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Abstract 

Colon cancer preferentially metastasizes to the liver. To determine cellular backgrounds of 

this preference, we generated an enhanced green fluorescent protein (eGFP)-expressing rat 

adenocarcinoma cell line (CC531s) that forms metastases in rat liver after administration to 

the portal vein. Intravital videomicroscopy (IVVM) was used to visualize early events in the 

development of tumors in livers of live animals from the time of injection of the cancer cells 

up to 4 days afterward. Based on information obtained with IVVM. tissue areas were selected 

for further analysis using con focal laser scanning microscopy (CLSM). electron microscopy 

(EM), and electron tomography. It was shown that initial arrest of colon cancer cells in 

sinusoids of the liver was due to size restriction. Adhesion of cancer cells to endothelial cells 

was never found. Instead, endothelial cells retracted rapidly and interactions were observed 

only between cancer cells and hepalocytes. Tumors developed exclusively intravascularly 

during the first 4 days. In conclusion, initial steps in the classic metastatic cascade such as 

adhesion to endothelium and extravasation are not essential for colon cancer metastasis in 

liver. 

Abbreviations: CLSM, con focal laser scanning microscopy: IVVM, intravital 

videomicroscopy; eGFP. enhanced green fluorescent protein; EM. electron microscopy; PBS, 

phosphate-buffered saline. 

Introduction 

Many types of cancer of the gastrointestinal tract preferentially form metastases in the liver.' 

Metastasis of colon cancer in liver is found in 25% of patients at the time of colorectal 

resection, whereas 50% of patients eventually develop liver metastases. Approximately 90% 

pf patients who die from colorectal cancer have liver metastases." Metastasis is a multistep 

and dynamic process. Several steps are considered essential for the formation of metastases. 

These steps include detachment of cancer cells from the primary tumor, entry into the 

circulation and exit from the circulation at a secondary site by interactions with endothelial 

cells, and subsequent extravasation. Completion of all these steps is considered necessary for 

metastasis. Two processes have been proposed to explain the high incidence of colon cancer 

metastasis in liver. One explanation is based on the seed-and-soil theory of Paget (1875) in 

which preferential adhesion of colon cancer cells (homing) forms the basis.4" Alternatively, 
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experimental data have shown that cancer cells cannot pass the liver because they are arrested 

physically in the too narrow sinusoids of the liver.1"' 

The next steps after cancer cell arrest are also a matter of debate. Extravasation is considered 

the next step, but experimental data have shown that cancer cells can then either be dormant' 

or form micrometastases in the circulation.' 

Experimental end-point animal models of metastasis allow for quantification of numbers and 

sizes of metastases'" but provide little information on processes that are involved in the 

development of metastases. Early events in metastasis were thus far not easy to study because 

identification of single cancer cells or micrometastases in tissues was difficult. To enable the 

analysis of early events in the formation of metastases, cancer cells have been transfected 

with the Escherichia coli (i-galactosidasc (lacZ) gene, which enables detection of 

micrometastases in tissue sections " and quantification of cancer cells in tumor tissue 

homogenates.14 However, lacZ does not allow direct visualization of cancer cells in live 

animals, which would help us to understand dynamic processes related to invasion and 

metastasis of cancer. _> Green fluorescent protein is a suitable heritable marker and has been 

proven to be a powerful tool for the visualization of cancer cells in live tissues 6"1S in intact 

animals using lime-lapse confocal laser scanning microscopy (CLSM)1'' and intravital video-

microscopy ( IWM) . ' Therefore, we generated a rat adenocarcinoma cell line (CC531s) 

stably transfected with the enhanced green fluorescent protein (eGFP) coding sequence to 

study early events in the development of metastases, particularly with respect to homing of 

colon cancer cells in the liver and subsequent steps in tumor development. 

I W M was used to study the behavior of these fluorescent cancer cells in livers of live rats at 

the time of administration to the portal vein up to 4 days afterward. Based on I W M analysis, 

areas of interest in the livers were selected and CLSM, electron microscopy (EM), and 

electron tomography were applied to obtain detailed information at high resolution on 

interactions between cancer cells and their environment. 
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Materials and Methods 

Plasmid preparation. 

Construction of an expression vector containing both the eGFP gene and the Zeocin resistance 

gene were constructed as follows. The pcDNA3.l/Zeo^ vector (Invitrogen, Carlsbad. CA) 

containing the chimeric intron from pCT (Promega. Leiden. The Netherlands) between pCMV 

and the multiple cloning site was used. The peGFP-N2 vector was obtained from Clontech 

(Palo Alto, CA). Both vectors were digested with restriction enzymes Bamlll'Notl. The eGFP 

complementary DNA fragment from the peGFP-N2 vector was unidirectionally subcloned 

into the pcDNA3.1/Zeo" vector, resulting in a pcDNA3.1/Zeo"7eGFP vector. CsCl-purified 

plasmid DNA was digested with the restriction enzyme Sail, and the linearized DNA 

fragment containing both the eGFP gene and Zeocin resistance gene was isolated. This DNA 

fragment was used for transfection of CC531s cells. 

Cell culture. 

An established colon carcinoma cell line (CC531s) was obtained from a moderately 

differentiated and weakly immunogenic adenocarcinoma after experimental induction in 

WAG-Rij rats by treatment with 1.2-dimethylhydrazine." Cells were cultured at 37°C as 

monolayers in RPMI 1640 Dutch modification containing 10% fetal calf serum, L-glutamine 

(2 mmol/L), penicillin (100 lUAnl), and streptomycin (100 ug/ml) (all obtained from 

Gibco/'BRL. Grand Island, NY). Cells were washed twice with phosphate-buffered saline 

(PBS). After detachment with trypsin (0.05% wt/vol) in the presence of 

ethylenediaminetetraacetic acid (0.02% wt/vol) in PBS and centrifugation (250g at room 

temperature for 5 minutes), a single cell suspension was obtained with a viability of at least 

95%. 

Transfection. 

Cells that were confluent for 70% to 90% were harvested for transfection and resuspended in 

"cytomix". After 10 minutes of incubation with the Sail-digested DNA containing the eGFP 

gene, cells were electrophorized (260 V; 1,500 uF) and seeded in P25 culture flasks. Forty-

eight hours after transfection of the CC531s cells with the eGFP gene, selection with the 

antibiotic Zeocin (750 ug/ml; Invitrogen) was started to select Zeocin-resistant eGFP-positive 
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cells. At 3 weeks posttransfection. eGFP-posiiive cells were collected with a cell sorter 

(FACS Vantage: Becton Dickinson, San Jose. CA). Excitation was performed at a wavelength 

of 488 nm, and fluorescence was captured with a band pass filter (530 ± 15 nm). These cells 

were cultured further until a sufficient number of eGFP-positive CC531s cells was obtained. 

Aliquots of eGFP-positive cells were frozen and stored in liquid nitrogen. 

Doubling time of cell lines. 

CC531s parental cells and CC531s-eGFP cells were seeded in densities of 1.0 x 105 and 2.5 x 

10' cells in 60-mm culture dishes (Costar, Corning, NY). Cells were harvested and counted 

every 24 hours using a Biirker chamber. The doubling time was calculated from the cell 

growth curve over 4 days. 

Animals. 

Male WAG Rij rats (200-220 g) were obtained from Broekman (Somercn. The Netherlands). 

The animals were kept under standard environmental conditions with free access to food and 

water. All rats had acclimatized for 1 week before entering an experiment. All animal 

experiments were performed in agreement with the animal ethics committee of the Academic 

Medical Center. 

Administration of cancer cells. 

Logarithmically growing cells were washed twice with PBS. harvested after trypsinization. 

and resuspended in PBS. For determination of the optimum dose to induce colon cancer 

metastases in rat liver, single cell suspensions containing 1 x 10^ up to 1 x 107 CC531s-eGFP 

cells suspended in 0.5 ml PBS were administered to the portal veins after surgical midline 

incision in the abdominal wall of rats, using a 27-gauge needle as described previously.24"25 

During operation, animals were kept under anesthesia with FFM (I ml Hypnorm. 1 ml 

midazolam, and 2 ml water; 0.27 ml/100 g body wt). Three weeks after administration of the 

cancer cells, animals were killed and the numbers of metastases were counted that were 

visible by the naked eye at the liver surface. The optimal dose of cells to induce countable 

numbers of metastases was established to be 5 x 10ft CC531s-eGFP cells, and this amount was 

administered to rats in all further experiments. Aliquots of thawed cells were cultured, 

harvested, and administered to the animals as previously described. Animals were killed 30 

minutes. 1 hour. 2 hours. 2 days, or 4 days after administration of the cancer cells. 
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Liver perfusion. 

To determine whether cancer cells that were administered to the portal vein were arrested in 

the liver, the following experiments were performed. Animals (n = 3) were anesthetized by 

150 pi pentobarbital intraperitoncally (6 mg/ml: Sanofi Saute, Maassluis. The Netherlands) 

per 100 g body wt. To avoid blood clotting, animals were injected intravenously with 1.000 

IU heparin (Leo Pharmaceutical Products. Weesp. The Netherlands). The portal vein was 

cannulated. and the hepatic vein was dissected. Livers were perfused with oxygenated and 

carbogenated Ringer's solution (15 ml/min) at 37°C. After 5 minutes, 5 x 106 cells in 0.5 ml 

PBS were added to the Ringer's solution and 100 ml of the perfusate was collected from the 

hepatic vein to determine whether fluorescent cancer cells were present in the perfusate. 

Furthermore, fluorescent cancer cells (5 x 10*') were administered to 3 rats according to the 

protocol previously described. After 30 minutes, 1 hour, and 2 hours, the entire animals were 

fixed with 4% formaldehyde in PBS via heart perfusion. Liver, lung, kidney, spleen, and brain 

were removed and postfixed in 4% formaldehyde in PBS for 4 hours at 4°C followed by an 

overnight incubation in 20% (wt/vol) sucrose in PBS as cryoprotcctant. Pieces of tissues were 

frozen in liquid nitrogen and stored at -80°C. Cryostat sections (30 pm thick) of all tissues 

were examined for the presence of fluorescent cancer cells. Nuclei were counterstained with 

propidium iodide (0.01 mg/ml in PBS). 

Intravital imaging. 

For I W M , animals were kept under FFM anesthesia as previously described. Livers were 

surgically exposed while the blood supply was kept intact. Animals were lying on their back 

with the abdomen spread, exposing the liver. For real-lime imaging of cancer cells in live 

animals, the mesenteric vein was cannulated and a platform was placed under the median lobe 

to avoid movement due to respiration as much as possible. Imaging of the median lobe was 

performed at the time of administration of 5 x 10 cancer cells to the mesenteric vein. One 

hour after administration, the abdomen was closed and a second I W M analysis was 

performed 2 and 4 days after operation (n = 3. respectively). Imaging was performed with a 

fluorescence microscope (type BH-2: Olympus, Tokyo, Japan) with an eGFP filter block 

XF100 (Omegafilters. Brattleboro. VT). Images were obtained using an intensified CCD 

camera (LI-pCAM; Lambert Instruments. Leutingewolde. The Netherlands) and either single 

digital images were imported with Lip Win 2.16 software or time series (25 frames second) 

with a digital video recorder (DVCAM DSR-20P: Sony. Middelburg. The Netherlands). 
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Visualization of microvasculature. 

To visualize the liver vasculature, micrometastases-containing livers were perfused with 

Texas red-labelled latex beads (diameter. 1 urn) in a solution of 1% low-gel ling-temperature 

agarose (Sigma. Zwijndrccht, The Netherlands) at 37°C. Then the livers were placed in PBS 

at 4°C to cast the agarose and cut into 1-mm-thick slices. CLSM was used to visualize Texas 

red-positive blood vessels and eGFP-positive micrometastases with a TCS SP2 fitted to a 

DM-1RB inverted microscope (Leica, Mannheim, Germany). Excitation of eGFP was 

performed at 488 nm, and fluorescence was captured at 500 to 530 nm. Excitation of Texas 

red was performed at 543 nm, and fluorescence was captured at 590 to 650 nm. 

Electron microscopy. 

To study the precise localization of cancer cells and the interaction of cancer cells with their 

environment 30 minutes, I hour. 2 days, and 4 days after administration of the cancer cells, 

small pieces of liver tissue (<1 mm) containing micrometastases were selected based on 

IVVM analysis and were fixed overnight in a mixture of 1% (wt/vol) glutaraldehyde and 4% 

(wt/vol) formaldehyde in 100 mmol/L sodium cacodylale buffer (pH 7.4) and incubated at 

4°C. Subsequently, tissue blocks were rinsed twice in the same buffer and postfixed in 1% 

osmium tetroxide in the same buffer (pH 7.4) for 1 hour at 4°C and dehydrated according to 

routine procedures. Finally, tissues were embedded in LX-112 epoxy resin. To assess the 

preservation of tissue morphology, semithin sections (1-2 urn thick) were studied. Areas of 

interest were selected and ultrathin sections (40-50 nm thick) were cut with an Ultratome III 

(LKB, Stockholm. Sweden) and collected on copper slot grids carrying a Formvar film. 

Ultrathin sections stained with uranyl acetate and lead citrate were investigated with a 10c 

transmission EM (LEO. Obcrkochen. Germany). 

Electron tomography. 

For detailed study of the interactions between cancer cells and host tissues, EM tomography 

was used. Sections (250 nm) were mounted on carbon-coated slot grids labelled with 6-nm 

gold particles. After counterstaining with uranyl acetate and lead citrate, the grids were coated 

again with carbon and labelled with 15-nm gold particles. Gold particles were used for the 

determination of the thickness of the sections as well as alignment. Reconstructions of areas 

of interest were made from double axis tilt series (-55° to +55°. increment 5°) with a pixel 

size of 1.6 nm. Till series were made with an EM420 electron microscope (FEI. Eindhoven, 
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The Netherlands) operated at 120 kV. Images (12 bit) were captured with a SIS Megaview 

camera (Soft Imaging System. Munster, Germany). Alignment and reconstructions were 

performed with an IBM RS6000 (IBM. White Plains. NY) and a Linux Beowulf cluster 

(BCE. Amsterdam. The Netherlands).26 Visualizations were performed with an SGI octane 

(SGI. Mounlainview. CA). 

Results 

Selection and stability of eGFP fluorescence in CC531s cells In vitro. 

After 3 weeks of culture of eGFP-lransfected CC531s cells in the presence of Zeocin, a large 

number of cells appeared to be Zeocin resistant but eGFP negative. To obtain a purified 

cGFP-expressing cell population, we selected eGFP-positive cells from the mixed population 

by fluorescence-activated cell sorting, resulting in 100% eGFP-expressing cells (Fig. I). 

These cells showed eGFP expression in vitro in the presence and absence of Zeocin for at 

least 6 weeks. A doubling time of 22.5 ± 2.2 hours (n = 4) for CC531s cells and 23.9 ± 2.7 

hours (n = 4) for CC531s-eGFP cells was calculated. Apparently, in vitro proliferation rates 

of parental cells and transfected cells did not differ significantly. 

10 10' 102 103 

eGFP fluorescence 

Figure I. Distribution of fluorescence of CC53ls cancer cells as determined by fluorescence-activated cell 
sorting. All cancer cells expressed eGFP. 

/// vivo growth of'CC531s-eGFP cells. 

Various amounts of CC531s-eGFP cells were administered to the portal vein of rats to 

establish how many cancer cells had to be used to induce an appropriate number of metastases 
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in liver 3 weeks after administration. When 1 x 10(' cells or less were administered, no 

metastases were observed after 3 weeks. Administration of 2.5 x 106cancer cells led to a mean 

number of 20 ± 7 metastases per liver (n = 4) and administration of 5.0 x 106 cells led to a 

mean number of 67 ± 35 metastases per liver (n = 4), whereas administration of 7.5 x 10" and 

1,0 x 107 cancer cells resulted in the development of uncountable numbers of metastases in all 

livers. In these cases, liver weight was determined. The mean liver weights were 23 ± 8 g (n = 

3) and 32 ± 11 g (n = 8), respectively, whereas a liver of a normal adult rat weighs 

approximately 8 g. Therefore, we administered 5 x 106 cancer cells in all further experiments. 

Passage of colon cancer cells through the liver. 

Perfusion of isolated livers with Ringer's solution containing eGFP-expressing colon cancer 

cells showed that cancer cells did not pass the liver. Perfusates, collected after 5 x 10 cancer 

cells were administered to the portal vein, did not contain any fluorescent cancer cells (n = 3). 

Fluorescence microscopy of the livers showed that fluorescent cancer cells were present in 

these perfused livers. Furthermore, examination of various organs (liver, lung, brain, spleen, 

and kidney) of rats 30 minutes. I hour, and 2 hours after administration of cancer cells to the 

portal vein of intact animals showed that fluorescent cells were not present outside the liver. 

Lungs contained some fluorescent structures with diameters of 5 to 7 urn, but staining with 

the DNA marker propidium iodide showed that all of these structures were stripped cancer 

cell nuclei. Sections of brain, spleen, and kidney never contained any cell or cell nucleus that 

was positive for eGFP. This means thai cancer cells entering the liver via the portal vein are 

unable to pass the liver. 

Day 0. 

Appearance of fluorescent cancer cells in livers of live animals was visualized with I W M 

from the moment that the cells were administered to the portal vein. The images captured in 

real time clearly showed that cancer cells entered the liver and were entrapped in sinusoids. 

Cells were arrested abruptly, and "rolling" of cancer cells was never observed (see video clip 

in this issue of HEPATOLOGY at www.hepatology.org). Cancer cells were homogeneously 

distributed over all liver lobes. Cells were found in sinusoids between portal tracts and central 

veins (Fig. 2A). Occasionally, they were found at sites where the portal vein branched into 

sinusoids (Fig. 2B). Time-lapse imaging of cells during the next 50 minutes showed that these 

cells were completely immobile (Fig. 2C). 
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Figure 2. (A) Single fluorescent eGFP-expressing colon cancer cells in the liver of a live rat immediately 
after administration of the cells to the portal vein. Cancer cells are present in the sinusoidal bed. Bar = 75 
urn. (B) Single fluorescent colon cancer cells in the liver of a live rat immediately after administration of 
the cells to the portal vein. Cancer cells are present at sites where a portal vein branches into sinusoids. 
Bar = 150 urn. (C) Time-lapse series of arrested colon cancer cells in the liver of a live rat. Image I was 
taken immediately after cell arrest, and each successive image was taken at time intervals of 2.5 minutes up 
to 50 minutes after cell arrest in image 20. Bar = 150 urn. 

EM was used to study arrested cancer cells in detail. Thirty minutes after administration of 

cancer cells to the portal vein, individual cancer cells were present in liver sinusoids. Cancer 

cells filled the entire sinusoidal lumen (Fig. 3A). Sinusoidal endothelial lining was found to 

be intact when cells other than cancer cells were present in the sinusoidal lumen (Fig. 3A and 

B). At sites where cancer cells were trapped, the endothelium was always disrupted or even 

absent, allowing direct contact between cancer cells and hepatocytes (Fig. 3C). Tilting and 

subsequent electron tomography of ullrathin sections showed typical electron-dense material, 

forming characteristic bridges spanning the relative large gap between the microvilli of 

hepatocytes and cancer cells (Fig. 4A). 
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Figure 3. (Panel A) A single colon cancer cell (C) in a liver sinusoid 30 minutes after administration of colon 
cancer cells to the portal vein. This cell was obstructed in the too small sinusoid. Note the absence of 
endothelial lining around the cancer cell. H. hepatocyte: E. erythrocyte: V. microvilli. Bar = 4.0 ̂ m. (Panel 
B) Leukocyte (eosinophil) (L) in a liver sinusoid. Note the presence of a continuous endothelial lining (F.) 
between lymphocyte and hepatocytes. Bar = 2.0 urn. (Panel C) Cell-cell contact between cancer cell (C) and 
hepatocyte (II). Note the disruption and absence of sinusoidal endothelial lining (E) between the cancer cell 
and hepatocytes. Arrows indicate direct contacts between cancer cell and hepatocytes. Bar = 1.0 urn. 

The substructures found in these bridges were also found in the glycocalyx of the cancer cells 

but never in the much thinner basal lamina of the hepatocytes. The bridges as previously 

described were found exclusively between cancer cells and microvilli of hepatocytes and 

never between cancer cells and remnants of endothelial cells (Fig. 4B). between cancer cells 

and other (blood) cells, or between 2 hepatocytes. 
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ligure 4. (A) Electron tomography of cell-cell contact between cancer cell (C) and hcpatocyte (II). Electron-dense 
complexes are present in the glyeocalyx of cancer cell (small ellipses). The same complexes can he recognized in a bridge 
between cancer cell and hcpatocyte (large ellipse). Bar = 60 nm. (Hi Electron tomography of a cancer cell (C) and 
(fragments of) an endothelial cell (12). ülcctron-dense material between cancer cell and endothelial cell was not present. 
11, hcpatocyte. liar = 80 nm. 

Days 2 to 4. 

Two and 4 days after administration fluorescent cancer cells, distribution patterns were 

similar to those observed immediately after administration of cancer cells. At this stage, 

individual cancer cells and clusters of cancer cells (4-16 cells) were found in sinusoidal beds. 

IVVM information was used as a guide to select parts of the livers of interest containing 

micrometastases for further analysis with CLSM. Perfusion of livers with fluorescent beads 

allowed visualization of the microvasculature. Cancer cells appeared to be present only in 

sinusoids at 2 days after administration. Cancer cells were found to be located at bifurcations 

of sinusoids (Fig. 5A) and in sinusoids where they completely blocked the blood flow (Fig. 

5B). Micrometastases at 4 days after administration of the cancer cells were still present in 

sinusoids only (Fig. 5C). 

36 



Figure 5. (A) Localization of a cancer cell (green) in relation to sinusoids (orange) in rat liver 2 days after 
administration of cancer cells to the portal vein. The cancer cell is present at the bifurcation of 2 sinusoids. 
Bar = 30 urn. (B) Localization of a cancer cell (green) in relation to sinusoids (orange) 2 days after 
administration of cancer cells to the portal vein. The cancer cell is blocking a sinusoid, preventing blood 
flow. Bar = 20 utn. (C) Localization of cancer cells (green) in relation to sinusoids (orange) 4 days after 
administration of cancer cells to the portal vein. Cancer cells are present in a sinusoid. Bar 40 urn. 

EM confirmed findings obtained with CLSM showing single cancer cells in sinusoids (Fig. 

6A) and clusters of cancer cells in expanded sinusoids (Fig. 6B). At all stages of tumor 

development, the endothelial lining of the sinusoids was completely absent. 

Figure 6. (A) EM image of a single colon cancer cell (C) in rat liver 4 days after administration of colon 
cancer cells to the portal vein. Cancer cell is located in a sinusoid. Note the complete absence of endothelial 
lining between cancer cell and hepatocytes (H). V. microvilli. Bar = 2.0 urn (B) F.VI image of a small cluster 
of colon cancer cells (C) in rat liver 4 days after administration of colon cancer cells to the portal vein. Cancer 
cells are located in an expanded sinusoid lacking endothelial lining. 11. hepatocyte. Bar = 4.0 fun. 

Immunohisiochemical detection of proliferating cell nuclear antigen, a marker of cell 

proliferation, showed that cancer cells were proliferating cell nuclear antigen positive 2 and 4 

days after administration, indicating that clusters of cancer cells were formed by cell 

proliferation rather than by aggregation of the cancer cells (data not shown). 
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Discussion 

An eGFP-expressing syngeneic rat colon carcinoma cell line was generated by stable 

transfection of a high expression vector containing the eGFP gene to study early events in 

invasion and metastasis of colon cancer in rat liver. Green fluorescent protein-expressing 

cancer cells have been shown to be a powerful tool for in vivo and ex vivo investigations of 

invasion and metastasis.""'1 The use of eGFP-expressing colon cancer cells enabled us to 

perform dynamic observations of early events in invasion and metastasis in live animals. We 

have found that cancer cells enter sinusoids in the liver rapidly after administration to the 

portal vein and that they are all arrested abruptly in the sinusoids within seconds after 

administration. Rolling of cancer cells along sinusoidal endothelium, a phenomenon 

described for activated leukocytes,"' was never observed. Time-lapse imaging showed that 

cancer cells did not move after they had been arrested. These in vivo observations strongly 

suggest that cancer cells are arrested in the liver due to size restriction in the 

microvasculature. These findings are in agreement with previous reports on the arrest in the 

liver by size restriction of mammary cancer cells,'1'20 melanoma cells/' and tongue carcinoma 

cells." The complete arrest of CC531s cancer cells in liver was further established in 

additional experiments. It was shown that cancer cells administered via perfusion medium 

were not able to pass isolated livers and intact cancer cells were never found in the lung, 

brain, kidney, and spleen after administration of colon cancer cells to the portal vein. We 

conclude that cancer cells administered to the portal vein are not able to pass the liver. Based 

on the abrupt cell arrest in vivo, the immobility of colon cancer cells after initial arrest, and 

the entire filling of sinusoids by cancer cells as observed with EM. we conclude that the major 

mechanism of cancer cell arrest is size restriction. Whether this phenomenon also occurs in 

humans has not been established thus far. Recently, it was shown that numbers of cancer cells 

in mesenteric venous blood were significantly higher than in hepatic venous and peripheral 

blood, indicating the filtering of cancer cells in the liver."' When our rat model is a good 

model for the human situation, the high incidence of colorectal cancer metastasis in the liver 

can be explained by the fact that all colon cancer cells that are transported to the liver via the 

blood stream are arrested in the liver. In that case, colon cancer cells that are present in the 

systemic circulation or that have metastasized in other organs must be either cancer cells that 

were released from the primary tumor via lymph vessels and have reached the circulation via 

the thoracic duct or these cancer cells are derived from metastases in the liver. 
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The second surprising finding of our study was lhat the endothelial lining around cancer cells 

was disrupted or even absent within 30 minutes after cell arrest. As a consequence, cancer 

cells were in direct contact with hepatocytes. It is not clear how and why the endothelial 

lining between cancer cells and hepatocytes disappears so rapidly. It may be a response to 

signals of the cancer cells, a reaction of the sinusoidal endothelial cells to local ischemia, or 

mechanical forces. Similarly, retraction of endothelial cells in coculture with breast cancer 

cells has been described." Conditioned medium of pancreatic cancer cells also induced 

retraction of endothelial cell monolayers, which was dependent on decreased focal adhesion 

kinase ppl25 I A K in endothelial cells/2 Lung carcinoma and melanoma cells induced 

endothelial cell retraction due to the production of !2(S)-hydroxycicosatetraenoic acid, a 12-

lipoxygenase metabolite of arachidonic acid. This retraction was nondestructive and 

reversible/" In vivo, retraction of endothelial cells precedes tumor cell invasion through 

interendothelial junctions after which the endothelial lining is restored, completing the 

extravasation step/ However, in our model, the disappearance of endothelium seems 

destructive and irreversible. Whether this phenomenon is cancer cell-specific is uncertain. It 

has been shown by Gupta et al. that, after hepatocyte transplantation, translocation of the cells 

is preceded by disruption of sinusoidal endothelium. However, disruption of endothelium and 

subsequent translocation of hepatocytes into liver plates occurred only at 16 to 20 hours after 

transplantation and disruption of endothelium seems to be much slower than in our study." 

Furthermore, we have found that protein bridges between cancer cells and host tissue appear 

exclusively between cancer cells and hepatocytes and not between cancer cells and 

endothelium or any other cell type. This suggests that adhesion to endothelium does not play 

a role in initial arrest of cancer cells in sinusoids in this model. This is in contrast to other 

studies in which cancer cells adhere to endothelium of lung vessels with a diameter larger 

than a cancer cell and that stimulation of melanoma cells with interleukin la stimulates 

adhesion to portal endothelium/6 indicating arrest due to specific adhesion rather than arrest 

due to size restriction. However, the interactions between cancer cells and hepatocytes may 

occur via adhesion molecules. Although these adhesion molecules do not seem to be involved 

in initial arrest, they may be important for anchorage-dependent cell survival. The importance 

of these interactions has been stressed by Nishibori et al. They showed that coculture of colon 

cancer cells and hepatocytes. and not cancer cell-conditioned medium, activates transforming 

growth factor p due to an unspecifid interaction between cancer cells and hepatocytes/7 

Transforming growth factor p is a cytokine shown to be involved in metastasis of colorectal 
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cancer: therefore, activation of transforming growth factor (B might be a critical event It 

should be realized that EM tomography as we have used here visualizes nonspecifically 

stained material. Characterization of these molecular interactions between cancer cells and 

hepatocytes with the use of monoclonal antibodies is currently being performed. 

Furthermore, our study shows that. 2 and 4 days after administration of cancer cells, single 

cells and clusters of cancer ceils are still present only in sinusoids. This means that 

extravasation of cancer cells does not occur in this model and that proliferation of cancer 

cells, as determined with proliferating cell nuclear antigen staining, takes place within the 

lumina of sinusoids. Proliferation of cancer cells within blood vessels has also been described 

by AI-Mehdi et al. but is in contrast to the general assumption that extravasation is a 

prerequisite for metastasis and the experimental data of Luzzi et al.' and Morris et al. 

Apparently, cancer cells behave differently. In any case, our microscopic analysis of early 

stages of development of secondary tumors of colon cancer in liver shows that extravasation 

and invasion of host tissues is not an essential step in metastasis. 

In conclusion, transfection of CC531s cells with the eGFP gene provides a powerful tool for 

the analysis of early events in metastasis of cancer. The use of these transfected cells enabled 

us to visualize cancer cells, dynamics of colon cancer cell arrest, and subsequent minor 

development in live animals. It was shown here that cancer cell arrest is due to size restriction 

followed by rapid disappearance of endothelial lining and molecular interactions between 

cancer cells and hepatocytes. Moreover, it is shown that extravasation is not a requirement for 

tumor growth because cancer cells remained in sinusoids and tumors developed within 

sinusoids up to 4 days after administration of cancer cells to the portal vein. This implies that 

initial steps in the classic metastatic cascade (i.e., specific homing and extravasation) are not 

required for the development of colon cancer metastasis in liver. 

40 



References 

1. Panis Y. Nordlinger B. Delelo R. Herve JP. Infante J. Kulinle M. Ballet F. Experimental colorectal liver 
metastases. Influence of sex. immunological status and liver regeneration. J Hepatol 1990:11:53-57. 

2. Taylor I. Liver metastases from colorectal cancer: lessons from past and present clinical studies. Br J Surg 
1996:83:456-460. 

3. Chambers AF. Groom AC. MacDonald 1C. Dissemination and growth of cancer cells in metastatic sites. Nat 
Rev Cancer 2002:2:563-572. 

4. McCormick BA. Zetter BR. Adhesive interactions in angiogenesis and metastasis. Pharmacol Ther 
1992;53:239-260. 

5. Kan Z, Ivancev K. Lunderquist A, McCuskey PA. McCuskey RS. Wallace S. In vivo microscopy of hepatic 
metastases: dynamic observation of tumor cell invasion and interaction with Kupffer cells. Hepatology 
1995;21:487-494. 

6. Morris VL. MacDonald IC. Koop S. Schmidt EE. Chambers AF. Groom AC. Early interactions of cancer cells 
with the microvasculature in mouse liver and muscle during hematogenous metastasis: videomicroscopic 
analysis. Clin Exp Metastasis 1993:11:377-390. 

7. Chambers AF. MacDonald IC. Schmidt EE, Koop S. Morris VL. Khokha R, Groom AC. Steps in tumor 
metastasis: new concepts from intravital videomicroscopy. Cancer Metastasis Rev 1995:14:279-301. 

8. Luzzi KJ. MacDonald IC, Schmidt EE. Kerkvliet N. Morris VL, Chambers AF. Groom AC. Multistep nature 
of metastatic inefficiency: dormancy of solitary cells after successful extravasation and limited survival of 
early micrometastases. Am J Pathol 1998:153:865-873. 

9. Al-Mehdi AB, Tozawa K. Fisher AB. Shicntag L, Lee A. Muschcl RJ. Intravascular origin of metastasis from 
the proliferation of endothelium-attached tumor cells: a new model for metastasis. Nat Med 2000;6:100-102. 

10. Kobaek-Larsen M, Thorup I, Diederichsen A. Fenger C, Hoitinga MR. Review of colorectal cancer and its 
metastases in rodent models: comparative aspects with those in humans. Comp Med 2000;50:16-26. 

1 I. Lin WC. Pretlow TP, Pretlow TG. Culp LA. Bacterial lacZ gene as a highly sensitive marker to detect 
micrometastasis formation during tumor progression. Cancer Res 1990:50:2808-2817. 

12. Lin WC. Culp LA. Altered establishment/clearance mechanisms during experimental micrometastasis with 
live and/or disabled bacterial lacZ-tagged tumor cells. Invasion Metastasis 1992:12:197-209. 

13. Holleran .IL. Miller CJ, Culp LA. Tracking micrometastasis to multiple organs with lacZ-tagged CWR22R 
prostate carcinoma cells. J Histochem Cytochem 2000:48:643-651. 

14. Wittmer A. Khazaie K, Berger MR. Quantitative detection oflac-Z-transfected CC531 colon carcinoma cells 
in an orthotopic rat liver metastasis model. Clin Exp Metastasis 1999:17:369-376. 

15. Chambers AF. MacDonald IC. Schmidt EE. Morris VL. Groom AC. Preclinical assessment of anti-cancer 
therapeutic strategies using in vivo videomicroscopy. Cancer Metastasis Rev 1998:17:263-269. 

16. Chishima T. Miyagi Y. Wang X. Tan Y, Shimada H. Moossa A. Hoffman RM. Visualization of the 
metastatic process by green fluorescent protein expression. Anticancer Res 1997;17:2377-2384. 

17. Yang M. Hasegawa S. Jiang P. Wang X. Tan Y. Chishima T. Shimada H. et al. Widespread skeletal 
metastatic potential of human lung cancer revealed by green fluorescent protein expression. Cancer Res 
1998;58:4217-4221. 

18. Yang M. Chishima T. Wang X. Baranov E. Shimada H. Moossa AR. Hoffman RM. Multi-organ metastatic 
capability of Chinese hamster ovary cells revealed by green fluorescent protein (GFP) expression. Clin Exp 
Metastasis 1999:17:417-422. 

19. Farina KL. Wyckoff JB. Rivera J. Lee H. Scgall JE. Condeelis JS, Jones JG. Cell motility of tumor cells 
\ isualized in living intact primary tumors using green fluorescent protein. Cancer Res 1998:58:2528-2532. 

20. Kan Z. Liu TJ. Video microscopy of minor metastasis: using the green fluorescent protein (GFP) gene as a 
cancer-cell-labeling system. Clin Exp Metastasis 1999:17:49-55. 

21. Naumov GN. Wilson SM. MacDonald IC. Schmidt EE, Morris VL. Groom AC. Hoffman RM, et al. Cellular 
expression of green fluorescent protein, coupled with high-resolution in vivo videomicroscopy. to monitor 
steps in tumor metastasis. J Cell Sci 1999:112:1835-1X42. 

22. Marquct RE. Westbroek DL. Jeckel J. Interferon treatment of a transplantable rat colon adenocarcinoma: 
importance of minor site. Int J Cancer 1984:33:689-692. 

23. van den FJoff MJ. Moorman AF. Lamers WH. Electroporation in 'intracellular" buffer increases cell 
survival. Nucleic Acids Res 1992:20:2902. 

24. Martin M. Chauffert B. Caignard A. Pelletier II. Hammann A. Martin F. Histoimmunological 
characicrization of the cellular reaction to liver metastases induced by colon cancer cells in syngeneic rats. 
Invasion Metastasis 1989:9:216-230. 

25. Griffini P. Smorenburg SM. Vogels 1M. Tigchclaar W, Van Noorden CJ. Kupffer cells and pit cells are not 
effective in the defense against experimentally induced colon carcinoma metastasis in rat liver. In: Wisse E. 

41 



Knook DL. Balabund C. eds. Cells of the Hepatic Sinusoid. Leiden: Kupffer Cell Foundation. 1997:457-
459. 

26. Jonges R. Boon PNM. Van Marie J. Dietrich AJJ, Grimbergen CA. CART: a controlled algebraic 
reconstruction technique for electron microscope tomography of embedded, sectioned specimen. 
Ultramicroscopy 1999:76:203-219. 

27. Kikkawa II. Miyamoto D, Imafuku II. Koike C. Suzuki Y. Okada S. Tsukada II. et al. Role of 
sialylglycoconjugate(s) in the initial phase of metastasis of liver-metastatic RAW 117 lymphoma cells. Jpn J 
Cancer Res 1998:89:1296-1305. 

28. Ito S. Nakanishi H. Ikehara Y. Kato T. Kasai Y. Ito K. Akiyama S. et al. Real-time observation of 
micrometastasis formation in the living mouse liver using a green fluorescent protein gene-tagged rat tongue 
carcinoma cell line. Int J Cancer 2001:93:212-217. 

29. Koch M. Weitz J. Kienle P. Benner A. Willeke F. Lehnert T. Herfarth C. et al. Comparative analysis of 
tumor cell dissemination in mesenteric, central, and peripheral venous blood in patients with colorectal 
cancer. Arch Surg 2001:136:85-89. 

30. Yoshioka K, Mukai M, Shinkai K. Akedo H. Retraction of cultured endothelial cell monolayer by human 
breast cancer cells, MCF-7. Cell Biol Inl 1993:17:1053-1063. 

31. Nakamori S. Okamoto H. Kusama T. Shinkai K. Mukai M. Ohigashi II. Ishikawa O. et al. Increased 
endothelial cell retraction and tumor cell invasion by soluble factors derived from pancreatic cancer cells. 
Ann Surg Oncol 1997:4:361-368. 

32. Okamoto H, Nakamori S. Mukai M. Shinkai K. Ohigashi H. Ishikawa O. Furukawa II. et al. Down-
regulation of focal adhesion kinase. ppl25FAK. in endothelial cell retraction during tumor cell invasion. 
Clin Hxp Metastasis 1998;16:243-252. 

33. Ilonn KV. Tang DG. Grossi I. Duniec ZM, Timar J. Renaud C. Leithauser M. et al. Tumor cell-derived 
12(S)-hydroxyeicosatetraenoic acid induces microvascular endothelial cell retraction. Cancer Res 
1994;54:565-574. 

34. Lapis K, Paku S. Liotta LA. Endothelialization of embolized tumor cells during metastasis formation. Clin 
Exp Metastasis 1988;6:73-89. 

35. Gupta S. Rajvanshi P. Sokhi R, Slehria S, Yam A. Kerr A. Novikoff PM. Entry and integration of 
transplanted hepatocytes in rat liver plates occur by disruption of hepatic sinusoidal endothelium. 
Hepatology 1999:29:509-519. 

36. Scherbarth S. Orr FW. Intravital videomicroscopic evidence for regulation of metastasis by the hepatic 
microvasculature: effects of interleukin-lalpha on metastasis and the location of B16FI melanoma cell 
arrest. Cancer Res 1997;57:4105-4110. 

37. Nishibori Fl. Watanabe M. Narai S, Kubota T. Matsubara C. Teramoto T. Kitajima M. An interaction 
between human colon carcinoma cells and hepatocytes activates transforming growth factor-beta I in vitro. 
Cancer Lett 1999;142:83-89. 

38. Tsushima 11. Ito N. Tamura S. Matsuda Y. Inada M. Yabuuehi I. Imai Y. el al. Circulating transforming 
growth factor beta I as a predictor of liver metastasis after resection in colorectal cancer. Clin Cancer Res 
2001:7: 1258-1262. 

39. Morris VL, Koop S. MacDonald IC. Schmidt EL. Grattan M. Percy D. Chambers AF. et al. Mammary 
carcinoma cell lines of high and low metastatic potential differ not in extravasation but in subsequent 
migration and growth. Clin Exp Metastasis 1994:12:357-367. 

42 



Chapter 3A 

Letter-to-the-editor. 

Katr ien Vekemans 1 , Filip Braet, PhD.2 , Eddie Wisse, PhD.1 

'Laboratory for Cell Biology and Histology, Free University Brussels (VUB), 

Laarbeeklaan, Brussels-Jette, Belgium 

"Department for Molecular Biomedical Research, Molecular Cell Biology Unit, 

Ghent University, Zwijnaarde, Belgium 

CC531S-induced damage of the rat liver sinusoidal endothelial lining is mediated by the 

Fas/FasL pathway 

To the Editor: 

We read with great interest the article by Mook et al.' in the August 2003 issue of 

HEPATOLOGY. A similar method to trace labelled CC531s cells has been discussed recently 

by our group," in which CC531s were prelabelled with the lipophilic and fluorescent stable 

probe 3.3-dioctadecyloxacarbocyanine perchlorate (DiO). Additionally, latex bead injection 

into the penile vein before perfusion-fixation enabled us to trace Kupffer cells (KCs) in vivo 

as well. In contrast to Mook et al.,1 early interactions of liver macrophages with lumor cells 

could be visualized. Briefly, we could conclude that KCs form protrusions around the CC53 Is 

1 hour after injection of the labelled CC531s cells. After 8 hours the CC53ls were 

phagocytosed, resulting in a double-labelled KC with latex beads (tetramethylrhodaminc 

isothiocyanate: TRITC) and DiO (from the CC53ls remnants).2 In contrast, Mook et al.' 

postulated that the CC531s got trapped in the sinusoid and proliferated there. Furthermore. 

Mook et al.' also used a perfusion of latex beads (I urn) in a low-gelling temperature agarose. 
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visualizing the microvasculature. However, these latex beads, in this short time frame, can be 

taken up by KCs. Interestingly. Mook et al.' mentioned the disruption or absence of the 

sinusoidal endothelial lining when CC531s were trapped in the liver sinusoids, whereas in the 

absence of CC531s the sinusoidal lining remained intact. However, they remained unclear 

about the possible mechanisms involved to disrupt the endothelial lining. In the August 2003 

issue of Liver International we showed that liver sinusoidal endothelial cells (LSECs) 

underwent apoptosis after contact with CC531s. LSECs are known to express functional 

Fas3"4 and CC531s express FasL. Mook et al.' revealed irreversible disruption of the 

endothelium, from 30 minutes on until 4 days after injection of the cancer cells. In our study. 

CC531s induced apoptosis in LSECs in vitro after 18 hours by using the Fas/FasL pathway. 

However, after 3 hours no apoptosis could be observed. In vivo, parallel to Mook et al., we 

visualized, with scanning electron microscopy (18 hr) the disruption of the sinusoidal 

endothelial lining when a CC531.S was trapped in the liver sinusoid. It has been shown that 

colon cancer cells present at the secondary site express FasL. Moreover, colon carcinoma 

cells are able to induce apoptosis in parenchymal cells by the Fas/FasL pathway.1 However, 

these results were obtained in late events of metastasis, whereas the study by Mook et al. and 

our study are based on earlier time points. Therefore, we postulated that CC531s provided 

themselves a gateway toward the hepatocytes by inducing apoptosis and therefore retraction 

of the LSECs. By this means a gap was induced in the sinusoidal lining, enabling the colon 

cancer cells to access the hepatocytes (Fig. I). Once the colon cancer cells accessed the 

parenchyma they were out of reach from the local immune system present in the liver, such as 

hepatic natural killer cells and KCs. 
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Figure I. Schematic overview of the liver sinusoid. Note the LSECs and the CC53Ls (T). Fas expressing 
LSECs (I) undergo apoptosis by FasL expressing CC531s (1. II). By doing so. the colon cancer cells provide 
their own gateway toward the liver parenchyma as the LSECs retract and gaps are induced in the liver 
sinusoidal lining (III). Subsequently, the CC531s has free access to the hepatocyte, which is also expressing 
Fas (III). By doing this the CC531s are able to invade the liver parenchyma. 
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Chapter 3B 

Reply to the letter-to-the-editor of Vekemans et al. 

Olaf R. F. Mook, M.Sc, Wilma M. Frederiks, PhD., 

Cornelis J.F. Van Noorden, PhD. 

Department of Cell Biology and Histology, Academic Medical Center. 

Amsterdam, The Netherlands 

Reply: 

Vekemans el al. raise a number of issues in relation to our report1 based on their 

simultaneously published study." Vekemans et al. showed that CC531s cells express FasL, 

whereas liver sinusoidal endothelial cells (LSEC) express Fas. The investigators showed that 

the Fas/FasL signaling pathway is involved in induction of apoptosis in LSEC in vitro after 18 

hours but not alter 3 hours of coculture of LSEC with CC53ls cells. The investigators 

hypothesized that this mechanism may also occur in vivo and show that al 18 hours after 

administration of CC531s cells into the circulation of rats, disruption of LSEC occurred. 

However, involvement of the Fas/FasL signaling pathway was not shown in vivo, for 

example, by pretreatment of CC531s cells with antagonistic antibodies against FasL followed 

by administration of these cells to rals. In any case, the study of Vekemans et al. showed that 

CC531s cells can provide themselves a gateway towards hepatocytes al 18 hours after 

administration. However, we found retraction to occur almost immediately after 

administration of the cancer cells to the portal vein (in less than an hour). Therefore, on the 

basis of both studies'""1 we conclude that both at an early and al a later stage there is retraction 

of LSEC surrounding CC531s cells allowing direct contact between CC531s cells and 

hepatocytes. Second, the argument that our approach to visualize sinusoids with fluorescent 

latex beads with a diameter of 1 urn may reflect uptake by Kupffer cells (K.C). as Timmers et 

al.' have recently shown, is correct. I lowever. in our study, we administered so many beads 
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that the entire lumen of all blood vessels was filled with fluorescent beads. As a consequence, 

phagocytosed beads by KG' present in vessels could not be discriminated from beads in the 

lumen of the sinusoids. Third, our study showed that CC531s cells initially proliferated in 

sinusoids, whereas both the study of Vekemans et al. and Timmers et al.2"' suggest that cancer 

cells are unable to survive in the microcirculation because they are destroyed by the immune 

system. Although the majority of cancer cells are indeed destroyed by the immune system 

after they entered liver sinusoids, this destruction is not universal. Therefore, their and our 

data are not in contradiction. In the study of Timmers et al.3 it is stated that "'CC53ls cells 

could be imaged within sinusoids of the liver" up to 72 hours after administration of the 

cancer cells, suggesting that cancer cells had not extravasated but were not eliminated at that 

time point either. Taken together, we were pleasantly surprised as the study of Vekemans et 

al." is largely complementary to our findings.' Both publications unravel possible mechanisms 

that allow direct contact between CC531s rat colon cancer cells and hepatocytes. 
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