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1  | INTRODUC TION

Characteristics of cancer cells are considered to be determined by 
gene alterations in the cancer cells as well as by the effects of the sur-
rounding tumor microenvironment.1 Uncontrolled cell proliferation 
is one of the important characteristics of cancer cells, and dormant 
cancer cells might contribute to relapse of cancer after antitumor 
drug treatments.2,3 Therefore, controlling the cell cycle is important 

for cancer treatment, and various regulators of the cell cycle have 
been determined.4 However, the effects of the tumor microenviron-
ment on the cancer cell cycle are yet to be fully understood.

Tissue-clearing technology has developed dramatically during 
the last couple of decades in neuroscience research, and has re-
cently started to be utilized in cancer research.5 We previously re-
ported that the tissue-clearing technology termed CUBIC is useful 
for monitoring cancer metastasis in various mouse tumor models.6 
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Abstract
Tissue-clearing technology is an emerging imaging technique currently utilized not 
only in neuroscience research but also in cancer research. In our previous reports, 
tissue-clearing methods were used for the detection of metastatic tumors. Here, 
we showed that the cell cycles of primary and metastatic tumors were visualized by 
tissue-clearing methods using a reporter system. First, we established cancer cell 
lines stably expressing fluorescent ubiquitination-based cell cycle indicator (Fucci) 
reporter with widely used cancer cell lines A549 and 4T1. Fluorescence patterns of 
the Fucci reporter were investigated in various tumor inoculation models in mice. 
Interestingly, fluorescence patterns of the Fucci reporter of tumor colonies were dif-
ferent between various organs, and even among colonies in the same organs. The ef-
fects of antitumor drugs were also evaluated using these Fucci reporter cells. Of the 
three antitumor drugs studied, 5-fluorouracil treatment on 4T1-Fucci cells resulted in 
characteristic fluorescent patterns by the induction of G2/M arrest both in vitro and 
in vivo. Thus, the combination of a tissue-clearing method with the Fucci reporter is 
useful for analyzing the mechanisms of cancer metastasis and drug resistance.

K E Y W O R D S

antitumor drug, cell cycle, Fucci system, metastasis, tissue-clearing technology

www.wileyonlinelibrary.com/journal/cas
https://orcid.org/0000-0002-7925-6636
https://orcid.org/0000-0002-6740-9391
https://orcid.org/0000-0003-3188-3988
mailto:﻿
https://orcid.org/0000-0001-7341-0172
http://creativecommons.org/licenses/by-nc/4.0/
mailto:miyazono@m.u-tokyo.ac.jp


     |  3797TAKAHASHI et al.

The CUBIC reagents are hydrophilic chemical-based cocktails that 
provide high-quality transparency of various organs in mice.7 The 
CUBIC technology enables us to quantify cancer metastasis with 
single-cell resolution irrespective of depth. Thus, it is now possible 
to measure the volume and cell number of metastatic tumors at the 
whole-organ level. Moreover, CUBIC can make it possible for us to 
observe patterns of metastasis using 3D images.6,8 So far, we have 
focused on the visualization of cancer metastases themselves. By 
introducing some visualization methods, we thought that we could 
analyze cancer metastases in more detail.

Various reporter systems offer promising approaches to detect 
the characteristics of cancer cells, allowing us to investigate the 
mechanisms of metastasis and the effects of antitumor drugs. The 
Fucci reporter system that was developed by Sakaue-Sawano et al is 
useful for visualizing cell-cycle progression.9 The system harnesses 
the cell-cycle-dependent proteolysis of Cdt1 and Geminin. In the 
original system,9 the Fucci-S/G2/M probe had mAG fused to the 
APCCdh1-mediated ubiquitination domain (1-110) of human Geminin 
(hGem(1/110)); the Fucci-G1/G0 probe had mKO2 fused to residues 
30-120 of human Cdt1 (hCdt1(30/120)). Then mVenus and mCherry 
were substituted for mAG and mKO2, respectively, to generate the 
second generation, Fucci2.10 The Fucci technology has been utilized 
for in vitro analysis of the mechanism of apoptosis or the effects of 
antitumor drugs11-13 and in vivo cancer studies that locally visualized 
the cell cycle of primary tumors.14-16 However, comprehensive cell 
cycle analysis of metastasis in tumor-bearing mice requires large-
scale but high-resolution 3D imaging technology.

In this study, we aimed to visualize the cell cycle in tumor colo-
nies of various mouse models, investigate the patterns of metastasis, 
and assess the effects of antitumor drugs on the cell cycle, by com-
bining the CUBIC Cancer-analysis and Fucci reporter system.

2  | MATERIAL S AND METHODS

2.1 | Reagents

Cisplatin and 5-FU were purchased from Wako (#033-20091) and 
Nacalai Tesque (#16220-01), respectively, and dissolved in ultra-
pure water. Paclitaxel (Taxol) was obtained from Bristol-Myers 
Squibb. Recombinant human TGF-β1 was purchased from R&D 
Systems (#240-B).

2.2 | Cells

Human lung adenocarcinoma A549 (ATCC) cells were maintained in 
DMEM (Gibco) supplemented with 10% FBS (Gibco), 50 U/mL peni-
cillin, and 50  µg/mL streptomycin. Murine breast cancer 4T1 cells 
(ATCC) were cultured in RPMI-1640 (Gibco) containing 10% FBS, 50 
U/mL penicillin, and 50 µg/mL streptomycin. Cell images in cell cul-
ture were obtained using a microscope (BZ-X710; Keyence).

2.3 | Establishment of cancer cells stably 
expressing the Fucci reporter system

To establish cancer cells stably expressing the Fucci(SA) type re-
porter system, a lentiviral vector system was utilized as previously 
described.17 Fucci lentiviral vectors pCS-EF-mAG-hGem(1-110) 
and pCS-EF-mCherry-hCdt1(30-120) were kindly provided by Dr 
Miyawaki (RIKEN). The lentiviral system was kindly provided by 
Dr Miyoshi (deceased, formerly RIKEN). 293FT cells (Invitrogen) 
were transfected with the expression vector construct (pCS-
EF-mAG-hGem[1-110] or pCS-EF-mCherry-hCdt1[30-120]), a 
VSV-G- and Rev-expressing construct (pCMV-VSV-G-RSV-Rev), 
and a packaging vector construct (pCAG-HIVgp). The culture 
supernatant was concentrated and used as lentiviral particles. 
A549 or 4T1 cells were infected with mAG-hGem(1-110) and 
mCherry-hCdt1(30-120) inserted plasmids, and the infected cells 
were cloned by limiting dilution to obtain stable transfectants. 
Luciferase gene (Luc2; Promega) was also infected with a lentiviral 
vector system in A549 cells.

2.4 | CUBIC procedure

Tissue-clearing with CUBIC reagents was carried out as previously 
described.6,18,19 Briefly, mice were killed and perfused with PBS 
and 4% PFA (#162-16065, Wako). Excised organs were post-fixed 
with 4% PFA for one night at 4℃. Fixed organs were washed with 
PBS (>6  hours) and immersed in 50% CUBIC-L (10 w% polyeth-
ylene glycol mono-p-isooctylphenyl ether/Triton X-100 [#12967-
45; Nacalai Tesque] and 10 w% N-butyldiethanolamine [#B0725; 
Tokyo Chemical Industry]) for delipidation at 37℃ (>6  hours). 
Thereafter, organs were immersed in 100% CUBIC-L at 37℃ for 
1-5  days. After washing with PBS (>6  hours), organs were im-
mersed in 50% CUBIC-R (N) (30 w% nicotinamide [#N0078; Tokyo 
Chemical Industry] and 45 w% 2,3-dimethyl-1-phenyl-5-pyrazolo
ne/antipyrine [#D1876; Tokyo Chemical Industry]) at room tem-
perature (>6 hours), and further immersed in 100% CUBIC-R (N) 
at room temperature (>6 hours). All steps were carried out under 
gentle shaking. For bone samples, the decalcification step using 
EDTA-based decalcification solution, such as Osteosoft (#101728; 
Merk Millipore), was added after the delipidation and decoloriza-
tion process with CUBIC-L, as previously described.7 The images 
of transparent samples were captured by light sheet fluorescence 
microscopy (custom-made, Olympus) with 10 µm z-step in obser-
vation oil (mixture of HIVAC-F4 and mineral oil). The wavelengths 
of excitation laser were 488  nm (mAG) and 590  nm (mCherry). 
The emission filters were 495-540 nm (Φ 32 mm, mAG) and 610-
640 nm (Φ 32 mm, mCherry). All raw image data were collected in 
a lossless 16-bit TIFF format. The captured TIFF images were con-
verted to Imaris files using software (Imaris File Converter). Imaris 
files were analyzed with Imaris software (version 8.4; Bitplane) 
and Free Imaris Viewer (version 9.5; Bitplane).
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2.5 | Cell proliferation assay with antitumor drugs

Cells were seeded into 96-well plates (1 × 104 cells/well) and treated 
with antitumor drugs. After 2  days of incubation, the number of 
living cells was determined by Cell Count Reagent SF (#07553-44; 
Nacalai Tesque) as previously described.17 Absorbance at 450 and 
595  nm (reference absorbance) was measured with a microplate 
reader (Model 680; Bio-Rad).

2.6 | Flow cytometry

Cells were harvested and washed with PBS. Thereafter, cells were 
passed through a cell strainer with 35-µm mesh (Falcon). Flow cy-
tometry analysis was carried out with SH800 (Sony) and the data 
analysis was undertaken with FlowJo software (Becton Dickinson).

2.7 | Cell division assay by EdU labeling

Cell cycle status was assessed by the combination of Fucci system 
and EdU labeling. A549-Fucci cells and 4T1-Fucci cells were treated 
with or without TGF-β1 (5 ng/mL) for 24 hours and labeled with EdU 
(10 µmol/L) for 2 hours. The cells were fixed with 3.7% formaldehyde 
(Wako) for 15  minutes and permeabilized with 0.5% Triton-X 100 
(Nacalai Tesque) for 20 minutes. Incorporated EdU was detected by 
using EdU-Click 647 kit (#BCK-EDU647; Merck Millipore). Nuclei of 
cancer cells were stained with VECTASHIELD Antifade Mounting 
Medium with DAPI (#H-1200; Vector Laboratories). Cell images 
were captured with a BZ-X710 microscope.

2.8 | Treatment with antitumor drugs in vitro

4T1-Fucci cells were seeded into 6-well plates (0.8-1.6 × 105 cells/
well) and cultured for one night. The next day, cells were treated 
with 5-FU, CDDP, or PTX at the indicated concentration and cul-
tured for the indicated periods. Cell images were captured using a 
BZ-X710 microscope.

2.9 | Experimental mouse models

All experiments were approved by and carried out according to the 
guidelines of the Animal Care and Use Committee of the Graduate 
School of Medicine, the University of Tokyo. BALB/c-nu/nu (nude) 
mice (4-6 weeks, female) or BALB/c mice (4-6 weeks, female) were 
purchased from Sankyo Lab Service. As previously described,20 4T1-
Fucci cells were inoculated into the mammary fat-pad orthotopically 
(BALB/c mice) under anesthesia with isoflurane (#095-06573; Wako) 
using a 29-G needle (1-3 × 105 cells/50 µL/mouse). Primary tumors 
were excised at 2 weeks after inoculation under anesthesia, and 
the lungs were excised  after additional 1-2 weeks. A549-Fucci cells 

were inoculated orthotopically (BALB/c-nu/nu mice) as previously 
described.21 Briefly, A549-Fucci cells were mixed with Matrigel and 
inoculated in the left lung (1 × 105 cells/10 µL/mouse) under anes-
thesia with isoflurane (#099-06571; Wako). Ten to 14 days after in-
oculation, mice were killed and the lungs were excised. To induce 
bone and brain metastases with A549-Fucci cells, cancer cells were 
inoculated into the left ventricle of nude mice with a 26-G needle 
as previously described (5 × 105 cells/200 µL/mouse).22 Mice were 
killed 1-2 months after inoculation. In the experimental lung metas-
tasis model, cancer cells were injected intravenously (4T1, 1 × 105 
cells/500 µL/mouse; A549, 5 × 105 cells/500 µL/mouse). For anti-
tumor drug treatment, 4T1-Fucci cells were injected intravenously 
(1  ×  105 cells/500  µL/mouse) (day 0), and mice were treated with 
5-FU (35 mg/kg) or saline (Otsuka) intraperitoneally on days 3-9. On 
day 10, mice were killed, and the lungs were extracted.

2.10 | In vivo bioluminescence imaging

D-luciferin potassium salt (Promega) was injected intraperito-
neally. Ten to 15  minutes after injection, bioluminescence signals 
were measured using the NightOWL LB983 system (Berthold 
Technologies). Imaging analyses were undertaken with the IndiGO2 
software (Berthold Technologies). All values are shown as photons 
per second.

2.11 | Histological analysis

Transparent samples after CUBIC procedures were washed with 
PBS and then embedded in paraffin blocks as previously described.6 
Samples were subjected to H&E staining, and immunohistochemis-
try with DAB staining was also carried out. Antigen retrieval was un-
dertaken with the HIER reagent from Abcam (#ab208572). Anti-Ki67 
Ab (#KCL-L-Ki67-MM1) was purchased from Novocastra. The sec-
ond Ab conjugated with HRP (Envision) was obtained from Dako. 
The DAB staining was carried out with ImmPACT DAB (#SK4105; 
Vector Laboratories).

3  | RESULTS

3.1 | Establishment of cancer cells stably expressing 
Fucci reporter

Cancer cells stably expressing the Fucci reporter were established 
using a lentiviral vector system and limiting dilution. Human lung ad-
enocarcinoma A549 cells and murine breast cancer 4T1 cells were 
used, as they are widely used cancer cells that often metastasize 
to various organs in mouse models.6,20 In this study, we picked up 
mAG-hGem(1-110) from the original Fucci system9 and mCherry-
Cdt1(30-120) from the Fucci2 system10 to generate a new Fucci 
derivative. This combination of fluorescent proteins, mAG and 
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mCherry, can be excited best by the two laser lines (488 and 590 nm) 
and their emissions can be collected efficiently and specifically using 
our custom-made microscope (see “Materials and Methods”). To de-
termine whether the established stable transfectants worked, the 
cells were stimulated with TGF-β1. Transforming growth factor-β 
is a well-known cytokine that has an ability to induce epithelial-
mesenchymal transition and suppress cell proliferation through in-
duction of cyclin-dependent kinase inhibitors and inhibition of the 
expression of proliferation factors.23 When A549-Fucci cells were 
stimulated with TGF-β1, cell morphology was changed from the epi-
thelial type to the mesenchymal type, and the cells showing mCherry 
increased (Figure 1A). In addition, cell division assay with EdU labe-
ling showed that cell division was suppressed by stimulation with 
TGF-β1 (Figure 1A). To investigate their cell cycle precisely, flow cy-
tometry analysis was also conducted. When A549-Fucci cells were 
stimulated with TGF-β1, the cells showing both mAG and mCherry 
(mAG/mCherry) and only mAG cells, which were in S, G2, and M 

phases, strongly decreased (Figure 1B). In contrast, the A549-Fucci 
cells showing only mCherry, which were in G0 or G1 phase, increased 
(Figure 1B). Similar analysis was carried out using 4T1-Fucci cells. The 
results showed that 4T1-Fucci cells also changed their cell morphol-
ogy and the mCherry-showing cells increased with TGF-β stimula-
tion (Figure 1C). In addition, EdU+ cells decreased by the stimulation 
with TGF-β in 4T1-Fucci cells. Flow cytometry analysis showed that 
the cells showing mAG/mCherry and mAG decreased, and the cells 
showing only mCherry increased with TGF-β stimulation (Figure 1D). 
The ratio of cells showing mAG in 4T1-Fucci cells was higher than 
in A549-Fucci cells with or without TGF-β stimulation. The results 
of the colony formation assay showed that TGF-β1 stimulation also 
suppressed the colony formation of A549-Fucci cells and 4T1-Fucci 
cells (Figure S1). When these colonies were monitored by a confocal 
microscopy, the patterns of Fucci were different in each colony, and 
most colonies with TGF-β1 stimulation showed mCherry expression 
(Figure  S1). These data indicated that we successfully established 

F I G U R E  1   Establishment of stable transfectants expressing the fluorescent ubiquitination-based cell cycle indicator (Fucci) reporter 
system. A-D, Stable transfectants expressing the Fucci reporter system (A549-Fucci cells [A, B] and 4T1-Fucci cells [C, D]) were treated with 
or without transforming growth factor-β1 (TGF-β1; 5 ng/mL) for 1 d. The morphologies, DAPI staining, Fucci patterns, and 5-ethynyl-2′-
deoxyuridine (EdU) labeling of the cells are shown in (A) and (C). Cell cycle was analyzed by flow cytometry and shown in (B) and (D). hCdt1, 
human Cdt1; hGem, human Geminin; mAG, monomeric Azami Green
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the A549-Fucci and 4T1-Fucci cells, in which expression patterns of 
fluorescent proteins reflected the cell cycle.

3.2 | Patterns of Fucci reporter expression in 
various A549 tumor colonies

Next, the cell cycle of established cells was investigated in vivo using 
various tumor inoculation models. Bone and brain metastases were 
induced by intracardiac injection of cancer cells into the left ventricle 
of a mouse, as previously described.7,22 When A549-Fucci cells were 
injected intracardially in nude mice, bone and brain metastases were 
observed by in vivo bioluminescence imaging (Figure 2A). In these 
mice, brain and legs were excised and analyzed by CUBIC. The re-
sults showed that most A549-Fucci metastatic colonies were small in 
the brain (Figure 2B). In contrast, A549-Fucci cells could proliferate 
and formed bulky metastatic tumors in the leg (Figures 2C and S2), 
supporting the fact that the bone is a common site of cancer metas-
tasis. Regarding the patterns of the cell cycle in these metastatic col-
onies, there was no specific pattern observed in the brain metastatic 
colonies. However, the metastatic tumors inside the bone showed 
the mAG+ area at the peripheral sites, surrounding the mCherry+ 
area (Figure 2B,C). We also investigated A549-Fucci colonies using 
two other inoculation models, ie the orthotopic inoculation model 
and the experimental metastasis model with intravenous injection. 
When A549-Fucci cells were inoculated orthotopically into the left 
lobe of the lung, cells showing mAG were observed at the peripheral 
sites of tumors, surrounding the cells showing mCherry, similar to 
bone metastasis (Figures 2D and S3A). When A549-Fucci cells were 
injected intravenously, small metastatic foci were observed and the 
patterns of Fucci reporter expression were varied among each meta-
static colony (Figure 2E). In the case of lung imaging, autofluorescent 
signals from cartilages of the trachea are quite high, especially at the 
short wavelength of green fluorescence (Figure 2D,E). These data 
suggested that patterns of metastasis and their cell cycle patterns 
are dependent on the surrounding tumor microenvironment.

3.3 | Patterns of Fucci reporter expression in 
various 4T1 tumor colonies

We also investigated the patterns of the cell cycle in various meta-
static tumors using 4T1-Fucci cells. When 4T1 cells were inoculated 
orthotopically into the mammary fat-pad of BALB/c mice, sponta-
neous lung metastasis was often observed.20 Primary tumors and 
spontaneous lung metastasis in the mice inoculated with 4T1-Fucci 
cells were investigated with CUBIC (Figure  3A,B). When primary 
tumors were analyzed using 3D images, mCherry-showing areas 
existed in the center of the tumors, which were surrounded by mAG-
showing areas (Figure 3A). In addition, necrotic areas were observed 
in the center areas, and boundary areas showed green fluorescence 
(Figures  3A and S3B). The study of spontaneous lung metastasis 
with 4T1-Fucci cells showed that proliferating cells, showing mAG, 

existed in the peripheral sites of most colonies (Figures  3B and 
S3C). The experimental lung metastasis model with intravenous in-
jection was also used to analyze lung metastasis of 4T1-Fucci cells 
(Figure 3C). In this case, the proliferating cells existed in the periph-
eral sites of colonies similar to spontaneous metastasis (Figure 3C). 
However, the shapes of metastatic colonies and their cell densities 
seemed to be different compared to the colonies from spontaneous 
lung metastasis. Thus, we successfully visualized the patterns of the 
Fucci reporter expression in both primary tumors and lung meta-
static colonies with 4T1-Fucci cells.

3.4 | Effects of antitumor drugs on 4T1-Fucci cells 
in vitro

To investigate the effects of antitumor drugs in vitro, 4T1-Fucci 
cells were treated with 5-FU, CDDP, and PTX at the indicated con-
centrations. The results showed that all the antitumor drugs killed 
4T1-Fucci cells in a concentration-dependent manner (Figure 4A). To 
investigate the cell cycle, cells were treated with antitumor drugs 
at concentrations less prone to undergo apoptosis. We confirmed 
that most 4T1-Fucci cells survived after 24  hours of treatment 
with antitumor drugs at lower concentrations except PTX (data 
not shown). Interestingly, 24-hour treatment with 5-FU or CDDP 
made 4T1-Fucci cells green in correlation with the increase of drug 
concentrations (Figure 4B). These results suggested that 5-FU and 
CDDP blocked the cell cycle at S, G2, or M phase. Paclitaxel treat-
ment at 1 µmol/L also induced S, G2, M arrest and the mAG+ popu-
lation of 4T1-Fucci cells increased. However, when 4T1-Fucci cells 
were treated with lower doses of PTX, the fluorescent signals from 
both mAG+ population and mCherry+ population increased slightly 
(Figure 4B). This indicates that the cell cycle was also blocked at the 
G1 phase under these conditions. Fragmented nuclear division was 
also observed in PTX-treated cells, suggesting that apoptosis was 
induced (Figure 4C). To quantify the ratio of mAG- and/or mCherry-
showing cells, 4T1-Fucci cells were also analyzed using flow cytom-
etry. The treatment with 5-FU or CDDP of 4T1-Fucci cells increased 
the mAG+ population and decreased the number of mCherry+ and 
mAG/mCherry+ cells (Figure 5A,B). Treatment with PTX decreased 
the mAG/mCherry+ population and increased the mAG+ population 
(Figure 5C), indicating that the cell cycle was blocked at S, G2, or M 
phase. However, the mCherry+ population also increased, suggest-
ing that G1 arrest also started to be induced. To confirm whether 
the cell cycle is arrested in certain phases or not, we assessed the 
effect of treatment with antitumor drugs on 4T1-Fucci cells in 
time-dependent manner. As a result, the number of mAG+ cells in-
creased in time-dependent manner with 5-FU or CDDP treatment 
(Figure 6). In addition, the arrested state was sustained for certain 
periods (Figure S4). However, some cells shifted to mCherry+ after 
48 or 72 hours of treatment when the concentrations of antitumor 
drugs were low, such as 1 µmol/L CDDP (Figure S4). Moreover, it is 
interesting that treatment with PTX increased the number of mAG+ 
cells, especially after 6 hours of treatment (Figure 6), whereas the 
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mCherry+ population increased after 48 and 72 hours of treatment 
(Figure S4). These data suggested that treatment with 5-FU, CDDP, 
or PTX exerted effects on survival of 4T1-Fucci cells depending on 
their concentrations. They also showed that the effects of each drug 
on the cell cycle were varied with the drugs, their concentrations, 
and time in vitro.

3.5 | Effects of antitumor drugs on 4T1-Fucci cells 
in vivo

The effects of antitumor drugs were investigated in vivo using 4T1-
Fucci cells. Among the three antitumor drugs, 5-FU was selected 
due to the clear effect on the cell cycle in vitro. 4T1-Fucci cells 

F I G U R E  2   Monitoring the fluorescent ubiquitination-based cell cycle indicator (Fucci) patterns in vivo with A549-Fucci cells. A, A549-
Fucci cells were injected into mice intracardially and cancer progression was monitored using in vivo bioluminescence imaging. B, C, 3D 
and 2D images of experimental brain and bone metastases. A549-Fucci cells were injected intracardially in BALB/c nu/nu mice. Mice 
were killed 1-2 mo after inoculation and brains and legs were excised. 3D and 2D images of brain (B) and leg (C) are shown. D, 3D and 2D 
images of primary A549 tumors. A549-Fucci cells with Matrigel were inoculated into the left lung orthotopically. Mice were killed 10-14  d 
after inoculation and lungs were excised. 3D and 2D images of the lung are shown. E, 3D and 2D images of experimental lung metastasis. 
A549-Fucci cells were injected intravenously. One month after injection, mice were killed and lungs were excised. 3D images of the lung are 
shown. In (B-E), background signal from other components like lung trachea are also detected. hCdt1, human Cdt1; hGem, human Geminin; 
mAG, monomeric Azami Green
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were injected intravenously, and the mice were treated with 5-FU 
intraperitoneally from day 3 to day 9 as previously described.24 
Ten days after 4T1-Fucci cell injection, these mice were killed and 

their excised lungs were subjected to CUBIC procedures. The re-
sults showed that 5-FU made the 4T1-Fucci colonies small in vivo 
and that the mAG+ cancer cells drastically increased in the lungs 

F I G U R E  3   Monitoring the fluorescent ubiquitination-based cell cycle indicator (Fucci) patterns in vivo with 4T1-Fucci cells. A, B, 3D and 
2D images of 4T1 tumors. 4T1-Fucci cells were inoculated orthotopically into the mammary fat-pad of mice. Two weeks after inoculation, 
primary tumors were excised and subjected to clear, unobstructed brain/body imaging cocktails and computational analysis (CUBIC) 
procedures. After an additional 1-2 wk, mice were killed and lungs were excised. 3D and 2D images of the primary tumor (A) and lung (B) 
are shown. Necrotic areas of the primary tumor are indicated by white dotted line. C, 3D and 2D images of 4T1-Fucci cells in experimental 
lung metastasis. 4T1-Fucci cells were inoculated intravenously. Ten days after injection, mice were killed and lungs were subjected to CUBIC 
procedures. In (B, C), background signals from other components like lung trachea are also detected. hCdt1, human Cdt1; hGem, human 
Geminin; mAG, monomeric Azami Green
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F I G U R E  4   Effects of antitumor drugs on 4T1-fluorescent ubiquitination-based cell cycle indicator (Fucci) cells in vitro. A, Effect of 
antitumor drugs on 4T1-Fucci cells. 4T1-Fucci cells were treated with 5-fluorouracil (5-FU), cisplatin (CDDP), and paclitaxel (PTX) at 
the indicated concentrations for 2 d. Cell proliferation was evaluated by WST-8 assay. The experiment was repeated three times and 
representative results are shown (average ± SD). B, C, Effect of antitumor drugs on cell cycle of 4T1-Fucci cells. 4T1-Fucci cells were treated 
with antitumor drugs at low concentrations for 24 h. Cell images are shown in (B). Enlarged images of white insets of (B) are shown in (C). 
Fragmented nuclear divisions are indicated by white arrowheads in (C). Ctrl, control; hCdt1, human Cdt1; hGem, human Geminin; mAG, 
monomeric Azami Green
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F I G U R E  5   Analysis of antitumor 
drugs’ effects on 4T1-fluorescent 
ubiquitination-based cell cycle indicator 
(Fucci) cells in vitro by flow cytometry. 
A-C, 4T1-Fucci cells were treated with 
antitumor drugs (A) 5-fluorouracil (5-FU), 
(B) cisplatin (CDDP), and (C) paclitaxel 
(PTX) at indicated concentrations for 
24 h. Cell cycle was analyzed by flow 
cytometry at indicated concentrations. 
Experiments were repeated three times 
and representative results are shown. 
mAG, monomeric Azami Green



     |  3805TAKAHASHI et al.



3806  |     TAKAHASHI et al.

of 5-FU-treated mice compared to the lungs of saline-treated mice 
(Figure 7A). After CUBIC procedures, immunohistochemistry anal-
ysis was also carried out (Figure  7B, C). Hematoxylin-eosin analysis 
confirmed that treatment with 5-FU decreased the growth of 4T1-
Fucci tumors (Figure 7B). We also investigated the expression of 
Ki-67, which is a proliferation marker and highly expressed, espe-
cially in M phase of the cell cycle.25 Ki-67 expression was observed 
in metastatic lung colonies in both saline-treated and 5-FU-treated 
mice (Figure 7C). In the case of the 5-FU-treated mice, Ki-67+ can-
cer cells were present in the peripheral sites of some metastatic 
colonies, supporting the notion that 5-FU blocked the cell cycle at 

around G2/M phase in 4T1-Fucci cells. These data suggested that, 
by combining CUBIC with the Fucci system, the effects of antitu-
mor drugs not only on cell survival but also on the cell cycle in vivo 
could be analyzed.

4  | DISCUSSION

Detecting the cancer cell cycle is important for investigating the 
mechanisms of metastasis or antitumor drug resistance. In this study, 
we showed the utility of tissue-clearing technology in combination 

F I G U R E  6   Time-dependent effect of antitumor drugs on cell cycle of 4T1-Fucci cells in vitro. 4T1-Fucci cells were treated with antitumor 
drugs (5-fluorouracil [5-FU], cisplatin [CDDP], and paclitaxel [PTX]) at the indicated concentrations for 0, 6, 12, and 24 h. The experiment 
was repeated three times and representative images are shown. hCdt1, human Cdt1; hGem, human Geminin; mAG, monomeric Azami Green

F I G U R E  7   Effects of 5-fluorouracil 
(5-FU) on 4T1-fluorescent ubiquitination-
based cell cycle indicator (Fucci) tumors 
in vivo. A, Effects of 5-FU on 4T1-Fucci 
tumors. 4T1-Fucci cells were inoculated 
intravenously (day 0). On day 3 to day 
9, mice were treated with 5-FU (35 mg/
kg) or control saline (n = 6 per group). 
On day 10, mice were killed and lungs 
were excised and subjected to clear, 
unobstructed brain/body imaging 
cocktails and computational analysis 
(CUBIC) procedures. Representative 
3D and 2D images of lungs are shown. 
B, C, Transparent samples in (A) were 
washed with PBS and embedded in 
paraffin blocks. H&E staining and 
immunohistochemistry with anti-Ki-67 Ab 
was carried out. Representative images of 
the samples in saline and 5-FU are shown; 
(B) H&E, (C) Ki-67 staining. hCdt1, human 
Cdt1; hGem, human Geminin; mAG, 
monomeric Azami Green
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with the Fucci reporter system. Using CUBIC and the Fucci system, 
the cell cycle of cancer cells in metastatic tumors can be monitored 
with single-cell resolution and 3D images at whole mouse organ 
level. We revealed that not only the size or shape of metastatic tu-
mors but also their patterns of cell cycle were dependent upon each 
organ. In the case of A549-Fucci cells, it is interesting that the size 
of metastatic colonies and their states of the cell cycle were quite 
different between brain and bone (Figure  2B,C). A549-Fucci cells 
could not proliferate well in the mouse brain, and some cells seemed 
to enter into a dormant state. A recent study showed that astro-
cytes and the soft surrounding microenvironment suppressed DNA 
methyltransferase 1 and kept cancer cells in dormant states.26 These 
mechanisms could be related to our model. Moreover, our results 
showed that varied cell cycle patterns of metastatic tumors were 
observed in the same organ. For example, the metastatic colonies in 
spontaneous lung metastasis of 4T1-Fucci cells or experimental lung 
metastasis of A549-Fucci cells showed not only colonies surrounded 
by mAG+ cells but also colonies mostly covered by mCherry+ cells 
(Figures  2E and 3B). It is speculated that these heterogeneities of 
metastatic colonies between and within organs might contribute to 
the antitumor drug resistance.

It has already been reported that bone can be made transparent 
with CUBIC reagents by adding a decalcification process.7 Our cur-
rent study supported the previous study showing that cancer me-
tastasis can be detected inside the bone. Staining with H&E after 
CUBIC procedures and visualization of blood capillaries (2020) sug-
gested that small blood vessels next to a growth plate were the most 
likely place for cancer cells to be arrested.

In our current tissue-clearing method with CUBIC reagents 
(CUBIC-L and CUBIC-R (N)), a perfusion step with PBS and PFA 
is needed to reduce autofluorescence signals from red blood 
cells.18,27,28 Tainaka et al showed that CUBIC-L reagent not only 
has the ability of delipidation but also a high ability to decolorize 
tissues, especially by removing heme.7 Here, we showed that pri-
mary tumors in the orthotopic model with 4T1-Fucci cells were also 
visualized with 3D images using the CUBIC reagent (Figure 3A). In 
this model, mice were not killed when the primary tumor was ex-
cised; thus, the perfusion step could not be applied to these samples. 
Therefore, to reduce autofluorescence from red blood cells, incuba-
tion time with CUBIC-L reagent was prolonged. As a result, the cell 
cycle of the primary tumor could be observed in clear 3D and 2D 
images similar to other samples with perfusion (Figure  3A). These 
findings suggested that perfusion might not always be necessary 
in tissue-clearing methods with CUBIC reagents, depending on the 
samples. When primary tumors can be monitored with 3D images 
at single-cell resolution, specific cell localization can be investigated 
inside the primary tumors. In addition, if perfusion is not needed, 
it is expected that circulating tumor cells inside the blood can be 
detected with 3D images in the future. Autofluorescent signals (eg 
from cartilages of trachea, fat tissues, and pigments) often become 
a problem, which can mask the positive signals. Depending on the 
cells used or imaging organs, there may be a limit for the reduction 

of autofluorescence signals. Therefore, for taking clear images with 
tissue-clearing technologies, extracting positive signals by machine 
learning is another option, and we have recently succeeded in the 
extraction of positive signals from low quality data.19

Previous reports showed that antitumor drugs, including 5-FU 
and CDDP, induce G2/M arrest before induction of apoptosis in var-
ious types of cells, including cancer cells.29-32 Our results supported 
these data, and we showed that 5-FU treatment induced G2/M ar-
rest both in vitro and in vivo with 24 hour-cycle treatment. Long-
term treatment with antitumor drugs in vitro resulted in 5-FU and 
CDDP-induced G2/M arrest at 24 hours; however, some cancer cells 
shifted to mCherry+ cells 48-72 hours after treatment when the con-
centrations of antitumor drugs were not high enough. As previously 
described, Ki-67 is highly expressed in G2 and M phases25,33 and our 
results from Ki-67 staining confirmed the data of G2/M arrest in-
duction in 5-FU-treated 4T1 cells (Figure 7C). Regarding PTX treat-
ment, G2/M arrest was observed after 6-24 hours of treatment as 
previously described34-36; however, G1 arrest was observed after 48-
72 hours of treatment. Fragmented nuclei were observed not only 
in mAG+ cells but also in mCherry+ cells under treatment with PTX 
(Figure 4C). These data suggested that, under the PTX treatment, 
apoptosis was induced in some cancer cells through G2/M arrest, but 
other cells could not stop the mitosis completely and cells entered 
G1 phase with or without fragmented nuclei. Some previous studies 
reported that a low concentration treatment with PTX can induce 
cell cycle arrest not only at G2/M phase but also at G1 phase after 
mitosis.37,38 These data also indicated the possibility that some of 
these cells arrested in G1 phase with PTX treatment might be viable, 
not apoptotic.37,38 Various cell cycle proteins, including p53 and p21, 
are related to the response to antitumor drug treatment. Mitogen-
activated protein kinase and nuclear factor-κB pathways are also in-
volved in the cell cycle arrest at G1 and G2/M phases.35,39,40 Further 
investigation is needed to elucidate the detailed mechanisms.

In this study, we successfully monitored not only the size or 
shape of metastatic colonies but also the cell cycle, comprehensively 
at whole mouse organ level with high resolution, in combination with 
CUBIC and the Fucci reporter system. To our knowledge, this is the 
first report showing the application of CUBIC with the Fucci reporter 
system. Recently, a new version of Fucci has been developed and a 
new 3D staining protocol with CUBIC reagent is available.41,42 These 
new methods will help us to investigate the characteristics of cancer 
cells more precisely. We believe that this new combination method 
with CUBIC and the Fucci reporter system will help us to understand 
the mechanisms of cancer metastasis and drug resistance.
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