth was
measured. Wells with media containing the

same respective drug concentrations were

also replaced every 12 hours in parallel. For
ADDA, the drug was replaced with a drug-
free medium every 12 hours for a period
of 72 h. For the ADDA of sustained CDDP,
either medium containing 5-FU or 5-FU-free
medium was replaced every 12 hours. For all
administration methods, the 10-fold dilution
series of the 5-FU was maintained throughout
the assay. Hence, the ADDA group receives
50% of the 5-FU dose in the given time
"block". Growth was measured using a Water
Soluble Tetrazolium (WST) assay (Dojindo,
Mashikimachi, Japan), and the light absorption
of the resulting formazan was measured
at 450 nm using a multimode plate reader
(Berthold Technologies, Germany). The light
absorption data were plotted to calculate the
50% growth inhibitory concentration (GIs).
Fach drug administration procedure is shown
in Figure 1A.

3. Cell cycle analysis

For cell cycle analysis, 1 X 10° cells were
harvested from each well of a six-well plate
at 72 h after drug administration. The
concentration of 5-FU required to suppress
cell growth by 50-60% relative to cells

not receiving drug was determined after
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Fig. 1. Drug administration procedures for gastric cancer cell lines.
(A) The growth suppression assay procedure involved six 12-hour time blocks.
(B) The colony formation assay procedure involved six 1-day time blocks.

CIS, CDDP.

administration in the CODA and ADDA
groups for each cell line (i.e., Gy to Glgs).
When CDDP was used, the concentration was
adjusted to achieve its ppc for all cell lines.
For the combination of 5-FU and CDDP, the
5-FU concentration was determined by the
growth suppression assay in the presence
of CDDP. The collected cell pellet was
analyzed using the Tali® Cell Cycle Kit (Life
Technologies), and the distribution of DNA
content was promptly calculated using a Tali®
Image-based Cytometer (Life Technologies).

4. Colony formation assay

After creating a single-cell suspension of
each cell line, the cells were disseminated
into a 24-well plate at a density of ~ 52 cells/
cm® (ie., 100 cells/well). After confirming
cell attachment, 5-FU was added into the
medium as a 10-fold dilution series (range 38.4
mM to 384 nM). For CODA, the cells were
maintained in the wells until the colonies that
formed were at least 0.5 mm in diameter.
For ADDA, the medium replacement was
repeated every 24 hours until colonies that
were at least 0.5 mm in diameter emerged.
The concurrent administration of 5-FU and
CDDP was also performed using the same
procedure as the ADDA and CODA of

5-FU alone, except that the medium always
contained 85 uM CDDP. The drug-tolerant
colonies were stained with 0.1% crystal violet
solution in a 50% methanol solution and then
captured as an image on an optical flatbed
scanner (Epson, Suwa, Japan) with a resolution
of 600 dpi for manual counting. Each drug
administration procedure is shown in Figure
1B.

5. Apoptosis measurement by Annexin V

(ANXYV) and propidium iodide (PI)

Cells that were sensitive to 5-FU (MKN7
and MKN74) and insensitive to 5-FU (MKN45
and GCIY) were grown in a 6-well plate under
each drug administration condition as described
above. After drug treatment, cells were stained
using Annexin V Alexa Fluor” 488 and a PI kit
followed by measurement on a TaliTM Image-
based cytometer (Life Technologies). Apoptotic
cells were detected with green fluorescence
while necrotic cells were visualized with red
fluorescence. After staining, 20 independent
visual fields of cells were captured with the
TaliTM imaging cytometer to quantify the
fluorescence and distribution. The total number
of PIpositive and Annexin V-positive cells was
counted to determine the apoptotic and necrotic

. . 12
fractions, re  spectively .
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6. Cell invasion and migration assay

A cell invasion assay was performed
based on the Boyden chamber principle *.
Selected cell lines (GCIY, MKN7, MKN45, and
MKN74) were grown in T-25 flasks under
the respective drug administration conditions
(Fig. 1A). After drug administration, cells
were trypsinized and subjected to a single cell
suspension. The suspended cells were seeded
in serum-free media into a 24-well plate
containing an 8 um pore size polycarbonate
insert membrane coated with a thin layer of
ECMatrix™ (Millipore, Billerica, MA). The cells
capable of invading the membrane migrated
towards the medium with FBS in the bottom
plate while non-invading cells remained in the
insert chamber. After 24 hours of incubation,
cells in the bottom chamber are lysed and
detected with the CyQuant GR® dye (Molecular
Probes, Eugene, OR) on a TriStar LB941
fluorescence microplate reader (Berthold, Bad
Wildbad, Germany).

The cell migration ability of the MKN7
and MKN45 cell lines was evaluated using a
wound healing assay '*. Cells were grown up
to 80% confluent in a 6-well plate under the
different drug administration conditions (Fig.
1A). After drug administration, a straight
scratch was made with a pipette tip and an
image was taken under a microscope. Forty-
eight hours later, images of the scratch in the
identical position were captured.

7. Western blot analysis

After cells reached approximately 80%
confluence, a subset of cell lines (MKN7 and
MKN45) was treated with the respective drug
administration conditions. Cell pellets were
then collected by scraping the plates and
washing the cells three times with cold PBS.

The cell pellets were then lysed for 10-30 min
in Pink Buffer containing 9M urea (Sigma,
St. Louis, MO), 4% 3-[(3-cholamidopropyl)
dimethylammoniol]-1-propanesulfonate (CHAPS;
Millipore), 2% pH 8.0-10.5 Pharmalyte (GE
Healthcare, Piscataway, NJ), and 65 mM
DTT (GE Healthcare) . After lysis, the
samples were briefly centrifuged and the
supernatants were stored at —80C for future
analysis or immediately resolved on a 4-15%
SDS-polyacrylamide linear gradient gel by
electrophoresis. Proteins from the gel were then
transferred to a nitrocellulose membrane using
the iBlot” dry blotting system (Life Technologies)
and examined by Ponceau S staining (Sigma) to
ensure equal loading. The membrane was then
Incubated with a SuperG blocking buffer (Grace
BioLabs, Bend, OR) followed by incubation with
appropriate primary antibodies (anti-p53, DO-1
mouse monoclonal antibody, Thermo Scientific,
Waltham, MA; caspase7, rabbit polyclonal
Cleaved caspase7 Aspl98 antibody, Cell
Signaling Technologies, Danvers, MA; yH2AX,
rabbit polyclonal H2ZAX pS139 antibody,
Rockland antibodies & assays, Limerick,
PA; and Keratin 19, A53-B/A2.26, mouse
monoclonal antibody, Thermo Scientific).
The membrane was subsequently washed,
incubated with secondary antibodies, and then
visualized with an ECL Select Western Blot
Detection Reagent (GE Healthcare).

II1. Results
1. Concentrations required for 50%
growth suppression
The average GIs, value of 5-FU for the nine
tested gastric cancer cell lines was 17.7 u M
(range 045 to 59.0; Fig. 2A). Given that the
ppc of 5-FU was approximately 153 u g/
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Fig. 2. Growth suppression assay with the CODA and ADDA models in gastric cancer cell lines.

(A) Dose response curves of nine gastric cancer cell lines with four different procedures,
including ADDA of 5-FU alone (blue), CODA of 5-FU alone (orange), ADDA of concurrent 5-FU/
CDDP (green), and CODA of concurrent 5-FU/CDDP (red). The bar colors are consistent with
the dose response curves. The horizontal and vertical axes represent the 5-FU concentration
and the growth rate, respectively. The concentration of CDDP remains constant for all 5-FU
concentrations. A horizontal broken line shows the ppc of CDDP. A vertical broken line shows
the ppc of 5-FU. (B) Bar graphs of the Gy, across the nine gastric cancer cell lines. The horizontal
axis represents the 5-FU concentration. Each bar represents the Gy, of the corresponding drug
administration procedure. The indicated p-values were calculated by a Student’s ~test.

ml (e, 117 u M, '?), the GIL, of each cell line
is likely to be reached in the human body
and is effective for growth suppression. The
majority of the cell lines tended to show
better growth suppression effects using
CODA than with ADDA, although less
than half of the cell lines demonstrated a
statistically significant difference (Fig. 2B). To
observe the combination effect with CDDP,
the concentration of CDDP was set to 8.3
u M, which is equivalent to its ppc 25 u g/
ml) "', The baseline growth suppression
effect obtained with 83 ¢ M CDDP alone was
slightly better than 50% (15.0-36.7%), whereas
the GIg, of 5-FU in combination with CDDP
decreased three orders of magnitude (ie., the
Gl;, decreased >10-10° times) for all cell lines
in both the CODA and ADDA models (Fig.
2B). Moreover, none of the cell lines subjected
to the 5-FU and CDDP combination treatment
demonstrated a statistically significant

difference in the GIy, between the ADDA and
CODA models (Fig. 2B). In order to ensure
that the CDDP dose used was not too high,
we further confirmed that the combinational
effect obtained through the CODA decreased
to 0.01% of the CDDP ppc (0.083 uM) in five of
the cell lines: MKN45, NUGC-4, KE39, IWT-1,
and Kato-III. These observations suggest that
ADDA could be a substitute for CODA in a
majority of gastric cancer cases, particularly
when combined with CDDP.

2. Colony formation in the presence of

antitumor drugs

With the exception of MKN7 and H111TC,
all of the cells were capable of forming
colonies. Two cell lines, GCIY and NUGH4,
showed differences under ADDA and CODA,
whereas the remaining five cell lines (Kato-III,
KE39, MKN74, IWT-1, and MKN45) showed
a similar degree of colony formation under
both ADDA and CODA models (Fig. 3A). In
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Fig. 3. Colony formation assay for the CODA and ADDA models in gastric cancer cell lines.

(A) Dose response curves of seven gastric cancer cell lines obtained with four different procedures:
ADDA of 5-FU alone (blue), CODA of 5-FU alone (orange), ADDA of concurrent 5-FU/CDDP (green),
and CODA of concurrent 5-FU/CDDP (red). The horizontal and vertical axes represent the 5-FU
concentration and the colony formation rate, respectively. The concentration of CDDP remains
constant for all 5-FU concentrations.

(B) Bar graphs of CIy, across seven gastric cancer cell lines. The horizontal axis represents the 5-FU
concentration. Each bar represents the Cly, of the corresponding drug administration procedure. The
bar colors are consistent with the dose response curves. The indicated p-values were calculated by
the Student’s #test.

(C) Representative images of the colony formation of MKN74 cells after ADDA and CODA. The
dilution series of the 5-FU concentration is constant in the following procedures: CODA of 5-FU
alone, ADDA of 5-FU alone, CODA of concurrent 5-FU/CDDP, ADDA of concurrent 5-FU/CDDP,
CODA of CDDP alone, and drug-free colonies. The drug concentration in each well is indicated
below the respective colony image. The colonies were stained with 0.1% crystal violet.

(D) Dose response curves of the colony formation of MKN45 and KE39 cells after the CODA of
5-FU alone and CODA of concurrent 5-FU/CDDP with 0.01% of the CDDP ppc. The horizontal and
vertical axes represent the 5-FU concentration and the colony formation rates, respectively.

CIS, CDDP.

135

the presence of CDDP at ppc, the degrees
of colony formation were all similar for both
ADDA and CODA models (Fig. 3B). However,

it should be noted that 85 uM CDDP did not
completely suppress colony formation when
CDDP was administered alone (Fig. 3C).
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(A) The name of the cell line is shown on the top left corner of each set of panels. The horizontal
and vertical axes represent the strength of the PI staining and the frequency, respectively. Each
panel contains six experiments indicated on top of each panel. PI, propidium iodide.

(B) Drug-induced “cell death” fractions stained with Annexin V and PL. Annexin V and PI levels
were measured by an imaging cytometer and quantified in four cell lines. MKN7 and MKN74 are
5-FU-sensitive cell lines, whereas MKN45 and GCIY are 5-FU-insensitive cell lines based on Glj,
value indicated in Figure 2. White bars indicate Annexin V-positive/Pl-negative fractions. Black
bars indicate Annexin V-positive/Pl-positive fractions. Error bars indicate standard error of the
mean of the sum of Annexin V-positive/PI-negative and Annexin V-positive/PI-positive fractions.

CIS, CDDP.

Although CDDP appears to be more influential
in colony suppression than 5-FU when 5-FU
and CDDP are administered simultaneously,
the results from treatment with 85 ¢ M
CDDP alone indicate a combinational effect
of 5-FU and CDDP. We also investigated
the suppression of colony formation under
the CDDP concentration as low as 0.01% of
the ppc in KE39 cells. Under this condition,
we still found that the combination of drugs

enhanced the inhibition of colony formation
(Fig. 3D).

3. Effect on the cell cycle by different drug

administration procedures

The cell cycle distributions did not show
substantial differences between the CODA and
ADDA models of 5-FU (Fig. 4A). The effects
of 5-FU were slightly different depending on
the cell lines, including G1 arrest (GCIY), S/
G2 arrest (MKN74), and an increase of sub-G1
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Fig. 5. Effect on the ability of cellular invasion and migration by 5-FU and CDDP.
(A) Each bar length represents the fluorescence strength reflecting the immobilized cell number
in an insert chamber. The name of the cell line is indicated at the right bottom corner of each
panel. Experiments for each condition were repeated at least three times. Error bars indicate

standard error of the mean.

(B) Images of wound healing assay after completing each drug administration procedure (0 hour)
and 48 hours later for the MKN45 cell line. The drug administration is indicated at the top of

each image.
CIS, CDDP.

fractions (MKN45 and MKNY7). The continuous
administration of CDDP alone induced an
increase of the sub-Gl fractions for all of the
cell lines. The combination of 5-FU and CDDP
also exhibited sub-G1 distributions, but these
were not always identical to those obtained
after single agent administration. These cell
cycle distributions indicated that the type of
drug used was the most influential factor on
cell cycle distribution, rather than the drug

administration mode.

4. Cell death induced by ADDA and CODA

Drugs such as 5-FU and CDDP can induce
two major mechanisms of cell death.
Apoptosis is considered to be the predominant
mechanism for cell death, which can occur
as a result of genotoxic agent administration,
whereas necrosis is caused by the physiological
damage of cells, such as swollen organelles and
plasma membrane rupture '”. Although the
major consequence of antitumor therapeutics

is apoptosis, necrosis has been recognized as
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19 was used as a loading control.
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another important mechanism for inducing
cell death in response to cellular stress ™ '

We found that the ANXV*/PI™ fractions
accounted for less than 10% of the total
cell fraction for any of the administration
conditions, which was not entirely consistent
with the corresponding sub-Gl fractions (Fig.
4AB). This is perhaps partially due to a direct
effect of the genotoxic agents, which resulted
in immediate cell death before the cells could
undergo apoptosis . Therefore, we measured
the necrotic fractions (i.e., ANXV'/PI") as
well to determine the sum of the “cell death”
fractions. The total cell death fractions were
at least 2-3 times higher for all combined
administration methods in 5-FU sensitive
MKN7 and MKN74 cell lines (Fig. 4B). In
contrast, the 5-FU insensitive MKN45 and
GCIY lines demonstrated a clear combination
effect of 5-FU and CDDP (Fig. 4B). Based on
these experiments, the following two major
conclusions were drawn: (a) The ADDA and
CODA models have an equivalent degree of
antitumor effect in 5-FU sensitive cell lines;

and (b) the combination of CDDP and 5-FU
may increase the induction of cell death by up
to 40% in both ADDA and CODA models.

5. Effect of antitumor drugs on cellular

invasion and migration

One of the major forms of post-operative
gastric cancer recurrence is metastasis, and
an invasion and migration phenotype mn vitro
1s closely associated with the potential of
metastasis ). All cell lines tested showed
significant suppression of invasion for both
drug administration models (Fig. 5A). No
remarkable difference in the invasion ability
was observed between the ADDA and CODA
models, presence or absence of CDDP, or cell
sensitivity to 5-FU. We also assessed the cell
migration ability by using a wound healing
assay (Fig. 5B). MKN45 in drug-free medium
occasionally demonstrated an expansion in
the vertical axis. Cells in drug-free medium
spread within the scratched line faster than
those treated with drugs, and also exhibited
cellular proliferation. Both ADDA and CODA
suppressed the migration. Interestingly,
ADDA with CDDP and CODA with CDDP
seemed to show better migration than those
without CDDP. In principle, the measured
abilities of invasion and migration were highly
concordant, particularly for the MKN45 cell
line. These results suggest that ADDA is
sufficient for suppressing gastric cancer cell
invasion and migration relative to CODA.

6. Monitoring of molecular responses

To investigate the type of molecular
responses that occur after the two drug
administration models, the protein expression
levels of pb53, caspase?, and y H2ZAX were
examined by western blot in MKN7 and
MKN45 cells (Fig. 6). The p53 levels of MKN7



Original: Alternative-day 5-FU administration 139

were slightly increased in both the ADDA and
CODA models when 5-FU was administrated
alone. Although caspase? was slightly increased
in the ADDA model with CDDP in MKN?7, it did
not directly correlate with the corresponding
apoptotic fraction (Fig. 4). The levels of yH2AX
were elevated in response to CDDP with or
without 5-FU in MKN7 cells, suggesting that
CDDP exclusively induces a DNA damaging
effect. In MKN45, both p53 and caspase? levels
were increased in the CODA model with CDDP
alone and in combination with CDDP, indicating
that continuous CDDP administration may be
an effective means for inducing apoptosis in a
pb3-dependent manner. There was also a clear
induction of yH2AX expression in MKN45 cells
after 5-FU treatment alone in the CODA model
as well as with CDDP in the ADDA model.

IV. Discussion
The design of ADDA in the present study
consisted of a 12-hour medium replacement
cycle instead of an “every other day  method
based on the regimen currently used in the

22 . . . .
62 Tumor doubling time is associated

clinic
with the duration of the S- phase, for which
only 5-FU is effective, whereas the ADDA
model is a regimen in which each drug-free
interval is shorter than the tumor doubling
time in humans *’. Since normal cells (e.g.,
gastrointestinal mucosa and bone marrow
cells) generally have a shorter S-phase
(about 10 h) than tumor cells (17-60 hours),
ADDA can still sustain antitumor activity
while concomitantly reducing the adverse

>%2 In the present cell line panel,

effects
the median doubling time of the cell lines
was 37 hours. If 20-40% of the cell cycle is S-

phase #, the 12-hour interval in the present

ADDA model should expose 5-FU long enough
to be in-taken, which would provide relevant
information for antitumor effect.

Clinically, a treatment is considered effective
if a tumor stays at equilibrium (i.e., “Stable
Disease” in RECIST, *), whereas growth
suppression iz vitro is a simple result of how
many cells survive relative to the control.
The most clinically relevant finding from the
present study is that ADDA is equivalent to
CODA in terms of growth suppression when
CDDP is continuously administered. In the
presence of CDDP, it can be postulated that
the cell cycle of the cancer cells slows down,
since exposed cells remain in the S/G2 phase
longer. Therefore, differences between the
ADDA and CODA of 5-FU diminish > *”. In
terms of colony formation, 5-FU demonstrated
effective suppression in the presence of
CDDP at its ppc. Moreover, 0.01% of the ppc
of CDDP also showed a colony inhibitory
effect when combined with 5-FU. Some
cases of post-curative surgery of advanced
cancer experience recurrence, suggesting
that undetectable cancer cells still remain
in the body. The cancer cells occasionally
form metastatic lesions or dissemination in
the peritoneum, in which cancer cells seem
to propagate from small colonies even Iin
the presence of chemotherapeutic agents.
Since cancer cells are disseminated at an
undetectable density for colony formation,
this assay provides a good model of recurrent
tumors after chemotherapy ?®. CDDP alone
does not always completely suppress cancer
recurrence in practice. Therefore, these
results suggest that ADDA combined with
even low-dose CDDP can effectively suppress
colony formation, which might repress
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recurrence 29).

We also investigated the cellular and
molecular mechanisms that may be responsible
for the differences in the degree of antitumor
effects between the ADDA and CODA
models. Profiles of cell cycle distribution
demonstrated that 5-FU and CDDP seemed
to cause the cellular consequences unique to
drug combination, rather than administration
regimens. These observations suggest that
ADDA and CODA have no remarkable
differences in terms of the effect on cell cycle
distribution. We further validated the “cell
death” fraction induced by ADDA and CODA
by means of Annexin V and PI staining. The
cell death fractions observed after treatment
were also dependent on the drug type, but
not on the administration regimen. Rather,
differences between the ADDA and CODA
models appeared to be cell line-dependent.
The 5-FU-sensitive cell lines (MKN7 and
MKN74) showed 20-40% induction of cell
death under both administrative conditions,
whereas the 5-FU-insensitive cell lines (MKN45
and GCIY) showed almost no induction of
cell death when 5-FU was administrated
alone. However, the combination of 5-FU
and CDDP induced significant cell death in
the 5-FU-insensitive cell lines. Moreover,
the invasion assay indicated that drug type
seemed to be the most important factor for
suppressing the migration/invasion ability,
rather than the drug administration model.
These results suggest the following two
possibilities: (a) ADDA and CODA models are
equally effective in terms of antitumor effect,
and (b) continuous CDDP administration on
top of any 5-FU administration increases the
sensitivity of 5-FU-insensitive cells. In practice,

these results also support the hypothesis that
ADDA may induce comparable antitumor
effects to CODA with a lower chance of
adverse effects ™.

To support these phenotypic findings,
cellular responses to the drugs at the
molecular level were also investigated. Both
MKN7 and MKN45 cells possess a wild-
type TP53 gene, although the p53 protein
levels are relatively low under non-stressed
conditions *. We found that the stress marker
p53 was stabilized in MKN7 under almost
all conditions *, while CDDP alone and
CODA with CDDP seemed to increase p53
levels in MKN45. Caspase7 levels did not
seem to be directly indicative of response in
MKNY7 cells. However, a similar increasing
trend of caspase? and pb3 levels in MKN45
cells suggests that CDDP and CODA may
have activated a pb3-regulated apoptosis
pathway *?. We also assessed yH2AX
expression as a biomarker for chemo-
therapeutics that induce DNA damage *. We
found that the continuous administration of
CDDP was sufficient to induce DNA damage
in a 5-FU-sensitive cell line (MKN7), while
DNA damage was induced by 5-FU alone
in a 5-FU-insensitive cell line (MKN45). The
activation of the apoptosis pathway did not
seem to be directly associated with DNA
damage and 5-FU sensitivity. Together
with the result of the cell death fraction
experiment, these results suggest that there
may be multiple molecular pathways for
inducing cell death.

Our present study demonstrated that the
antitumor effect of 5-FU was similar in both
the ADDA and CODA models in human

gastric cancer cell lines. In addition, continuous



Original: Alternative-day 5-FU administration 141

CDDP administration appeared to increase the
antitumor effect of 5-FU in 5-FU insensitive
cells. However, the molecular signals that
occur in response to drug administration
may be different depending on individual
cells, suggesting that the cell death pathway
may vary in a cell-dependent manner.
Therefore, the addition of 5-FU modulators
should be considered carefully depending on
the molecular profile of individual tumors.
In conclusion, our in vitro findings suggest

that ADDA may be a reasonable alternative

regimen to CODA and provides similar
antitumor effects while possibly minimizing

adverse effects of S-1.
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