Am J Cancer Res 2017;7(12):2577-2586
www.ajcr.us /ISSN:2156-6976/ajcr0064162

Original Article

Combined efficacy and mechanism of trifluridine
and SN-38 in a 5-FU-resistant human

colorectal cancer cell lines

Kazuaki Matsuoka, Teiji Takechi

Translational Research Laboratory, Taiho Pharmaceutical Co., Ltd., 224-2 Ebisuno, Hiraishi, Kawauchi-cho
771-0194, Japan

Received August 21, 2017; Accepted November 1, 2017; Epub December 1, 2017; Published December 15, 2017

Abstract: Trifluridine/tipiracil (FTD/TPI or TFTD, also known as TAS-102) with a molar ratio of 1:0.5, is a novel com-
bination of FTD, an antineoplastic thymidine analog, and TPI, an inhibitor of thymidine phosphorylase. It has been
approved as a treatment for unresectable advanced or recurrent colorectal cancer. Irinotecan (CPT-11) is an active
agent in colorectal cancer. The administration order of drugs is a critical issue in clinical combination therapy. In
this study, we evaluated the in vitro simultaneous and sequential combination efficacy of FTD and SN-38, an active
metabolite of CPT-11, against human colorectal 5-fluorouracil (5-FU) resistant cell line DLD-1/5-FU and the parental
cells DLD-1. The sequential exposure to SN-38 for 24 h followed by sequential exposure to FTD for 24 h or vice versa
was more effective for cell survival than the simultaneous exposure of both drugs for 24 h. Furthermore, compared
with simultaneous exposure, sequential exposure induced DNA damage, G2/M cell cycle arrest with increasing
sub-G1 positive cells, and apoptosis in both DLD-1 and DLD-1/5-FU cells. In particular, in DLD-1/5-FU cells, sequen-
tial exposure to SN-38 followed by FTD induced apoptosis more than FTD followed by SN-38. Thus, the sequential
treatment with SN-38 followed by FTD may be useful for the combination therapy of FTD/TPI and CPT-11 against
relapsed colorectal cancer after 5-FU-based chemotherapy.
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Introduction Trifluridine/tipiracil (FTD/TPI or TFTD, also kno-
wn as TAS-102) is a combination of FTD and TPI
with a molar ratio of 1:0.5. FTD, an antineoplas-
tic thymidine analog [5], is the active antitumor
component of FTD/TPI [6, 7] and exerts its anti-
tumor activity through two actions: its mono-
phosphate form inhibits thymidylate synthase
[8] and its triphosphate form is incorporated
into DNA, thereby inhibiting DNA synthesis. TPI
potently inhibits thymidine phosphorylase [9],
an enzyme that degrades FTD. Therefore, TPI
helps maintain adequate concentrations of
orally administered FTD in the plasma [9],
thereby potentiating its antitumor activity.

Colorectal cancer (CRC) is the third most com-
monly diagnosed cancer in the world [1]. The
management of patients with metastatic CRC
(mCRC) requires the systemic administration
of cytotoxic drugs. Patients with mCRC who
receive chemotherapy have shown a median
overall survival of more than 2 years [1] com-
pared to standard care alone (5 months) [1, 2].
The combination therapies FOLFOX [5-fluoro-
uracil (5-FU)/leucovorin (LV) and oxaliplatin
(L-OHP)] and FOLFIRI [5-FU/LV and irinotecan
(CPT-11)] have been established as effective
cytotoxic regimens for the treatment of mCRC

[1]. CPT-11 is a prodrug analog of the alkaloid Some clinical studies on FTD/TPI have recently

camptothecin that is converted to the active
metabolite SN-38 by carboxylesterases [3].
This metabolite is approximately 1000 times
more potent than CPT-11 at inhibiting Topo | in
vitro and plays an essential role in the mecha-
nism of action of CPT-11 [4].

been conducted [10-12]. In the RECOURSE
study which is an international, multicenter ran-
domized, double-blind phase lll study, FTD/TPI
significantly improved overall and progression-
free survival compared with the placebo group
and had a manageable safety profile in patients
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with mCRC refractory to standard chemothera-
pies [13]. While FTD/TPI is promising for meta-
static colorectal cancer, it is warranted to
enhance its antitumor efficacy by combination
with other agents especially for earlier treat-
ment lines for metastatic colorectal cancer.

The establishment of drug-resistant cancer cell
lines may be one of the most useful clinically
relevant models to evaluate treatment after
standard chemotherapy. Previously, we had
established the 5-FU-resistant colorectal can-
cer cell line DLD-1/5-FU wherein 5-FU is incor-
porated into the RNA at low levels because of
decreased orotate phosphoribosyltransferase
activity [14]. In addition, we had investigated
the combination therapy of FTD/TPI and CPT-
11 in a DLD-1/5-FU-bearing nude mice model
[15]; however, the administration sequence of
these drugs was not investigated in detail. Be-
cause both are DNA-targeting drugs, the order
of administration is thought to be essential for
the tumor growth-inhibitory effect. In the pres-
ent study, we investigated whether the growth-
inhibitory effect was enhanced when FTD was
used simultaneously or sequentially with SN-
38, which is an active metabolite of CPT-11
against DLD-1/5-FU cells.

Materials and methods
Chemicals and reagents

FTD was obtained from Yuki Gosei Kogyo Co.,
Ltd. (Tokyo, Japan). Dimethyl sulfoxide (DMSO)
and 7-Ethyl-10-hydroxycamptothecin (SN-38)
were purchased from Wako Pure Chemical In-
dustries Ltd. (Osaka, Japan) and Tokyo Chemical
Industry Co., Ltd. (Tokyo, Japan), respectively.

Cell lines

DLD-1 cells were obtained from the Health
Science Research Resources Bank (Tokyo,
Japan). DLD-1 cells were repeatedly exposed to
stepwise increasing concentrations of 5-FU up
to 100 uM for 120 h. The 5-FU-resistant cell
line DLD-1/5-FU was established by this pro-
cess over 8 months after long-term culture in
the presence of 5-FU, as previously described
[14]. Cells were cultured at 37°C in a humidified
atmosphere of 95% air and 5% CO, in RPMI
1640 media supplemented with 10% fetal
bovine serum, 100 U/mL penicillin, and 100
mg/mL streptomycin. These cells were authen-
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ticated in 2014 by analysis of short tandem
repeats.

Clonogenic cell survival assay

The colorectal cancer cell line DLD-1 and
5-FU-resistant DLD-1/5-FU were plated at con-
centrations of 100-3000 cells/plate in dupli-
cates in 6-well plates. Sixteen hours after plat-
ing, the cells were treated with SN-38 and FTD
as follows: (1) exposure to either 0.1-4.0 yM
FTD or 0.0005-0.02 yM SN-38 for 24 h, (2)
simultaneous exposure to 0.1-2.0 yM FTD and
0.01 uM SN-38 for 24 h followed by no drug
exposure for 24 h, (3) sequential exposure to
0.1-2.0 uM FTD for 24 h followed by exposure to
0.01 uM SN-38 for 24 h, or (4) sequential expo-
sure to 0.01 yM SN-38 for 24 h followed by
exposure to 0.1-2.0 uM FTD for 24 h. Ten to
twelve days after removal of the drug, cells
were fixed with 2% glutaraldehyde and stained
with 0.05% crystal violet; subsequently, the
number of colonies containing at least 50 cells
was determined. The plating efficiency (PE) was
calculated by dividing the number of colonies
by the number of cells plated. The surviving
fraction (SF) was determined by dividing the PE
of the drug-treated cells by the PE of DMSO
(vehicle) or 0.01 yM SN-38 alone.

Comet assay

Alkaline comet assay was performed according
to a previous report [7]. After drug treatment,
cells were collected, resuspended in ice-cold
PBS at 1x10° cells/mL, mixed with low melt
agarose (1:10 ratio), and spread on comet
slides (Trevigen, Gaithersburg, MD, USA). The
slides were successively submerged in lysis
and alkaline (300 mM NaOH, 1 mM EDTA, pH >
13) solutions after the agarose had solidified.
The slides were then subjected to electrophore-
sis for 30 min at 21 V in an alkaline solution
(200 mM NaOH, 1 mM EDTA, pH > 13) under
dark conditions. Subsequently, the cells were
fixed with 70% ethanol and stained with SYBR
Gold (Thermo Fisher Scientific, Waltham, MA,
USA). The tail moment was determined using
CometScore software (TriTek Corp., Sumerduck,
VA, USA).

Immunoblotting

Cell pellets were lysed in RIPA buffer (Thermo
Fisher Scientific) containing protease inhibitor
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Figure 1. Clonogenic cell survival assay of trifluridine (FTD) and SN-38 in various treatment schedules against DLD-1
and DLD-1/5-FU cells. DLD-1 and 5-FU resistant DLD-1/5-FU cell lines were plated at appropriate concentrations in
duplicate in 6-well plates. Cells were exposed to either 0.1-4.0 uM FTD (A) or 0.0005-0.02 uM SN-38 for 24 h (B).
DLD-1 (C) and DLD-1/5-FU cells (D) were exposed to FTD alone, in combination with 0.1-2.0 uM FTD and 0.01 uM
SN-38 for 24 h, 0.1-2.0 uM FTD for 24 h followed by 0.01 uM SN-38 for 24 h, or 0.01 uM SN-38 for 24 h followed by
0.1-2.0 uM FTD for 24 h. Ten to twelve days after removal of the drug the number of colonies was determined. Data
from three independent experiments are represented as the mean + SD, surviving fraction (SF) in 0.1-2.0 uM FTD
followed by 0.01 uM SN-38 or vice versa was calculated by assuming SF as 1.00 when 0.01 yM SN-38 alone was
treated for 24 h (E). The mean SF values of simultaneous or sequential combination of 0.1 or 2.0 uM FTD and 0.01
UM SN-38 in DLD-1 and DLD-1/5-FU cells. *P < 0.05, **P < 0.01, ***P < 0.001 represent significant differences
compared with 0.1 or 2.0 yuM FTD alone.

cocktail and phosphatase inhibitor cocktail bated for 30 min on ice. The supernatant was
(Nacalai Tesque, Inc., Kyoto, Japan) and incu- cleared by centrifugation at 15,000xg for 15
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min at 5°C. The protein concentration was
determined using the BCA Protein Assay Kit
(Thermo Fisher Scientific), and equal amounts
of protein (10 pg/lane) were resolved by SDS-
PAGE. An ImageQuant LAS 3000 Mini system
(GE Healthcare UK Ltd., Buckinghamshire, UK)
was used for the detection. The following anti-
bodies were used: anti-poly (ADP-ribose) poly-
merase (PARP) [9542S; Cell Signaling Tech-
nology (CST), Beverly, MA, USA], anti-Cleaved
PARP (5625S; CST), anti-Caspase-3 (9662S;
CST), anti-Cleaved Caspase-3 (9664S; CST),
anti-Topol (TG2012-4; Topogen, Inc., Columbus,
OH, USA), and anti-B-actin (clone AC-74; Sigma-
Aldrich, St. Louis, MO, USA).

Apoptosis detection and cell cycle analysis

The PE Annexin V Apoptosis Detection Kit | (BD
Biosciences, San Jose, CA, USA) was used to
detect apoptosis by flow cytometry. After drug
treatment, cells were harvested, washed with
PBS, and pelleted by centrifugation at 2,500xg
for 5 min at 5°C. They were resuspended to
1x10° cells/100 pL in a binding buffer to which
5 pL of Annexin V and 5 uL of 7-aminoactinomy-
cin D (7-AAD) were added and then incubated in
the dark for 15 min at room temperature. Next,
400 L of binding buffer was added and the
cells were immediately processed with a BD
Accuri C6 flow cytometer (BD Biosciences).
Cells were separated in Annexin-V positive,
Annexin-V and 7-AAD double positive, and neg-
ative subpopulations using FlowJo software
(Tree Star, Inc., Ashland, OR, USA). Apoptosis
was calculated as a percentage of the sum of
Annexin-V positive and Annexin-V and 7-AAD
double positive subpopulations. Cell cycle anal-
ysis was conducted as follows: After drug treat-
ment, cells were fixed with 70% ice-cold etha-
nol to evaluate the cell cycle. Cells were stained
with 5 pyg/mL propidium iodide supplemented
with 10 yg/mL RNase A to determine the DNA
content. Samples were then analyzed using the
same instrument and software as mentioned
above.

Statistical analysis

Statistical analyses were performed using
Welch'’s t-test or the paired Wilcoxon test with
JMP (SAS Institute Inc., Cary, NC, USA). Results
were considered statistically significant if P <
0.05.
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Results

Cell killing effects of FTD in combination with
SN-38

The ability of FTD and SN-38 alone to potenti-
ate cell killing was evaluated using a clonogenic
cell survival assay. DLD-1 and DLD-1/5-FU cells
treated with FTD or SN-38 alone for 24 h result-
ed in a concentration-dependent decrease in
survival (Figure 1A and 1B). Because no signifi-
cant differences were observed in the SF
between the cells, the results for the DLD-1/5-
FU cells demonstrated no cross-resistance to
either FTD or SN-38.

Next, we evaluated the efficacy when the cells
were exposed to the simultaneous combination
of the two drugs for 24 h or the sequential com-
bination of two drugs (FTD for 24 h followed by
SN-38 for 24 h or vice versa). In this experi-
ment, we used a fixed concentration of 0.01 yM
SN-38 from the result of the IC_, value from the
clonogenic cell survival assay of SN-38 alone.
Figure 1C and 1D show the results obtained
after simultaneous exposure to FTD and SN-38,
the sequential combination of FTD and SN-38,
or vice versa in DLD-1 and DLD-1/5-FU cells.
After simultaneous exposure, the SF was not
altered and even increased with the concentra-
tion of FTD from 0.1 to 2.0 uM (closed triangle,
Figure 1C and 1D). In contrast, the SF after
both sequential combinations decreased in an
FTD concentration-dependent manner (closed
circle and closed square, Figure 1C and 1D).
Figure 1E shows the mean SF summary of the
DLD-1 and DLD-1/5-FU cells after their sequen-
tial exposure to FTD and SN-38. After sequen-
tial exposure to 0.1 or 2.0 uM FTD with mini-
mum and maximum concentrations in this
experiment followed by 0.01 uM SN-38 or vice
versa, the mean SF of both sequential treat-
ments in DLD-1 and DLD-1/5-FU cells were
significantly lower (P < 0.05) than those after
exposure to FTD alone. In addition, although it
was not significant, in DLD-1/5-FU cells, se-
quential exposure to SN-38 followed by FTD
tended to have a stronger cell killing effect than
sequential exposure to FTD followed by SN-38.

Induction of DNA damage in combination of
FTD with SN-38

Since FTD and SN-38 are DNA-targeting drugs,
we evaluated DNA damage induced by the

Am J Cancer Res 2017;7(12):2577-2586
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Figure 2. DNA damage in DLD-1 and DLD-1/5-FU cells after exposure to trifluridine (FTD) and SN-38. DLD-1 and
5-FU resistant DLD-1/5-FU cell lines were plated in 60 mm-dishes. Cells were treated in combination with 2.0 uM
FTD and 0.01 uM SN-38 for 24 h, 2.0 uM FTD for 24 h followed by 0.01 uM SN-38 for 24 h, or 0.01 uM SN-38 for
24 h followed by 2.0 uM FTD for 24 h. DNA damage in DLD-1 (A) and DLD-1/5-FU cells (B) was measured using
the alkaline comet assay and the tail moment was determined. The lines are the median and the bars indicate the
interquartile range. ***P < 0.001.
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Figure 3. Cell cycle distribution of sequential exposure, SN-38 followed by trifluridine (FTD). DLD-1 and 5-FU resis-
tant DLD-1/5-FU cell lines were plated in 60 mm-dishes. Cells were treated with 0.01 uM SN-38 for 24 h followed
by 2.0 uM FTD for 24 h. Cells collected at indicated times were stained with propidium iodide and analyzed by flow
cytometry. Representative cell cycle histogram (A) and cell cycle distribution (B) data from three experiments are
represented as the mean + SD. *P < 0.05, ***P < 0.001.
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Figure 4. Apoptosis in DLD-1 and DLD-1/5-FU cells induced by the simultaneous and sequential combination of tri-
fluridine (FTD) and SN-38. DLD-1 and 5-FU resistant DLD-1/5-FU cell lines were plated in 60 mm-dishes. Cells were
treated with FTD (0.1 or 2.0 uM) alone for 24 h; in combination with FTD (0.1 or 2.0 uM) and 0.01 uM SN-38 for
24 h, FTD (0.1 or 2.0 yM) for 24 h followed by 0.01 uM SN-38 for 24 h; or 0.01 uM SN-38 for 24 h followed by FTD
(0.1 or 2.0 uM) for 24 h. DLD-1 (A) and DLD-1/5-FU cells (B) were double stained with Annexin V and 7-AAD for flow
cytometry analysis. Data from three independent experiments are represented as the mean + SD. *P < 0.05, **P <
0.01, ***P < 0.001. Detection of apoptotic markers including cleaved PARP and cleaved caspase-3 by immunoblot

in DLD-1 and DLD-1/5-FU cells (C). Equal loading was confirmed with B-actin.

exposure to FTD and SN-38 at the most effec-
tive cell killing concentration of clonogenic cell
survival assays. DLD-1 and DLD-1/5-FU cells
were simultaneously (2.0 uM FTD and 0.01 uM
SN-38) or sequentially (2.0 uM FTD followed by
0.01 uM SN-38 or vice versa) exposed to FTD
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and SN-38, and DNA damage were evaluated
using the alkaline comet assay. Interestingly, in
both DLD-1 and DLD-1/5-FU cells, the median
comet tail moment in sequential exposure to
FTD followed by SN-38 or vice versa was signifi-
cantly higher (P < 0.001) than that in simultane-
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ous exposure to FTD and SN-38 (Figure 2A and
2B). These results suggest that the simultane-
ous and sequential combination of FTD and
SN-38 effectively induce DNA damage. In addi-
tion, no difference in DNA damage was obser-
ved between DLD-1 and DLD-1/5-FU cells.

Cell cycle distribution after exposure to FTD
and SN-38

Increasing DNA damage caused by SN-38 re-
portedly induces S and G2/M cell cycle arrest
[16, 17]. Therefore, we investigated how FTD
affects the cell cycle after SN-38 treatment.
After 24 h of SN-38 treatment, DLD-1 and DLD-
1/5-FU cells accumulated in the S and G2/
M phases. After 24 h of the subsequent FTD
treatment, the cells in the S phase gradually
decreased compared with those treated with
SN-38 alone, which finally accumulated in the
G2/M phase (62.8% + 1.5: DLD-1, 79.5% + 2.2:
DLD-1/5-FU) along with sub-G1 accumulation
(6.7% + 0.2: DLD-1, 6.9% + 1.2: DLD-1/5-FU)
(Figure 3A and 3B). The accumulation in the
G2/M phase in DLD-1/5-FU cells after SN-38
treatment followed by FTD was persistent com-
pared with that in the DLD-1 cells.

Induction of apoptosis through the intrinsic
apoptotic signaling pathway after exposure to
FTD and SN-38

Cell cycle arrest by anticancer drugs such as
5-FU and paclitaxel reportedly induces apopto-
sis [18]; therefore, we evaluated whether the
combination of FTD and SN-38-associated
cytotoxicity is a result of apoptosis. To quantify
the number of cells undergoing apoptosis,
DLD-1 and DLD-1/5-FU cells were simultane-
ously (0.1 or 2.0 uM FTD and 0.01 uyM SN-38)
or sequentially (0.1 or 2.0 uM FTD followed by
0.01 uM SN-38 or vice versa) exposed to FTD
and SN-38 and the stages of apoptosis were
quantified. In DLD-1 cells (Figure 4A), which
strongly showed G2/M arrest with 0.01 uM
SN-38 followed by 2.0 uM FTD, after sequential
exposure (2.0 uM FTD followed by 0.01 uM
SN-38 or vice versa), the percentage of apop-
totic cells were 17.3 £ 1.6 and 26.1 + 3.0 com-
pared with that using 2.0 uM FTD alone (13.4 +
1.2) (P<0.05and < 0.01 vs. FTD alone, respec-
tively). In DLD-1/5-FU cells (Figure 4B), which
also strongly showed G2/M arrest with 0.01 yM
SN-38 followed by 2.0 uM FTD, after sequential
exposure (2.0 uM FTD followed by 0.01 uM
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SN-38 or vice versa), the percentage of apop-
totic cells were 33.9 + 3.0 and 50.8 + 4.4 com-
pared with that using 2.0 uM FTD alone (20.8 +
3.2) (both P < 0.01 vs. FTD alone). Notably, the
highest percentage of apoptosis was observed
in DLD-1/5-FU cells sequentially treated with
SN-38 followed by FTD, then in cells sequen-
tially treated with FTD followed by SN-38, and
the lowest percentage of apoptosis was noted
in cells with simultaneous drug exposure
(Figure 4B).

The cleavages of PARP and caspase-3, which
are proapoptotic markers, were substantially
induced after sequential exposure to FTD
followed by 0.01 uM SN-38 or vice versa in
both DLD-1 and DLD-1/5-FU cells (Figure 4C).
Furthermore, the amount of both cleaved PARP
and cleaved caspase-3 increased more in DLD-
1/5-FU cells than in DLD-1 cells, suggesting
that the induction of apoptosis in DLD-1/5-FU
cells was much stronger than in DLD-1 cells.
Similar to the G2/M-phase arrest in the cell
cycle analysis, the apoptosis in DLD-1/5-FU
cells was more strongly induced than that in
DLD-1 cells.

Meanwhile, no alteration in the expression of
Topo I, which is a target of SN-38, was observed
regardless of exposure to FTD alone, simulta-
neously, or sequentially. This result suggests
that FTD does not potentially interact with the
Topo | protein.

Discussion

In the present study, we evaluated the cell
growth-inhibitory effects of the simultaneous
or sequential combination of FTD with SN-38 in
DLD-1 and DLD-1/5-FU colorectal cancer cells.
We found that interactions between these
drugs were schedule dependent and more
effective when treated sequentially with SN-38
followed by FTD than simultaneous or sequen-
tial treatment of FTD followed by SN-38. These
effects were involved in the induction of DNA
damage and apoptosis.

We previously reported that the antitumor
activity of FTD/TPlI and CPT-11 combination
therapy was significantly superior to that of
both monotherapies against a DLD-1/5-FU-
bearing nude mice model [15]. In the study,
FTD/TPI was orally administered twice a day
from days 1 to 14 and CPT-11 was adminis-
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tered intravenously on days 1 and 8. Because
the sequential administration of these drugs
was not investigated in vivo, we evaluated the
sequential treatment of FTD and SN-38 in
detail in vitro. Our findings suggest that the
sequential exposure to FTD followed by SN-38
or vice versa was further effective in both
DLD-1 and DLD-1/5-FU cells compared with
simultaneous exposure (Figure 1). This is the
first finding of the sequential combination
effects by FTD and SN-38 against 5-FU-resistant
cells.

Since both FTD and SN-38 target DNA, we
focused on DNA damage, cell cycle distribution,
and apoptosis to elucidate a cell death mecha-
nism with the combination of FTD and SN-38.
In both DLD-1 and DLD-1/5-FU cells, the com-
bination of FTD and SN-38 induced DNA dam-
age (Figure 2). In particular, compared with
the simultaneous combination, the sequential
exposure to FTD followed by SN-38 or vice
versa significantly induced DNA damage (Figure
2). It has been reported that SN-38 induces
single strand breaks by inhibiting Topo | [4],
while FTD causes DNA dysfunction with few
DNA double strand break (DSB) [7, 19]. Because
the sequential exposure has stronger effects
than the simultaneous exposure, one drug
may modulate the other. For instance, FTD is
thought to enhance Topo | inhibition or to inhibit
repair after DNA damage by SN-38.

Previous studies have shown that SN-38 induc-
es S- and G2/M-phase arrest [16, 17], while
FTD induces G2-phase arrest with its massive
incorporation into DNA [7]. Interestingly, the
sustained G2/M arrest in the case of SN-38 fol-
lowed by FTD treatment was observed in both
DLD-1 and DLD-1/5-FU cells (Figure 3). In par-
ticular, the G2/M arrest in DLD-1/5-FU cells
was persistently maintained compared with
that in DLD-1 cells. It has been reported that a
prolonged G2/M arrest leads to an inhibition of
cell growth and proliferation through activation
of apoptotic pathways [20-22]. The sequential
combination of SN-38 followed by FTD in DLD-
1/5-FU cells significantly induced apoptosis
(Figure 4A and 4B). This result was reflected
by the induction of the proapoptotic markers
cleaved PARP and cleaved caspase-3 (Figure
4C). The apoptosis induction observed in DLD-
1/5-FU cells seems to be attributed to the pro-
longed G2/M arrest in the case of SN-38 fol-
lowed by FTD.
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Meanwhile, similar to a previous report that
FTD alone hardly affected Topo | protein levels
[23], they were hardly affected regardless of
simultaneous or sequential treatment with FTD
and SN-38 (Figure 4C). These results demon-
strated that FTD did not affect Topo | activity in
colon or gastric cancer cells. Collectively, expo-
sure to SN-38 followed by FTD in DLD-1/5-FU
cells was more effective in cell killing, cell cycle
arrest, and apoptosis induction than that in
DLD-1 cells; however, no difference in DNA
damage was observed in the treatment order.
We speculated that FTD first delayed DNA
repair after DNA damage by SN-38.

Our results suggest that the combination of
FTD and SN-38 is effective against 5-FU-
resistant cells. The sequence dependency be-
tween SN-38 and FTD may be related to the S
and G2/M arrest with DSB by SN-38 [4, 24], fol-
lowed by G2 arrest by FTD incorporated into
DNA [7], and finally to the effect leading to
apoptosis. However, these results are only
based on two cell lines, and it is unclear why
the sequential treatment of SN-38 followed by
FTD is more effective in DLD-1/5-FU cells.
Further investigations are needed to elucidate
the effect of the administration order of these
drugs and their mechanisms. In addition,
because we did not investigate the sequential
exposure of these drugs on normal cells, fur-
ther in vivo and clinical studies are needed to
evaluate the balance between efficacy and tox-
icity in the future.

In conclusion, our findings suggest that a com-
bination of FTD/TPI and CPT-11 is useful for
relapsed colorectal cancer after 5-FU-based
treatment. Furthermore, the order of drug
administration may affect efficacy in clinical
therapies.
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