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ATR inhibitor AZD6738 increases the sensitivity of colorectal
cancer cells to S-fluorouracil by inhibiting repair of DNA damage
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Abstract. The repair of DNA damage caused by chemotherapy
in cancer cells occurs mainly at two cell cycle checkpoints
(G, and G,) and is a factor contributing to chemoresistance.
Most colorectal cancers harbor mutations in p53, the main
pathway involved in the G, checkpoint, and thus, are particu-
larly dependent on the G, checkpoint for DNA repair. The
present study examined the effect of AZD6738, a specific
inhibitor of ataxia telangiectasia mutated and rad3-related
(ATR) involved in the G, checkpoint, combined with 5-fluoro-
uracil (5-FU), a central chemotherapeutic agent, on colorectal
cancer cells. Since 5-FU has a DNA-damaging effect, its
combination with AZD6738 is likely to enhance the therapeutic
effect. The effects of the AZD6738/5-FU combination were
evaluated in various colorectal cancer cells (HT29, SW480,
HCT116 and DLD-1 cells) by flow cytometry (HT29 cells),
western blotting (HT29 cells) and water-soluble tetrazolium 1
assays (HT29, SW480, HCT116 and DLD-1 cells), as well as
in an experimental animal model (HT29 cells). In vitro, the
AZD6738/5-FU combination increased the number of mitotic
cells according to flow cytometry, decreased the checkpoint
kinase 1 phosphorylation levels and increased cleaved
caspase-3 and phosphorylated form of H2A . X variant histone
levels according to western blotting, and decreased the prolif-
eration rate of four colon cancer cell lines according to cell
viability experiments. In vivo, xenografted colorectal cancer
cells treated with the AZD6738/5-FU combination exhibited

Correspondence to: Dr Takahisa Hirokawa, Department of
Gastroenterological Surgery, Kariya Toyota General Hospital,
5-15 Sumiyosi-cho, Kariya, Aichi 448-8505, Japan

E-mail: takahisa.hirokawa@toyota-kai.or.jp

Key words: ataxia telangiectasia mutated and rad3-related inhibitor,
AZD6738, cell cycle, 5S-fluorouracil, colorectal cancer

a marked decrease in proliferation compared with the 5-FU
alone group. The present results suggested that AZD6738
enhanced the effect of 5-FU in p53-mutated colorectal cancer.

Introduction

A variety of chemotherapeutic agents and radiation therapies are
used to treat malignant tumors, including colorectal cancer. A
number of these therapies induce DNA damage in cancer cells,
which results in genomic instability and ultimately leads to
cancer cell death. For example, 5-fluorouracil (5-FU) damages
DNA by inserting 5-fluoro-2'-deoxyuridine 5'-triphosphate
into DNA (1). Platinum drugs such as cisplatin and oxali-
platin damage DNA by forming cross-linked structures (2).
Furthermore, radiation therapy induces DNA double-strand
breaks, resulting in marked DNA damage in cancer cells (3).
However, the problem with all of these therapies is that their
continuous use renders the cells resistant to the therapies and
decreases their effectiveness (4). The present study focused
on the DNA damage response (DDR) of the cells as a factor
causing this resistance.

In both normal and cancer cells, various DDR proteins are
activated to maintain genomic stability, in turn activating cell
activities, including cell cycle arrest, apoptosis and premature
senescence (5). Dysfunction of these systems results in DNA
damage accumulation, genomic instability and eventually
inability of the cells to survive. In cancer cells, on the other
hand, DNA damage from cancer therapies is similarly repaired
by the DDR, but this results in re-stabilization and survival of
cancer cells and, ultimately, in treatment failure (6).

DDR and cell cycle arrest due to DNA damage occur at
cell cycle checkpoints. In mammals, there are two main check-
points, G, and G,, which serve an important role in cell survival.
The former depends on the ATM serine/threonine kinase
(ATM)/p53/p21 signaling pathway, while the latter depends on
both the ATM/p53/p21 and ATM/ataxia telangiectasia mutated
and rad3-related (ATR)/checkpoint kinase 1 (Chkl)/cell divi-
sion cycle 25 (Cdc25) signaling pathways (7-11). Given that
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most cancer cells have genetic mutations in p53 (12-14), their
survival after DNA damage depends on the function of the G,
checkpoint mediated by the ATM/ATR/Chk1/Cdc25 signaling
pathway (15-17). Therefore, agents that can inhibit the G,
checkpoint may be promising for inducing synthetic lethality
in p53-deficient cancer cells and for chemosensitization of
known cancer therapies or reversal of resistance.

The agent used in the present study, AZD6738, is a cell
cycle checkpoint inhibitor classified as an ATR inhibitor (18).
It is a specific inhibitor of ATR that works by inhibiting phos-
phorylation of Chkl (Ser345) (19,20). Preclinical studies have
reported its potentiating effect on pancreatic cancer cells when
combined with gemcitabine (21) and on treatment sensitivity
when combined with radiation (22,23). In addition, phase I and
I trials are ongoing in clinical practice (24-26). However, to the
best of our knowledge, its efficacy in combination with 5-FU,
the mainstay chemotherapeutic agent for colorectal cancer, is
still unclear. 5-FU has a damaging effect on DNA (1), and it
was hypothesized that its effect was likely to be enhanced when
AZDG6738 was used in combination. The aim of the present
study was to confirm the potentiating effect of AZD6738 with
5-FU. To the best of our knowledge, the present study was the
first to investigate the effect of AZD6738 in combination with
5-FU. At present, AZD6738 is undergoing clinical trials; it has
been reported to be used in combination with radiotherapy (27),
and it has been reported to be effective in combination with
olaparib in ovarian cancer (28). If AZD6738 is shown to be
effective in combination with 5-FU, it is expected to have early
clinical applications in colorectal cancer, and furthermore,
it is expected to prolong overall survival. In addition, if this
research progresses, it is expected to be applied to colorectal
cancer that has become resistant to 5-FU by DDR.

Materials and methods

Cell culture. The human colorectal cancer cell lines (HT29,
SW480, HCT116 and DLD-1) were obtained from American
Type Culture Collection. HT29 has been authenticated
(no. KBNO811) using short tandem repeat DNA analysis by the
Japanese Collection of Research Bioresources Cell Bank. All
cells were cultured in DMEM (MilliporeSigma) supplemented
with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.) and 1%
penicillin/streptomycin. All cells were cultured at 37°C with
5% CO,.

Reagents. AZD6738 (AstraZeneca) was used at a final concen-
tration of 0.5 M in all cell lines, unless otherwise indicated.
This concentration (0.5 M) of AZD6738 had no effect on cell
proliferation at 37°C for 72 h (Fig. S1A). Unless otherwise indi-
cated, 5-FU (FUJIFILM Wako Pure Chemical Corporation)
was used at a final concentration of 5 yuM (for HT29 and
HCT116 cells) or 25 uM (for SW480 and DLD-1 cells), which
are the half-maximal inhibitory concentrations at 37°C for 72 h
(Fig. S1B). The concentration of nocodazole (MilliporeSigma)
was 300 nM. Distilled water was used as a control in WST-1
assay (Fig. 3), western blotting (Figs. 2A and 3A) and cell cycle
analysis (Fig. 1A).

Water-soluble tetrazolium 1 (WST-1) cell viability assay. The
viability of HT29, SW480, HCT116 and DLD-1 cells was

determined WST-1 assay. The viability of the cells was deter-
mined using the Premix WST-1 Cell Viability Assay System
(Takara Bio, Inc.) according to the manufacturer's protocols.
Cell lines were seeded in 96-well plates (1.0x10%/well) in
100 u1 medium and allowed to attach overnight. Once the cells
had attached, they were treated with 5-FU and/or AZD6738
at 37°C for 72 h. The concentration of 5-FU was 0-1,000 uM
and the concentration of AZD6738 was 0-10 uM. After 72 h,
10 u1 WST-1 reagent was added to the plates followed by an
additional incubation for 1 h. The absorbance reading in each
well was measured using a microplate reader (SpectraMax
ABC; Molecular Devices, LLC) at a wavelength of 450 nm.

Western blotting. Collected HT29 cells were suspended in
SDS sample buffer (87.5 mmol/l Tris-HCI, pH 6.8, 9% glyc-
erol, 2.75% SDS, 0.003% bromophenol blue and 150 mmol/l
dithiothreitol; concentration, 1x10° cells/150 pl), and
treated at 98°C for 5 min. For each lane, 14 ul sample was
dispensed, proteins in the lysates were separated on 4-20%
Mini-PROTEAN TGX Precast gels (Bio-Rad Laboratories,
Inc.) and transferred to nitrocellulose membranes. The
membranes were blocked in 5% skim milk (BD Biosciences)
at room temperature for 30 min. The membranes were
incubated overnight with the primary antibodies at 4°C,
followed by 1 h of incubation with the secondary antibodies
at 4°C. Primary antibodies against the following proteins
were used for western blotting: Chkl1 (dilution, 1:1,000;
cat. no. C9358; MilliporeSigma), phospho-Chkl Ser345
(dilution, 1:1,000; cat. no. 2348; Cell Signaling Technology,
Inc.), Apoptosis Western Blot Cocktail (dilution, 1:250;
cat. no. ab136812; Abcam) for cleaved caspase-3, H2A.X
variant histone (H2AX; dilution, 1:1,000; cat. no. ab11175;
Abcam), phosphorylated form of H2AX (yYH2AX; dilution,
1:2,000; cat. no. 05-636; Merck KGaA) and p-actin (dilu-
tion, 1:1,000; cat. no. 3700; Cell Signaling Technology, Inc.).
The secondary antibody for Chkl, yYH2AX and B-actin was
HRP-conjugated goat anti-mouse immunoglobulins (1:2,000;
cat. no. P0447; Agilent Technologies, Inc.). The secondary
antibody for phospho-Chkl and H2AX was HRP-conjugated
goat anti-rabbit immunoglobulins (dilution, 1:1,000; cat.
no. P0448; Agilent Technologies, Inc.). The secondary anti-
body for cleaved caspase-3 was HRP-conjugated secondary
antibody cocktail of the Apoptosis Western Blot Cocktail
(dilution, 1:100; cat. no. ab136812; Abcam). The protein-anti-
body complexes were visualized with a SuperSignal West
Pico Chemiluminescent Substrate, SuperSignal West
Femto Chemiluminescent Substrate (pChkl) or Pierce ECL
Western Blotting Substrate (Chkl1, f-actin, YH2AX, H2AX,
Cleaved-Caspase-3) (all from Thermo Fisher Scientific, Inc.).
The immunoreactive protein bands were detected using
an ImageQuant LAS-4000mini (Cytiva). The results were
semi-quantified by densitometry analysis using ImageJ soft-
ware version 1.53 (National Institutes of Health).

Cell cycle analysis. HT29 Cells were harvested at 0, 24,
48 and 72 h after treatment and fixed with 70% ethanol at
-20°C overnight. Cell pellets were washed once with PBS
and DNA was stained using the Cycletest Plus DNA Reagent
Kit (cat. no. 340242; BD Biosciences) following the manu-
facturer's instructions. The counts of cell cycle distribution
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Figure 1. AZD6738 inhibits maintenance of G, checkpoints. (A) HT29 cells were treated with 5-FU (5 uM) in the presence or absence of AZD6738 (0.5 uM).
Cells were harvested at the indicated times, fixed and subjected to FACS analysis. (B) Schematic of the protocol for the nocodazole experiment. (C and D) HT29
cells were treated with 5-FU (5 uM) in the presence or absence of AZD6738 (0.5 uM). At 24 h after starting treatment, nocodazole (300 nM) was added to
inhibit the exit of cells from mitosis. Cells were harvested at 48 h, fixed, and stained with anti-H3-pS10 antibodies to determine the mitotic cells. (C) Typical
examples of flow cytometry and (D) H3-pS10-positive cells are shown. Data are presented as the mean + SD (n=4). Statistical significance was calculated using
Student's t-test ("P<0.05). 5-FU, 5-fluorouracil; H3-pS10, phospho-histone H3 at S10.

were evaluated by PI staining, and all samples were analyzed at a wavelength of 488 nm with the appropriate software
using a FACSCanto II flow cytometer (BD Biosciences) (BD FACSDiva Software ver. 8.0.2; BD Biosciences).
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Measurement of M phase cells. HT29 cells were treated with
5-FU and/or AZD6738 for 24 h at 37°C, followed by treat-
ment with nocodazole (300 nM) for another 24 h at 37°C.
Nocodazole was added to prevent cells from exiting mitosis.
Subsequently, the cells were fixed with 70% ethanol at -20°C
overnight. Cell pellets were washed once with PBS and stained
with an antibody against phospho-histone H3 at S10 (dilution,
1:100; cat. no. 06-570; MilliporeSigma) for 3 h, followed by
30 min of incubation with an Alexa Fluor 488 secondary
antibody (dilution, 1:50; cat. no. ab150077; Abcam). DNA was
counterstained with a BD Cycletest Plus DNA Reagent Kit (cat.
no. 340242; BD Biosciences). All samples were analyzed using
a FACSCanto II flow cytometer (BD Biosciences) at a wave-
length of 488 nm with appropriate software (BD FACSDiva
Software ver. 8.0.2; BD Biosciences).

Animals. The present study used female mice, referring to
previous studies (21,29). A total of 20 female BALB/c nu-nu
mice were purchased from Japan SLC, Inc. The animals were
housed in standard Plexiglas cages in a room maintained at a
constant temperature (20-26°C) and humidity (40-60%) under
a 12 h light/dark cycle. Mice had access to autoclaved chow
and water ad libitum. The time interval between injection
and the end of the experiment was 6 weeks. All experiments
were conducted according to the Guidelines for Animal
Experiments of the Nagoya City University Graduate School
of Medical Sciences and approved by the Animal Care and Use
Committee of the Nagoya City University Graduate School of
Medical Sciences (Nagoya, Japan).

HT29 human colorectal cancer cells (5x10° in 200 pl
PBS) were injected subcutaneously into the right flank of
each mouse (8 weeks old; weight range, 17.0-21.1 g/mouse).
Once the tumor volume surpassed ~100 mm?, the mice were
randomly divided into two groups (5-FU, and 5-FU and
AZDG6738). Based on the results of the experiments in vitro
and with reference to previous reports (30,31), five mice were
used in each group. In the 5-FU group, 5-FU (FUJIFILM
Wako Pure Chemical Corporation) was dissolved in saline
solution (Otsuka Pharmaceutical Factory, Inc.) at 2.5 mg/ml
and administered to the mice at 25 mg/kg/day intraperitone-
ally (5 times a week for 3 weeks). The solvent (10% DMSO,
40% propylene glycol and 50% deionized sterile water)
was administered at 10 ml/kg/day by oral gavage (5 times a
week for 3 weeks). In the 5-FU and AZD6738 group, 5-FU
was dissolved in saline solution (Otsuka Pharmaceutical
Factory, Inc.) at 2.5 mg/ml and administered to the mice at
25 mg/kg/day intraperitoneally (5 times a week for 3 weeks).
AZD6738 (AstraZeneca) was dissolved in 10% DMSO, 40%
propylene glycol and 50% deionized sterile water at 2.5 mg/ml
and administered to the mice at 25 mg/kg/day by oral gavage
(5 times a week for 3 weeks). The tumor volume (mm?®) was
calculated as follows: (longest tumor diameter) x (shortest tumor
diameter)*/2. Finally, the tumors were harvested from mice
and fixed in 10% formaldehyde at 4°C for 24 h. There was
no significant difference in the weight of the mice between
the two groups. To investigate the toxicity of AZD6738 alone,
the same experiment was also performed on the control group
and AZD6738 group. There were five mice per group. In
the control group, instead of AZD6738 solution, the solvent
was administered at 10 ml/kg/day by oral gavage. There was

no significant difference in the weight between these two
groups either. Before harvesting the tumor, all animals were
euthanized by cervical dislocation under 2.0-2.5% isoflurane
inhalation anesthesia using isoflurane inhalation solution.
Animal death was confirmed by the loss of signs, such as
heartbeat and response to toe pinch. The graying of the mucous
membranes and rigor mortis of mice were also confirmed. The
following were used as humane endpoints to determine that
mice should be euthanized: Total tumor volume >10% of body
weight, tumor diameter >20 mm, tumor ulceration/necrosis,
gait disturbance, and impaired water and food intake.

Immunohistochemistry. Formalin-fixed (4% paraformaldehyde
at 4°C for 6 h), paraffin-embedded sections (3-um-thick) were
mounted on 3-aminopropyltriethoxylsilane-coated slides. The
sections were deparaffinized with xylene and hydrated with
ethanol at 100% twice, 90, 80 and 70% for 5 min each. After
washing with running water, samples were soaked in 10 nM
citric acid buffer and boiled using a microwave (10 min; 600
watts). Subsequently, the slides were soaked in 100% methanol
and 0.3% hydrogen peroxide mixed solution for 30 min to block
endogenous peroxidase activity, and blocked with 4% Block
Ace Powder (cat. no. UKB80; DS Pharma Biomedical Co.,
Ltd.) for 10 min in a humidity box at room temperature. The
sections were stained with a primary antibody against YH2AX
(cat. no. 05-636; dilution, 1:500; Merck KGaA) overnight at
4°C followed by anti-mouse EnVision+/HRP-labeled polymer
(cat. no. K4001; dilution, 1:1,500; Dako; Agilent Technologies,
Inc.) as secondary antibody for 45 min at room temperature.
3,3-diaminobenzidine substrate (cat. no. K3467; Dako; Agilent
Technologies, Inc.) was used as the chromogen for detection
for 10 min at room temperature. Hematoxylin was used for
counterstaining for 30 sec at room temperature. The result
was presented as the mean percentage of YH2AX-positive
cells £ SD per high-power field. Ten fields of view were
examined for each tumor. The slides were imaged with a
fluorescence microscope (BZ-X710; Keyence Corporation)
and examined using the BZ-X710 Analyzer (1.4.0.1) software
(Keyence Corporation) (32).

Statistical analysis. All statistical analyses were performed
using JMP software version 14.3.0 (SAS Institute, Inc.). All data
are presented as the mean + standard deviation. Comparisons
between two groups were performed using Student's t-test
(unpaired t-test). Comparisons among more than two groups
were performed using one-way analysis of variance followed
by Tukey's test. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

AZDG6738 abrogates 5-FU-induced activation of the G,/M
checkpoint. First, to investigate whether the combination of
AZD6738 and 5-FU resulted in cell cycle perturbations in
HT29 cells, which lack functional p53 (33), the cell cycle
profiles were evaluated by flow cytometry at 24, 48 and 72 h
after treatment with AZD6738 (0.5 uM), 5-FU (5 uM), their
combination or control (Fig. 1A). At 24 and 48 h, the cell
cycle was similar in the 5-FU group and the 5-FU+AZD6738
combination group, but at 72 h, the percentage of cells in the
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S phase was increased in the 5-FU+AZD6738 combination
group compared with the 5-FU alone group. The AZD6738
alone group was comparable to the control group in the cell
cycle.

To confirm the percentage of cells that have entered
the M phase, nocodazole was used as shown in Fig. 1B.
Phospho-histone H3 at S10 was used as a marker for mitotic
cells. The percentage of cells positive for phospho-histone H3
at S10 was measured by flow cytometry. The mitotic cells were
increased significantly in the presence of AZD6738 (P<0.05;
Fig. 1C and D). These results indicated that AZD6738 inhib-
ited 5-FU-induced activation of the G, checkpoint.

AZD6738 reduces the level of phosphorylated Chkl.
AZD6738 inhibits ATR by inhibiting the phosphorylation
of Chkl (19,20). If 5-FU induces DNA damage, Chk1 phos-
phorylation at the G, checkpoint occurs as a consequence (34).
The present study examined whether this effect is inhibited
by AZD6738 in HT29 cells. After 5-FU monotherapy, Chk1
phosphorylation at S345 was strongly detected at 24 h, whereas

the 5-FU/AZD6738 combination suppressed the phosphoryla-
tion of Chkl (Fig. 2).

AZD6738/5-FU combination treatment suppresses the
survival of colorectal cancer cells. Next, to examine whether
inhibition of the G, checkpoint suppresses cell survival, a
WST-1 assay was performed using HT29 cells and the syner-
gistic effect of AZD6738 and 5-FU on cell survival at 24,
48 and 72 h was investigated. At 24 and 48 h, there was no
significant difference between cells treated with 5-FU alone
and those treated with both AZD6738 and 5-FU. However,
at 72 h, cell survival was significantly decreased in the
AZD6738/5-FU combination group compared with the 5-FU
alone group (P<0.05; Fig. 3A).

The present study subsequently investigated the synergistic
effect of AZD6738 and 5-FU on the survival of other p53-defi-
cient colorectal cancer cells. SW480, HCT116 and DLD-1 cells
were treated with both 5-FU and AZD6738 for 72 h, which
effectively inhibited cell survival compared with 5-FU alone
in all three cell lines (P<0.05; Fig. 3B).
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AZDG6738 enhances 5-FU-mediated apoptosis and DNA
damage. The present study examined whether the combina-
tion of AZD6738 and 5-FU increases cell death. The levels
of cleaved caspase-3, a marker of apoptosis, and those of
vyH2AX, a marker of DNA damage, were increased after the
combination treatment compared with 5-FU monotherapy
at 72 h (Fig. 4). These results indicated that the treatment of
5-FU combined with AZD6738 caused accumulation of DNA
damage and increased apoptosis.

AZD6738 enhances 5-FU-induced inhibition of tumor
growth and DNA damage in mouse xenograft models. To
determine whether AZD6738 enhances the therapeutic effect
of 5-FU in vivo, a HT29 subcutaneous xenograft model was
developed in nude mice. Once the tumors had developed,
each treatment was administered for 3 weeks. As shown
in Fig. 5, the 5-FU/AZD6738 combination treatment resulted

in significantly greater inhibition of tumor growth compared
with 5-FU (25 mg/kg 5 days/week) monotherapy at 3 weeks
(P<0.05; Fig. 5A). There was no significant difference in tumor
growth between the AZD6738 alone group and the control
group (Fig. S2).

In addition, immunohistochemical staining of YH2AX
revealed a significant increase in the percentage of
YH2AX-positive cells in the AZD6738 combination (9.82%)
group compared with the 5-FU monotherapy group (3.55%)
(P<0.05; Fig. 5C-E). Thus, in vivo, the combination of 5-FU
and AZD6738 increased DNA damage in cancer cells and
enhanced tumor growth inhibition compared with 5-FU alone.

Discussion

The increasing resistance to chemotherapy or radiotherapy,
or both, in malignant tumors causes major difficulties in their
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Figure 5. Combination treatment of AZD6738 with 5-FU effectively suppresses tumor growth in a HT29 xenograft mouse model. (A) Tumor volume in xenograft
models was measured after various treatments (5-FU and AZD6738/5-FU combination). Data are presented as the mean + SD (n=5). Statistical significance
was calculated using Student's t-test (unpaired) at the last time point ('P<0.05). (B) Schematic of the dose schedule of the AZD6738/5-FU combination treat-
ment. (C) Representative images (magnification, x200; Scale bar, 100 ym; YH2AX). The arrowheads indicate YH2A X-positive cells. (D) Quantification of
yH2AX-positive cells. Data are presented as the mean + SD (n=5). Statistical significance was calculated using Student's t-test ("P<0.05). (E) Images of excised
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treatment and management. It has been reported that cancer
cells may acquire therapeutic resistance by activating specific
DNA repair pathways (35), and focusing on this process is
important for predicting the treatment response and devel-
oping novel therapeutic strategies to prevent the emergence of
treatment resistance. Therefore, the combination of cytotoxic
agents with chemosensitizing agents, such as inhibitors of cell
cycle checkpoints or of DNA repair pathways, is likely to result
in synthetic lethality in specific types of cancer cells.

A number of G, checkpoint inhibitors have been devel-
oped, and several of these have been proposed as promising
candidates for treating p53-deficient cancer cells because
survival of these cells after DNA damage is dependent on
the ATR/Chkl-mediated G, checkpoint (36,37). In this
context, ATR has been considered a promising therapeutic
target because it is an essential kinase for G, arrest in
response to various genotoxic stresses (38). However, a
number of checkpoint kinases also serve an important role
in normal cell survival and genome maintenance, and their
inhibition may have unexpected adverse effects on normal
cell function (38). To be used as a clinical therapeutic agent,
specificity to the target kinase is more important (39). The

first ATR inhibitor, Schisandrin B, has been reported to
abrogate the UV-induced G, checkpoint, but its efficacy
against ATR is insufficient for clinical use (40). Since
then, ATR-selective inhibitors, such as VE-821 (41,42)
and AZ20 (43), have been developed. AZD6738, used in
the present study, is an ATR-selective agent with superior
solubility, bioavailability and pharmacokinetic properties
compared with other agents (18,44). Also known as ceral-
asetrib, AZD6738 is currently undergoing phase I and II
trials (24); however, to the best of our knowledge, no studies
have evaluated its effect in combination with 5-FU. One of
our previous studies elucidated the mechanism of action of
CBP-93872 (6), a G, checkpoint inhibitor, and another one
of our previous studies reported its efficacy in combina-
tion with radiotherapy and multiple anticancer agents (34).
Based on this, the present study focused on AZD6738.
5-FU serves a central role in the treatment of colorectal
cancer in the first and second chemotherapy lines. It has
three mechanisms of action: DNA damage by its uptake into
DNA (1), RNA damage by its uptake into RNA (45) and the
inhibition of DNA de novo synthesis by inhibition of thymi-
dylate synthase (TS) (46). In the case of DNA damage, 5-FU
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taken into cells is converted into 5-fluoro-2'-deoxyuridine
5'-monophosphate (FAUMP). After that it is converted into
5-fluoro-2'-deoxyuridine 5'-triphosphate and taken into
DNA (4748). Such replication stress causes DNA damage and
activates ATR, which phosphorylates multiple downstream
substrates responsible for the DDR (6). Cells can stabilize
their DNA and survive replication stress by preventing firing
of replication origins, stabilizing arrested replication forks,
and promoting DNA repair and cell cycle checkpoints (6). The
simultaneous use of AZD6738 and 5-FU is likely to inhibit
these processes. Therefore, AZD6738-induced cell death may
be mediated by destabilization of one or more of the aforemen-
tioned pathways.

Another effect of 5-FU on the cell cycle is arrest in the
S phase (49). This cell cycle arrest is due to inhibition of
DNA synthesis. By forming a ternary complex with TS and
5,10-methylenetetrahydrofolate, FAUMP inhibits TS, which
in turn causes a reduction in deoxythymidine monophos-
phate, which is required for deoxythymidine triphosphate
synthesis, ultimately leading to thymidine depletion and
S phase arrest (49). In the present study, although 5-FU induced
S-phase arrest when combined with AZD6738, this was
followed by inhibition of the G, checkpoint, which enhanced
the effect of 5-FU both in vitro and in vivo.

AZD6738 specifically suppresses the G, checkpoint by
inhibiting DNA damage-dependent activation of ATR (39).
Importantly, AZD6738 has little effect on normal cells because
normal cells have a functioning ATM/p53/p21 signaling
pathway (6). The present results suggest that AZD6738, when
used in combination with 5-FU, has the potential to enhance
the therapeutic effect of chemotherapy on colorectal cancer by
efficiently acting from the first line and preventing resistance.
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