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Cell-cycle fate-monitoring distinguishes
individual chemosensitive and chemoresistant
cancer cells in drug-treated heterogeneous
populations demonstrated by real-time
FUCCI imaging
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Essentially every population of cancer cells within a tumor is heterogeneous, especially with regard to chemosensitivity
and resistance. In the present study, we utilized the fluorescence ubiquitination-based cell cycle indicator (FUCCI) imaging
system to investigate the correlation between cell-cycle behavior and apoptosis after treatment of cancer cells with
chemotherapeutic drugs. Hela cells expressing FUCCI were treated with doxorubicin (DOX) (5 wM) or cisplatinum (CDDP)
(5 wM) for 3 h. Cell-cycle progression and apoptosis were monitored by time-lapse FUCCI imaging for 72 h. Time-lapse
FUCCI imaging demonstrated that both DOX and CDDP could induce cell cycle arrest in S/G,/M in almost all the cells, but
a subpopulation of the cells could escape the block and undergo mitosis. The subpopulation which went through mitosis
subsequently underwent apoptosis, while the cells arrested in S/G,/M survived. The present results demonstrate that
chemoresistant cells can be readily identified in a heterogeneous population of cancer cells by S/G,/M arrest, which can
serve in future studies as a visible target for novel agents that kill cell-cycle-arrested cells.

Introduction

Many years ago, Levan and Hauschka,! Klein and Klein,?
Makino,> Henderson and Rous,* Gray and Pierce,” Prehn,®
Mitelman,” Foulds,®® Fidler and Kripke,'® observed multiple
cancer-cell subpopulations within a tumor or cancer cell line.
Gitone and Fidler'' observed that spontaneous mutation rates
are greater in metastatic cancer than in nonmetastatic subpopula-
tions. Somatic cell fusion, as well as mutation, give rise to variants
in a population of cancer cells.'*"*

Tumor heterogeneity can give rise to chemosensitive and che-
moresistant subpopulations within a tumor whose interaction
can result in unexpected responses. Shifts in the ratios within
tumor subpopulations can be a barrier to thc:rapy.15

Goldie and Goldman'® showed that early and combination
therapy is necessary to overcome tumor heterogeneity.14
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A thymidylate synthetase inhibitor caused a significant level of
DNA damage in 58% of the cancer cells treated, but 25% of the
cells had little or no damage. Using an imageable cell colony
forming assay (iCFA), 2.6% of the treated cells were shown to
maintain a colony growth rate similar to that of control colonies.
Such minority resistant populations could account for tumor
recurrence.'”

Slocum et al.'® determined the level of chemosensitivity het-
erogeneity of individual cancer cells in a population by time-lapse
video imaging of the fate of sister post-mitotic cancer cells after
treatment with a thymidylate synthetase inhibitor.'”*® Immedi-
ate loss of cell division occurred in 74% of treated cells, but 6%
of the cells could divide more than 2 times. The more prolifer-
ative sister-cell sibling could produce up to 73 times more cells
than the other sister in the treated population, a striking demon-
stration of heterogeneity in sister cells after mitosis.
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Figure 1. Time-lapse FUCCI imaging of cell-cycle progression in HeLa cells. The cells drew in their processes and became spherical before mitosis. Green
fluorescence, indicating S/G, phase, became extinguished when the cells divided. Red fluorescence, indicating Go/G; phase, gradually appeared in the
newly-divided cells. The cells subsequently changed their fluorescence from red to yellow, followed by green indicating cell cycle progression. Solid and
dotted arrows indicate the cells before and after mitosis, respectively.

The basis of tumor heterogeneity is still poorly understood.  cancer cells with MET amplification, epidermal growth factor
Both genetic and non-genetic mechanisms could account for receptor (EGFR) amplification, and PDGFR [platelet-derived
phenotypic heterogeneity.”' growth factor receptor 1] amplification have been shown in a

Intermixed, juxtaposed populations of cells within a tumor  single tumor. It has been suggested that tumor cell popula-
have been shown to have distinct genotypes. For example, tions may subspecialize to support each other.”!
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Figure 2. Single-cell time-lapse FUCCI imaging in Hela cells after treat-
ment with DOX. (A) Study protocol. (B) Each cell was individualized by
numbering, and the cell cycle phase of each cell was observed for
72 hours. (C) Cell cycle modulation and apoptosis induced by DOX.
Arrows indicate apoptotic cells. (D) Time-course distribution of cell-cycle
phase after DOX treatment.
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Table 1. Cell cycle fate analysis of HeLa-FUCCI cells after DOX treatment

Parameters Cell No.

Cell cycle phase at the beginning of time-lapse imaging

Go/G, phase 118 (59.6%)

S/Gy/M phase 80 (40.5%)
G4/S transition during time-lapse imaging

yes 88 (44.4%)

no 110 (55.6%)
Mitosis during time-lapse imaging

yes 81 (40.9%)

no 117 (59.1%)
Cell cycle “reversal” during time-lapse imaging

Yes 9 (4.5%)

No 189 (95.4%)
Apoptosis during time-lapse imaging

Yes 97 (49.0%)

No 101 (51.0%)

Cells changing fluorescence color from FUCCI green to red without entering
mitosis.

Sakaue-Sawano et al.** have utilized oscillating proteins
linked to spectrally-distinct fluorescent proteins that specifically
mark cell cycle phases in order to image cell cycle kinetics, in a
system termed FUCCI (fluorescence ubiquitination-based cell
cycle indicator). Using the FUCCI system, which reports what
phase of the cell cycle a cell may reside, with quiescent cells
expressing a red fluorescent protein (RFP) and cycling cells
expressing a green fluorescent protein (GFP), we observed at the
surface of a tumor, approximately 80% of the cells are green or
yellow-green indicating they are cycling, but deeper within the
tumor, approximately 90% of the cells are resting and remain so.
Chemotherapy killed only the surface cells of the tumor with the
remaining cells remaining quiescent and thereby resistant. After
chemotherapy, a new set of proliferating surface cells appeared.*
Overcoming cell-cycle arrest, observed by FUCCI imaging, has
been shown to enhance efficacy of anticancer drugs.***’

There are a number of reports about the phase of cell
cycle arrest induced by anticancer agents.”®?® The present
study correlates cell cycle arrest and survival after chemother-
apy at the single-cell level, in real-time, using FUCCI imag-
ing of a heterogeneous cancer-cell population. This new
means of observing heterogeneity of response to chemother-
apy of individual cancer cells can provide novel visual targets
to eradicate such resistant cells.

Results and Discussion

Time-lapse imaging of cell-cycle progression in
HeLa-FUCCI cells

Time-lapse fluorescence imaging of HeLa-FUCCI cells was
performed every 30 min for 72 h (Fig. 1, Supp. Video 1). FUCCI
green-fluorescent cycling cells drew in their processes and had a
spherical shape during mitosis (Fig. 1). After mitosis, red fluores-
cence appeared in the cells after division, indicating entry to GoG;
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Figure 3. FUCCI imaging of cell-cycle progression and apoptosis after doxorubicin (DOX) treatment. The cells outlined with white dotted lines became
apoptotic after mitosis. Arrows and cells outlined with white solid line(s) appeared to change from S/G,/M phase to G; phase without mitosis. Time-lapse
imaging of cells from 36h to 75h. At hour 48, note the start of mitosis. Between the hours of 52 and 55, note the onset of nuclear fragmentation.

phase. The fluorescent color of the cells changed from red to yel-
low, followed by green, indicating that the cells in Gi-phase
entered early S-phase, followed by S/G,/M phase. Nuclear frag-
mentations during cell cycle progression was rarely observed in

these untreated cells (Fig. 1, Video S1).

Time-lapse FUCCI imaging of cell-cycle progression
or arrest after treatment with doxorubicin

Time-lapse imaging of HeLa-FUCCI cells demonstrated
that doxorubicin (DOX) induced their arrest in S/G,/M phase
within 24 h (Fig. 2). A subpopulation of the cells treated with
DOX escaped cell cycle arrest and became apoprtotic after
mitosis (Table 1; Figure 2B, C; Figure 3; Videos S2, S3, S4).

A small fraction of the cells appeared to change from green

624 Cell Cycle

fluorescence to red without entering mitosis, indicating a pos-
sible reversal during the cell cycle. Mitosis correlated with
reduced survival of the DOX-treated HeLa-FUCCI cells (P <
0.001) (Fig. 4). There was no significant correlation between

Table 2. Multivariate analysis of association between cell-cycle dynamics
and apoptosis after DOX treatment

HR 95% ClI P-value
G,/S transition 0477 0.270-0.846 0.011
Mitosis 4945 3.128-7.817 < 0.001
Cell cycle phase at initiation of treatment  1.704  0.940-3.091  0.079

Abbrevations: Cl, confidence interval; HR, hazard ratio.
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Figure 4. Survival analyses of individual cells treated with DOX. (A)
Kaplan-Meier survival curve for the cells with or without mitosis. (B)
Kaplan-Meier survival curve for the cells in each cell cycle phase at the
beginning of drug treatment. C. Kaplan-Meier survival curve for the cells

with or without transition from mitosis to G; to S phase.

Table 3. Cell-cycle fate analysis of HeLa-FUCCI cells after cisplatinum (CDDP)

treatment

Parameters

Cell No.

Cell-cycle phase at the beginning of time-lapse imaging
Go/G; phase
S/G,/M phase
G,/S transition during time-lapse imaging
yes
no
Mitosis during time-lapse imaging
yes
no
Cell-cycle “reversal” during time-lapse imaging®
Yes
No
Apoptosis during time-lapse imaging
yes
no

107 (55.7%)
85 (44.3%)

136 (70.8%)
56 (29.2%)

69 (35.9%)
123 (64.1%)

6 (3.1%)
186 (96.9%)

61 (31.8%)
131 (68.2%)

@Cells changing fluorescence color from FUCCI green to red without enter-

ing mitosis.
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Figure 5. Single cell time-lapse FUCCI imaging in Hela cells after treat-
ment with cisplatinum (CDDP). (A) Study protocol. (B) Each cell was indi-
vidualized by numbering, and the cell-cycle phase of each cell was
observed for 72 hours. (C) Cell-cycle modulation and induction of apo-
ptosis with CDDP. Arrows indicate apoptotic cells. (C) Distribution of cell-
cycle phase after CDDP treatment.
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Figure 6. Mitosis and apoptosis after CDDP treatment. Some FUCCl-expressing Hela cell imaged over 59 hours, become apoptotic before the comple-
tion of mitosis. Cells circled with white dotted lines became apoptotic after mitosis. At hour 56, note the appearance of yellow fluorescence due to co-
expression of FUCCI green and red fluorescent proteins. At hour 58, note appearance of nuclear fragmentation due to apoptosis.

the cell-cycle phase in which DOX treatment started and cell
survival (P = 0.330). There was also no significant correlation
between the G,/S transition and cell survival (P = 0.286)
using the Kaplan-Meier test with log rank. However, multivar-
iate analysis revealed that the G,/S transition [hazard ratio
(HR) = 0.477; P = 0.011] as well as mitosis (HR = 4.945; P
< 0.001) significantly correlated positively and negatively,
respectively, with cell survival (Table 2).

Time-lapse FUCCI imaging of cell cycle progression
or arrest after treatment with cisplatinum

Time-lapse imaging of HeLa-FUCCI cells after treatment
with cisplatinum (CDDP) (5 pm) demonstrated that more

626
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than 90% of the cells were arrested in S/G,/M phases within
24 h after initation of treatment (Table 3; Figure 5A-Dj
Supp. Video 5, 6, 7). The cell-cycle arrest in S/G,/M phases
was maintained in more than 80% of the cells. However,
time-lapse imaging demonstrated that a subpopulation of
cells underwent mitosis. The daughter cells became red fluo-
rescent and subsequently apoptotic (Fig. 6). Mitosis signifi-
cantly decreased the survival of the cells (P < 0.001,
Fig. 7A). Treatment initiation of cells with CDDP during S/
G,/M phases also significantly decreased cell survival (P =
0.003, Fig. 7B). The transition from G; to S phase was sig-
nificantly associated with increased cell survival (7 < 0.001,
as determined by Kaplan-Meier and log rank) (Fig. 7C).
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Figure 7. Survival analyses of individual cells treated with CDDP. (A)
Kaplan-Meier survival curve for the cells with or without mitosis. (B)
Kaplan-Meier survival curve for the cells in each cell cycle phase at the
beginning of treatment. (C) Kaplan-Meier survival curve for the cells with
or without transition from mitosis to G; to S phase.

Multivariate analysis also demonstrated that the transition
from G; to S phase (HR = 0.241; P < 0.001) as well as
mitosis (HR = 2.936; P < 0.001) were independent factors
influencing cell survival (Table 4).

Before DOX or CDDP treatment, approximately 60% of the
HeLa-FUCCI cells were in G1/Gq phase and 40% of the cells
were in S/G,/M phase. A large subpopulation of the treated cells
arrested in S/G,/M phase. There was a difference in the apoptotic
responses to DOX and CDDP. DOX induced apoptosis imme-
diately after mitosis, whereas CDDP induced apoptosis before, as
well as after, completion of mitosis.

Previously, studies of the cell cycle used flow cytometry, west-
ern blotting, or other non-real-time methods.”® Sakaue-Sawano
et al.”* developed FUCCI, enabling real-time single-cell analysis

Table 4. Multivariate analysis for association between cell cycle dynamics
and apoptosis after CDDP treatment

HR 95% CI P-value
G,/S transition 0.241  0.132-0438 < 0.001
Mitosis 2936 1.720-5.011 < 0.001
Cell cycle phase at initiation of treatment  1.499  0.806- 2.790 0.201

Abbrevations: Cl, confidence interval; HR, hazard ratio.

www.tandfonline.com
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Figure 8. Schema of correlation between chemosensitivity and cell-cycle
phase after drug treatment. DOX and CDDP induced cell-cycle arrest in
S/G,/M phase. Survival analyses indicated that cells which escaped
cell-cycle arrest and entered mitosis subsequently became apoptotic.

of the cell cycle. In the present study, single-cell time-lapse
FUCCI imaging enabled observation of the cell-cycle progression
in each cell and subsequent apoptotic changes after treatment
with chemotherapy drugs.

Mitosis, cell-cycle blockage in S/G,/M and the G4/S transi-
tion after treatment with anticancer drugs significantly correlated
with survival of the cells (Fig. 8). Our study is also the first report
which determined independent predictive factors for chemosensi-
tivity or chemoresistance using univariate and multivariate analy-
ses of individual cells.

The present results demonstrated that chemoresistant cells can
be readily identified in a heterogeneous population of cancer cells
and can serve in future studies as visual targets for novel agents
that kill arrested and thereby chemoresistant cancer cells.

Previously-developed concepts and strategies of highly-selec-
tive tumor-targeting”* >’ can take advantage of monitoring the
cell-cycle fate of treated FUCCl-expressing cancer cells described
in the present report.

In summary, FUCCI time-lapse imaging enabled dynamic
observation of cell cycle progression in each cancer cell. Both
DOX and CDDP induced cell-cycle arrest in S/G,/M phases in
the majority of the cells. Some cells however entered mitosis. The
cells treated with DOX became apoptotic after mitosis, whereas
cells treated with CDDP became apoptotic before, as well as
after. Multivariate survival analyses of single-cell FUCCI imaging
data indicated that G,/S transition significantly correlated with
increased cell survival and mitosis significantly decreased the sur-
vival of the cells after treatment with DOX or CDDP. Treatment
with both drugs indicated heterogeneity of response in the cancer
cell population.

Materials and Methods

Establishment of Hel a cells stably transfected with FUCCI
vector plasmids

mKO2-hCdtl (green fluorescent protein) and mAG-hGem
(orange fluorescent protein)22 were obtained from the Medical &
Biological Laboratory (Nagoya, Japan). mKO2-hCdtl and
mAG-hGem were transfected into HeLa cells using Lipofectami-
ne™ LTX (Invitrogen, Carlsbad, CA). Hela cells were incu-
bated for 48 h after transfection with mK02-hCdtl, and were
then trypsinized and seeded in 96-well plates. Cells were then
sorted by green fluorescence (S, G,, and M phase) cells using a
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FACSAria cell sorter (Becton Dickinson). The first-step-sorted
green-fluorescent cells were then transfected with mAG-hGem
(orange) and then sorted by orange fluorescence.

Time-lapse FUCI imaging of the cell-cycle and response
to anticancer drugs

HeLa-FUCCI cells were cultured in high-glucose DMEM
(Invitrogen, Carlsbad, CA) with 10% fetal bovine (FBS) (Sigma-
Aldrich, St. Louis, MO) at 37°C with 95% air and 5% CO, for
24 h. The cells were treated with DOX (5 pM) or CDDP
(5 M) for 3 h. After treatment, cell-cycle progression and apo-
ptosis were observed every 30 min for 72 h using a FluoView
FV1000 confocal laser microscope (Olympus Corp., Tokyo,
Japan).”® Scanning and image acquisition were controlled by
FluoView software (Olympus).

Statistical analysis

The cell survival period of each cell was defined as the time
from the initial imaging after treatment to the time of death or
appearance of apoptosis. Survival was calculated using the
Kaplan—Meier method along with the log rank test. In addition,
the Cox proportional hazards regression model was used for mul-
tivariate analyses to identify independent factors which correlate
with survival of the cancer cells. Statistical significance was

defined as 2 < 0.05. Statistical analyses were performed using the
EZR statistical software (Saitama Medical Center, Jichi
Medical University, Saitama, Japan).
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