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Introduction

Cancer cell invasion is the prelude for metastasis.1-3 Therefore, 
targeting invading cancer cells is critical to prevent metastasis.4-6 
However, in order to target invading cancer cells, it is necessary 
to determine their cell cycle phase, since most cytotoxic chemo-
therapy targets S/G

2
/M cells. Sakaue-Sawano et al.7 have utilized 

oscillating proteins that specifically mark cell cycle phases in 
order to image cell cycle kinetics in a system they term FUCCI 
(fluorescence ubiquitination cell cycle indicator). Individual G

1
 

phase nuclei are red, and those in S/G
2
/M phases are green in the 

FUCCI system.
For tracking invading cancer cells, 3-dimensional culture is 

indispensable.8-12 Collagen sponge-gel histoculture was devel-
oped by Leighton.13 Placing cells in histoculture enables them 
to form 3-dimensional structures.13 Because of its architectural 
resemblance to native tissue, sponge gel histoculture represents 
a unique in vivo-like model to study cancer-cell behavior.14 For 
example, Leighton observed that when C3HBA mouse mammary 

adenocarcinoma cells were grown on sponge-matrix histoculture, 
the cells aggregated similar to the original in vivo tumor. Distinct 
structures were formed within the tumors, such as lumina and 
stromal elements, with some of the glandular structures similar 
to the original tumor. When Leighton cultured hepatoma cells in 
sponge-matrix culture, they behaved differently from the normal 
liver cells and grew in a loosely packed arrangement as opposed 
to normal liver cells.15

We have further developed sponge gel histoculture using 
Gelfoam® to grow tumors,16,17 nerves growing from stem cells,18‑20 
hair follicles,21 skin with growing hair,22 and Margolis et  al.23 
have used Gelfoam® to culture lymphoid tissue.

In the present report, we use confocal imaging and Gelfoam® 
collagen sponge gel histoculture of human stomach cancer cells 
expressing FUCCI to determine the cell cycle position of invasive 
and non-invasive cancer cells and their sensitivity to cytotoxic 
chemotherapy. The implication of these results for the study and 
treatment of metastasis are discussed.
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Invasive cancer cells are a critical target in order to prevent metastasis. In the present report, we demonstrate real-
time visualization of cell cycle kinetics of invading cancer cells in 3-dimensional (3D) Gelfoam® histoculture, which is in 
vivo-like. A fluorescence ubiquitination cell cycle indicator (FUCCI) whereby G0/G1 cells express a red fluorescent protein 
and S/G2/M cells express a green fluorescent protein was used to determine the cell cycle position of invading and non-
invading cells. With FUCCI 3D confocal imaging, we observed that cancer cells in G0/G1 phase in Gelfoam® histoculture 
migrated more rapidly and further than cancer cells in S/G2/M phases. Cancer cells ceased migrating when they entered 
S/G2/M phases and restarted migrating after cell division when the cells re-entered G0/G1. Migrating cancer cells also 
were resistant to cytotoxic chemotherapy, since they were preponderantly in G0/G1, where cytotoxic chemotherapy is not 
effective. The results of the present report suggest that novel therapy targeting G0/G1 cancer cells should be developed 
to prevent metastasis.
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Results and Discussion

Gelfoam® 3-dimensional histo-
culture enables real-time tracking of 
FUCCI-expressing invading and non-
invading cancer cells

In Gelfoam® histoculture, invading 
cancer cells were mostly in G

0
/G

1
 phase, 

while non-invading cells were mostly 
in S/G

2
/M phases (Fig.  1A). The cell 

cycle distribution of invading cells was 
84.3% in G

0
/G

1
 phase. In contrast, in 

non-invading cells at the tumor surface, 
the percentage of cells in S/G

2
/M was 

67.5% (Fig. 1A). Cancer cells located at 
the invading area of a Gelfoam® tumor 
could be tracked for at least 3 days 
(Fig.  1B; Video S1). Some invading 
cancer cells migrated along the structure 
of the Gelfoam® (Fig.  1C; Video  S1); 
the other cancer cells spread inside the 
structure of the Gelfoam® (Fig.  1C; 
Video S1).

Cell cycle distribution of the 
invading versus non-invading areas of 
tumors in Gelfoam® histoculture 

Cancer cells at the invading edge of 
the tumor moved along the Gelfoam® 
structures and were mostly in G

0
/G

1
 

(94.0 ± 4.9%) (Fig.  2A). In contrast, 
cancer cells at the center of the tumor 
fluoresced red, yellow, and green and 
were thus distributed throughout the 
cell cycle (S phase; 23.7 ± 18.0%; G

2
/M 

phase; 30.5 ± 16.6%) (Fig. 2A). Cancer 
cells in G

0
/G

1
 phase contacted each 

other (Fig. 2B).
Cancer cells in G

0
/G

1
-phase are 

motile compared with S/G
2
/M-phase 

cancer cells in Gelfoam® histoculture
Cancer cells in G

0
/G

1
 phase 

migrated more than cancer cells in S/
G

2
/M at the tumor edge in Gelfoam®:  

G
0
/G

1
 phase, 66.5 ± 31.2 μm/48 h; 

S/G
2
/M phase, 21.8 ± 14.0 μm/48 

h; P < 0.0001 (Fig.  3A, C, and D). 
Moreover, single cancer cells in  
G

0
/G

1
 phase migrated significantly fur-

ther (up to 200 µm over 48 h) than those 
in S/G

2
/M phases (up to 90 µm over 

48 h) (Fig. 3B and D; Video S2).

Figure  1. Gelfoam® histoculture enables tracking of the cell cycle kinetics of invading and non-
invading FUCCI-expressing cancer cells. All images were acquired with confocal laser scanning 
microscopy (CLSM) using the FV1000 (Olympus). FUCCI-expressing cancer cells in G0/G1, S, or G2/M 
phases appear red, yellow, or green, respectively. FUCCI-expressing cancer cells (2 × 107) were placed 
on Gelfoam® (1 × 1 cm) in RPMI 1640 medium. (A) Gelfoam® culture enables cancer cells to be visual-
ized at different locations in tumor-like structures (left). High magnification view (right). (B) High-
magnification real-time images of cancer cells invading from a tumor on Gelfoam® for 64 h. Arrows 
show the direction of invading cancer cells. (C) High-magnification real-time images of cancer cells 
disseminating from a tumor on Gelfoam® for 64 h. Arrows show the direction of invading cancer 
cells. Scale bars: 100 μm.
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Cancer cells in G
0
/G

1
 phase migrate faster than cancer cells 

in S/G
2
/M phases in Gelfoam® histoculture

Real-time confocal imaging of single-cell movement from the 
edge of tumors growing in Gelfoam® was performed. Cancer 
cells in G

0
/G

1
 phase migrated more rapidly than cancer cells in S/

G
2
/M phases. The velocity of G

0
/G

1
 phase cells was 1.46 ± 0.44 

μm/h. In contrast, the velocity of S/G
2
/M-phase cells was 0.11 ± 

0.014 μm/h (P = 0.006) (Fig. 4A–C).
Cancer cells in G

0
/G

1
 phase cease migration upon entry in 

S/G
2
/M phases and restart migration after cell division and re-

entry in G
0
/G

1
 in Gelfoam® histoculture

When migrating cancer cells in G
0
/G

1
 phase subsequently 

cycled into S/G
2
/M phases, they ceased migration (Fig.  5A; 

Video S3). When the cancer cells re-entered G
0
/G

1
, they began 

to migrate again (Fig. 5A; Video S3).
Thirty G

0
/G

1
 cells were followed for 66 h. Some of the G

1
/G

0
 

cells cycled into S/G
2
/M phases, where they stopped migrating 

and then divided and cycled into G
0
/G

1
. These cells were fol-

lowed for an additional 24 h, during which time they migrated 
approximately 100 µm (Fig. 5B).

Cancer cells in G
0
/G

1
 phase can attach to Gelfoam® and 

invade more rapidly than those in S/G
2
 phase

Real-time imaging of the behavior of a cell suspension layered 
on Gelfoam® showed that cancer cells in G

0
/G

1
 phase attached 

to Gelfoam® and began invading more rapidly (16.7 ± 8  h) 
than cancer cells in S/G

2
/M phases (30.0 ± 8 h) (P = 0.0026) 

(Fig. 6A–C; Video S4).
Chemotherapy does not kill or inhibit the movement of 

invading G
0
/G

1
 cancer cells in Gelfoam® histoculture

Cisplatinum (25 µm) effectively killed cancer cells in S/G
2
/M 

phases (85.0 ± 9.1% cells in apoptosis) (Fig. 7A–E; Video S5). 
In contrast, cisplatinum had little efficacy against cancer cells in 
G

0
/G

1
 phase (5.0 ± 5.9% cells in apoptosis) (Fig. 7A–D) and did 

not inhibit their movement (Fig. 7E; Video S5). These findings 
indicated that invading cancer cells in G

0
/G

1
 phase are resistant 

to cisplatinum.
In the present report, we compared the cell cycle dynam-

ics of invading and non-invading cancer cells in 3-dimensional 
Gelfoam® histoculture, where cancer cells have in vivo-like behav-
ior. Real-time imaging of cell cycle kinetics was made possible 

Figure 2. Cell cycle distribution of invasive and noninvasive cancer cells. FUCCI-expressing cancer cells  (1 × 107) were placed on Gelfoam® (1 × 1 cm) 
in RPMI 1640 medium. (A) High-magnification real-time images of a small tumor growing on Gelfoam® for 48 h. Arrows show the direction of invading 
cancer cells. Dashed lines show the non-invading area. (B) Histogram of cell cycle distribution of invading area and central non-invading area of a tumor 
growing on Gelfoam®. Scale bar: 100 μm.
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with the use of FUCCI-expressing cancer cells. We demonstrated 
that cancer cells in G

0
/G

1
 phase can migrate faster and further 

than cancer cells in S/G
2
/M phases. When cancer cells in G

0
/G

1
 

cycled into S/G
2
/M phases, they ceased movement and then only 

restarted migration after re-entry into G
0
/G

1
 phase after cell divi-

sion. Chemotherapy had little effect on G
0
/G

1
 invading cancer 

cells. The results of the present report may explain, in part, why 
cytotoxic chemotherapy has limited efficacy to prevent metastasis.

Figure 3. Invasive cancer cells are predominantly in G0/G1. FUCCI-expressing cancer cells (5 × 106) were placed on Gelfoam® (1 × 1 cm) in RPMI 1640 
medium. (A) High-magnification real-time images of invading cancer cells cultured on Gelfoam® for 48 h. Arrows show the direction of invading cancer 
cells. (B) High-magnification real-time images of cancer cells in G0/G1 phase and in S/G2/M phases. Arrows show the direction of invading cancer cells. The 
cells circled with white dashed lines and pointed by arrowheads are non-invading cells. (C) Histogram shows cell cycle phase of invading cancer cells. 
(D) Scatter diagram shows the distance cancer cells migrated in G0/G1 phase compared with cancer cells in S/G2/M phases. Scale bars: 100 μm.
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Figure 4. Behavior of individual FUCCI-expressing cancer cells cultured on Gelfoam®. FUCCI-expressing cancer cells (5 × 106) were placed on Gelfoam® 
(1 × 1 cm) in RPMI 1640 medium. (A) Low-magnification image of an overview of cancer cells cultured on Gelfoam® for 0 h, 24 h, or 40 h. (B) High-
magnification real-time images of cancer cells in G0/G1 phase or in S/G2/M phases cultured on Gelfoam® for 48 h. Arrows show the direction of invading 
cancer cells. Circles with dashed lines show invading cells in G0/G1 phase. Arrowheads show a single non-invading cell. (C) Histogram shows the velocity 
of cancer cells in G0/G1 phase and S/G2/M phases. Scale bars: 50 μm.

Materials and Methods

Cells
MKN45 is a radio-resistant poorly differentiated stomach 

adenocarcinoma cell line derived from a liver metastasis of a 
patient.24 The cells were grown in RPMI 1640 with 10% fetal 
bovine serum and penicillin/streptomycin.

Establishment of MKN45 cells stably transfected with 
FUCCI plasmids

Plasmids expressing mKO2-hCdt1 (green fluorescent protein) 
and mAG-hGem (orange fluorescent protein) were obtained 
from the Medical and Biological Laboratory.7 Plasmids express-
ing mKO2-hCdt1 were transfected into MKN45 cells using 
Lipofectamine™ LTX (Invitrogen). The cells were incubated for 
48 h after transfection and were then trypsinized and seeded in 
96-well plates at a density of 10 cells/well. In the first step, cells 
were sorted for green fluorescence (S, G

2
, and M phases) using 

a FACSAria cell sorter (Becton Dickinson). The first-step-sorted 
green-fluorescent cells were then super-transfected with mAG-
hGem (orange) and then further sorted by orange fluorescence.

Cell culture
FUCCI-expressing MKN45 cells were seeded on plastic plates 

for 2-dimensional culture in RPMI-1640 medium (Mediatech). 
For 3-dimensional culture, FUCCI-expressing cells were cul-
tured on Gelfoam® in the same medium.

Imaging of MKN45 cells expressing cell cycle-dependent 
fluorescent proteins

Confocal laser scanning microscopy was performed with the 
FV1000 confocal laser scanning microscopy (Olympus Corp.) 
with 2 laser diodes (473 nm and 559 nm). A 4× (0.20 numeri-
cal aperture immersion) objective lens and a 20× (0.95 numeri-
cal aperture immersion) objective lens (Olympus) were used. 
Scanning and image acquisition were controlled by Fluoview 
software (Olympus).25 The tracing data were imported to 
Velocity 6.0 version (Perkin Elmer), where all 3D analysis was 
performed.

Statistical analysis
Data are shown as means ± SD. For comparison between 2 

groups; significant differences were determined using the Student 
t test. P values of < 0.05 are considered significant.
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Figure 5. Comparison of migration velocity of cancer cells in G0/G1 phase and S/G2/M phases during cell division. FUCCI-expressing cancer cells (5 × 106) 
were placed on Gelfoam® (1 × 1 cm) in RPMI 1640 medium. (A) Cancer cells in G0/G1 phase migrated and subsequently cycled to S/G2/M phases. Arrows 
show the direction of G0/G1 phase of cancer-cell migration. Arrowheads show the cancer cells after cycling to S/G2/M phases. The cells circled with white 
dashed lines and pointed by arrowheads are non-invading cells. (B) Histogram shows the velocity of cancer cells in G0/G1 phase and in S/G2/M phases. 
Scale bar: 100 μm.

Figure 6. Cell cycle kinetics of cancer cells during seeding on Gelffoam®. FUCCI-expressing cancer cells (5 × 106) were placed on Gelfoam® (1 × 1 cm) in 
RPMI 1640 medium. (A) Low-magnification image of an overview of cancer cells cultured on Gelfoam® for 0 h, 24 h, or 48 h. (B) High-magnification real-
time images of cancer cells in G0/G1 phase or in S/G2/M phases cultured on Gelfoam® for 48 h. Dashed lines show aggregating cells. Arrows show the direc-
tion of invading cancer cells. (C) Scatter diagram shows the number of hours to attach and invade taken by cancer cells in G0/G1 phase compared with  
S/G2/M phases. Scale bars: 100 μm.
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Figure 7. Chemotherapy does not kill or inhibit the movement of single invading cancer cells in G0/G1 phase. FUCCI-expressing cancer cells (2 × 106) were 
placed on Gelfoam® (1 × 1 cm) in RPMI 1640 medium. Three days after seeding, cisplatinum (25 μM) was added. (A and B) High-magnification real-time 
images of the disseminating area of a tumor for a 64 h period without (A) and with cisplatinum treatment (B). Arrows show the direction of invading 
cancer cells. The cells circled with white dashed lines and/or pointed by arrowheads are dying non-invading cells. (C) Histogram shows the survival rate 
of cancer cells in G0/G1 phase and S/G2/M phases 64 h after cisplatinum treatment. (D) Histogram shows the cell cycle distribution of cancer cells before 
and after cisplatinum treatment. (E) Scatter diagram shows the distance cancer cells migrated in G0/G1 phase and S/G2/M phases with or without che-
motherapy. Scale bars: 100 μm.
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