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In this study, we visualized the effect of tumor microenvironments on radiation-induced tumor cell
kinetics. For this purpose, we utilized a multicellular spheroid model, with a diameter of ~500 pm, con-
sisting of HeLa cells expressing the fluorescent ubiquitination-based cell-cycle indicator (Fucci). In live
spheroids, a confocal laser scanning microscope allowed us to clearly monitor cell kinetics at depths of
up to 60 um. Surprisingly, a remarkable prolongation of G2 arrest was observed in the outer region of
the spheroid relative to monolayer-cultured cells. Scale, an aqueous reagent that renders tissues optically
transparent, allowed visualization deeper inside spheroids. About 16 h after irradiation, a red fluorescent
cell fraction, presumably a quiescent GO cell fraction, became distinct from the outer fraction consisting
of proliferating cells, most of which exhibited green fluorescence indicative of G2 arrest. Thereafter, the
red cell fraction began to emit green fluorescence and remained in prolonged G2 arrest. Thus, for the first
time, we visualized the prolongation of radiation-induced G2 arrest in spheroids and the differences in
cell kinetics between the outer and inner fractions.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Evidence is rapidly accumulating that tumor microenviron-
ments, characterized by hypoxia, deficient nutrition, and low pH,
exist in solid tumors, and that tumor cells often acquire therapeu-
tic resistance under such conditions [1,2]. However, the effect of
this tumor-specific milieu on cell kinetics still remains largely un-
known, especially in the context of DNA damage. Although many
researchers have attempted to elucidate cell kinetics in solid tu-
mors following irradiation [2-4], direct analysis of detailed kinetics
has proven technically challenging. Therefore, tumor-tissue mod-
els have been designed to compensate for the difficulty of analyz-
ing cell kinetics in solid tumors [5]. Multicellular spheroids have
frequently been used as models of solid tumors; in these systems,
the three-dimensional anchorage-independent growth and the dif-
fusion kinetics of oxygen and nutrients are thought to closely re-
flect tumor microenvironments in vivo[6-9].

Cell-cycle progression is regulated by cyclins and cyclin-depen-
dent kinases (CDKs), and cell-cycle checkpoints are activated when
DNA damage is induced during the cell cycle. Among several cell-
cycle checkpoints [10], G2 arrest occurs in many types of tumor
cells following irradiation, because normal p53 function is not nec-
essarily required for G2 arrest [11-14]. In previous work, we suc-
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ceeded in visualizing the radiation-induced G2 arrest kinetics in
Hela cells carrying non-functional p53 in monolayer conditions,
using the fluorescent ubiquitination-based cell-cycle indicator
(Fucci) [13-15]. Following irradiation, the number of cells express-
ing green fluorescence (normally expressed in S/G2/M phase) in-
creased, whereas the number of cells expressing red fluorescence
(normally expressed in G1 phase) almost disappeared, but subse-
quently returned to the basal level. In this study, taking advantage
of Fucci, we directly observed the interiors of spheroids, consisting
of HelLa cells expressing Fucci, by confocal laser scanning micros-
copy without histological preparation. The results provide the first
clear demonstration that radiation-induced G2 arrest is remark-
ably prolonged in multicellular spheroids relative to monolayer-
cultured cells.

2. Materials and methods
2.1. Cell culture and spheroid formation

HelLa cells expressing the Fucci probes (HeLa-Fucci) were pro-
vided by the RIKEN BRC through the National Bio-Resource Project
of MEXT, Japan. Cells were maintained in DMEM (Sigma-Aldrich,
St. Louis, MO) containing a high concentration of glucose
(4500 mg/L) with 100 units/ml penicillin and 100 pg/ml strepto-
mycin, supplemented with 10% fetal bovine serum (FBS), at 37 °C
in a 5% CO, humidified atmosphere.
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Fig. 1. Fluorescence distribution and cell-cycle kinetics in spheroids consisting of HeLa-Fucci cells. (A) Fluorescence images from the surface to a depth of 100 um in a live
spheroid with a diameter of ~500 pm. Scale bar, 100 um. (B) Quantitative line-profile analysis of green and red fluorescence intensities at depths of 50 and 100 pm in a live
spheroid. A line (white line) was drawn at each depth shown in Fig. 1A. Relative fluorescence intensity was normalized by adjusting the maximum fluorescence intensity to
1.0. Data shown are representatives of four spheroids. (C) Quantitative estimation of the ratio of the number of green cells to the number of red cells from the surface to a
depth of 60 um within the spheroid. The ratio was calculated by dividing the integrated green area by the integrated red area at each depth, and is plotted here as a function of
the depth in the spheroid. The areas were quantitated using the Image]J software (available from http://rsbweb.nih.gov/ij/). Data shown are represented as means * SD. (D)
Time-lapse imaging of fluorescence during the period of one cell cycle in HeLa-Fucci cells in monolayer culture and the spheroid. Time is shown as hours:minutes with a
starting point at 00:00. (E) The duration of G1 or S/G2/M phases in live HeLa-Fucci cells in monolayer culture or the spheroid. The durations of G1 and S/G2/M were defined as
the durations of the red and green phases, respectively. Data shown are represented as box-and-whisker plots showing the full range, 25-75% interquartile range (box), and
median (bar) of G1 and S/G2/M phases of at least 20 cells. Median and 25% interquartile value of the duration of G1 phase in monolayer culture were the same. *p < 0.05
versus the duration of each phase in HeLa-Fucci cells in monolayer culture. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

A Hydrocell™ 24-well plate (CellSeed, Tokyo, Japan) was used to
generate spheroids. Three thousand cells were plated onto each well
and incubated for about 10 days. After the spheroids became visible
to the naked eye during incubation, the culture medium was ex-
changed with fresh medium every 2 days. Spheroids about
500 pm in diameter were used in this study. In anchorage-indepen-
dent cultures, 1 x 10° cells were plated onto a Hydrocell™ 6-cm
dish (CellSeed, Tokyo, Japan) and irradiated after 24-h pre-culture.

2.2. Irradiation
Cells were irradiated at a dose of 10 Gy in an RX-650 Cabinet X-radi-

ator system (Faxitron, Lincolnshire, IL) at a dose rate of 0.8 Gy/min.
Parameters were set as follows: 130 kVp, 5 mA, 0.5 mm Al filtration.

2.3. Time-lapse imaging

For time-lapse imaging of spheroids, an FV10i-LIV confocal laser
scanning microscope (Olympus, Tokyo, Japan) was equipped with

two objective lenses (UPLSAPO 10x, NA =0.4; UPLSAPO 60 x W,
NA = 1.2). Each spheroid was prepared on a 35-mm glass-bottom
dish coated with DMEM containing 0.5% agar so that the spheroid
did not attach to the dish. To measure the duration of the cell cycle
in HeLa-Fucci cells in spheroids, a high-power lens (UPLSAPO
60 x W, NA=1.2) was used. For time-lapse imaging of mono-
layer-cultured cells, cells were also grown on a 35-mm glass-bot-
tom dish, and images were taken using a BIOREVO BZ-9000
fluorescence microscope (KEYENCE, Osaka, Japan). During time-
lapse imaging, both spheroids and cells were held in an incubation
chamber at 37 °C in a humidified atmosphere containing 5% CO-.

2.4. Flow-cytometric analysis

Two types of samples were subjected to flow-cytometric analy-
sis: non-fixed samples, for detecting fluorescence intensity of mAG
or mKO2, and fixed samples, for DNA-content analysis. Collected
culture medium and trypsinized cells were centrifuged together
at the indicated times after irradiation, and the pellets were
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Fig. 2. Fluorescence kinetics in live HeLa-Fucci cells in monolayer culture and in outer regions of spheroids after irradiation. (A) Fluorescence images in monolayer culture at
the indicated times after 10-Gy irradiation. (B) Fluorescence images at the surface and a depth of 40 pm at the indicated times after 10-Gy irradiation. All images were
generated by time-lapse imaging. Images shown are representative of at least four experiments. Scale bar, 100 pum. (C) The ratio of the number of green cells to the number of
red cells in monolayer culture and in outer regions of the spheroid after irradiation. The ratio was calculated in monolayer culture by dividing the number of green cells by the
number of red cells, and in spheroids by dividing the green area by the red area, and is plotted here as a function of time after 10-Gy irradiation. Data shown here were
representatives of four independent experiments. (D) Flow-cytometric analysis following 10-Gy irradiation. Left panels: histograms for two-dimensional (green and red
fluorescence) analysis. Right panels: histograms for DNA-content analysis. Fr.1 indicates the fraction emitting only green fluorescence. Treated cells were trypsinized at the
times indicated after 10-Gy irradiation and prepared for flow-cytometric analysis. Data shown here are representatives of two independent experiments. (E) Quantitative
analysis of fr.1 in Fig. 2D. Data shown are the means of green fluorescence intensity in fr.1 from the two-dimensional analysis in Fig. 2D. (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of this article.)

washed in ice-cold PBS. For DNA-content analysis, cells were fixed
in ice-cold 70% ethanol in PBS for at least 30 min on ice. After fix-
ation, cells were re-washed in ice-cold PBS and incubated in
0.5 pg/ml 7-AAD solution (BD Bioscience, San Jose, CA). Finally,
both non-fixed and fixed single-cell suspensions were strained
through nylon mesh. Each sample was analyzed using a FACScali-
bur flow cytometer (Becton Dickinson, Franklin Lakes, NJ) using
the Flow]o software (Tree Star, Ashland, OR).

2.5. Scale treatment

Scale, an aqueous reagent that renders biological samples opti-
cally transparent, was developed to permit fluorescent imaging at
deep positions within a tissue sample [16]. In this study, a SCALE-
VIEW-A2 solution (Olympus, Tokyo, Japan) was used to make
spheroids more transparent. The solution was used as specified
by the manufacturer. Briefly, spheroids at the indicated times after
irradiation were fixed for 30 min in 4% paraformaldehyde (PFA) in
1 x PBS, and embedded in Tissue-Tek® OCT™ compound (Sakura
Finetek, Tokyo, Japan) and stored at —80°C overnight. Frozen
spheroids were thawed and re-fixed in 4% PFA for 20 min, and then
shaken for 10 days in SCALEVIEW-A2 solution at room tempera-

ture. The SCALEVIEW-A2 solution was exchanged with fresh solu-
tion every day. After this treatment, each spheroid was put onto a
35-mm glass-bottom dish to analyze fluorescence distribution.
Imaging acquisition and analysis were performed using an FV10i-
DOC confocal laser scanning microscope (Olympus, Tokyo, Japan)
equipped with an objective lens (UPLSAPO 10x, NA=0.4) and
the FLUOVIEW software (Olympus, Tokyo, Japan).

2.6. Statistical analysis
The two-tailed t-test or Mann-Whitney U test was used for sta-

tistical determinations. P values <0.05 were considered statistically
significant.

3. Results and discussion

3.1. Visualization and cell-kinetic characterization of live spheroids
consisting of HeLa-Fucci cells

We examined fluorescence distribution in live spheroids con-
sisting of HeLa-Fucci cells, using a confocal laser scanning micro-
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Fig. 3. Fluorescence distribution in Scale-treated spheroids after irradiation. Representative fluorescence images at depths of 50, 100, 150, and 200 um in a Scale-treated
spheroid at the indicated times after 10-Gy irradiation. Each spheroid was fixed and treated at the indicated times with Scale. Scale bar, 100 pm.

scope. Spheroids had diameters of ~500 pum. Fig. 1A shows green,
red, and merged fluorescence images from the surface (bottom of
the spheroid) up to a depth of 100 um within the spheroid. Both
red and green fluorescence were clearly detected even around
the center of each confocal plane up to a depth of ~60 pum; how-
ever, at depths greater than 60 pm, the middle regions of each con-
focal plane were dark and no longer clearly identified, presumably
due to the deterioration of optical conditions. Indeed, quantitative
line-profile analysis of the fluorescence intensity revealed that val-
ues in the center areas at 100 pm depth were lower than those at
50 um (Fig. 1B). Another quantitative analysis revealed that the ra-
tio of green to red area was stable at ~0.8, irrespective of the depth
up to 60 pum (Fig. 1C), demonstrating that there were no significant
differences in localization of red and green cells up to a depth of
60 pm, although red area was stably higher. Furthermore, under
this condition we could closely follow the change of fluorescent
colors in each cell up to a depth of 25 pm, which for the first time
allowed us to determine the cell-cycle duration in a live spheroid;
the duration of the red phase (G1 phase) was significantly longer in
the spheroid than in the monolayer condition, whereas the dura-
tion of the green phase (S/G2/M phases) was the same in both con-
ditions (Fig. 1D and E).

3.2. Cell-cycle kinetics at outer positions in live spheroids after
irradiation

We previously reported that fluorescence kinetics exactly re-
flect the radiation-induced G2 arrest kinetics in HeLa-Fucci cells

in monolayer-culture conditions after 10 Gy irradiation [13,14].
In those studies, the number of green cells gradually increased
and reached a peak 16 h after irradiation; subsequently, red cells
appeared again, and returned almost to the basal level 24 h after
irradiation. This temporal pattern was reproduced in this study
(Fig. 2A). We then used time-lapse imaging to analyze cell-cycle
kinetics in live spheroids at outer positions, surface and 40-pum
depth, following 10-Gy irradiation. In general, cells at both depths
exhibited similar kinetics: the number of green cells peaked 24 h
after irradiation; thereafter, surprisingly, many cells in the spher-
oid maintained green fluorescence for a long time (Fig. 2B). Quan-
titative analysis revealed that the time required to reach the peak
green/red ratio was delayed for a few hours, and the time required
to return to the basal level after the peak was also delayed for more
than 20 h relative to monolayer-cultured cells (Fig. 2C). The former
delay in the spheroid could be explained by elongation of G1 phase,
but the latter delay cannot be explained by a change in the cell-cy-
cle time (Fig. 1E). We concluded that radiation-induced G2 arrest is
prolonged in the spheroid.

This novel finding was further supported by several lines of evi-
dence, as follows: (1) flow-cytometric analysis revealed persis-
tence of the green cell fraction (fr.1 in Fig. 2D) accompanied by a
decreased red cell fraction and increased G2/M fraction (as re-
flected by DNA) even 44 and 64 h after irradiation (Fig. 2D); (2) a
higher intensity of green fluorescence in fr.1 at 44 and 64 h com-
pared to O h after irradiation indicates that cells stayed in the green
phase for a longer time, beyond the regular duration, because the
Fucci probes are constantly being synthesized [15]; and (3) when
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the outer cells in the spheroid were accidentally attached to the
agar surface of a culture dish at an early stage after irradiation, mi-
totic and red cells appeared more rapidly in the adherent outer
layer than in the inner region (Supplementary Fig. 1). We reasoned
that the loss of the tumor microenvironment resulting from attach-
ment to the dish accelerated release from the G2 arrest.

3.3. Cell-cycle kinetics at inner positions in scale-treated spheroids
after irradiation

It was difficult to sufficiently observe fluorescence kinetics in
live spheroids at depths greater than 60 pm. To address this tech-
nical challenge, we applied Scale, an aqueous reagent that renders
biological samples optically transparent, in order to reveal fluores-
cence kinetics at deeper positions in the spheroid. Following Scale
treatment, we could observe at depths up to 200 pm, although the
samples had to first be fixed in PFA [16]. Even at the observable
limit, depth of 200 um, the localization pattern of red and green
was essentially the same as in the outer positions (Fig. 3 and
0 h). At the outer positions, 50 and 100 pum, fluorescence kinetics
following irradiation was the same as in the live imaging. Interest-
ingly, quite a few red fluorescent cells were identified 16 h after
irradiation in the inner fraction, at depths of 150 and 200 pum,
which were undetectable in live spheroids (Fig. 3 and 16 h). The
quantitative line-profile analysis supported the finding (Supple-
mentary Fig. 2). Twenty-four hours after irradiation, the red cells
began to exhibit green fluorescence and prolonged G2 arrest, as
in the outer cells. Laurent et al. reported that a proliferation gradi-
ent exists within spheroids that depends on depth [9]; therefore, it
is reasonable to interpret the inner red fraction as a quiescent GO
cell population. Cycling G1 cells with red fluorescence in the outer
growth fraction promptly progressed and were arrested at G2

phase, whereas inner quiescent cells were maintained in GO phase
for some time; this may explain why the contrast was visualized at
the deep position. Presumably, some microenvironmental changes
occurring after irradiation caused recruitment of the quiescent
cells into the cycling phase; subsequently, the red cells turned
green and again exhibited prolonged G2 arrest, similar to cells in
the outer fraction. It should be noted that this system clearly cap-
tured the drastic radiation-induced change from the predomi-
nantly red fluorescence in all observable regions within the
spheroid (Fig. 3 and 0 h), which veiled the distinction between
the inner and outer regions.

In the Scale-treated spheroid 16 h after irradiation, the distance
to the outermost red fraction from the surface was ~110 pum at the
depth of 200 pm obtained in the confocal image (Fig. 3). Consider-
ing that samples expand linearly ~1.25-fold after Scale treatment
[16], the red fraction was more than 80 pm below surface at the
equatorial plane in the original spheroid, as revealed by a geomet-
rical calculation from measurements at the confocal plane
(Fig. 4A). Fig. 4B shows a summary of the differences in the cell-cy-
cle kinetics of the outer and the inner fractions in a reconstructed
original spheroid with a diameter of ~500 pum.

In this study, we used the Fucci system to visualize for the first
time the cell-cycle kinetics in spheroids after irradiation without
histological preparation. Fluorescence was detectable only up to
depths of up to 60 pum in live spheroids; however, using the Scale
treatment, we could observe fluorescence at depths up to
160 pum (original size), although unvisualized regions still persisted
near the center (Fig. 4A and B); it is possible that tumor spheroids
are more refractory to Scale-induced transparency than mouse em-
bryos or neural tissues [16]. Recently, two groups described cell-
cycle kinetics visualized by applying Fucci to spheroid models
[9,17]. Those authors used spheroids consisting of tumor cells,
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expressing either a red or green probe, and prepared as thin sec-
tions. In those studies, the cell-cycle transition was not clearly
detectable, due to the use of a single probe, and the cell density
in the thin sections was insufficient to obtain clear images. Our no-
vel approach overcame such problems, leading to clear and con-
vincing images. It still remains unclear  which
microenvironmental factors, potentially including oxygen tension,
caused the prolongation of G2 arrest after irradiation observed in
this study. Merely providing an anchorage-independent growth
condition is unlikely to be sufficient to obtain such a phenotype
(Supplementary Fig. 3). Further studies will be necessary to resolve
the mechanisms of the prolonged G2 arrest in the spheroids. In
such efforts, our novel method will be a useful tool for analyzing
the effects of tumor microenvironments on tumor cell-cycle kinet-
ics following DNA damage.
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