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The phase of the cell cycle can determine whether a cancer cell can respond to a given drug. We previously reported
monitoring of real-time cell cycle dynamics of cancer cells throughout a live tumor, intravitally in live mice, using a
fluorescence ubiquitination-based cell-cycle indicator (FUCCI). Approximately 90% of cancer cells in the center and 80%
of total cells of an established tumor are in G0/G1 phase. Longitudinal real-time imaging demonstrated that cytotoxic
agents killed only proliferating cancer cells at the surface and, in contrast, had little effect on quiescent cancer cells,
which are the vast majority of an established tumor. Moreover, resistant quiescent cancer cells restarted cycling after
cessation of chemotherapy. These results suggested why most drugs currently in clinical use, which target cancer cells
in S/G2/M, are mostly ineffective on solid tumors. In the present report, we used FUCCI imaging and Gelfoam� collagen-
sponge-gel histoculture, to demonstrate in real time, that the cell-cycle phase distribution of cancer cells in Gelfoam�

and in vivo tumors is highly similar, whereby only the surface cells proliferate and interior cells are quiescent in G0/G1.
This is in contrast to 2D culture where most cancer cells cycle. Similarly, the cancer cells responded similarly to toxic
chemotherapy in Gelfoam� culture as in vivo, and very differently than cancer cells in 2D culture which were much
more chemosensitive. Gelfoam� culture of FUCCI-expressing cancer cells offers the opportunity to image the cell cycle
of cancer cells continuously and to screen for novel effective therapies to target quiescent cells, which are the majority
in a tumor and which would have a strong probability to be effective in vivo.

Introduction

The phase of the cell cycle can determine whether a can-
cer cell can respond to a given drug. Sakaue-Sawano et al.
have demonstrated that the cell cycle phase in viable cells
can be visualized using a fluorescent ubiquitination-based
cell-cycle indicator (FUCCI) system.1 We previously imaged
real-time cell cycle dynamics of cancer cells throughout a
live tumor intravitally using FUCCI. Approximately 90% of
cancer cells in the center and 80% of total cells of an estab-
lished tumor are in G0/G1 phase. FUCCI imaging demon-
strated that cytotoxic agents killed only proliferating cancer
cells at the surface and, in contrast, had little effect on qui-
escent cancer cells, which are the vast majority of an estab-
lished tumor. Moreover, resistant quiescent cancer cells

restarted cycling after the cessation of chemotherapy. How-
ever, in vivo systems are not amenable to continuous, long-
term imaging, which can be critical for studying the cell
cycle and its relationship to tumor behavior. In vivo-like cul-
ture systems can be of important use for long-term imaging
of cancer-cell behavior.2

Collagen-sponge-gel histoculture was developed by
Leighton in the 1950s.3 Sponge-gel histoculture enables can-
cer cells to form 3-dimensional structures. For example,
Leighton observed that when C3HBA mouse mammary ade-
nocarcinoma cells were grown on sponge-gel 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 the glandular structures similar to the
original tumor.4
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We have shown that in
contrast to Gelfoam� histo-
culture, in Matrigel culture,
cancer cells formed colonies
but no other structures.
The behavior of human
143B osteosarcoma cells on
Gelfoam� in culture was
remarkably different from
those of these cells in
monolayer culture or in
Matrigel. Tissue-like struc-
tures were observed only in
Gelfoam� culture. A flexi-
ble structural substrate such
as Gelfoam� provides a
more in vivo-like culture
condition than monolayer
culture or Matrigel.5

We previously demon-
strated, using FUCCI imag-
ing, real-time visualization of
the cell cycle kinetics of
invading cancer cells in
Gelfoam� histoculture,
Cancer cells in G0/G1 phase
in Gelfoam� histoculture
migrated more rapidly and
further than the cancer cells
in S/ G2/M phase. After

Figure 1. Gelfoam� histocul-
ture of FUCCI-expressing can-
cer cells. (A) Schema of FUCCI-
expressing MKN45 stomach
cancer cells forming a tumor
on Gelfoam�. (B) Macroscopic
appearance of the tumor
formed on Gelfoam� histocul-
ture. (C) Macro images of a
tumor formed on Gelfoam�

demonstrating FUCCI fluores-
cence. (D) FUCCI-expressing
cancer cells in the tumor
formed on Gelfoam� . Images
at the single-cell level were
acquired by confocal laser-
scanning microscopy. High
magnification images (£10) of
an invading area of the tumor
(upper right) and a non-invad-
ing area (lower right) of the
tumor on Gelfoam�.
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entry into S/G2/M phases,
cancer cells ceased migrat-
ing and restarted migrating
after division when the
cells re-entered G0/G1.
Migrating cancer cells were
resistant to cytotoxic che-
motherapy, since they were
mostly in G0/G1, where
cytotoxic chemotherapy is
not effective.

In the present report,
we compared spatial-tem-
poral cell-cycle dynamics
and chemosensitivity of
cancer cells forming
tumors on Gelfoam� with
cancer cells growing in
tumor spheres and on
monolayers on plastic, as
well as in vivo.

Results and
Discussion

Gelfoam� histoculture
of cancer cells

FUCCI-expressing MK-
N45 cells formed tumors
after seeding in Gelfoam�

histoculture. The cancer
cells forming tumors
on Gelfoam� brightly
expressed either mK02-
hCdt1 (green fluorescence)
or mAG-hGem (orange-
red fluorescence), which
report the phases of the cell
cycle, S/G2/M and G0/G1,
respectively (Fig. 1).

Comparison of cell-
cycle-phase distribution of
FUCCI-expressing
MKN45 cells cultured in
monolayer, sphere,
Gelfoam�, and in vivo

In monolayer culture,
in both the central and
edge areas, approximately
50% of the cells were in
S/G2/M. In tumor spheres, most of the cells were in G0/G1 at
both the surface and center. In both in vivo and in Gelfoam� his-
toculture, the majority of the surface cells of the tumor were in
S/G2/M. In contrast, in the central area of the tumor, only

approximately 10% of the cells were in S/G2/M (Fig. 2). A com-
parison was made of the cell-cycle phase distribution in a subcu-
taneous tumor, liver tumor and Gelfoam�, all formed from
FUCCI-expressing MKN45 stomach cancer cells. At the early

Figure 2. For figure legend, see page 811.
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stages of each tumor,
whether subcutaneous or in
the liver, or on Gelfoam�,
approximately 90% of the
cells were in S/G2/M. In
contrast as each tumor
matured, approximately
80% of the cells were in
G0/G1. The early-stages and
mature-stage cell-cycle-
phase distribution was very
similar for each tumor, sub-
cutaneous, liver and on
Gelfoam� (Fig. 2).

Cancer cells in
Gelfoam� histoculture and
in vivo tumors have similar
3-dimensional-spatial cell-
cycle phase distribution

In both tumors in vivo
and in Gelfoam� culture,
cancer cells were proliferat-
ing only near the surface of
the tumor. The majority of
cancer cells were in S/G2/M
both subcutaneous tumors
and in Gelfoam�, as deep as
500–600 mm from the sur-
face. At deeper levels, the
vast majority of the cells
were in G0/G1 in both
tumors and on Gelfoam�.
At greater depths, approxi-
mately 20% of the cells in
the in vivo liver tumor
were in S/G2/M and in
Gelfoam� histoculture,
approximately 10% of the
cells were in S/G2/M, with
the other cells in G0/G1

in both the subcutaneous
tumor and on Gelform�

(Fig. 3).

Cancer cells on
Gelfoam�, but not 2D
culture, have the same cell
cycle response to cytotoxic
agents as in vivo tumors

Mostly chemotherapy
agents targets only prolifer-
ating cancer cells and have

Figure 2. Comparison of cell cycle phase distribution of FUCCI-expressing MKN45 cells cultured as monolayers, and
on Gelfoam� , and in vivo. (A) Representative images of FUCCI-expressing MKN45 cells cultured as monolayers, as
spheres on agar and Gelfoam� , and in vivo. (B) Histograms show the cell-cycle phase distribution in the central area
and invading area of the cultures and in vivo. Cancer cells in monolayer culture divide continuously. Cancer cells on
agar aggregate and mostly remain in G0/G1 phase. Cancer cells on and in Gelfoam� have an in vivo-like cell cycle
distribution. (C) Representative time-course images of FUCCI-expressing subcutaneous tumor (left), FUCCI-express-
ing liver tumor (middle), and tumor-formed from FUCCI-expressing cancer cells on Gelfoam� (right) at early and
later stages. (D) Histograms show the cell-cycle phase distribution in early-stage and late-stage tumors growing sub-
cutaneously, or in the liver or on Gelfoam� . Scale bars; 500mm.
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little effect on quiescent cancer cells. In
monolayer culture, chemotherapy blocked
cancer cells in G2/M phase. In sphere cul-
ture, chemotherapy had little effect since
most cancer cells were in G0/G1, where
they remained after chemotherapy. In
Gelfoam� histoculture and the subcutane-
ous tumor, chemotherapy targeted only
proliferating cancer cells and had little
effect on quiescent cancer cells, which were
the majority of the cells. In both the subcu-
taneous tumors and the tumors in
Gelfoam� histoculture, chemotherapy
killed the surface proliferating cells, but
the remaining cells were blocked in G0/G1

and resistant to chemotherapy (Fig. 4 and
Video S1).

Cancer cells on Gelfoam� have similar
spatial-temporal recovery from
cisplatinum and paclitaxel treatment as in
vivo tumors, in contrast to 2D monolayer
and sphere culture

In 2D monolayer culture, approxi-
mately 50% of the cells were in S/G2/M
before chemotherapy and after chemo-
therapy, approximately 90% of the cells
were in S/G2/M. In sphere culture,
approximately 10% of the cells were in
S/G1/M before chemotherapy, and after
chemotherapy, almost 100% of the cells
were in G0/G1. In Gelfoam� histocul-
ture, approximately 40% of the cells
were in S/G0/M before chemotherapy
and during chemotherapy, almost 100%
of the cancer cells were in G0/G1 and
after termination of chemotherapy
approximately 20% of the cancer cells
re-entered S/G2/M, mostly at the sur-
face, for both cisplatinum and palitaxel.
In the subcutaneous tumor, before che-
motherapy approximately 30% of the
cells were in S/G2/M. During chemo-
therapy, almost 100% of the cancer
cells were in G0/G1. After termination
of chemotherapy, approximately 20% of
the cancer cells re-entered S/G2/M for
both cisplatinum and paclitaxel, mostly
at the surface and very similar to
tumors on Gelfoam� (Fig. 5). After the
cessation of chemotherapy, the cancer
cells at the surface of the tumor
resumed cycling in both the liver and
on Gelfoam�.

FUCCI imaging demonstrated that cancer cells in monolayer
culture (2D culture) and spheres on agar behave very differently

than cancer cells in vivo or on Gelfoam�. Gelfoam� tumor histo-
culture provides an in vivo--like microenvironment for cancer

Figure 3. For figure legend, see page 813.
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cells enabling the cancer cells to mimic the spatial-temporal cell-
cycle phase distribution of tumors in vivo.5

FUCCI imaging demonstrated that cancer cells on monolayer
culture and spheres on agar have a different response to chemother-
apy from cancer cells in a tumor in vivo. Gelfoam�-histocultured
tumors, however, had a similar response to chemotherapy as in vivo
tumors, suggesting that the combination of FUCCI imaging and
Gelfoam� provides a new platform for developing and evaluating
anticancer agents, as well as studying basic cancer biology, such as
the cell cycle.8

An important feature of Gelfoam� histoculture is that it is
a very convenient system for imaging long-term experiments.
The possibility of long-term imaging, provided by Gelfoam�

histoculture of FUCCI-expressing cancer cells, described in
the present report, is especially important when studying the
relationship of cell cycle phase to cancer-cell migration and
invasion.6,7

Previously-developed concepts and strategies of highly-selec-
tive tumor-targeting9-16 can take advantage of the long-term
Gelfoam� histoculture of FUCCI-expressing cancer cells
described in the present report.

Materials and Methods

Cells
MKN45 is a poorly-differentiated stomach adenocarcinoma-

derived from a liver metastasis of a patient. The cells were grown
in RPMI 1640 medium with 10% fetal bovine serum and peni-
cillin/streptomycin.2,17

Establishment of MKN45 cells stably transfected with
FUCCI-vector plasmids

For cell cycle-phase visualization, the FUCCI (fluorescent
ubiquitination-based cell cycle indicator) expression system

was used.1 Plasmids expressing mKO2-hCdt1 (green fluores-
cent protein) or mAG-hGem (orange-red fluorescent protein)
were obtained from the Medical & Biological Laboratory
(Nagoya, Japan). Plasmids expressing mKO2-hCdt1 were
transfected into MKN45 cells using LipofectamineTM LTX
(Invitrogen, Carlsbad, CA). 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 into green (S, G2, and M phase) cells
using a FACSAria cell sorter (Becton Dickinson, Franklin
Lakes, NJ). The first-step-sorted green-fluorescent cells were
then re-transfected with mAG-hGem and then sorted by
orange fluorescence.1,2,6

Gelfoam� histoculture
Sterile Gelfoam� sponges (Pharmacia & Upjohn, Kalama-

zoo, MI), prepared from porcine skin, were cut into 1 cm
cubes. The Gelfoam� cubes were placed in 6-well tissue-cul-
ture plates. RPMI 1640 medium was added and Gelfoam�

was incubated at 37�C in order that the Gelfoam� absorbed
the medium. Cancer cells (1£106 ) expressing FUCCI were
then seeded on top of the hydrated Gelfoam� and incubated
for 1 h. Medium was carefully added up to the top of the
Gelfoam�. Cells were incubated at 3�C in a humidified incu-
bator with 5% CO2.

5,6,18-21

Animal experiments
Athymic nu/nu nude mice (AntiCancer, Inc., San Diego,

CA) were maintained in a barrier facility under HEPA filtra-
tion and fed with autoclaved laboratory rodent diet (Teklad
LM-485; Harlan Labs, Hayward, CA). All animal studies
were conducted in accordance with the principles and proce-
dures outlined in the National Institute of Health Guide for
the Care and Use of Animals under Assurance Number
A3873–1.

Tumor models
All animal procedures were performed under anesthesia using

s.c. administration of a ketamine mixture (10 ml ketamine HCl,
7.6 ml xylazine, 2.4 ml acepromazine maleate, and 10 ml PBS)
(Henry-Schein, Melville, NY). FUCCI-expressing MKN45 cells
were harvested by brief trypsinization. Single-cell suspensions
were prepared at a final concentration of 2 £ 105 cells/5 ml
Matrigel (Becton Dickinson). After laparotomy of 5-week-old
female nude mice, the mouse liver was exteriorized and the can-
cer cells subserosally injected directly into the left lobe of the liver
using a 31-gauge needle. After cancer cell implantation, the
abdominal wall of mice was closed with 6–0 sutures.2 In order to
obtain subcutaneous tumors, FUCCI-expressing MKN45 cells
(5 £ 106/mouse) were injected in the flank of 5-week-old female
nude mice (under the ketamine-mixrure anesthesia previously
described).

Figure 3. Gelfoam� histocultured tumor and subcutaneous FUCCI-
expressing tumors have similar 3-dimensional spatial-temporal cell-cycle
phase distribution. (A) Representative images of FUCCI-expressing
MKN45 cells in a tumor in the liver and tumor-formed on Gelfoam� at
the indicated depths. (B) Histograms show the cell-cycle distribution at
the surface, intermediate area, and deep area of tumors in the liver and
on Gelfoam�. Scale bars; 500 mm.
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Confocal laser microscopy
The liver, with a FUCCI-expressing tumor, was exterior-

ized and a cover glass was gently put on the liver, which
inhibited vibration caused by heartbeat and respiratory
movement. Subcutaneous tumors, and spheres, 2D mono-
layer and Gelfoam� cultures with FUCCI-expressing cancer
cells were directly imaged by confocal microscopy. Confocal
laser scanning microscopy (CLSM) was performed using the

FV-1000 (Olympus Corp., Tokyo, Japan) with 2-laser
diodes (473 nm and 559 nm). A 4 £ (0.20 numerical aper-
ture immersion) objective lens and 20 £ (0.95 numerical
aperture immersion) objective lens (Olympus) were used.
800 £ 800 pixels and 1.0-mm z steps were scanned, which
took 1–2 s per section, with 6–8 min per full 3D scan.
Scanning and image acquisition were controlled by Fluoview
software (Olympus).2

Figure 4. For figure legend, see page 816.
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3D image analysis
The tracing data were imported to Volocity 6.0 version (Per-

kin Elmer, Waltham, MA), where all further analysis was
performed.2

Statistical analysis
Data are shown as means § SD.
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Figure 4. FUCCI-expressing cancer cells on Gelfoam� have the same cell cycle response to cytotoxic agents as subcutaneous tumors. Time-course imag-
ing of FUCCI-expressing cancer cells (A) subcutaneous, (B) in monolayer culture, (C) in tumor spheres on agar and (D) on Gelfoam�, before and after che-
motherapy. (E) Representative images of FUCCI-expressing cancer cells in monolayer culture, spheres on agar, on Gelfoam�, and subcutaneous tumors,
before and after chemotherapy with cisplatinum or paxlitaxel. In monolayer culture, chemotherapy blocked cancer cells in S/G2/M phase. Chemotherapy
had little effect on quiescent tumor spheres. In contrast, tumors on Gelfoam� histoculture and subcutaneous tumors had a similar initial response to che-
motherapy with cells becoming blocked in G0/G1. (F) Histograms of cell-cycle phase distribution before and after chemotherapy of 2D monolayer, sphere
and Gelfoam� cultures and subcutaneous tumors. (Also see Video S1).
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Figure 5. For figure legend, see page 818.
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