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Abstract. Colon cancer is one of the leading causes of cancer
death worldwide. Adjuvant chemotherapy following primary
surgical treatment is suggested to be beneficial in eradicating invisible disseminated small tumors in colon cancer;
however, an effective drug remains to be developed. Recently,
we reported a novel drug screening system using a nanoimprinting 3-dimensional (3D) culture that creates multicellular
spheroids, which simulate in vivo conditions and, thereby,
predict effective drugs in vivo. This study aimed to perform
drug selection using our recently developed 3D culture system
in a human colon cancer HCT116 cell line stably expressing
red fluorescent protein (HCT116-RFP), to determine the
most effective agent in a selection of clinically used antitumor agents for colon cancer. In addition, we confirmed
the efficacy of the selected drug regorafenib, in vivo using a
mouse model of disseminated small tumors. HCT116-RFP
cells were cultured using a nanoimprinting 3D culture and
in vitro drug selection was performed with 8 clinically used
drugs [bevacizumab, capecitabine, cetuximab, 5-fluorouracil
(5-FU), irinotecan, oxaliplatin, panitumumab and regorafenib]. An in vivo study was performed in mice bearing
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HCT116-RFP intraperitoneally disseminated small tumors
using 3'-[18F]-fluoro-3'-deoxythymidine-positron emission
tomography and fluorescence microscopy imaging to evaluate
the therapeutic effects. Regorafenib was determined to be the
most effective drug in the 3D culture, and significantly inhibited tumor growth in vivo, compared to the untreated control
and 5-FU-treated group. The drug 5-FU is commonly used in
colon cancer treatment and was used as a reference. Our results
demonstrate that regorafenib is a potentially efficacious adjuvant chemotherapeutic agent for the treatment of disseminated
small colon cancer and, therefore, warrants further preclinical
and clinical studies.
Introduction
Colon cancer, also known as colorectal cancer, is one of the
leading causes of cancer deaths in men and women worldwide
(1). In colon cancer, adjuvant chemotherapy after the primary
surgical intervention is suggested to be beneficial in eradicating the visually undetectable disseminated small tumors
and improving the prognosis (2). The nucleic acid antimetabolite 5-fluorouracil (5-FU) has mainly been used for adjuvant
chemotherapy in colon cancer treatment. However, adjuvant
chemotherapeutic clinical studies using 5-FU alone or in
combination with leucovorin or other drugs have shown limited
effectiveness (3,4). For example, a reduced risk of recurrence
was reported, but not of death in patients with stage II cancer,
and it was not effective in patients with stage III cancers (3,4).
Therefore, new efficacious drugs are required to improve the
outcome of adjuvant chemotherapy in colon cancer treatment.
Recently, we developed a novel drug screening system
using a nanoimprinting 3-dimensional (3D) culture that creates
multicellular spheroids mimicking in vivo conditions (5,6)
(Fig. 1A). This 3D culture uses a microplate that possesses
well-regulated inorganic nanoscale indented patterns printed
on the base using nanoimprinting technology (nanoculture
plate, NCP). The nanoimprinted pattern acts as a scaffold to
which cultured cells adhered, albeit with less physical contact
with the culture plates than with traditional 2D plates. NCPs
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were shown to facilitate spontaneous tumor cell migration,
intercellular adhesion, and formation of 3D multicellular
spheroids similar to in vivo tumors while maintaining cellular
proliferation and viability (5). In addition, we revealed that
the high-throughput drug screening using the nanoimprinting
3D culture efficiently identified effective drugs for the treatment of xenograft tumors subcutaneously transplanted in vivo,
compared to 2D culture (6). Here, we noted that the nanoimprinting 3D culture forms adherent and active spheroids, which
have a considerable resemblance to the disease condition of
disseminated small tumors in vivo and subcutaneous xenografts. Therefore, in this study, we performed drug selection
using the nanoimprinting 3D culture to identify an effective
drug against disseminated small tumors, using a human colon
cancer model of HCT116-red fluorescent protein (RFP) cells.
Materials and methods
Cell cultivation. Human colon carcinoma cell line HCT116
(CCL-247, American Type Cell Collection, ATCC) were used
in this study. HCT116 cells were stably transfected with RFP
lentivirus (Lenti-Red, LG502, Biogenova, Rockville, MD,
USA) following the manufacturer's protocol. Then, a clone
that strongly expressed the RFP was established by limiting
dilution and denoted as HCT116-RFP cells. The cells were
incubated in a humidified atmosphere of 5% CO2 at 37˚C in
Dulbecco's modified Eagle's medium (DMEM, 11995-065,
Invitrogen, Carlsbad, CA, USA), supplemented with 10%
fetal bovine serum (FBS), and antibiotics as culture medium.
Exponentially growing cells were used in the study, and were
detached from the plates with trypsin. The number of viable
cells was determined using the trypan blue dye exclusion
method.
In vitro drug selection with NCPs. We used NCPs (96-wells,
SCIVAX Life Sciences, Kawasaki, Japan) with a nanoscale
square grid pattern consisting of 500-nm line width as well
as 1 and 2 µm line depth and spacing, respectively, printed on
the transparent synthetic resinous bases, using the previously
reported nanoimprinting technique (5). HCT116-RFP cells were
seeded in the 96-well NCPs at a density of 1x104 cells/100 µl of
medium and incubated in a humidified atmosphere of 5% CO2
at 37˚C for 7 days to construct the spheroids. For in vitro
drug selection, we used 8 antitumor agents that are clinically
used for the treatment of patients with colon cancer including
bevacizumab, capecitabine, cetuximab, 5-FU, irinotecan,
oxaliplatin, panitumumab, and regorafenib (details shown in
Table I). In the experiments, drugs were added to each well of
the NCPs at a final concentration of 10, 5, 3, 1, 0.5 and 0 µM
in the medium and the doses were chosen based on previous
studies (6-16). The spheroids were incubated for 3 days (n=6)
in a CO2 incubator. During the incubation, the formation of the
spheroid morphology was monitored using time-lapse analysis
by acquiring images every 2 h at x10 magnification using an
IncuCyte imaging system (Essen Bioscience, Ann Arbor, MI,
USA). After a 3-day incubation, the cell viability (percentage
of control cells treated with 0 µM drug) was evaluated by
quantifying the levels of cellular adenosine-5'-triphosphate
(ATP) using the CellTiter-Glo Luminescent Cell Viability
assay (Promega, Madison, WI, USA) (5). The luminescence

signals were detected using a microplate reader (SpectraMax
M5, Molecular Devices, Sunnyvale, CA, USA).
Ethics statement. Animal experiments in this study were
carried out in strict accordance with the recommendations
of the Guide for the Care and Use of Laboratory Animals of
the National Institute of Radiological Sciences, Japan. The
protocol was approved by the Animal Ethics Committee of
the National Institute of Radiological Sciences, Japan (permit
no. M40-01). All efforts were made to minimize suffering of
the animals in the experiments.
In vivo antitumor study. We examined the in vivo effects of
regorafenib, which was selected in the nanoimprinting 3D
culture, using a mouse model of HCT116-RFP disseminated
small tumors. The model was established in BALB/c female
nude mice (6-week-old with uniform body weight) obtained
from the Japan SLC (Shidzuoka, Japan). A purified diet
(AIN‑93M, TestDiet, St. Louis, MO, USA) was used during
the experiments to avoid the effect of diet on abdominal
autofluorescence detected by in vivo fluorescence microscopic
imaging. Before the experiments, the mice were acclimatized
for >1 week, and then intraperitoneally (i.p.) injected with 3x106
HCT116-RFP cells suspended in 500 µl phosphate-buffered
saline (PBS). On day 5 after inoculation (day 0 of treatment),
mice were randomly divided into 3 groups of 5 animals each
including i) control, ii) regorafenib, and iii) 5-FU (as a reference drug). Mice were administered regorafenib (orally, p.o.)
or 5-FU (i.p.) at doses of 30 and 8 mg/kg/day, respectively, on
days 1, 2, 3, 4, 5, 15, 16, 17, 18 and 19, with interruption of drug
administration on days 6-14 and 20-28. The treatment dose
and administration route for each drug were determined based
on previous studies (17-20). Each drug was dissolved in 30 µl
of dimethyl sulfoxide (DMSO), and then further diluted with
70 µl of saline just before injecting. As a control, an equivalent
volume of the vehicle was administered p.o. similar to regorafenib treatment. The mice were weighed, and their general
conditions were monitored weekly. Therapeutic effects were
evaluated on day 28 using 3'-[18F]fluoro-3'-deoxythymidine
(FLT)-positron emission tomography (PET), which is a noninvasive method that is reportedly useful for evaluating the
effects of chemotherapy and detecting peritoneal seeding
nodules of colon cancer in clinical studies (21,22). After the
FLT-PET scan, the abdominal cavity was opened and then
fluorescence microscopy images were acquired to confirm
tumor development and detect small tumors.
FLT-PET and fluorescence microscopy imaging. FLT was
synthesized as reported previously (23) and the radiochemical
purity was > 99%. Each mouse was intravenously injected with
3.7 MBq of FLT dissolved in 100 µl of saline via the tail vein.
Ten minute emission scans were performed 1 h after the FLT
injection using a small animal PET system (Inveon, Siemens
Medical Solutions, Malvern, PA, USA), while the mice were
under 1.5-2% isoflurane anesthesia. Body temperature was
maintained with a heat pump during the scans. The images
were reconstructed using a 3D maximum a posteriori with
the Inveon Acquisition Workplace software (Siemens Medical
Solutions). Tracer uptake was quantified as the standard
uptake value (SUV) of each voxel within the mouse abdominal
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Figure 1. Drug selection using a nanoimprinting 3D culture screening system. (A) Schematic representation of screening system with nanoimprinting
3D culture (6). NCP 3D culture system consists of inorganic nanoscale scaffolding printed on transparent synthetic resinous bases using a nanoimprinting
technique, which reproduces adherent cancer spheroids with characteristics resembling in vivo tumors. (B) Effect of drugs on HCT116-RFP spheroids in
nanoimprinting 3D culture. Cells were treated with 8 clinically used antitumor agents for colon cancer including bevacizumab, capecitabine, cetuximab, 5-FU,
irinotecan, oxaliplatin, panitumumab and regorafenib was performed. Data represent the percentage (%) cell viability after administration of each drug at
0, 0.5, 1, 3, 5 and 10 µM relative to control (0 µM). Data are mean ± SD; n=6, P<0.05.

Table I. Anticancer drugs used in this study.
Drug
Capecitabine
5-FU
Irinotecan
Oxaliplatin
Cetuximab (Erbitux)
Panitumumab (Vectibix)
Bevacizumab (Avastin)
Regorafenib (Stivarga)

Target

Source

Location

Nucleic acid
Nucleic acid
Topo I
DNA
EGFR
EGFR
VEGF
Multikinase

Sigma-Aldrich
Wako
Sigma-Aldrich
Tocris Bioscience
Merck Serono
Takeda
Chugai
Bayer HealthCare

St. Louis, MO, USA
Osaka, Japan
St. Louis, MO, USA
Bristol, UK
Darmstadt, Germany
Osaka, Japan
Tokyo, Japan
Leverkusen, Germany

EGFR, epidermal growth factor receptor; VEGF, vascular endothelial growth factor.

area except for the urinary bladder using the ASIPro software
(CTI Molecular Imaging/Siemens) as described previously
(24,25). In this study, the tumor volume was calculated from
the FLT-PET images as the sum of the volume of any voxel
with counts greater than the fixed threshold value (SUV = 1),

which was the peak activity for the abdominal area of normal
mice in the FLT-PET images.
The fluorescent images of the open mouse abdominal cavities were acquired using a fluorescent microscope (MZ16F,
Leica, Wetzlar, Germany) equipped with a camera system
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Figure 2. Effect of regorafenib on HCT116-RFP spheroids. Time-lapse microscopic bright field images acquired during incubation with 10 µM regorafenib
(lower panel), compared to 0 µM control (upper panel) and 10 µM 5-FU (reference drug, middle panel) over a 66-h period.

(DFC310FX, Leica, x0.71). Tiling images were constructed
using Leica Application Suite software (Leica).
Statistical analysis. Data are expressed as the means ± standard deviation (SD). Cell viability curves in in vitro drug
selection were analyzed using two-way analysis of variance
(ANOVA). Statistical significance was determined using
ANOVA along with Bonferroni post hoc test for comparison
of estimated tumor volume in FLT-PET study. P-values <0.05
were considered statistically significant.
Results
In vitro drug selection with a nanoimprinting 3D culture. First,
we performed in vitro drug selection using a nanoimprinting
3D culture with HCT116-RFP cells to determine the most
effective candidate drug among 8 clinically used antitumor

agents. Fig. 1B shows the dose-dependent effects of each drug
in the HCT116-RFP spheroid viability assay. From the results,
7 drugs including bevacizumab, capecitabine, cetuximab,
5-FU, irinotecan, oxaliplatin, and panitumumab did not show
the apparent decrease of the cell viability at any measured drug
concentration. In contrast, regorafenib showed decrease of the
cell viability by ≤39% at 10 µM with a half-maximal inhibitory concentration (IC50) of 8.1 µM. The statistical analysis
on the cell viability curves showed significant inhibition in a
regorafenib treatment group compared to the other treatment
groups (P<0.05). Therefore, the in vitro drug selection using
the nanoimprinting 3D culture of HCT116-RFP determined
regorafenib as the most effective drug among the typical
clinical antitumor agents evaluated in this study. Fig. 2 shows
representative time-lapse microscopic images acquired during
incubation with 10 µM of regorafenib, compared to those with
0 µM control and 10 µM 5-FU as the reference drug. The
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Figure 3. In vivo fluorescent imaging of mice inoculated with HCT116-RFP cells. Representative fluorescent abdominal images comparing mice intraperitoneally inoculated with and without HCT116-RFP cells (lower column and upper columns, respectively) acquired just before drug administration. Bright field
and red fluorescence images (left and right rows, respectively). Images show open abdominal cavity of mice. Yellow dotted lines show outline of mice in red
fluorescent images. Mice showed disseminated small HCT116-RFP tumors at time-point just before drug administration, which are indicated as bright red
spots. Control mice showed low background body signals.

results demonstrate that spheroids treated with regorafenib
started to collapse around 24 h after drug administration while
the control and 10 µM 5-FU-treated spheroids did not show
clear morphological changes.
In vivo effects of regorafenib against disseminated tumors.
Next, we tested the antitumor effects of regorafenib in a mouse
model of HCT116-RFP-induced intraperitoneally disseminated tumors. Prior to the study, we confirmed that the model
used in this study had developed intraperitoneally disseminated small HCT116-RFP tumors (1 mm or less) before drug
administration (day 0 of the treatment), which were difficult
to identify by the naked eye (Fig. 3). Using this model, we
examined the effects of treatment with regorafenib and
compared it to that of the untreated control and 5-FU-treated
group. The evaluation was performed using the FLT-PET and
fluorescence microscopy imaging.
Fig. 4A shows representative FLT-PET images of the
control, 5-FU- and regorafenib-treated mice on day 28. Control
and 5-FU treatment showed apparent FLT uptake in the mouse
abdominal cavity while regorafenib treatment showed low
uptake. Fig. 4B shows the summary of the estimated tumor
volume calculated from the FLT-PET images. The regorafenib
treatment group showed significantly lower estimated tumor
volume than the control and 5-FU groups did (P<0.05). There
was no significant difference between the control and 5-FU
groups in estimated tumor volume from the FLT-PET analysis.

Fig. 5 shows representative fluorescence microscopy images of
the opened abdominal cavities of the mice acquired after the
FLT-PET scan. Highly grown and spreading small tumors are
evident in the abdominal cavity of the control and 5-FU groups
and less marked in the regorafenib group. Body weight loss
>10% of initial body weight and apparent changes in physical
condition were not observed in the mice during regorafenib
treatment.
Discussion
In this study, we found that regorafenib was the most effective
drug out of 8 clinically used antitumor agents for colon cancer,
using drug selection with a nanoimprinting 3D culture of colon
cancer HCT116-RFP cells and demonstrated that this drug
was efficacious against the in vivo disseminated small tumor
model. In colon cancer treatment, surgery is usually performed
as the primary treatment intervention (2). In most patients with
colon cancer, the diagnosis is made at a stage when the tumor
tissue can be surgically removed. However, tumor recurrence
is likely to occur due to undetectable residual cancer cells
in the affected patients (2). In clinical practice, patients with
stage II and III colon cancers who are considered at high
risk for recurrence are administered adjuvant chemotherapy
(2,4). 5-FU-based chemotherapy (alone or in combination
with leucovorin or other drugs) is used as a standard adjuvant
chemotherapy for colon cancer (3,4); however, the efficacy of
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Figure 4. Evaluation of in vivo antitumor effects using FLT-PET. (A) Representative FLT-PET images of control, 5-FU- and regorafenib-treated mice (left,
middle and right, respectively) on day 28. Yellow arrows indicate urinary bladder. Control and 5-FU treated groups showed elevated FLT uptake in mouse
abdominal cavity (pale blue to green color). Regorafenib treatment group did not show apparent FLT uptake in mouse abdominal cavity. (B) Estimated tumor
volume calculated from FLT-PET images of control, 5-FU and regorafenib groups. Data are mean ± SD, n=5/group, *P<0.05. NS, not significant.

adjuvant chemotherapy with 5-FU is reportedly limited and
the benefit is still under contention (3,4). In this study, we
showed the efficacy of regorafenib against disseminated small
tumors in a HCT116-RFP model. Though our findings were
limited to the HCT116-RFP cell line, this study demonstrated
the therapeutic potential of regorafenib as an adjuvant chemotherapy agent in colon cancer treatment.
In this study, we used a mouse model with intraperitoneally disseminated small tumors. In clinical settings, peritoneal
metastasis is one of the major types of colon cancer metastasis
observed at the time of primary resectioning along with liver
metastasis (26,27). Importantly, a higher incidence of peritoneal metastasis is reported to be observed in cases of recurrent
cancer after surgery (60%), than of liver metastasis (50%). In
addition, this phenomenon is considered to occur because of
the dissemination of exfoliated primary malignancy into the

free peritoneal space (26). Consequently, small undetectable
tumors that are intraperitoneally disseminated before as well
as after surgery are important targets in the radical cure of
colon cancer. Therefore, the model used in this study is appropriate for determining the efficacy and benefits of an adjuvant
chemotherapy agent for colon cancer treatment.
Regorafenib is an orally administered small molecular
multikinase inhibitor that targets tumor cells, vasculature, and
tumor microenvironment (8,28). To date, preclinical studies
with orthotopic colon cancer xenografts have revealed that
regorafenib reduced tumor angiogenesis and inhibited tumor
growth (20). In recent years, multinational phase III trials
(CORRECT and CONCUR) have been conducted and revealed
that regorafenib therapy showed survival benefits in metastatic
colorectal cancer, which had progressed after standard therapies (29,30). These preclinical and clinical studies showed that
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mice. In clinical trials, adverse events such as hand-foot skin
reaction, fatigue, diarrhea, and hypertension were observed
but were manageable (31). Therefore, the side effects of regorafenib are considered minor or manageable, and this agent
could be potentially beneficial for colon cancer treatment.
In this study, a novel screening system involving nanoimprinting 3D culture was used to select an effective drug against
disseminated small tumors of colon cancer HCT116-RFP
cells. This system consisted of nanoscale rectangular grid
patterns printed on transparent synthetic resinous bases using
a nanoimprinting technique and provided the optimal scaffold
for cultured cancer cells to adhere to, actively migrate, and
aggregate to form spheroids (5,6). These characteristics of the
nanoimprinting 3D culture are unique in comparison with
both conventional 2D and other types of 3D cultures. In this
study, we revealed that this system is useful in determining
the efficacy of drugs against disseminated small tumors. This
indicates that the nanoimprinting 3D culture might have a
potential to facilitate the selection of effective drugs against
disseminated small tumors by mimicking the characteristics of
these tumors such as adhesion, migration, and proliferation as
multicellular aggregates. Previous studies with HCT116 cells
in 2D culture reported the IC50 as 4.3 µM for 5-FU (32) and
2.5-5 µM for regorafenib (33). On the other hand, in this study
with the 3D culture treatment with 5-FU did not show apparent
decrease in cell viability at ≤10 µM while regorafenib showed
and IC50 of 8.1 µM. Our in vivo study in the intraperitoneally
disseminated tumor model showed that regorafenib, but not
5-FU was effective. These data indicate the nanoimprinting
3D culture could be a better tool for selecting effective drugs
against disseminated small tumors than the 2D culture.
In conclusion, this study demonstrated the efficacy of
regorafenib against disseminated small colon cancer, via drug
selection using a novel screening system with a nanoimprinting
3D culture in HCT116-RFP cells. Furthermore, this drug could
be a potentially useful adjuvant chemotherapy agent for colon
cancer treatment and, therefore, warrants continued investigation for future clinical application.
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