
Abstract. The field of experimental microsurgery was 
pioneered by the great microsurgeon Sun Lee, who developed 
the foundation of transplant surgery in the clinic. Dr Lee also 
played a seminal role in introducing microsurgery to establish 
mouse models of cancer. In 1990, at the age of 70, Dr Lee 
demonstrated microsurgery techniques to the mouse-model team 
at AntiCancer Inc., leading to the development of the surgical 
orthotopic implant (SOI) technique and the first orthotopic 
mouse models of cancer that metastasized in a pattern similar 
to clinical cancer. At the beginning of the present century, one 
of us (NY) from Kanazawa University School of Medicine 
became a visiting scientist at AntiCancer to learn SOI and 
develop mouse models of cancer using cancer cells expressing 
fluorescent reporter genes, such as green fluorescent protein 
(GFP) and red fluorescent protein (RFP), in order to image 

metastatic cancer cells trafficking in real time. Since then, a 
total of eight young surgeons from Kanazawa University have 
been visiting researchers at AntiCancer, developing SOI mouse 
models of cancer to visualize cancer cells in vivo, tracking all 
stages of metastasis in real time. The present perspective review 
summarizes this seminal work, which has revolutionized the 
field of metastasis research. 
 
In 1969, one of the most important discoveries in the history 
of cancer research was made: athymic nude nu/nu mice could 
support the growth of human cancer cells (1). Until this 
discovery, there was no systematic experimental animal system 
to study human cancer. The nude mouse was subsequently 
demonstrated to enable growth of all types of human cancer 
cell lines as well as patient tumors (2). The initial nude-mouse 
cancer models involved subcutaneous implantation, in which 
metastasis rarely occurred (2). Sordat et al. (3) established the 
first orthotopic nude mouse model by injection of colon cancer 
cells into the colon of nude mice, which demonstrated cancer-
cell invasion, but no metastasis. 

Our laboratory began to develop orthotopic nude mouse 
models in the late 1980’s (4). In 1990, a breakthrough 
occurred when Dr. Sun Lee, the pioneer of experimental 
microsurgery (5), visited the laboratory at AntiCancer Inc. to 
demonstrate microsurgery on mice. This technique involved 
implanting tumor fragments, either from clinical sources or 
grown subcutaneously in nude mice, into the corresponding 
organs of other nude mice. This method became known as 
surgical orthotopic implantation (SOI) and led to clinical 
transplantation of tumors to the liver, kidney, lung, colon, 
breast and other organs. 
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Very soon, surprising results were obtained where a 
bladder cancer cell line was shown to be highly metastatic 
when transplanted by SOI in the bladder, compared to when 
cell suspensions were injected into the bladder (6, 7). Similar 
results of high rates of metastasis were observed with SOI 
nude mouse models of the lung (8), breast (9), ovary (10), 
pancreas (11), colon (12), and prostate (13). 

Another breakthrough occurred in the AntiCancer 
Laboratory when it was discovered that cancer cells 
expressing the jelly fish green fluorescent protein (GFP) 
could be imaged in vivo, even non-invasively (14, 15).  

At this time in 2001, one of us (NY) arrived at AntiCancer 
to develop imageable SOI metastatic models using GFP. The 
initial results and those of subsequent scientists from Kanazawa 
University visiting AntiCancer, are summarized below. These 
findings led to the development of new disruptive and 
revolutionary technology for the study of metastatic cancer. 
 
Determining Clonality of Metastases in the Lungs 
of Mice With Fluorescent Reporter Gene 
 
Mixtures of GFP- and red fluorescent protein (RFP)-expressing 
HT1080 fibrosarcoma cells were injected into the tail vein 
(experimental metastasis) or foot pad (spontaneous metastasis) 
of nude or SCID mice. Colonies that developed in the lung that 
were pure GFP or pure RFP, were considered clonal. Colonies 
of mixed GFP and RFP fluorescence were considered not 
clonal. Rare spontaneous lung metastasis that arose after foot-
pad injection were mostly single color, thereby clonal. The 
frequent lung colonies arising after tail-vein injection of cell 
mixtures were predominantly of mixed color, not clonal. These 
results suggested that rare lung metastases, which are the usual 
clinical pattern, are clonal (Figure 1A-C) (16, 17). 
 
Imaging Metastatic Progression in the Lung With 
GFP- and RFP-expressing Cancer Cell Lines in 
Real Time 
 
Similar to the experiments described above, mixtures of GFP 
and RFP cancer cells were injected into the tail vein or foot 
pad to develop experimental or spontaneous metastasis, 
respectively, but in this case to image metastatic progression 
in real time. Imaging was performed by visualizing the 
colonies growing in the lung via a skin flap over the 
transparent chest wall. Pure and mixed colonies growing in 
the lung could be seen growing in real time, indicating clonal 
and non-clonal metastasis, respectively (Figure 2A and B, 
Figure 3A-F) (17-19). 
 
Imaging Nuclear-cytoplasmic Dynamics  
of Cancer Cells Expressing GFP  
in the Nucleus and RFP in the Cytoplasm 
Trafficking in Microvessels in the Brain 

After common-carotid-artery injection in nude mice, cancer 
cells expressing GFP in the nucleus and RFP in the cytoplasm 
were visualized through the transparent skull with a skin flap in 
the scalp, in micro vessels in the brain trafficking in single-file. 
Both the nuclei and cytoplasm appeared deformed, and the 
cancers cells became elongated in order to traffic in the very 
narrow micro vessels of the brain. The dual-color cancer cells 
were so bright, that a mitotic cell could be imaged non-
invasively in the ear of the mouse with the nuclei and cytoplasm 
of the 2 cells clearly distinguishable (Figure 4A-C) (20). 
 
Imaging of Narrow-vessel Trafficking of Deformed 
Cancer Cells Labeled in the Nucleus With GFP and 
Cytoplasm With RFP in the Abdominal Area 
 
With cancer cells labeled with GFP in the nucleus and RFP in 
the cytoplasm, it was possible, after injection of the cells into 
the heart, to visualize the dynamics of nuclear and cytoplasmic 
deformation, as well as the velocity of cancers cells trafficking 
in various-sized vessels in the inside surface of an abdominal 
skin flap. Before cancer-cell injection, the epigastrica cranialis 
vein in the skin flap was closed with a 6-0 suture. 

The cytoplasm and nuclei of the cancer cells elongated to 
fit within the capillary they occupied. The cytoplasm could 
deform extensively, up to four times its normal length, and 
could fracture if the deformation was too extensive. The 
nuclei were more rigid and much less deformable than the 
cytoplasm and could extend to only 1.6 times their normal 
length, in narrow capillaries. In capillaries of approximately 
8 μm in diameter, cancer cells could migrate 48.3 μm/h. The 
minimum capillary diameter that allowed cell migration was 
approximately 8 μm (Figure 5A-G) (21). 
 
Imaging the Process of Extravasation of Dual-
color Cancer Cells, With GFP in the Nucleus  
and RFP in the Cytoplasm, in Vessels Where  
they Are Trafficking 
 
Cancer cells expressing GFP in the nucleus and RFP in the 
cytoplasm were injected through a vascular route in an 
abdominal skin flap and imaged in real time. The cancer cells 
migrated by various means in the vessels or adhered to the 
vessel walls and some adhered to the vessel outer surface 
surface after extravasation. During extravasation the cancer cells 
exited the vessels with the nuclei following a cytoplasmic 
projection that perforated the blood vessel to begin the exit 
process from the vessel. Both cytoplasm and nuclei underwent 
deformation during extravasation. Extravasation was rare for 
HT1080-GFP-RFP-cells but frequent for the mouse mammalian 
tumor cell line MMT-GFP-RFP. The trafficking cancer cells 
were observed to aggregate, and aggregates could collide and 
adhere to each other in large vessels. Cancer cells migrated at 
24 μm/second in large vessels. 
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Post extravasation, Lewis lung cancer (LLC) -GFP-RFP 
cells remained closely associated with the outer vessel wall 
and migrated and surrounded the vessel to occupy as much 
of the vessel surface as possible by elongating their 
cytoplasm and nuclei (Figure 6A-K) (22). 
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Figure 1. Images of clonal and non-clonal lung metastase after tail-vein 
co-injection of HT-1080-RFP and HT-1080-GFP cells. A, B, C) High- 
magnification fluorescence images showing color-coded metastatic colonies 
in the lung. Most colonies are dual-color and, thereby, non-clonal (arrows) 
(16, 17). Bar in C 1 mm.

Figure 2. Determination of the clonal status of lung metastases that 
occurred spontaneously eight weeks after the co-implantation of HT-
1080-GFP and HT-1080-RFP cells in the foot pad. A) Microscopic 
examination of the removed lung tissue eight weeks after co-injection 
of HT-1080-GFP cells and HT-1080-RFP cells into the footpad of nude 
mice, at low magnification. Bar, 5 mm. B) High magnification view of 
the spontaneous lung metastases shown in A. Bar, 800 μm (17). Most 
colonies in the lung are one color and, therefore, clonal.
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Figure 3. Real-time imaging of lung metastases in live mice using a skin-flap window for direct imaging. A) Image obtained from a live mouse. B) 
Image taken from the same mouse after sacrifice, with the chest wall removed. Sequential images capturing the progression of lung micrometastases 
in a live nude mouse, using spectrally-distinct fluorescent reporters: C) Two weeks after footpad co-injection of HT-1080-GFP and HT-1080-RFP 
cells (day 15). D) Day 18. E) Day 21. Bars, 2 mm (18). F, G) Sequential images capturing the progression of lung micrometastasis of HT-1080-
GFP and HT-1080-RFP cells in a live nude mouse over time. F) Micrometastases were detected using fluorescence microscopy through a skin-flap 
window starting eight weeks after injection into the footpad (day 56). Bars: 500 μm. G) Area of lung micrometastasis seen in F over-time (19).



Cyclophosphamide Pre-treatment  
Enhances Intravascular and  
Extravascular Growth of Cancer Cells 

HT1080 fibrosarcoma cells expressing GFP and RFP died 
rapidly after injection into the epigastric cranialis vein in an 
abdominal skin flap made in nude mice. However, if 24 h 
before cell injection, the mice were pre-treated with the 
cancer-chemotherapy drug cyclophosphamide, the HT-1080-
GFP-RFP cells grew extensively within blood vessels of the 
cyclophosphamide pre-treated mice and extravasated at high 
frequency and formed large extravasated colonies. It was 
speculated that a host-based cancer-cell killing process was 
inhibited by cyclophosphamide (Figure 7A-L) (23). 
 
Imaging of Nucleolar Dynamics  
During the Cell Cycle 
 
HT-1080-GFP-RFP cells were seeded on the surface of a 
skin flap of nude mice, and the cells were imaged 24 h after 

seeding. The nucleoli of the dual color cells could be imaged 
very clearly on the surface of the skin flap. The nucleoli 
were not labeled with GFP or RFP and could be clearly 
visualized by contrast to the GFP expression in the nucleus. 
When the cancer cells were in mitosis, the chromatin was 
highly condensed, and the nucleoli could not be visualized. 
After mitosis, in early G1, 4 small nucleoli were visualized 
in each nucleus. During the subsequent phases of the cell 
cycle, the nucleoli increased in size, but decreased in 
number. The nucleoli are a potential marker of the cell-cycle 
phase of cancer cells, which is important since cytotoxic 
chemotherapy drugs depend on the S-phase of the cell cycle 
for efficacy (Figure 8A-F, A’-F’) (24). 
 
Imaging of the Interaction of  
Cancer Cells With Immune Cells In Vivo 
 
Currently “immuno-oncology” is a very active area of 
clinical research for the treatment of cancer. Previously, we 
developed a relevant imageable mouse model to study the 
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Figure 4. Live nude mice were used to visualize cancer cells trafficking in the brain. HT-1080-GFP-RFP cells were introduced into the common 
carotid artery via injection. A) low-magnification view. Bar 400 μm. B) High-magnification view. Bar 100 μm. Live imaging of a mitotic cell in the 
ear of a live mouse, captured non-invasively in real-time: C) High-magnification non-invasive image. Bar 50 μm. D) Schema of C (20).
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Figure 5. Cancer cells deform to traffick in narrow capillaries. A, B) Live nude mice were used to visualize HT-1080-GFP-RFP cells in microvessels 
and capillaries in the skin. A) Following cancer cell injection, the cells were promptly observed within the microvessels and capillaries of the skin 
flap. B) Immediately following cell injection into a mouse, a large number of circular HT-1080 dual-color cells were observed in the epigastric 
cranial artery. Bar, 50 μm. C-F) Classification of the deformation of HT-1080-dual-color cells in the vessels in the skin: C) Non-deformed cells 
are present inside a microvessel. D) The cells and nuclei are stretched to accommodate a capillary. E) The cells are arrested at the point where the 
capillary divides into two branches. F) Cytoplasmic fragmentation occurs in extremely narrow capillaries; Bar, 50 μm. G) Two examples of before 
and after nuclear deformation of HT-1080-GFP-RFP cells in a narrow capillary, showing the GFP-expressing nucleus.(21).



efficacy of immune-oncology agents. The model used 
HT1080-GFP-RFP human fibrosarcoma cells and transgenic 
mice expressing GFP in all immune-cell types. HT-1080-
GFP-RFP cells were sprinkled on a skin flap of a GFP-
transgenic mouse. After 24 h, GFP-expressing macrophages 
could be imaged contacting the HT1080-GFP-RFP cells and 

phagocytizing them. Macrophages could be imaged digesting 
the HT1080-GFP-RFP cells because RFP cytoplasmic 
fragments could be visualized within the GFP macrophages. 
T-cells could kill the dual-color cancer cells by fragmenting 
them. GFP expressing nuclei of HT1080-GFP-RFP cells 
which were confronted with T-cells were fragmented and 
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Figure 6. Real-time trafficking of HT-1080 human fibrosarcoma cells, which are labeled in the nucleus with histone H2B-GFP and in the cytoplasm 
with RFP, within blood vessels of nude mice and their exit (extravasation) from the blood vessels. A) A schematic diagram illustrating the skin flap 
model in live mice, which is used for real-time imaging of intravascular trafficking and extravasation. B) The dual-color HT-1080 cells exhibit 
smooth crawling along the vessel wall in a capillary, without any rolling (arrow). Bar, 100 μm. C) Dual-color HT-1080 cells exhibit low-velocity 
trafficking as they move between adjacent cells and the vessel wall. Bar, 100 μm. D) A single cancer cell is moving slowly in a capillary. Bar, 50 
μm. E) A multicellular aggregate encounters another aggregate that is already adhered to the vessel wall and collides with it. Bar, 100 μm. F-H) 
Time-lapse imaging was used to observe the process of dual-color MMT mouse mammary tumor cells extravasating. F) 12 h after cell injection. 
Bar, 20 μm. G) 48 and 72 h after cell injection. Bar, 50 μm. H) The infiltration and rapid multiplication of MMT cells surrounding a blood vessel 
following extravasation into surrounding tissues. Bar, 50 μm. I, J, K) Visualization of the extravasation, infiltration, and growth of LLC cells using 
dual-color imaging. I) Extravasated LLC cells exhibit rapid proliferation on the outer wall of the vessel 60 h after injection. J, K) Extravasated 
LLC cells have spread outside of the blood vessel and wrap around a large vessel 120 h after being injected. Bar, 100 μm (22).
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Figure 7. Effect of cyclophosphamide pre-treatment on cancer-cell colony formation in nude mice imaged in real time. A-D) Fluorescence images of 
intravascular and extravascular tumor colonies of HT1080 cells labeled with GFP in the nucleus and RFP in the cytoplasm in nude mice that were 
either pretreated with cyclophosphamide or left untreated. A) Forty-eight hours after injecting dual-color HT1080 cells in the epigastric cranial vein 
of mice pretreated with cyclophosphamide, numerous fluorescent colonies can be observed both inside and outside the blood vessels. B) In the absence 
of cyclophosphamide treatment, mice exhibit only a few small tumor thrombi resembling colonies in the blood vessels (indicated by arrows). Bar, 5 
mm. C) In mice pre-treated with cyclophosphamide, HT1080 GFP-RFP cells successfully formed compact metastatic colonies following extravasation. 
Bar, 100 μm. D) In mice pre-treated with cyclophosphamide, a large number of HT1080 cells escaped from blood vessels and formed a cluster around 
a vessel. Bar, 500 μm. E-H) Time course imaging of HT1080 colony formation and regression after extravasation in cyclophosphamide-pretreated mice. 
E) Four days after injection of HT1080 GFP-RFP cells, a large number of cells formed a metastatic colony around blood vessels following extravasation. 
F) By day 6, the cells underwent rapid proliferation and infiltration around the vessel, resulting in a significant increase in the size of the colony. G) 
A significant proportion of the cells disappeared, while numerous cells assumed a rounded shape by day 7. H) On day 9, there are only seven remaining 
cells, all of which are spherical in shape. Bar, 200 μm. I-L) Temporal imaging of the growth and dissemination of HT1080 cells within blood vessels 
in nude mice pre-treated with cyclophosphamide. I) 14 days after cell injection, HT1080 GFP-RFP cells invaded and multiplied within the blood vessels 
without extravasating. Bar, 2 mm. J) Enlarged image as indicated. Bar, 500 μm. K)  On day 7 after cell injection of HT1080 GFP-RFP cells, a significant 
number of cells occupied the vessel. Bar, 200 μm. L) The HT1080 GFP-RFP cells exhibited limited migration within capillaries. Bar, 100 μm (23).



appeared to be at an early stage of apoptosis. This model can 
be used to determine whether immuno-oncology agents, such 
as immune check-point inhibitors, could enhance caner-cell 
killing (Figure 9A-J) (25). 
 
Imaging Real-time Shedding and Trafficking  
of Cancer Cells in Lymphatic Channels 
 
Lymphatic trafficking is a common route of metastatic 
spread of HT1080-GFP-RFP fibrosarcoma cells. In one 
experiment HT1080-GFP-RFP cells were injected into nude 
mice in the inguinal lymph node in a skin flap, along with 
FITC dextran to label lymphatic channels, enabling the 
imaging of labeled cancer cells in lymphatic channels. The 
cancer cells could be imaged later in the axillary lymph 
nodes, also labeled with FITC dextran. Spontaneous 
lymphatic trafficking of cancer cells was also observed, after 
HT-1080-GFP-RFP cells were injected into the footpad of 
mice from where they subsequently metastasized to the 

popliteal lymph node. When the metastatic popliteal lymph 
node was exposed, dual-color cancer cell trafficking in 
lymphatic channels connected to the metastatic lymph node 
could be imaged. When 25 g or 100 g weights were applied 
to a footpad tumor formed from HT-1080-RFP-GFP cells, 
cancer cells were imaged shedding in the lymphatic channel 
leading to the popliteal lymph node, with the greater weight 
causing much more cancer-cell shedding than the lesser 
weight (Figure 10A-N) (26). 
 
Imaging Single Cancer-cell Dynamics of  
Metastasis to the Lung in Real Time 
 
In order to image the trafficking of cancer cells to the lung, 
the chest wall of the nude mouse had to be open for long 
periods. Thus, assisted breathing was necessary to keep the 
mice alive. Therefore, a novel retrograde wire-guided 
endotracheal intubation procedure for mice was developed. 
An intravenous catheter of 25 mm length was used as an 
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Figure 8. Observation of nucleolar dynamics in real-time throughout the cell cycle in vitro and in vivo of HT1080-GFP-RFP fibrosarcoma cells. A 
and A’) During the process of mitosis, the HT1080 GFP-RFP cells underwent chromatin condensation, resulting in the nucleolus becoming 
unobservable. B and B’) Following mitosis, the nuclei assumed a spherical shape. C and C’) During the early G1 phase, four nucleoli are observed 
within each nucleus. D, D’, F and F’) The nucleoli exhibited a lighter appearance compared to the GFP expressed in the nucleus and remained 



endotracheal tube. A guide wire was inserted into the trachea 
through a small hole. The endotracheal catheter could then be 
accurately introduced into the trachea over the guide wire. 
The intubation tube was connected to an oxygen tube. At this 
point, the chest wall could be opened. Anesthesia was 
maintained with isoflurane applied via a vaporizer. A positive 

end expiratory pressure (PEEP) system was used to regulate 
lung inflation and deflation. After each imaging session, the 
chest wall was closed with 6-0 sutures. Imaging sessions were 
carried out for as long as 8 h and repeated up to 6 times per 
mouse. Cancer cells expressing GFP in the nuclei and RFP in 
the cytoplasm were injected into the tail vein, and HT1080-
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Figure 9. Real-time imaging of cancer-cell immune-cell interaction in vivo. A) Green fluorescent protein (GFP)- and red fluorescent protein (RFP)-
expressing human fibrosarcoma cells (HT-1080-GFP-RFP cells) in vitro. Bar, 50 μm. B) Lymphocytes from transgenic C57/B6-GFP mice can be 
observed surrounding HT-1080-GFP-RFP cells. C) Many lymphocytes and macrophages expressing GFP from the host cells, interacting with HT-
1080-GFP-RFP cell aggregates. Bar, 50 μm. Live transgenic C57/B6-GFP mice were used to visualize the interaction between host macrophages 
and cancer cells. D) The GFP macrophages were observed making contact with HT-1080-GFP-RFP cells (indicated by an arrow and a broken 
arrow). E) A macrophage is observed engulfing the cytoplasm of an HT-1080-GFP-RFP cell. Bar, 20 μm. F-H) Imaging a macrophage phagocytosing 
a cancer cell in live transgenic C57/B6-GFP mice. F) Within the macrophage, a portion of cytoplasm containing RFP, derived from an HT-1080-
GFP-RFP cell, is observable. G) The cytoplasm of an HT-1080-GFP-RFP cell, which contained the RFP protein, was broken down and fragmented 
by a macrophage. H) The macrophage phagocytosed four HT-1080-GFP-RFP cells simultaneously. Bar, 20 μm. I-J) Live transgenic C57/B6-GFP 
mice were used to visualize the process of lymphocyte-mediated cancer-cell killing. I) Within 24 h of transplanting HT-1080-GFP-RFP cells, the 
nucleus containing GFP was observed to be fragmented within a single cell. J) The GFP nucleus in the HT-1080 cell underwent fragmentation into 
three distinct parts, as indicated by the arrow. Bar, 20 μm (25).



GFP-RFP or MMT-GFP-RFP cells could be imaged arriving 
to the lung in real time. Surviving cells in the lung could be 
imaged to form colonies in the lung with multiple imaging 
sessions over 10 days. Only rare cells among these arriving 
in the lung after tail vein injection could survive and form 
colonies in the lung (Figure 11A-Q) (27). 

Imaging Bone Marrow Metastasis  
by Prostate Cancer Cells in Real Time 
 
PC-3 human prostate cancer cells were injected into the 
heart ventricle of nude mice. Subsequently multiple 
metastasis were observed in the skull, femur, rib, and 
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Figure 10. Imaging of lymphatic trafficking of cancer cells in real time. A-C) An experimental nude-mouse model was developed to image lymph-
node metastasis, specifically the migration of cancer cells from the inguinal lymph node to the axillary lymph node after injection. A) HT-1080 
GFP-RFP human fibrosarcoma cells were introduced into the inguinal lymph node. B) Cancer cells infiltrating the axillary lymph node through 
the afferent lymphatic duct. C) schematic of (A). D-F) Imaging of both lymphatic structure and the trafficking of cancer cells. D) The fluorescence 
of FITC-dextran (green) shows the anatomical arrangement of the lymphatic system and the axillary lymph node. Bar, 500 μm. E) Trafficking of 
individual cells occurs at the point where an afferent lymph duct meets the subcapsular sinus of the lymph node. Bar, 200 μm. F) 5×105 XPA1-RFP 
human pancreatic cancer cells were injected into the inguinal lymph node, and the axillary lymph node was imaged 7 days later. Bar, 1 mm. G-J) 
Nude-mouse model for the spontaneous metastasis of cancer cells injected into the footpad. G) HT-1080 GFP-RFP cells were injected into the 
footpad. H) Fluorescence image of an exposed popliteal lymph node in (G). I) A visible popliteal lymph node. J) Movement of HT-1080 dual-color 
cells in the lymphatic system, which is indicated by dotted lines. Bar, 10 mm (G); 1 mm (H); 2 mm (I); and 100 μm (J). K-N) The impact of tumor 
pressure on the shedding of cancer cells into lymphatic vessels. K) No pressure or force was applied to the footpad. L) Following a 10-second 
stimulation with a 25-gram weight on the footpad, both individual HT-1080 GFP-RFP cells and fragments of HT-1080 GFP-RFP cells can be 
observed moving through the lymph duct. M and N) Following a 10 s stimulation with a 250 g weight on the footpad, there was an increased 
shedding of cancer-cell emboli, individual cancer cells, and fragments of cancer cells into the lymph duct. Bar, 200 μm (K-N) (26).



vertebral bones. Time-course imaging via skin flaps 
demonstrated the formation of metastatic colonies in the 
bones. Twenty min after cardiac injection of PC-3 GFP cells 
in RFP transgenic mice, the PC-3-GFP cells could be 
imaged at the single-cell level in the bone marrow of the 
skull. 

After intra-tibial injection of PC-3 cells, RFP-expressing 
PC-3 cells were imaged growing in the bone marrow and 
spreading to an inguinal lymph node. This model can thus 
be used to image the lethal aspect of prostate cancer, 
metastasis to the bone (Figure 12A-C) (28). 

Discussion 
 
Exquisite application of experimental microsurgery and 
fluorescent genetic reporters enabled the establishment of 
unique mouse models of cancer, that along with appropriate 
imaging technologies, could be used to visualize all the critical 
aspects of cancer progression, in particular the mechanism of 
metastatic spread at the single-cell or sub-cellular level that 
distinguished the cellular cytoplasm and nuclei in vivo. 

Imaging of the cancer cells was enabled by their strong 
expression of GFP and RFP, including the capability of 
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Figure 11. Imaging of cancer-cell trafficking and colony formation in the lung in real-time. A, B) Ventilation system for open-chest images of cancer cells 
trafficking to the lung of nude mice. A) A tracheal tube was secured to a Y-shaped connector, and an exhaust tube was connected to one of the ends. B) 
Upon opening the chest wall, the lung promptly collapsed. C-J) Visualization of the morphology of lung colonies formed by HT1080 GFP-RFP cells. C-F) 
The lung contains metastatic colonies of HT1080 GFP-RFP cells. D) High magnification image of (C). F) High magnification image of (E). G-J) Lung 
metastases of murine mammary carcinoma (MMT) cells expressing GFP in the nucleus and RFP in the cytoplasm. H) High magnification image of (G). J) 
High magnification image of (I). C, E, G, I) Scale bar, 500 mm. D, F, H, J) Scale bar, 100 mm. K-Q) Temporal imaging of cancer-cell colony development 
in the lung of live mice. K-P) On day 0, a total of 2x105 MMT GFP-RFP cells were injected into the tail vein of nude mice. Scale bar, 500 mm. Q) 
Proliferation rates of colonies of dual-color MMT cells in the lung (27).



cancer cells to deform and traffic in narrow vessels, 
extravasate, and subsequently form colonies in distant 
organs, all of which are the most critical steps of metastases. 

Real-time in vivo imaging demonstrated the interaction of 
cancer cells and immune cells which can be a model of the 
mode of action of immune checkpoint inhibitors (ICI). 

The models described in this brief perspective represent a 
revolutionary and disruptive improvement over previous 
cancer models. The unique collaboration of young physician-
scientists from Kanazawa University, AntiCancer Inc., and 
UCSD made this possible. 
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