
Abstract. Background/Aim: 5-Fluorouracil (5-FU) is
frequently used in colorectal cancer treatment, but with limited
success. The aim of the present study was to explore the
cytotoxic effects of 5-FU, in combination with inhibition of
doublecortin-like kinase 1 (Dclk1), a tumor stem cell marker
that regulates pro-survival signaling in colorectal cancer cells,
in the human colon cancer cell line, COLO-320. Materials
and Methods: The effects of 5-FU treatment plus Dclk1
inhibition on the phosphorylation of checkpoint kinase 1
(Chk1), cell cycle, DNA damage, apoptosis, and cell survival
in COLO-320 cells were evaluated. Results: Combined
treatment with 5-FU and a Dclk1 inhibitor, LRRK2-IN-1
(LRRK), decreased 5-FU-induced phosphorylation of Chk1
and canceled 5-FU-induced cell-cycle arrest at the S phase.
Combined treatment with 5-FU and LRRK failed to induce
poly (ADP-ribose) polymerase 1 (PARP-1) cleavage, but
tended to decrease cell survival compared to individual
treatment with 5-FU or LRRK. Conclusion: These results
indicate that a combination of 5-FU and LRRK may be an
effective, novel approach for colorectal cancer therapy.

Colorectal cancer is the third leading cause of cancer-related
death in the world and represents a severe threat to human
health (1). 5-Fluorouracil (5-FU), a pyrimidine analogue,
induces the inhibition of DNA synthesis through inhibition
of thymidylate synthetase and is misincorporated into DNA

and RNA, leading to the induction of cell-cycle arrest at
G1/S phase (2). Presently, the combination of infused 5-
FU/leucovorin (LV) plus irinotecan or oxaliplatin, known as
the FOLFIRI (3) and FOLFOX4 regimens (4), represents the
standard first-line chemotherapy. However, the emergence of
tumor cells with acquired pharmacological resistance to these
agents limits the antitumor effect of these therapies. Tumor
cell-acquired pharmacological resistance leads to
development of metastasis, which is responsible for
approximately 90% of colorectal cancer-related mortality (5).

5-FU treatment induces the phosphorylation of checkpoint
kinase 1 (Chk1), a cell-cycle checkpoint protein, and arrests
cell-cycle progression at the S phase (6, 7). Thus, combined
treatment with 5-FU and Chk1 inhibition is expected to
increase cell death due to lethal chromosomal instability
caused by the progression of the cell cycle without repairing
the damaged DNA at the arrested S phase. Therefore, the
combined effect of 5-FU and Chk1 inhibition has previously
been examined. As expected, Chk1 inhibition sensitized the
cells to 5-FU-induced cytotoxicity (6-8). Furthermore, this
combined treatment is found to increase cell death in
colorectal cancer cells compared to individual treatment with
5-FU or Chk1 inhibitor (9). However, Chk1 plays an
important role in the cell-cycle checkpoint of normal cells, and
therefore combined treatment with 5-FU and Chk1 inhibitor
may lead to severe side-effects caused by cytotoxicity in
normal cells. Therefore, it is necessary to identify a molecular
target specifically in cancer cells to increase the cytotoxic
effect of 5-FU without causing severe side-effects.

Doublecortin-like kinase 1 (Dclk1) encodes a
Ca2+/calmodulin-dependent protein kinase-like domain and
regulates microtubule polymerization (10). Dclk1 expression
distinguishes the tumor cells from normal stem cells in the
intestine (11) and regulates pro-survival signaling and self-
renewal in the intestinal tumor cells (12). Dclk1 is up-
regulated and associated with metastasis and prognosis in
colorectal cancer (13). Dclk1 expression is also found in
hyperplastic polyp and low-grade adenomas, and there is a
tendency to increase with worsening severity of dysplasia
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(14). Moreover, small-molecule kinase inhibitor LRRK2-IN-
1 (LRRK) has been shown to suppress Dclk1 activity,
thereby demonstrating potent anti-cancer activity including
inhibition of cancer cell proliferation, migration, and
invasion as well as induction of apoptosis and cell-cycle
arrest (15). We recently reported that the combined treatment
of pancreatic cancer cells with gemcitabine (GEM) and a
Dclk1 inhibitor, LRRK, facilitated cell cycle progression
without arrest at S phase, through the suppression of Chk1
phosphorylation (16). Furthermore, the cytotoxic effect of
GEM was enhanced by Dclk1 inhibition in the pancreatic
cancer cells (16). However, it remains unclear whether the
cytotoxic effect of 5-FU can be enhanced by Dclk1
inhibition in colorectal cancer cells.

In this study, the aim was to explore the combined
cytotoxic effect of 5-FU treatment and Dclk1 inhibition in
the human colon cancer cell line, COLO-320. The effect of
individual and combined treatment with 5-FU and LRRK on
Chk1 phosphorylation, cell cycle, DNA damage, apoptosis,
and cell survival was examined.

Materials and Methods

Cell line and cell culture. Human colon cancer cell line, COLO-320
was purchased from Riken BioResource Center (Tsukuba, Japan).
COLO-320 cells were cultured in RPMI 1640 (Thermo Fisher
Scientific Inc, Waltham, MA, USA) supplemented with 10% fetal
bovine serum (Thermo Fisher Scientific Inc.). COLO-320 cells were
maintained at 37˚C in a humidified atmosphere containing 5% CO2.

Reagents. 5-FU (99% HPLC purified) was purchased from Sigma-
Aldrich (St. Louis, MO, USA), dissolved in dimethyl sulfoxide
(DMSO) and stored at 4˚C. LRRK2-IN-1 (99% LCMS purified) was
purchased from ChemScene (Monmouth Junction, New Jersey,
USA), dissolved in DMSO and stored at –80˚C. 

Western blot analysis. COLO-320 cells were treated with vehicle
(control), 5-FU (10 μM), LRRK (50 μM), or with a combination of
5-FU (10 μM) and LRRK (50 μM) for 24 h or 48h. After harvesting,
the cells were washed with phosphate buffered saline (PBS) and
lysed with NP40 lysis buffer [50 mM Tris-HCl (pH 7.4), 150 mM
NaCl, 1% NP40, and 1x protease inhibitor]. The lysed cells were
incubated on ice for 30 min. After centrifugation at 20,000 × g for
20 min at 4˚C, and the supernatants were collected as cell lysates.
For western blot analysis, equivalent amounts of cell lysates (30 μg)
were mixed with 6x Sample Buffer Solution with Reducing Reagent
(Nacalai Tesque, Kyoto, Japan) for sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and incubated at
room temperature for 15 min. Cell lysates mixed with sample buffer
were separated by SDS-PAGE using the SuperSep Ace 10%
polyacrylamide gel (Wako, Osaka, Japan). The proteins separated by
SDS-PAGE were transferred onto an Immobilon-P PVDF transfer
membrane (Merck KGaA, Darmstadt, Germany), and the membrane
was blocked with Tris-buffered saline with Tween-20 (TBST)
containing 5% w/v bovine serum albumin for 1 h at room
temperature. The membrane was immunoblotted with the specific
primary antibody diluted at 1:1000 and incubated overnight at 4˚C.

The membrane was then washed with TBST and incubated with the
specific secondary antibody diluted at 1:5000 for 1 h at room
temperature. After washing with TBST, the immune complexes were
visualized using the Amersham ECL Prime Western blotting
detection reagent (GE Healthcare Life Sciences, Chicago, IL, USA).
Band intensity was quantified using ImageJ software (National
Institutes of Health, Bethesda, Maryland, USA). The primary
antibodies used in this study were anti-DCAMKL1 antibody
(Abgent, San Diego, CA, USA), anti-Phospo-Chk1 (S317) antibody
(Cell Signaling Technology, Danvers, MA, USA), anti-Chk1
antibody (Abcam, Cambridge, UK), anti-PARP-1 (F-2) antibody
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), and anti-α-
tubulin antibody (10D8) (Santa Cruz Biotechnology). The secondary
antibodies used in this study were goat polyclonal anti-mouse and
anti-rabbit immunoglobulins conjugated with horseradish peroxidase
(HRP) (Dako, Glostrup, Denmark).

Fluorescence-activated cell sorting (FACS) and cell cycle analysis.
To synchronize COLO-320 cells at G0/G1 phase of cell cycle, RPMI
containing 10% FBS was substituted with serum-free medium on
the following day. After serum starvation for 24 h, serum-free RPMI
was substituted with RPMI containing 10% FBS. COLO-320 cells
were treated with 5-FU (10 μM), LRRK (50 μM), or 5-FU (10 μM)
and LRRK (50 μM) for 48 h. Vehicle (DMSO)-treated cells served
as control group. After treatment, the cells were harvested and
resuspended in PBS. Then, the cells were separated by
centrifugation at 140 × g for 5 min, fixed in cold 70% ethanol
at –20˚C for 60 min. The fixed cells were washed with Cell Staining
Buffer (Biolegend, San Diego, CA, USA). Afterwards, cells were
incubated with propidium iodide (PI)/RNase (Immunostep,
Salamanca, Spain) and FITC anti-H2A.X Phospho (Ser139)
antibody (Biolegend). After incubation, the cells were analyzed
using a BD FACSCalibur (BD Biosciences, San Jose, CA, USA).

Cell survival assay. For cell survival assays, 1×104 COLO-320
cells/100 μl/well were seeded in 96-well culture plates. After
incubation for 24 h, COLO-320 cells were treated with 5-FU (2 μM),
LRRK (20 μM), 5-FU (2 μM) and LRRK (20 μM), or vehicle for 48
h. Cell Count Reagent SF (Nacalai Tesque) was added, and the cells
were incubated for 4 h. Then, absorbance at 450 nm was measured
using an iMark microplate reader (Bio-Rad, Hercules, CA, USA).
The absorbance value was normalized to that in control cells.

Statistical analysis. Statistical analysis was performed using JMP
Pro 13.1.0 software (SAS Institute Inc., Cary, NC, USA). Tukey’s
test was performed to analyze the differences between multiple
groups. The criterion for statistical significance was p<0.05. 

Results
Combined treatment with 5-FU and LRRK significantly
decreased 5-FU-induced phosphorylation of Chk1. To
investigate whether the combined treatment with 5-FU and a
Dclk1 inhibitor, LRRK, inhibits Chk1 phosphorylation
induced by 5-FU treatment, COLO-320 cells were treated with
5-FU, LRRK, 5-FU and LRRK, or vehicle for 24 h, followed
by western blotting. 5-FU treatment significantly induced
Chk1 phosphorylation in COLO-320 cells compared to the
control (Figure 1A and B). Combined treatment with 5-FU and

ANTICANCER RESEARCH 38: 6225-6230 (2018)

6226



LRRK significantly decreased 5-FU-induced phosphorylation
of Chk1 compared to individual treatment with 5-FU (Figure
1A and B). Dclk1 expression was detected in COLO-320 cells
treated with 5-FU, LRRK, or with a combination of 5-FU and
LRRK, and in control cells, as well (Figure 1A).

Combined treatment with 5-FU and LRRK abrogated 5-FU-
induced cell-cycle arrest. To investigate the individual and
combined effects of 5-FU and LRRK treatment on cell cycle
progression, flow cytometry analyses were performed.
COLO-320 cells were synchronized at G0/G1 phase after
serum starvation for 24 h. Then, serum-free medium was
substituted with RPMI 10% FBS medium containing vehicle
(DMSO), 5-FU, LRRK, or 5-FU and LRRK. After
incubation for 48 h, cell cycle and DNA damage analyses
were performed. Individual treatment with 5-FU induced
cell-cycle arrest at the S phase and individual treatment with
LRRK increased the proportion of the cells at G2/M phase
compared to the control (Figure 2, upper panel). Notably,
combined treatment with 5-FU and LRRK canceled 5-FU-
induced cell-cycle arrest at S phase (Figure 2, upper panel).
Furthermore, the proportion of γ-H2A histone family
member X (γ-H2AX)-positive cells as a marker of DNA
damage was investigated. The proportion of γ-H2AX-
positive cells was increased following individual treatment
with 5-FU, but remained almost unchanged following
individual treatment with LRRK compared to control cells

(Figure 2, lower panel). Unexpectedly, the proportion of 
γ-H2AX-positive cells was decreased following combined
treatment with 5-FU and LRRK compared to individual
treatment with 5-FU (Figure 2, lower panel). 

Combined treatment with 5-FU and LRRK failed to induce
poly (ADP-ribose) polymerase 1 (PARP-1) cleavage. To
investigate the individual and combined effects of 5-FU and
LRRK treatment on apoptosis, COLO-320 cells were treated
with 5-FU, LRRK, 5-FU and LRRK, or vehicle for 48 h,
followed by western blotting analysis. Combined treatment
with 5-FU and LRRK failed to induce PARP-1 cleavage
when compared to individual treatment with 5-FU or LRRK.
(Figures 3A and B).

Combined treatment with 5-FU and LRRK tended to
decrease the survival of COLO-320 cells compared to
individual treatment with 5-FU or LRRK. To investigate the
individual and combined effects of 5-FU and LRRK
treatment on cell survival, assays were performed using
COLO-320 cells treated with vehicle, 5-FU, LRRK, or 5-FU
and LRRK for 48 h. The concentrations of 5-FU and LRRK
(2 μM and 20 μM, respectively) were determined based on
the concentrations that induced 70-80% cell survival during
individual treatment with 5-FU or LRRK. Cell survival was
significantly decreased to a modest extent after individual
treatment with 5-FU (2 μM) or LRRK (20 μM) compared to
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Figure 1. Effect of 5-FU, LRRK, or 5-FU and LRRK combined treatment on Chk1 phosphorylation. (A) Cell lysates were prepared from COLO-320
cells treated with vehicle (control), 5-FU (10 μM), LRRK (50 μM), or with a combination of 5-FU (10 μM) and LRRK (50 μM) for 24 h, and the
expressions of Dclk1, phosphorylated Chk1 (p-Chk1), Chk1, and α-Tubulin were detected by western blotting. α-Tubulin was used as a loading
control. (B) The intensity of each band was quantified using the ImageJ software. The ratio of p-Chk1 to Chk1 was normalized to that of control.
Each bar represents the mean±SD of three experiments. *p<0.05, **p<0.01. 5-FU, 5-Fluorouracil; LRRK, LRRK2-IN-1; Chk1, checkpoint kinase
1; p-Chk1, phosphorylated checkpoint kinase 1; Dclk1, doublecortin-like kinase 1.



the control, and combined treatment with 5-FU and LRRK
tended to decrease cell survival compared to individual
treatment with 5-FU or LRRK (Figure 4).  

Discussion

We recently reported that the cytotoxic effect of GEM is
enhanced by Dclk1 inhibition, through the suppression of
Chk1 phosphorylation in pancreatic cancer cells (16).
Individual treatment with GEM was shown to induce cell-
cycle arrest at S phase through Chk1 phosphorylation and
increase the proportion of γ-H2AX-positive cells. Individual
treatment with LRRK also increased the proportion of 
γ-H2AX-positive cells, but allowed cell cycle progression.
Notably, combined treatment with GEM and LRRK was
shown to facilitate cell-cycle progression without arrest at S
phase through the suppression of Chk1 phosphorylation and
generate more γ-H2AX-positive cells compared to individual
treatment with GEM or LRRK (16).

In this study, individual treatment of COLO-320 cells with
5-FU induced cell-cycle arrest at S phase and generated 
γ-H2AX-positive cells to a modest extent. Individual

treatment with LRRK increased the proportion of cells in
G2/M phase and resulted in almost no γ-H2AX-positive
cells. Combined treatment with 5-FU and LRRK allowed
cell-cycle progression without arrest at S phase, whereas
decreased γ-H2AX-positive cells when compared to
individual treatment with 5-FU. The observed variations in
the responses may be due to the different mechanisms of
action of GEM and 5-FU. Upon cellular uptake, 5-FU is
metabolized to FdUTP, FUTP, and FdUMP. The mechanism
of action of each metabolic product is different. FdUTP
inhibits DNA synthesis and is misincorporated into DNA
(17). Similarly, FUTP inhibits RNA synthesis and is
misincorporated into RNA (18, 19), while FdUMP inhibits
thymidylate synthetase, leading to inhibition of DNA
synthesis (20). On the other hand, GEM is a deoxycytidine
analogue and is misincorporated into the DNA (21-23). Thus,
among the 5-FU metabolic products, only FdUTP is
misincorporated into DNA, while GEM is misincorporated
into the DNA instead of cytidine. Therefore, it is beneficial
to select an anti-cancer drug that induces more DNA
damage, such as GEM, to enhance the combined effect of a
DNA damaging reagent and LRRK. To confirm this
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Figure 2. Effect of 5-FU, LRRK treatment, or combined treatment with 5-FU and LRRK on cell cycle and DNA damage. After 24-h serum starvation,
COLO-320 cells were treated with vehicle (DMSO; control), 5-FU (10 μM), LRRK (50 μM), or with a combination of 5-FU (10 μM) and LRRK (50 μM)
for 48 h, followed by FACS analysis. The horizontal line shows the intensity of propidium iodide (PI) staining. The vertical line shows cell number (upper
panel) and γ-H2AX expression (lower panel). γ-H2AX -positive cells were determined based on the criteria that the proportion of γ-H2AX-positive cells
in COLO-320 cells treated with DMSO is approximately 1%. The numbers in each upper panel and each lower panel indicate the cell proportion in
each cell cycle phase and the proportion of γ-H2AX-positive cells, respectively. The values represent the mean±SD of three experiments. 5-FU, 
5-Fluorouracil; LRRK, LRRK2-IN-1; DMSO, dimethyl sulfoxide; FACS, fluorescence-activated cell sorting; γ-H2AX, γ-H2A histone family member X.



possibility, further research is required, to investigate
whether cell survival rate in COLO-320 cells following
combined treatment with GEM and LRRK is decreased
compared to combined treatment with 5-FU and LRRK. 

Furthermore, concerning apoptosis induction, it was
demonstrated that individual treatment of COLO-320 cells
either with LRRK (50 μM for 48 h) or with 5-FU was not able
to clearly induce PARP-1 cleavage. Similarly, combined
treatment of COLO-320 cells with 5-FU and LRRK did not
increase PARP-1 cleavage. In contrast, in our previous study
on human pancreatic cancer MIA Paca2 cells, which were
resistant to apoptosis induced by treatment with GEM, it was
reported that PARP-1 cleavage was clearly induced both by
individual treatment with LRRK (10 μM for 48 h) and
combined treatment with GEM and LRRK, as well (16). Thus,
it could be hypothesized that COLO-320 cells were resistant to
apoptosis induced by LRRK, while MIA Paca2 cells were not. 

Combined treatment with 5-FU and LRRK failed to
induce PARP-1 cleavage in COLO-320 cells, but tended to
reduce cell survival, when compared to individual treatment
with 5-FU or LRRK. We hypothesized that these results may
be due to the different methods that were used, since western
blotting was performed on cell lysates prepared from a
fraction of the adherent cells in a well, while cell survival
assay was performed on both the adherent and floating dead
cells present in a well. To strengthen this hypothesis,
apoptosis and cell survival should be analyzed by the same
method using the same cell populations.
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Figure 3. Effect of 5-FU, LRRK treatment, or combined treatment with 5-FU and LRRK on PARP-1 cleavage. (A) Cell lysates were prepared from COLO-
320 cells treated with vehicle (control), 5-FU (10 μM), LRRK (50 μM), or with a combination of 5-FU (10 μM) and LRRK (50 μM) for 48 h, and the
expression of PARP-1, cleaved PARP-1, and α-Tubulin were detected by western blotting. α-Tubulin was used as a loading control. (B) The intensity of
each band was quantified using the ImageJ software. The ratio of cleaved PARP-1 to PARP-1 was normalized to that of control. Each bar represents the
mean±SD of three experiments. N.S., No significant difference. 5-FU, 5-Fluorouracil; LRRK, LRRK2-IN-1; PARP-1, poly (ADP-ribose) polymerase 1.

Figure 4. Effect of 5-FU, LRRK treatment, or combined treatment with 
5-FU and LRRK on cell survival. COLO-320 cells were treated with
vehicle (control), 5-FU (2 μM), LRRK (20 μM), or with a combination of
5-FU (2 μM) and LRRK (20 μM) for 48 h, followed by cell survival assay.
Cell survival rate was normalized to that in control cells. Each bar
represents the mean±SD of three experiments. *p<0.05, **p<0.01, N.S.,
no significant difference. 5-FU, 5-Fluorouracil; LRRK, LRRK2-IN-1.



In conclusion, it was shown that the combined treatment
of the human colorectal cancer cell line, COLO-320, with 
5-FU and LRRK significantly decreased 5-FU-induced
phosphorylation of Chk1 and canceled 5-FU-induced cell-
cycle arrest at the S phase, leading to a trend of decreased
cell survival. Thus, our findings suggest that targeting Dclk1
in combination with 5-FU is a potential future strategy for
colorectal cancer treatment.
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