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K-Ras mutation in the development of colorectal cancer and its metastases
The formation of colorectal carcinoma from normal colonic tissue is driven by the accumulation of 
genetic changes over time, collectively known as the adenoma-carcinoma sequence.1 Activating 
mutations in the proto-oncogene K-Ras are found at the early pre-malignant stages of colorectal 
cancer development and are thought to drive tumor progression. Like other members of the Ras 
family, the K-Ras protein is a membrane-bound GTPase which is regulated by a GDP/GTP cycle. 
K-Ras acts as a molecular on/off switch that transduces extracellular signals to intracellular effector 
pathways. K-Ras is inactive when bound to GDP and active when bound to GTP. Activating mutations 
in the K-Ras gene interfere with its intrinsic GTPase activity, resulting in constitutive activation of K-Ras. 
As a consequence, growth-factor independent signaling will occur. Approximately 30% of all human 
malignancies contain an oncogenic point mutation in one of the RAS genes (H-Ras, N-Ras, K-Ras). 
K-Ras is by far the most frequently mutated isoform and is mutated in 35-45% of colorectal cancer 
patients.2,3 
Colorectal cancer is diagnosed in more than one million new patients each year. Although localized 
primary tumor growth may cause significant organ failure, it rarely causes death. Metastasis formation 
of colorectal cancer is the main reason why colorectal cancer is among the most common causes 
of cancer-related deaths worldwide, particularly in the western world.4 The liver is the main site of 
metastasis formation in colorectal cancer patients due to hematogeneous spread of tumor cells 
through the portal system.5 Approximately 50% of patients diagnosed with colorectal carcinoma will 
eventually develop liver metastases.6 
Tumor cells located in primary colorectal tumor have to complete a sequence of events before a 
liver metastasis can be formed (metastatic cascade).7,8 First, the interaction between tumor cells in 
the solid primary tumor and the interaction between the tumor cells and the supporting matrix need 
to be disrupted. The detached tumor cells encounter a tumor-surrounding basement membrane 
which must be degraded before they can migrate to a blood vessel (or a lymphatic vessel in case 
of lymphogenous metastasis).9 After invading through the endothelial cell layer, tumor cells enter the 
circulation (intravasation).10,11 In case of colorectal cancer, circulating colorectal tumor cells enter the 
gut-draining mesenteric veins and reach the liver through the portal system. Circulating tumor cells 
are trapped in the liver sinusoidal system where they are exposed to cells of the immune system, 
including constitutively active hepatic NK cells (‘pit cells’), NK-T cells, T cells and Kupffer cells.12,13 In 
order to form metastases, tumor cells need to be resistant to this immune response. Next, tumor 
cells need to migrate through the sinusoidal endothelial layer and degrade the basement membrane 
before reaching the liver parenchyma.14 Further outgrowth of the tumor cells requires the formation 
of new blood vessels, providing nutrients and oxygen.15 
K-Ras is well known for its role in the early stages of colorectal cancer progression. Considerably less 
is known about its contribution to the multistage process of metastasis formation. Nonetheless, K-Ras 
activation might influence several aspects of this process. Studies addressing this have mostly focused 
on the first phase of the metastatic cascade including regulation of cell adhesions16, local tumor cell 
invasion17,18, migration19 and anoikis-resistance.20 However, a role for K-Ras in survival of tumor cells 
in the hepatic microenvironment has not been thoroughly addressed.

Treatment of colorectal liver metastases 
Once metastases have formed, the survival rate of colorectal cancer patients decreases significantly. 
If left untreated, patients with colorectal liver metastases have a poor prognosis with a median survival 
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between 3 and 12 months.21-23 Tumor response rates of 40-50% are reported when using systemic 
therapy based on a combination of chemotherapy and biological agents. Nonetheless, the median 
survival in patients treated with systemic therapy alone is approximately 20 months and survival 
beyond 5 years is uncommon in these patients.24,25 
Until now, partial liver resection is the only curative treatment option for patients with colorectal liver 
metastases. Large case series show overall 5-year and 10-year survival rates of 36-58% and 22-26%, 
respectively.26-30 Unfortunately, not all patients are amenable for partial liver resection, despite 
expansion of the criteria for resectability over the last decades.31-33 For patients with non-resectable 
colorectal liver metastases, radiofrequency ablation (RFA) offers an alternative treatment option. RFA 
involves induction of heat coagulation to destroy tumor tissue. Electrodes placed within the tumor 
tissue induce a high frequency alternating current resulting in friction heat due to ion movement. 
Cell death is eventually the result of coagulation necrosis, the irreversible thermal damage of tissue 
proteins at temperatures over 55-60˚C.34,35 Using RFA, the initial achievable lesion size is approximately 
2-3 cm. Inflow occlusion during RFA36,37, usage of multiple probes38 and internally cooled probes39 
are widely used techniques to increase the lesion size. However, despite these advances, the total 
tumor volume that can be ablated using RFA remains limited. 
Nowadays, RFA is used in approximately one-third of all surgical procedures for metastatic colorectal 
cancer confined to the liver, either alone or in combination with resection.40-42 Most studies on 
outcome following RFA for colorectal liver metastases involve patients with non-resectable disease. 
The EORTC-CLOCC trial was the first randomized study involving RFA for colorectal liver metastases, 
comparing chemotherapy alone with chemotherapy combined with RFA. Toxicity profiles were similar 
between the groups, but the primary endpoint (overall survival) was never reached due to poor 
recruitment.43 In non-randomized studies, 5-year survival rates range from 15-30%44-46, including 
25-50% for patients with solitary liver metastases.44,47-49 Nonetheless, since patients selected for 
partial liver resection are different from patients undergoing RFA, comparison of survival data following 
resection or RFA is not appropriate.41 Although RFA is currently being used for small resectable liver 
metastases in approximately 10% of cases50, randomized controlled trials are needed before RFA 
should be used as a replacement for resection of colorectal liver metastases in selected cases.

Recurrence following surgery for colorectal liver metastases
In approximately 60% of the patients undergoing surgery for colorectal liver metastases the disease 
will recur. Intrahepatic recurrences most often occur during the first two years following surgery.50,51 
Repeat hepatectomy for recurrent liver disease is only applicable in 10% of these patients.50,52,53 As 
a consequence, RFA is increasingly used for recurrent liver metastases.54-56 
RFA is accompanied by intrahepatic recurrence rates similar to surgical resection.57 In addition to 
intrahepatic recurrence, local perinecrotic recurrence following RFA is encountered in approximately 
9-18%.40,58,59 Several factors have been reported to be related to higher local  recurrence rates (up 
to 60%), such as the size of the tumor58,60,61, location of the tumor adjacent to large vessels60 and 
a percutaneous RFA approach.58,62 Interestingly, the risk of developing local recurrence following RFA 
is higher in colorectal liver metastases, compared to hepatocellular carcinoma or non-colorectal 
metastases.60 
Tumor recurrence following surgery for colorectal liver metastases may develop from two distinct 
sources. First, circulating tumor cells occurring peri- and postoperatively in 20-50% of cases may 
lead to recurrence.63-65 Second, residual metastatic tumor cells or small micrometastases in the liver 
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may be present after surgery. Indeed, large patient series demonstrate that microscopic residual 
tumor deposits in the resection plane (R1 resection) occur in 5-10% of patients.26-30 In addition, 
when using RFA, incomplete heat destruction of the tumor periphery will result in residual tumor 
tissue in the rim of the generated lesion. Moreover, studies on biopsies from remnant liver tissue 
show that occult hepatic micrometastases can be detected in 26-70% of patients with colorectal 
liver metastases.66-69 These micrometastases can reside within the liver tissue in a state of dormancy 
for years.70,71 Balanced apoptosis and proliferation in combination with angiogenesis suppression 
may result in non-growing micrometastases.70,72 In addition, the adaptive immune system can hold 
micrometastases in a dormant state as well.73 Events such as surgery may disturb this equilibrium, 
resulting in tumor outgrowth. Data on this possible disturbance due to surgery is lacking. Nonetheless, 
development of recurrent disease is strongly associated with the presence of residual micrometastases. 
In this thesis, the effects of liver surgery on the outgrowth of colorectal micrometastases are 
investigated.

Surgery-stimulated tumor growth
The role of wound healing and inflammation as a promoter of tumor development was mentioned 
for the first time by Virchow in the 1860s. Since that time, many studies have been published on 
the effects of wound healing on tumor growth. Taken together, these studies show that wounds 
create a pro-tumorigenic micro-environment caused by the presence of inflammatory cells producing 
growth factors, metalloproteases and cytokines.74-77 Surgery, by definition, generates tissue injury and 
thereby induces wound healing. This may promote the outgrowth of local pre-existing micrometastases. 
Surgery may also stimulate the formation and growth of liver metastasis in several additional ways. 
Handling of the tumor during resection can result in dissemination of tumor cells into the circulation 
and into the peritoneal cavity.63,78 Interestingly, preclinical studies show that surgical trauma promotes 
the implantation of tumor cells in the abdomen, due to increased tumor cell adhesion.79-81 Furthermore, 
removal of the primary tumor may result in a growth induction of metastases in the liver, due to loss 
of anti-angiogenic factors that are produced by the primary tumor72,82,83 and a possible shift in balance 
between apoptosis and proliferation of metastatic cells.84 Finally, transient post-surgical 
immunosuppression may result in reduced function of anti-tumor immunity, which may facilitate the 
formation and outgrowth of micrometastases.85,86

Liver surgery and hypoxia
The effect of liver surgery on residual micrometastases has been the subject of many studies. Since 
liver resection is associated with regeneration of the remnant liver, many of these studies focused 
on the influence of liver regeneration on residual tumor tissue.87-89 Local paracrine stimulation by 
factors related to liver regeneration, including cytokines and angiogenic factors, play an important 
role in the observed tumor growth stimulation.90 Furthermore, in patients undergoing portal vein 
embolization to increase the future remnant liver volume following major liver resection, tumor 
progression has been observed.91 In addition to liver regeneration and portal vein embolization, 
ischemia-reperfusion injury following vascular clamping during liver surgery stimulates the outgrowth 
of micrometastases.92,93 Moreover, accelerated outgrowth of micrometastases following ischemia/
reperfusion injury is associated with chronic tissue hypoxia.94 To what extent ischemia/reperfusion-
induced hypoxia drives accelerated tumor outgrowth remains to be elucidated. Nonetheless, hypoxia 
can induce adaptive changes in tumor cells resulting in tumor cell survival, including apoptosis 
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resistance95 and shift to anaerobic metabolism.96 In addition, hypoxia can stimulate invasion and 
migration of tumor cells.97,98 
Hypoxia is a hallmark of wound healing77,99 and is instrumental in recruiting endothelial progenitor 
cells from the bone marrow towards injured tissue.100 Endothelial progenitor cells can promote tumor 
recurrence by induction of (neo)angiogenesis.101 Indeed, challenging the tumor by treatment with 
vascular disrupting agents or chemotherapy results in tumor necrosis (injured tissue) but the tumor 
re-grows from the viable tumor rim aided by the recruitment of endothelial progenitor cells.102,103 
Moreover, liver surgery for colorectal liver metastases can induce a rise of endothelial progenitor cells 
as well.104 The mechanisms causing this rise following liver surgery need to be elucidated.
 

Outline and research questions addressed in this thesis

This thesis studies factors that influence the development and outgrowth of colorectal liver metastases. 
As almost half of the primary colon carcinoma cells harbour mutations in the K-Ras oncogene, but 
relatively little is known about K-Ras in metastases, we first address the role of oncogenic K-Ras in 
metastasis formation by colorectal tumor cells in the liver (chapter 2). In this chapter, we concentrate 
on the survival of colon carcinoma cells in the hepatic micro-environment. The following chapters of 
this thesis describe how surgery affects residual tumor tissue. In the preclinical studies, the effects 
of liver surgery on the outgrowth of micrometastases are explored. Hypoxia is known to play an 
important role in ischemia/repefusion-induced outgrowth of colorectal liver metastases. Since hypoxia 
can induce rapid adaptations in tumor cells, we study the early effects of liver surgery on tumor cells. 
Additionally, we provide mechanistic insight into the underlying principles of surgery-induced hypoxia 
on micrometastasis behavior. For this purpose, a highly standardized murine model of colorectal 
micrometastases in the liver is used. Two different surgical techniques are used to assess the effects 
of surgery on micrometastatic outgrowth: radiofrequency ablation (RFA, chapters 3-5) and ischemia-
reperfusion injury due to vascular clamping of the hepatic inflow (chapter 6). 
In the clinical studies, we focus on the role of surgery in tumor recurrence. In chapter 7 we investigate 
the effects of prolonged vascular clamping on tumor recurrence. Finally, since (endothelial) progenitor 
cells can play a role in tumor (recurrence) outgrowth, we study the influence of liver surgery on the 
release of (endothelial) progenitor cells (chapter 8).

The studies presented in this thesis were guided by the following research questions:
1.  How does oncogenic K-Ras contribute to the metastatic potential of colorectal tumor cells? 

(chapter 2)
2.  Does RFA promote the outgrowth of residual micrometastases and, if so, what drives this 

phenomenon? (chapters 3-5)
3.  Does the same mechanism apply to ischemia/reperfusion-stimulated tumor outgrowth?  

(chapter 6)
4.  Do the adverse effects of liver surgery as demonstrated in the murine models also apply to 

patients? (chapters 7 and 8).
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Abstract

Background 
Death receptors expressed on tumor cells can prevent metastasis formation by inducing apoptosis, 
but they can also promote migration and invasion. The determinants of death receptor signaling 
output are poorly defined. Here we investigated the role of oncogenic K-Ras in determining death 
receptor function and metastatic potential. 

Methods 
Isogenic human and mouse colorectal cancer cell lines differing only in the presence or absence of 
the K-Ras oncogene were tested in apoptosis and invasion assays using CD95 ligand and TRAIL as 
stimuli. Metastatic potential was assessed by intrasplenic injections of GFP- or luciferase-expressing 
tumor cells, followed by intravital fluorescence microscopy or bioluminescence imaging, and confocal 
microscopy and immunohistochemistry. Ras-effector pathway control of CD95 output was assessed 
by an RNA-interference and inhibitor-based approach. 

Results
CD95 ligand and TRAIL stimulated invasion of colorectal tumor cells and liver metastases in a K-Ras-
dependent fashion. Loss of mutant K-Ras switched CD95 and TRAIL receptors back into apoptosis 
mode and abrogated metastatic potential. Raf1 was essential for the switch in CD95 function, for 
tumor cell survival in the liver and for K-Ras-driven formation of liver metastases. K-Ras and Raf1 
suppressed ROCK/LIM kinase-mediated phosphorylation of the actin-severing protein cofilin. 
Overexpression of ROCK or LIM kinase allowed CD95L to induce apoptosis in K-Ras-proficient cells 
and prevented metastasis formation, while their suppression protected K-Ras-deficient cells against 
apoptosis. 

Conclusions 
Oncogenic K-Ras and its effector Raf1 convert death receptors into invasion-inducing receptors by 
suppressing the ROCK/LIM kinase pathway and this is essential for K-Ras/Raf1-driven metastasis 
formation. 
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Introduction

Metastasis formation by colorectal tumors occurs primarily in the liver and is the major determinant 
of patient survival. The mutations that drive initiation and progression of primary colorectal carcinomas 
have been well documented.1 Mutational inactivation of the APC and TP53 tumor suppressor genes 
and activating mutations in the K-Ras proto-oncogene are by far the most frequently occurring 
mutations driving human colorectal tumorigenesis.1,2 Large-scale sequence analysis of paired primary 
and metastatic tumors has shown that invasive carcinomas and metastases share the vast majority 
of their mutations and that once an invasive carcinoma has formed, metastasis formation ensues 
relatively rapidly, possibly without the requirement for additional mutations.3 This implies that (part 
of) the genetic changes that cause the formation of invasive primary carcinomas may also drive 
metastasis formation, at least in colorectal cancer.3

One of the first genes to be mutated during the course of colorectal cancer development in humans 
is the proto-oncogene K-Ras. Activated Ras genes promote tumor cell motility, invasion and survival 
in a number of distinct cell types.4 However, it remains unclear how endogenous oncogenic K-Ras 
alleles, in the presence of a multitude of other genetic alterations, contribute to the metastatic 
potential of colorectal tumor cells. 
Metastasis formation can be suppressed by the activation of death receptors on tumor cells.5-8 Among 
the best studied death receptors are CD95 and TNF-related apoptosis-inducing ligand (TRAIL) 
receptors.9 Apoptosis has long been thought to be the primary outcome of death receptor activation 
and this has lead to the development of death receptor-stimulating agents as anti-tumor therapeutics.9 
However, more recent data suggest that CD95 and TRAIL receptors can also act in a pro-tumorigenic 
fashion by stimulating tumor cell proliferation, survival and invasion.10-15 
The determinants of death receptor signalling output are poorly defined. Here we provide evidence 
that endogenous oncogenic K-Ras transforms anti-metastatic death receptors into invasion-stimulating 
pro-metastatic ones. We further show that Raf1-mediated suppression of the Rho kinase (ROCK)/
LIM kinase pathway is responsible for death receptor transformation downstream of K-Ras and for 
K-Ras-driven metastasis formation.  
 
 
Materials and Methods

Cell lines and cell cultures
C26 cells were obtained from the American Type Tissue Culture Collection (ATCC, Rockville, MD). 
C26 cell lines in which the endogenous K-RasD12 allele is stably suppressed by RNA interference 
(C26-K-RASKD) and control cells (C26-pLL) were described before.16 HCT116 and DLD1 cells 
and their isogenic derivatives lacking K-RasD13 (Hkh2 and DKO4 respectively) were kindly provided 
by Dr Shirasawa and were described before.17 HCT116 cells lacking β-cateninΔS45 and p53 were 
kindly provided by Dr B Vogelstein. C26 cells expressing the firefly luciferase gene (C26-luc) were 
described previously.18 All cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; 
Dulbecco, ICN Pharmaceuticals, Costa Mesa, CA) supplemented with 5% (v/v) fetal calf serum, 
2 mM glutamine, 0.1 mg/ml streptomycin, and 100 U/ml penicillin. All cells were kept at 37°C 
in a humidified atmosphere containing 5% CO2. A manuscript describing the isolation and 
characterization of the patient-derived colorectal spheroid cultures is currently in preparation.
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Lentiviral transduction
Lentiviral transductions were performed as described.18 All lentiviral constructs are specified below.

Animals and surgery
Colorectal liver metastases were induced as described, using male BALB/c or BALB/c-AnNCrl-NuBR 
mice aged 8-10 weeks (Charles River Laboratories, Maastricht, The Netherlands).18 In separate 
experiments C26-luc, C26-KrasKD-luc, DLD1-luc, or DKO4-luc cells, suspended in 50 μl PBS, were 
injected just under the capsule of the left liver lobe aftera midline abdominal incision.

Intravital microscopy
Liver metastases were induced by intrasplenic injection as described above. On post-operative days 
(POD) 0, 3, and 7 (n=3/day/group) the liver was exposed through a midline abdominal incision. 
Intravital fluorescence microscopy was performed using a Nikon TE-300 inverted microscope (Uvikon, 
The Netherlands). 10 random fields (magnification 100X) per animal were recorded digitally with a 
charge coupled device camera (Exwave HAD, Sony, The Netherlands) and stored for off-line data 
analysis. Data are average counts performed by two independent observers blinded to treatment.

Confocal microscopy
Cells were fixed in 3.7% formaldehyde for 10 minutes and were subsequently permeabilized (PBS 
0.05% TritonX100; 1% BSA; 2 min) and blocked (PBS 3% BSA; 1h). Anti-CD95 primary antibody 
and FITC-coupled secondary antibody with Alexa-568-conjugated phalloidin were incubated for 1 
hour. Coverslips were mounted in Vectashield with DAPI (H-1200, Vectorlabs). Image acquisition 
and analysis was performed using a Zeiss Axiovert 200M and Zeiss LSM 510 Software.

Viability assays
Cells (5000 cells/96-well) were stimulated with CD95L (2 ng/ml to 10 ng/ml) or TRAIL (25 ng/ml 
to 100 ng/ml) and viability was analyzed 24h later by 3-(4,5dimethylthiazolyl-2)- 
2,5-diphenyltetrazoleumbromide (MTT) assays (Roche Diagnostics) according to the manufacturer’s 
instructions. For anoikis assays the cells were cultured under non-adherent conditions at 37°C in a 
humidified atmosphere under constant low speed rotation. Cells were collected by centrifugation 
(1500 rpm, 3 min) at the indicated time points and cell viability was subsequently assessed by MTT 
assays.

CD95 ligand, TRAIL and anti-CD95
The following reagents were used in this study: CD95 Ligand (FasL), membrane bound (#01-210) 
from Upstate Cell Signaling Solutions, Lake Placid, NY. HisTRAIL: The bacterial expression plasmid 
pETdwHisTRAIL(114-281) for human TRAIL was kindly provided by Dr. D.W. Seol. His-TRAIL was 
purified by using the His-bind Resins beads and buffer systems from Novagen. Recombinant 
isoleucine zipper-tagged murine TRAIL (izmuTRAIL) was generated and purified as described.19 To 
remove endotoxins, an additional washing step with 0.1% Triton-X-114 was used during the 
purification procedure. The protocol for endotoxin removal was adapted from.20 Anti-CD95 CH11 
was used at a concentration of 10 ng/ml.
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FACS analysis
For cell surface CD95 expression, the cells were plated onto six-well plates at a density of 4x105 
cells/well. 24 Hours after plating the cells were trypsinized, washed in PBS/BSA 1% and incubated 
for 1 hour on ice with anti-CD95 (CH11). Secondary antibodies were fluorescein isothiocyanate-
conjugated anti-mouse IgM. For sub-G1 DNA content analysis, cells were stimulated with either 
CD95L or TRAIL and were harvested by centrifugation, washed with PBS and then fixed in chilled 
80% ethanol on ice. The cells were washed and suspended in PBS and treated with RNase A (200 
μg/ml) at room temperature for 30 min. The cells were then stained with Propidium Iodide (50 μg/
ml) for 30 min. All samples were analyzed using a FACSCalibur flow cytometer (Becton Dickinson, 
San Jose, CA, USA).
C26-KrasKD cells were transfected with the dominant-negative GFP-LIMK-kinase dead mutant and 
cells were either left untreated or were stimulated with CD95L (10 ng/ml) overnight. Cells were 
trypsinized and stained with propidium iodide to determine the amount of apoptotic (PI-positive) 
cells by FACS. 

Live cell imaging and motility assays
Cells were seeded in a Lab-Tek® Chambered #1.0 Borosilicate Coverglass System (Nalgene Nunc 
International, Rochester, NY14625, USA) and were mounted on a Zeiss Axiovert 200M microscope 
for live cell imaging (5% CO2; 37°C) overnight. Phase contrast images were captured every 5 min 
using a Photometrics Coolsnap CCD camera (Scientific, Tucson, AZ). Images were processed using 
Metamorph software (Universal Imaging, Downington, PA). The number of cells displaying membrane 
ruffling was scored by off-line analysis of the generated videos and plotted as means ± SEM from 
all cells in 20 videos from 3 independent dishes. For motility assays cells were filmed for 48h (20 
videos; 3 dishes). The average speed of tumor cells in each dish was then quantified in pixels per 
hour. For studying directed cell migration either CD95L or isoleucine-zipper-tagged murine TRAIL 
(iz-muTRAIL) were mixed with soluble Matrigel which was then allowed to solidify in a small droplet 
in the middle of a culture dish in 24 well format. Cells were seeded into the dish and allowed to 
migrate towards, or away from, the Matrigel during 24h incubation. Cells were then fixed and stained 
with crystal violet.

Invasion assay
Invasion was measured using 24-well BioCoat Matrigel invasion chambers (BD Biosciences, Alphen 
aan den Rijn, The Netherlands) according to the manufacturer’s instructions using CD95L (20 ng/
ml) or iz-muTRAIL (200 ng/ml) as stimuli.   

Immunohistochemistry
Mouse livers were harvested and fixed in 4% buffered formaldehyde and embedded in paraffin for 
further immunohistochemical processing. Anti-active caspase 3 was used for assessment of apoptotic 
tumor cells. As secondary antibody PowerVision+ (Immunologic, Duiven, The Netherlands) with 2% 
mouse serum was used. Reactions were developed using diaminobenzidine/H2O2 as a chromogen 
substrate. Primary antibody-omitted negative controls were treated with the antibody diluent alone 
and were all free of non-specific background staining. Quantification was performed by counting the 
number of active capase-3-positive cells in 20 randomly chosen high-power fields in 3 non-
consecutive tissue sections in 4 mice. The bar diagrams represent the average numbers of caspase-
3-positive cells per field in 20x3x4 fields.
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TRAIL treatment in vivo
Mice carrying 2-day micrometastases received isoleucine zipper-tagged murine TRAIL (iz-muTRAIL; 
6 mg/kg bodyweight/day) (n=4) or vehicle (n=4) for 2 days via tail vein injections. Livers were then 
harvested and analyzed by confocal microscopy. The length of the longest distance between tumor 
cells in each metastasis was measured in 10 randomly chosen metastases per mouse using Zeiss 
LSM image examiner software. These values were used to calculate the average longest trail-length 
within metastases in control- and TRAIL-treated animals.

Cell fractionation
Cells were lysed in 0.1% Triton buffer (20 mM Hepes pH7.4, 0.1% TrirtonX100, 150 mM NaCl, 5 
mM MgCl2, 10% glycerol). Lysates were then cleared by sequential low speed (13.000 rpm 
Eppendorff tablecentrifuge) and high speed (Beckmann airfuge, 100.000g) centrifugation at 4°C.

Antibodies and reagents
The following antibodies were obtained from Cell Signaling Technology Inc., Danvers, MA: mouse 
anti-caspase-8 (1C12, #9746), rabbit anti-FADD (human specific, #2782), anti-Raf1 (#9422), anti-
A-Raf (#4432) anti-B-Raf (L12G7, #9434), phospho-ERK1/2 T202/T204 (#9101), phospho-Akt 
Ser473 (193H12, #4058), anti-Akt (#9272), phospho-cofilin S3 (#3311), cofilin (#3312), phospho-
ezrin Thr567 (#3141), ezrin (#3145), and anti-RalB (#35235). Mouse anti-Fas (human, activating), 
clone CH11 (#05-201) was obtained from Upstate Cell Signaling Solutions, Lake Placid, NY. Anti-
human TRAILR1/DR4 was obtained from R&D Systems Europe Ltd., Abingdon, UK (#AF347). Anti-
DR5 (#160770) was obtained from Cayman Chemical, Ann Arbor, MI. Anti-FLIP (F9800) was 
obtained from Sigma-Aldrich, Saint Louis, Missouri. Mouse anti-Bcl2 (#M0887, clone 124) was 
obtained from DAKO, DK-2600 Glostrup, Denmark. Anti-active caspase 3 for immunohistochemistry 
(BD559565), anti-RalA (BD610221) and anti-ROCK (BD611136) were obtained from BD Biosciences, 
San Jose, USA. Mouse anti-β-actin was purchased from Novus Biological, Littleton, CO (NB 600-
501).

Expression vectors
The cDNA encoding dominant-negative FADD (DN-FADD) was cut from pRVQ7- FADD-DN (kindly 
provided by Dr. J. Borst) by using BamH1/Xho1, and ligated into BamH1/Sal1-cut pWPT-GFP to 
generate pWPT-dnFADD. pWPT-GFP and the lentiviral packaging system were kindly provided by Prof 
D. Trono. All lentiviral knockdown vectors were in the pLKO1 background and were purchased from 
Open Biosystems (Huntsville Al, USA). A panel of 5 constructs was tested for each set. The following 
vectors were used for stable knockdown of Raf1 (TRCN0000055140 (#1), TRCN0000055138 
(#2),TRCN0000055142 (#3)), B-Raf (TRCN0000054345), RalA (TRCN0000004867, 
TRCN0000004868), RalB (TRCN0000072954, TRCN0000072955). The ROCK targeting sequences 
were: TGTCGAAGATGCCATGTTA (#1) and GACCTTCAAGCACGAATTA (#2) were cloned into the 
lentiviral shRNA vector pLV-THM (AddGene). The lentiviral constructs targeting Erk1 and Erk2 were 
kindly provided by Dr Riccardo Brambilla and were described before.21 pREP4-Bcl2 was kindly 
provided by Dr. A Shvarts. The caspase-8a and –b open reading frames were excised from pIRES2-
GFP-caspase-8 together with parts of the GFP and the CMV-promoter sequence. Subsequently, they 
were ligated into a modified pWPTS (Addgene). The final constructs were verified by sequencing. 
pRRL-CMV-luciferase was kindly provided by Dr. RC Hoeben. Expression constructs for GFP-LIMK 
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and GFP-LIMKkinase-dead22 were kindly provided by Prof John Condeelis. The expression construct 
for constitutively active ROCK (ROCKΔ3)23 was kindly provided by Prof Christopher Chen.

Statistical Analysis
Differences between groups were evaluated using the Mann-Whitney test. Results are presented as 
means ± standard error of the mean. All P values were two-tailed. P < 0.05 was considered statistically 
significant.
 

Results

An essential role for oncogenic K-Ras in liver metastasis formation 
To assess the contribution of endogenous oncogenic K-Ras to liver metastasis formation we analyzed 
how deletion or suppression of endogenous oncogenic K-Ras alleles from colorectal tumor cells 
affected tumor growth in the liver when compared to subcutaneous tumor growth. 
DLD1 cells and isogenic cells lacking K-RasD13 (DKO4) were injected into the liver parenchyma. DLD1 
cells formed liver tumors in all injected mice, but DKO4 cells were unable to form liver tumors (Figure 
1A, Table 1). However, the in vitro proliferation rate for this pair of isogenic cells was very similar and 
both cell lines formed subcutaneous tumors with an incidence of 100% (Table 1). Subcutaneous 
DKO4 tumors did not acquire de novo mutations in the remaining wildtype allele during tumor 
formation (data not shown). 

Table 1

Cell line K-Ras/Kras status Injection site Incidence (%) Invasion Morbidity

DLD1 D13/wt subcutaneous 100 (7/7) yes yes

DKO4 Δ/wt 100 (7/7) no no

C26-pLL D12/- 100 (7/7) yes yes

C26-KrasKD D12-KD/- 30 (3/10) no no

DLD1 D13/wt spleen 0 (0/7) - -

DKO4 Δ/wt 0 (0/7) - -

C26-pLL D12/- 100 (7/7) yes yes

C26-KrasKD D12-KD/- 0 (0/6) - -

DLD1 D13/wt liver 100 (6/6) yes yes

DKO4 Δ/wt 42 (3/7)* NA no

C26-pLL D12/- 100 (6/6) yes yes

C26-KrasKD D12-KD/- 0 (0/6) - -

Deletion of oncogenic K-Ras abrogates liver tumor formation but not subcutaneous tumor growth. DLD1, DKO4, C26-
pLL and C26-KrasKD cells were injected either subcutaneously, into the spleen or under the liver capsule. The effect 
of tumor growth on health score was monitored as in3 and post mortem analysis of skin invasion was performed by 
Haematoxilin and Eosin histochemistry. Subcutaneous tumor growth was measured by standard caliper measurements; 
liver tumor growth was measured by bioluminescence. D12-KD: Stable knockdown of the K-RasD12 mRNA.3 C26 cells 
have lost the wildtype K-Ras allele. *Although very low bioluminescence signals were detected in 3/7 livers injected 
with DKO4 cells, the tumors remained extremely small over time and had no effect on the health status of the mice 
(See Figure 1A).  NA: not analyzed.
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Next, we tested whether suppression of K-RasD12 in C26 cells (C26-KrasKD) had a similar selective 
effect on liver tumor formation. C26 control cells formed tumors both in the liver and under the skin 
with 100% incidence (Figure 1B, Table 1). C26-KrasKD cells failed to form liver tumors, either when 
cells were injected via the spleen or directly into the liver parenchyma (Figure 1B, Table 1), but were 
able to form benign, non-invasive subcutaneous tumors in 30-40% of the mice (Table 1, Smakman 
et al.16). Intravital microscopy showed that the inability of C26-KrasKD cells to form liver tumors was 

Figure 1  Oncogenic K-Ras is essential for liver metastasis formation and for tumor cell survival in the  
sinusoids 
(A) Luciferase-expressing DLD1 and DKO4 cells were injected directly into the liver parenchyma of immune-deficient 
BALB/cnu/nu mice (n=7) and bioluminescence imaging was used to detect tumor growth over time. (B) Luciferase-
expressing C26-pLL and C26-KrasKD cells were injected into the spleen of syngenic BALB/c mice (n=6) and liver 
metastasis formation was assessed over time by bioluminescence imaging. (C) EGFP-expressing C26-pLL and C26-
KrasKD cells were injected into the spleens of BALB/c mice (n=3) and tumor cell fate in the liver sinusoids was followed 
by intravital microscopy. The number of single cells in the liver sinusoids and the development of micrometastases (2-5 
cells and >5 cells) was then scored by off-line analysis of the generated videos. Quantification of these data is shown 
in the left panel. Stills from representative videos are shown in the right panel. (D) After intrasplenic injection of C26-
pLL and C26-KrasKD cells, the livers were harvested at the indicated time points. The number of apoptotic cells was 
then assessed by immunohistochemistry using an antibody recognizing activated (cleaved) caspase-3 and the number 
of active caspase-3 positive cells was quantified as detailed in the M&M section. * p<0.05. All data are presented as 
means ± SEM.  
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caused by a rapid clearance of tumor cells from the liver (Figure 1C). Immunohistochemistry on liver 
tissue sections revealed the presence of high numbers of apoptotic (active caspase-3-positive) tumor 
cells in mice injected with C26-KrasKD cells but not in mice injected with control C26 cells (Figure 
1D). These results suggest that endogenous oncogenic K-Ras is required for tumor cell resistance 
to apoptotic stimuli in the liver.     

Oncogenic K-Ras provides resistance to apoptosis induced by death receptor ligands
Metastatic tumor cells have to survive the apoptotic stimulus that results from loss of adhesion 
(anoikis). In addition, immune cells in the liver attack tumor cells, in part by producing death receptor 
ligands like CD95L and TRAIL. 

Figure 2  Oncogenic K-Ras provides resistance to apoptosis induced by death receptor ligands, but 
not by anoikis
(A) C26, C26-KrasKD, DLD1 and DKO4 cells were cultured under non-adherent conditions for the indicated periods of 
time and cell viability was then measured by MTT assays. The data shown represent means of triplicates. (B) DLD1 and 
DKO4, HCT116 and Hkh2, and C26 and C26-KrasKD cells were treated with CD95L (2-10 and 4-20 ng/ml), hisTRAIL 
(20-100 ng/ml) or iz-muTRAIL (20-100 ng/ml) for 24 hours. Cell viability was then assessed by MTT assays. (C) Hkh2 
cells were transduced with lentiviral expression vectors for HA-tagged K-Ras4A and -4B. These cells were exposed to 
CD95L and cell viability was measured as in B. (D) Spheroid cultures were established from biopsies of liver metastases 
of 4 different colon cancer patients. Single cell suspensions were prepared and these were stimulated overnight with 
CD95L (6 ng/ml). Cell viability was assessed as above. The presence of active (GTP-bound) K-Ras was analyzed in 
parallel using lysates of the same cell lines (lower panel). K-Ras mutation status was analyzed by sequencing and is 
indicated at the bottom.  (E) HCT116, Hkh2, HCT116Δ−βCATΔS45 and HCT116p53-/- cells were treated with hisTRAIL (100 
ng/ml) for 24h and cell viability was assessed as above. Data are presented as means ± SEM. * p<0.05.
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The K-Ras status had no discernable effect on anoikis in DLD1 and C26 cells (Figure 2A). However, 
tumor cells lacking oncogenic K-Ras (DKO4, Hkh2 and C26-KrasKD) were highly sensitive to apoptosis 
induction by CD95L and TRAIL and by the CD95 agonistic antibody CH11 (Figures 2B, 3A and 3B). 
Re-expression of oncogenic K-Ras in Hkh2 cells provided renewed resistance to CD95L-induced 
apoptosis (Figure 2C). 
We next used four low-passage spheroid cultures that were established from freshly resected liver 
metastases of colorectal cancer patients. Two of these cultures expressed wildtype K-Ras and two 
expressed constitutively active oncogenic K-Ras (G12D) (Figure 2D). Spheroid cultures expressing 
wildtype K-Ras rapidly lost viability (~50%) following overnight exposure to CD95L (Figure 2D), 
whereas those expressing oncogenic K-Ras were resistant.  

Figure 3  Oncogenic K-Ras protects colorectal cancer cells from CD95-induced apoptosis without 
affecting expression of DISC components
(A) DLD1 and DKO4 cells were treated with CD95L (6 ng/ml) or TRAIL (20 ng/ml) overnight. Cells were then 
photographed (left panels), stained with propidium iodide and analyzed by FACS (right panels). The percentage of 
apoptotic cells (with sub-G1 DNA content) is indicated in the graphs. (B) DLD1 and DKO4 cells were treated with the 
agonistic anti-CD95 CH11 antibody (10 ng/ml) for 3 consecutive days and cell viability was then assessed by standard 
MTT assays.  (C) DLD1, DKO4, HCT116 and HKH2 cells were lysed and the steady state levels of FADD, cFLIPL, and 
cFLIPs were analyzed by Western blotting. (D) Cell surface levels of CD95 on HCT116, Hkh2, DLD1 and DKO4 cells 
were tested by FACS analysis.   

Figure 4  Oncogenic K-Ras prevents caspase-8 cleavage in response to CD95L, but not during anoikis 
(A) DLD1 and DKO4 cells and DLD1 and DKO4 cells ectopically expressing caspase-8a and -8b (DLD1-C8, DKO4-C8) 
were either left untreated or were treated with CD95L (2 ng/ml) for 24 hours. Caspase-8 cleavage was then assessed 
by Western blot analysis. (B) DLD1-C8 and DKO4-C8 cells were exposed to CD95L (2 -10 ng/ml) for 24h. Cell viability 
was assessed by MTT assays and caspase-8 processing by Western blot analysis. Data are presented as means ± SEM. 
(C) DLD1-C8 and DKO4-C8 cells were either stimulated with CD95L (2 ng/ml) or were grown under non-adherent 
conditions to promote anoikis. Caspase-8 processing was then assessed by Western blot analysis.
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Deletion of oncogenic K-Ras, but not β-cateninΔS45 or p53, sensitized HCT116 cells to TRAIL-induced 
apoptosis (Figure 2E). Thus, of the three most common genetic alterations in colorectal tumors, only 
the K-Ras oncogene provides resistance to apoptosis induction by death receptor activation.       

Deletion of oncogenic K-Ras allows caspase-8 processing by death receptor ligands
Activation of caspase-8 in the death-inducing signaling complex (DISC) is essential for apoptosis 
induction by CD95L24 and TRAIL.25 DLD1 cells express low levels of caspase-8 (Figure 4A) but re-
expression of caspase-8 did not sensitize these cells to CD95L or TRAIL (Figures 4A, 4B and not 
shown). Resistance was accompanied by a failure to process caspase-8 in the DISC, despite expression 
of CD95, TRAIL-R1, TRAIL-R2, cFLIP and FADD. (Figures 3C, 3D and 4A). Deletion of oncogenic K-Ras 
allowed CD95L-stimulated caspase-8 processing (Figures 4A and 4B) but had no effect on caspase-8 
processing during anoikis (Figure 4C). 

CD95L is an attractant for tumor cells expressing oncogenic K-Ras 
The apoptosis-resistant cell lines that were exposed to CD95L displayed extensive membrane ruffling 
but their derivatives expressing only wildtype K-Ras did not (Figure 5A and not shown). This suggests 
that CD95 signaling is not simply reduced in cells expressing oncogenic K-Ras, but that alternative 
pathways may be activated.

Figure 5  CD95 ligand is an attractant for tumor cells expressing oncogenic K-Ras 
(A) DLD1 and DKO4 cells were stimulated with CD95L (2 ng/ml) and the number of cells with extensive ruffling 
was analyzed by live cell imaging. (B) DLD1 and DKO4 cells were treated with CD95L (2 ng/ml) for 48 hours 
and were analyzed by live cell imaging. The migration trails of single tumor cells are depicted in the left panel. The 
right panel shows a quantification of average tumor cell speed. CD95L-stimulated DKO4 cells failed to migrate but 
underwent apoptosis. (C)  A droplet of Matrigel containing no (-) or 20 ng/ml CD95L (+) was allowed to set in 
the middle of a tissue culture dish. DLD1 cells were plated and after 24h cells were stained with crystal violet and 
fixed. Representative images are shown. The borders of the Matrigel drops are indicated by red dotted lines. (D) 
Immunofluorescence analysis of CD95 (green) and f-actin (red) in DLD1 cells (left panel) and DKO4 cells (right 
panel). Cells were left untreated or were stimulated with CD95L (2 ng/ml) for 2 hours. Arrows indicate CD95 at the 
leading edge in CD95L-stimulated DLD1 cells. (E) DLD1 and DKO4 cells were treated overnight with CD95L (6 ng/
ml). Detergent lysates were prepared and cleared by high speed centrifugation. CD95 levels in the high-speed pellet 
(p) and sup (s) fractions were subsequently analyzed by Western blotting. * p<0.05.
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Live cell imaging showed that exposure of DLD1 cells to CD95L increased motility by approximately 
two-fold (Figure 5B). In addition, CD95L stimulated the closure of monolayer wounds in scratch 
assays (data not shown). Directed migration assays showed that CD95L acts as an attractant for 
apoptosis-resistant tumor cells (Figure 5C).
Apoptosis signaling by CD95 is associated with its internalization.26 Immunofluorescence analysis 
showed that CD95 is localized at the cell periphery both in DLD1 and DKO4 cells (Figure 5D). 
Furthermore, FACS analysis showed that cell surface expression of CD95 was unaffected by K-Ras 
status (Figure 3D). CD95L stimulation induced internalization of CD95 in DKO4 cells. In DLD1 cells 
however, activated CD95 localized to cortical f-actin-rich plasma membrane areas, including those 
at the leading edge of migrating cells (Figure 5D). In DKO4 cells, internalized CD95 was completely 
degraded after overnight stimulation, but CD95 in DLD1 cells was resistant to degradation (Figure 
5E). Similar results were obtained in the HCT116/Hkh2 cell system (not shown). Thus, oncogenic 
K-Ras prevents CD95 from joining the classical internalization/degradation pathway.    

Systemic administration of TRAIL stimulates invasion of K-RasD12-expressing 
micrometastases in the liver
The safety and efficacy of recombinant TRAIL or agonistic TRAIL-R2 antibodies is currently being 
tested in different patient groups, including those with metastatic colorectal cancer. Both CD95L and 
TRAIL induced invasion of C26 cells in Matrigel in vitro (Figure 6A). Therefore, we assessed whether 
systemic administration of TRAIL affected the invasive behavior of micrometastases in the liver. 
Micrometastases in control mice displayed a compact morphology with sharply demarcated edges 
(Figure 6B). In contrast, micrometastases in TRAIL-treated mice displayed a highly invasive phenotype 
with cells detaching from the core of the metastasis and invading the surrounding parenchyma (Figure 
6B). TRAIL treatment increased the average distance between tumor cells at the extreme edges of 
individual metastases by approximately three-fold (Figure 6B). TRAIL treatment had no apparent 
effect on the number of liver metastases, nor did we observe apoptotic GFP-positive tumor cells. 
Thus, rather than promoting their clearance, TRAIL induced dissemination of micrometastatic tumor 
cells through the liver parenchyma.

Figure 6  Oncogenic K-Ras allows death receptors to signal invasion
(A) Transwell invasion assay using C26 cells stimulated with either CD95L or TRAIL. Graphs represent means of 
triplicates. (B) C26-GFP cells were injected into the spleen and micrometastases were allowed to develop for 2 days, 
prior to treatment with TRAIL (6 mg/kg body weight/day), or vehicle, for 2 days. All mice were injected with Rhodamine-
conjugated dextran to visualize the microvasculature. The livers were harvested and analyzed by confocal fluorescence 
microscopy. Representative examples of micrometastases in control-treated (left panel) and TRAIL-treated (right panel) 
mice are shown. (Scale bars: 150 μm). The lengths of the longest tumor cell trails in each of the metastases were 
measured (10 metastases per liver) and plotted. (C) Transwell invasion assay using DLD1 control cells, DLD1 cells 
expressing dnFADD or caspase-8 and DKO4 cells expressing Bcl-2. * p<0.05.
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Invasion of apoptosis-resistant tumor cells requires oncogenic K-Ras but not caspase-8 
recruitment  
We next tested whether caspase-8 recruitment was required for CD95-mediated invasion. To this 
end, dnFADD was expressed in DLD1 and DKO4 cells. dnFADD abrogated CD95L-stimulated 
caspase-8 processing and apoptosis in DKO4 cells (Figures 7A and 7B). In contrast, neither dnFADD 
nor overexpression of capsase-8 affected CD95L-stimulated invasion of DLD1 cells (Figure 6C). Thus, 
caspase-8 recruitment is not required for CD95L-stimulated invasion of DLD1 cells. 
The finding that CD95L causes invasion of apoptosis-resistant tumor cells raises the question whether 
in apoptosis-prone cells the induction of apoptosis overrides the invasion signal, or whether these 
are two independent modes of receptor signaling. We tested this by expressing Bcl-2 in apoptosis-
prone DKO4 cells. DKO4-Bcl-2 cells were protected from CD95L-induced apoptosis (Figure 7C), but 
they failed to undergo invasion in response to CD95L (Figure 6C). Moreover, DKO4 cells that undergo 
apoptosis do not show CD95L-induced ruffling in the period preceding cell death (data not 
shown). 

Oncogenic K-Ras requires Raf1 to prevent apoptosis induction by CD95         
K-Ras signals through several distinct effector pathways. We took an RNAi- and inhibitor-based 
approach to assess which of these pathways mediates the switch in CD95 signaling output. Lentivirus-
mediated RNAi-suppression of A-Raf, B-Raf, ERK1+ERK2, RalA, or RalB, or inhibition of MEK (with 
U0126) or PI(3)-kinase (with LY294002) failed to sensitize tumor cells to CD95L-stimulated apoptosis 
in the presence of oncogenic K-Ras (Figure 8A). However, suppression of Raf1 using 2 independent 
targeting sequences sensitized C26 cells to apoptosis induction by CD95L (Figures 8A and 8B). This 
was accompanied by activation (cleavage) of caspase-3, but not by reduced phosphorylation of ERK1 
or ERK2 (Figure 8C). Raf1 suppression did not further sensitize C26-KrasKD cells to CD95L (Figure 
8D). Thus, Raf1 suppression primarily affects tumor cell sensitivity to CD95L in the presence of 
oncogenic K-Ras.

Figure 7  Protection of DKO4 cells from CD95-induced apotposis by dnFADD and Bcl2
(A) DLD1-caspase-8 and DKO4-caspase-8 cells were transduced with a lentiviral vector driving expression of dnFADD. 
Cells were stimulated with CD95L overnight (2 ng/ml) and cell viability was measured using MTT assays. dnFADD 
protected DKO4 cells from CD95L-induced apoptosis. (B) DLD1, DLD1-dnFADD, DKO4 and DKO4-dnFADD cells were 
stimulated with FLAG-TRAIL (5 μg/ml) for 15 minutes. Cell extracts were prepared and anti-Flag immunoprecipitation 
was performed overnight. The presence of caspase-8 in the immunocomplexes was then analyzed by Western blotting. 
(C) DKO4 cells were transfected with pREP4-Bcl2 or empty pREP4 and stable polyclonal cell lines were generated 
by selection in Hygromycin B medium. DLD1, DKO4-pREP4 and DKO4-pREP4-Bcl2 cells were then stimulated with 
CD95L overnight (2 ng/ml) and cell survival was measured by MTT assays. Bcl2 expression protected DKO4 cells from 
CD95L-induced apoptosis.  
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Raf1 is critical for K-Ras-driven invasion and liver metastasis formation
To test whether the restoration of apoptosis signaling by CD95 in Raf1-suppressed cells would be 
accompanied by loss of its ability to stimulate invasion, Raf1 knockdown cells were treated with the 
caspase inhibitor z-VAD. Raf1 knockdown cells, protected by z-VAD, displayed a greatly reduced 
potential to invade Matrigel in response to CD95L (Figure 9A). z-VAD had no effect on C26 control 
cells (Figure 9A). Thus, Raf1 knockdown switched the signaling output of activated CD95 from 
invasion mode back to apoptosis mode, in the presence of K-RasD12. Importantly, knockdown of Raf1 
also strongly reduced the metastatic potential of C26 tumor cells, despite the continued presence 
of oncogenic K-RasD12 (Figure 9B). This was due to massive apoptosis of tumor cells in the liver 
(Figure 9C), similar to K-Ras-suppressed cells (Figure 1D). These results identify Raf1 as a critical 
mediator of the survival of metastatic tumor cells in the liver and as a critical K-Ras effector during 
liver metastasis formation.     

Figure 8  Raf1 mediates K-Ras-dependent apoptosis resistance
(A) C26, DLD1 and HCT116 cells were infected with lentiviral RNA-interference constructs targeting the indicated 
genes. In addition, cells were treated with the MEK inhibitor U0126 or with the PI(3) kinase inhibitor LY294002 as 
indicated. Cells were then stimulated with CD95L and cell viability was measured as in Figure 2. (B) C26 cells were 
infected with three different Raf1-targeting lentiviral RNAi constructs. Cells were stimulated with CD95L and cell viability 
was measured as above. Knockdown efficiency was analyzed by Western blotting. (C) Control and Raf1-knockdown cells 
were stimulated with CD95L overnight. Cells were then analyzed for viability as above. In addition, the effect of Raf1 
knockdown on caspase-3 cleavage (activation) and ERK phosphorylation was assessed by Western blotting. (D) C26 
control and C26-KrasKD cells were transduced with control (Luc) or Raf1 knockdown constructs (#2, #3) as indicated 
and Raf1 expression was assessed by Western blotting. Cells were stimulated with the indicated concentrations of 
CD95L overnight and cell viability was assessed as above. * p<0.05.
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Figure 9  Raf1 is required for CD95L-stimulated invasion and K-Ras-driven metastasis formation
(A) Transwell invasion assay using C26 cells expressing shRNA’s targeting luciferase or Raf1 in the presence of 
the apoptosis-inhibiting peptide z-VAD (20 μM). (B) C26 control and Raf1 knockdown cells were injected into the 
spleens of BALB/c mice (n=4) and liver metastasis formation was then assessed by morphometric assessment of 
the tumor-containing areas on liver tissue sections. Quantification of the % tumor areas are shown in the graph. (C) 
Micrometastases were established using either control (Luc knockdown) or Raf1 knockdown C26 cells. Apoptotic tumor 
cells were then quantified by anti-active caspase-3 immunohistochemistry as in Figure 1D. * p<0.05.

Figure 10  Stress fiber formation following K-Ras or Raf1 knockdown
C26 cells transduced with a lentiviral control shRNA (Luc) or with K-Ras-, Raf1-, or B-Raf-targeting shRNA’s were grown 
on glass coverslips. After fixation, the actin cytoskeleton was stained with phalloidin texas-red. Nuclei were counterstained 
with DAPI. The % of cells with stress fibers was then quantified without knowledge of the slide’s identities. 
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K-Ras and Raf1 subvert CD95 signaling by suppressing the Rho/ROCK/LIM kinase 
pathway
We noted that knockdown of K-Ras and Raf1, but not B-Raf, caused a massive increase in the number 
of actin stress fibers, indicating activation of the Rho/ROCK pathway (Figure 10). In fibroblasts, ROCK 

Figure 11  K-Ras-induced subversion of CD95 signaling and metastasis formation requires 
suppression of the Rho kinase/LIM kinase pathway
(A) Control, K-Ras knockdown and Raf1 knockdown C26 cells were either left unstimulated or were stimulated with 
CD95L 24h (10 ng/ml). Cell lysates were then analyzed for the presence of pT567-ezrin, ezrin, pS3-cofilin and cofilin. 
(B) C26 cells overexpressing ROCKΔ3 or a control vector were exposed to CD95L (20 ng/ml) for 24h. Caspase-3 
processing and ROCKΔ3 expression was assessed by Western blot analysis. Cell viability was assessed by MTT 
assays. Data are presented as means ± SEM. (C) C26 and DLD1 cells were grown on glass coverslips (n=3), were 
transfected with an expression construct for GFP (control) or GFP-tagged LIMK and were stimulated 24h with CD95L 
(10 ng/ml). Immunofluorescence analysis for active caspase-3 was then performed to assess the number of apoptotic 
(a-casp3-positive) green cells under all conditions. Detergent lysates were prepared in parallel and were blotted for 
LIMK expression and active caspase-3. (D) DLD1 cells were transfected with an expression construct for GFP-tagged 
LIMK. Cells were stimulated 24h with CD95L (6 ng/ml). Detergent lysates were prepared and cleared by high speed 
centrifugation. CD95 levels in the high-speed pellet (p) and sup (s) fractions were subsequently analyzed by Western 
blotting. (E) FACS-sorted C26-GFP and C26-LIMK-GFP cells were injected into the spleens of BALB/c mice (n=4) and 
liver metastasis formation was then assessed as in Figure 7. (F) C26-KrasKD cells were transduced with lentiviral vectors 
targeting luciferase (control) or ROCK (#1 and #2). Cells were stimulated with CD95L (2-10 ng/ml) for 24 hours and 
cell viability was assessed by MTT assays as above. In addition, C26-KrasKD cells were transfected with an expression 
construct for GFP-tagged dominant negative LIMK. Cells were stimulated with CD95L for 24 hours (10 ng/ml). Cell 
viability of GFP-LIMK-positive and negative populations was then assessed by propidium iodide exclusion by FACS. * 
p<0.05.
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facilitates apoptosis induction by CD95, possibly by phosphorylation of ezrin on T567.27 ROCK also 
activates LIM kinase to phosphorylate the actin-severing protein cofilin on S3. Raf1 or K-Ras knockdown 
in C26 cells dramatically increased phosphorylation of cofilin S3, but did not affect ezrin T567 
phosphorylation (Figure 11A). Overexpression of ROCK restored cofilin phosphorylation (data not 
shown) and sensitized C26 cells to CD95L-induced apoptosis (Figure 11B). Likewise, overexpression 
of LIM kinase sensitized both C26 and DLD1 cells to CD95L-induced apoptosis (Figure 11C). 
Restoration of apoptosis signaling was accompanied by stimulus-dependent degradation of CD95 
(Figure 11D), similar to what was observed in K-Ras knockout cells (Figure 5E). Importantly, the 
metastasis-forming potential of LIM kinase-expressing C26 cells was strongly reduced (Figure 11E). 
Furthermore, RNAi-mediated suppression of ROCK or expression of a kinase-dead LIM kinase mutant 
in K-Ras knockdown cells protected these cells from CD95L-stimulated apoptosis (Figure 11F). Taken 
together, the results suggest that suppression of ROCK/LIM kinase by K-Ras/Raf1 is essential for 
altering CD95 functionality and for metastasis formation.        
 

Discussion

The factors that determine cell fate following death receptor stimulation (i.e. apoptosis, proliferation 
or invasion) are poorly defined. In this manuscript we identify oncogenic K-Ras and its effector Raf1 
as critical determinants of death receptor function in metastatic colorectal cancer cells. K-Ras and 
Raf1 do not simply suppress CD95-mediated apoptosis, but alter its signaling output to generate an 
invasion signal. Invasion signaling by CD95 required the continued presence of oncogenic K-Ras and 
Raf1 and was not secondary to apoptosis resistance. Thus, CD95 is primed to signal either apoptosis 
or invasion. Previous reports have uncovered death domain-dependent pathways of CD95-stimulated 
tumor cell invasion.10,11 Our results show that in metastatic colorectal cancer cells CD95 retains the 
capacity to stimulate invasion even when its death domain is blocked. CD95 may therefore stimulate 
invasion via distinct pathways in distinct cell types. 
The K-Ras-controlled switch in death receptor function turns one of the most potent tumor suppressor 
mechanisms into one stimulating tumor cell invasion. To our knowledge this is the first demonstration 
of such a dramatic switch in death receptor function induced by a single common oncogene. When 
instructed to signal invasion, CD95 and TRAIL receptors may contribute to tumor progression and 
metastasis formation. Indeed, components of these signaling systems are not simply lost or inactivated 
during tumor progression.28-35 In fact, expression of CD95L is increased during colorectal 
tumorigenesis28,31,32, is higher in metastases than in matched primary tumors31 and is related to poor 
prognosis.36 Furthermore, CD95 and CD95L are frequently co-expressed in primary colorectal tumors 
and liver metastases.31,37 
CD95L could contribute to tumor progression, either by promoting the expression of pro-inflammatory 
cytokines from neighbouring cells, by stimulating apoptosis in hepatocytes35,37 and/or by activating 
non-apoptotic CD95 signaling pathways in tumor cells that retain CD95.12,13 The latter possibility is 
supported by the finding that continuous CD95 stimulation on colon carcinoma cells selects highly 
metastatic variants38 and overexpression of CD95 ligand in apoptosis-resistant colorectal cancer cells 
promotes liver metastasis formation.37 
An immediate implication of our finding that oncogenic K-Ras alters CD95 signaling output is that 
therapeutic targeting of death receptors by TRAIL or by agonistic TRAIL receptor antibodies could 
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have adverse effects on disease progression by promoting invasion and dissemination of 
micrometastases instead of clearing them. This is a major concern, at least when considering such 
compounds in the treatment of tumors harboring activating mutations in the K-Ras gene. Currently, 
the safety and efficacy of recombinant TRAIL and TRAIL-receptor-activating antibodies are being tested 
in phase I and phase II clinical trials. These include trials in patients with metastatic colorectal, 
pancreatic, and non-small cell lung cancer, tumor types in which activating mutations in K-Ras are 
frequently observed.39 Our results provide a rationale for testing the tumors of the patients in these 
trials for activating mutations in K-Ras.
The physiological function of Raf1 is to suppress apoptosis.40,41 Strikingly, this does not require Raf1 
kinase activity and is independent of its ability to activate the ERK pathway.40,41 Our results show that 
this function extends to the pathophysiology of metastasis formation, as Raf1 is required for the 
survival of metastatic colorectal cancer cells in the liver without modulating ERK phosphorylation. 
Rather, B-Raf is the most effective activator of the MEK/ERK pathway (reviewed Niault and Baccarini42). 
Likewise, in the colorectal cancer cells studied here, only B-Raf was essential for maintaining ERK 
phosphorylation (Figure 12). A-Raf is required for normal neural and intestinal development in mice43, 
but it had no significant impact on the survival of colorectal cancer cells. The role of A-Raf in colorectal 
cancer cells is presently unknown. Taken together, the Raf kinases appear to fulfil distinct functions 
in colorectal cancer cells. 
Raf1 suppresses apoptosis by binding and inactivating the pro-apoptotic kinases ASK1 and MST2.44,45 
CD95 activation causes disruption of the RAF1-MST2 complex, which leads to activation of MST2 
and this is required for efficient apoptosis induction by CD95L45. A role for (disruption of) the Raf1-
Ask1 complex in CD95-induced apoptosis is less clear. Raf1 also binds to and suppresses the activity 
of ROCK, which impairs CD95-induced apoptosis.27 All of these studies firmly implicate Raf1 in the 
control of (CD95-induced) apoptosis. Our results suggest that suppression of the ROCK/LIM kinase/
cofilin pathway by K-Ras/Raf1 is essential for specifying the signaling output of CD95. The cofilin 
pathway is a critical regulator of cortical actin dynamics, tumor cell migration, invasion and metastasis 
formation.46,47 Therefore, the control of cortical actin dynamics by K-Ras/Raf1 may underlie subversion 
of CD95 trafficking and signaling output. Our results add a novel dimension to the control of metastatic 
capacity by the cofilin pathway. By keeping ROCK and LIM kinase activities suppressed, K-Ras and 
Raf1 turn death receptors into pro-metastatic receptors.          

Figure 12  B-Raf, but not Raf1, is required for 
ERK phosphorylation
C26 cells were transduced with lentiviral RNAi vectors 
targeting either Raf1 or B-Raf. Cells were then stimulated 
with CD95L (10 ng/ml) overnight and cell viability was 
determined by MTT assays. Parallel samples were 
analyzed for the effect of Raf1 and B-Raf knockdown 
on the levels of phosphorylated and total ERK1 and 
ERK2.             
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Abstract

Background 
Thermal destruction therapies of non-resectable colorectal liver metastases, including radiofrequency 
ablation (RFA), can provide tumor clearance, but local recurrences are common. The aim of this 
study was to assess how thermal ablation of colorectal liver metastases affects the outgrowth of 
micrometastases in the transition zone (TZ) between ablated tissue and the unaffected reference 
zone (RZ) in two different murine models.

Methods
Three days after intrasplenic injection of C26 colon carcinoma cells, RFA was applied to the left liver 
lobe. Perinecrotic microcirculation, tissue hypoxia, HIF-1α and HIF-2α and the outgrowth of 
micrometastases both in the TZ and in the RZ were evaluated over time. 

Results 
In two different animal models, the outgrowth of micrometastases in the TZ following RFA was 
stimulated approximately four-fold compared to tumor growth in the reference zone. Accelerated 
tumor growth in the TZ was associated with microcirculatory disturbances, prolonged hypoxia and 
stabilization of HIF-1α and HIF-2α in the tumor cells. In addition, RFA induced the formation of new 
hepatic vessels that sprouted from existing sinusoids and grew into the generated necrotic lesion. 
Surprisingly, the accelerated tumor growth was not associated with these vessels. Treatment with 
17DMAG prevented HIF-1α and HIF-2α stabilization and selectively reduced tumor growth in the 
TZ by ~40% without affecting tumor growth in sham-operated mice or in the RZ of RFA-treated 
mice. PTK787/ZK-222584, a non-selective VEGF-receptor inhibitor, reduced RFA-stimulated tumor 
growth and tumor growth in the RZ to a similar extent. 

Conclusions
We conclude that RFA stimulates the outgrowth of tumor cells at the lesion periphery. Angiogenesis 
is not the driving force behind RFA-stimulated tumor growth, but other hypoxia/HIF-activated pathways 
are likely to be important.
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Introduction

Surgical resection offers patients with colorectal liver metastases a potentially curative treatment, 
leading to 5-year survival rates of approximately 40%.1 However, despite recent advances in 
neoadjuvant chemotherapy, surgical resection is applicable to only 15-30% of patients.2,3 Thermal 
destruction therapies, such as radiofrequency ablation (RFA) and laser-induced thermotherapy (LITT), 
are widely used for treating non-resectable colorectal metastases confined to the liver and may 
provide tumor clearance and increase life-expectancy.4,5 Recent articles on this topic revealed that 
local peri-lesional recurrences from colorectal metastases occur in approximately 9-18%.5-8 
Nonetheless, with increasing tumor size and during percutaneous ablation local recurrences are 
reported in up to 60% of cases.7,9 
One of the major problems with thermal destruction therapies is to achieve complete tumor 
destruction. In the treatment of larger tumors it is difficult to reach sufficiently high temperatures 
further away from the heat source. This contributes to high local recurrence rates following ablative 
treatment of tumors with large diameters. However, as ablative devices improve, the ability to obtain 
satisfactory ablative margins will increase.10

Nonetheless, despite apparently complete tumor destruction, local recurrences may develop from 
residual viable tumor cells that are located at the periphery of the lesion.11,12 The biological behavior 
of residual tumor cell deposits greatly determines the time to develop a recurrence, which eventually 
influences survival. Evidence is accumulating that the altered microenvironment after operative trauma 
may enhance the outgrowth of residual tumor cells.13 Both hypoxia and hypoxia-driven angiogenesis 
are a consequence of surgical trauma13-15 and these phenomena both play an important role in 
tumor growth.14,16,17 Recently, we have shown that ischemia/reperfusion injury due to vascular 
clamping accelerates the outgrowth of pre-established micrometastases.18 The stimulated outgrowth 
was mainly observed around areas of tissue necrosis and was associated with tissue hypoxia.18,19 
Based on these observations, we hypothesized that RFA may similarly affect the local outgrowth of 
residual tumor cells at the lesion periphery, based on induction of hypoxia and, consequently, 
neovascularization.
In the present work we used two pre-clinical models with pre-established colorectal micrometastases 
to study the effect of RFA on the outgrowth of tumor cell clusters at the lesion periphery, thereby 
mimicking the influence of RFA on diffuse residual disease in the liver. Furthermore, we assessed 
whether tumor growth in the transition zone between the central necrotic zone and the unaffected 
reference zone is associated with hypoxia, stabilization of Hypoxia Inducible Factor (HIF)-1α and HIF-
2α and subsequent neovascularization. Finally, we tested whether intervention strategies aimed at 
either preventing the stabilization of HIFs in response to tissue hypoxia (by 17DMAG) or at inhibiting 
VEGF-signaling and angiogenesis (by PTK787/ZK-222584) would be beneficial in controlling 
accelerated tumor recurrence following thermal ablation of liver metastases from colonic cancer. 
  

Materials and Methods

Animals and surgical procedures
All experiments were carried out in accordance with the guidelines of the Animal Welfare Committee 
of the University Medical Center Utrecht, The Netherlands. Male BALB/c mice (10-12 weeks, 20-25 
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gram) and male Wag/Rij rats (16-20 weeks, 200-250 gram) were purchased from Charles River 
(Sulzfeld, Germany) and Harlan (Horst, The Netherlands), respectively. Animals were housed under 
standard laboratory conditions. All surgical procedures were performed under isoflurane inhalation 
anesthesia. Buprenorfine was administered intramuscularly prior to surgery to provide sufficient peri-
operative analgesia. 

Cell culture and induction of hepatic micrometastases
The murine colon carcinoma cell line C26 was used to induce colorectal liver metastases as described 
previously.18 C26 cells transduced with a lentiviral vector encoding enhanced green fluorescent protein 
(EGFP) were used for fluorescence microscopy analysis. 
Colorectal liver metastases were induced in mice as described.18,19 In brief, through a left lateral flank 
incision, 5x104 C26 colon carcinoma cells were injected into the splenic parenchyma. After ten 
minutes, the spleen was removed to prevent intrasplenic tumor growth. Diffuse intrahepatic 
micrometastases were allowed to grow out for three days.
For tumor inoculation in rats, we used the CC531 colon carcinoma cell line, which was kindly provided 
by Dr. PJK Kuppen (Department of Experimental Surgery, Leiden University Medical Center, Leiden, 
The Netherlands). Through a midline incision, 1x106 CC531 cells were injected into the portal vein. 
To prevent bleeding after injection, the puncture hole was sealed with an absorbable fibrin-collagen 
coated patch (Nycomed, Breda, The Netherlands). Micrometastases were allowed to develop in the 
ensuing six days.

Radiofrequency ablation and laser-induced thermotherapy
Radiofrequency ablation (RFA) was performed using the CELON Power System (Celon AG, Teltow, 
Germany). In mice, a single non-cooled bipolar electrode (outer diameter 1.0 mm, active length 
10 mm, kindly provided by dr. A. Roggan, Celon AG, Teltow, Germany) was used for RFA of the 
left liver lobe at 2 Watts for 50 seconds, corresponding with a total energy output of 100 Joules. 
In rats, RFA was performed in the left liver lobe by using a bipolar electrode (Celon AG, Teltow, 
Germany) with a saline-cooled diffuser tip (outer diameter 1.8 mm, active length 20 mm) at 2 
Watts for 150 seconds (300 Joules). Sham-operated animals underwent laparotomy without further 
local treatment.
To test whether the effect of RFA on perinecrotic tumor cells was based on a general phenomenon, 
we also used laser-induced thermotherapy (LITT) in mice. A Nd:YAG laser (Medilas 4060 N, MBB, 
Medizin Technik, Munchen, Germany) with a wavelength of 1064 nm was used. The laser light was 
delivered in a continuous wave mode through a 400 μm fiber with a diffuser tip applicator (outer 
diameter 1.2 mm, active length 10 mm, Trumpf Medizine Systeme, Umkirch, Germany). LITT was 
applied to the left liver lobe at a power setting of 3 Watts per centimeter diffuser length for 90 
seconds, corresponding to a total energy output of 270 Joules.

Drug characteristics
17DMAG (InvivoGen, San Diego, USA), a heat shock protein-90 inhibitor known to destabilize HIF-
1α and HIF-2α20-22, was dissolved in saline and administered by intraperitoneal injections at a 
preoperative dose of 15 mg/kg body weight, followed by three postoperative doses of 7.5 mg/kg 
body weight every 12 hours.23,24 
PTK787/ZK-222584 (PTK/ZK), a non-selective vascular endothelial growth factor receptor 
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tyrosine kinase inhibitor25, was kindly provided by Dr. D. Laurent (Schering AG, Berlin, Germany). 
PTK/ZK was dissolved in polyethyleneglycol 400 and administered twice-daily by intra-gastric 
injections at a dose of 50 mg/kg starting prior to RFA until 48 hours after RFA. 

Experimental design
The effect of RFA on perinecrotic outgrowth of micrometastases was assessed in two different animal 
models. Three days after intrasplenic tumor cell injection mice were subjected to either RFA or sham 
operation and sacrificed 7 days later (n=8 each group). In rats, micrometastases were allowed to 
develop for 6 days followed by RFA or sham operation. Tumor growth was assessed 9 days later 
(n=8 each group). The livers were harvested and fixed in 4% buffered formaldehyde and embedded 
in paraffin for morphological assessment of tumor growth. 
For the intervention studies, mice with pre-established micrometastases underwent RFA treatment 
and were randomized into different treatment groups (n=8 each group). Mice received either i) 
17DMAG, ii) PTK/ZK or iii) no treatment (control). Tumor growth was assessed 7 days later. The 
effect of these drugs on tumor growth in sham-operated mice was evaluated separately. For these 
control experiments, metastases were allowed to grow out for 9 days after sham operation.  

Assessment of hypoxia and activation of HIF pathway
The extent and localization of hypoxia were analyzed using the hypoxia marker pimonidazole 
hydrochloride (Hypoxyprobe-1, 90201, Chemicon International, Temecula, CA, USA), which was 
injected intravenously one hour prior to termination at a dose of 60 mg/kg.26 For this experiment, 
livers were harvested 2 hours, 24 hours and 7 days after RFA (n=4 each group). Pimonidazole adducts 
were visualized by immunohistochemistry according to instructions from the manufacturer. 
Activation of the HIF-1α and HIF-2α cascade was assessed using immunohistochemistry, 
including the downstream markers CA-IX, Glut-1 and VEGF.27 In addition, we evaluated the 
upregulation of heat shock protein 90 (hsp90), which is controlled by stresses like heat and 
hypoxia and regulates the HIF cascade.22,28 Antibodies were purchased from Dako, Heverlee, 
Belgium (Glut-1), Novus, Littleton, USA (HIF-1α, HIF-2α, CA-IX) and Santa Cruz Biotechnology, 
Santa Cruz, USA (hsp90 and VEGF). As secondary antibody PowerVision+ (Immunologic, Duiven, 
The Netherlands) with 2% mouse serum was used. Reactions were developed using 
diaminobenzidine/H2O2 as a chromogen substrate. Primary antibody-omitted negative controls 
were treated with the antibody diluent alone and were all free of non-specific background 
staining.

Evaluation of perinecrotic microcirculation and hepatic neovascularization
The hepatic microcirculation was assessed by intravital fluorescence microscopy using a Nikon TE-
300 inverted microscope (Uvikon, The Netherlands) equipped with a fluorescence filter for fluorescein 
isothiocyanate (FITC) (excitation 450-490 nm, emission >515 nm). For contrast enhancement, 100 
μl 2% FITC-labeled dextran (MW 446.000, Sigma, Zwijndrecht, The Netherlands) in 0.9% NaCl was 
injected intravenously and excited with blue light (450-490 nm). After re-opening the midline incision, 
the mice were placed on an inverted microscopic stage, using a template to minimize tension and 
respiratory movement. Microcirculatory flow was assessed at two distances from the lesion edge (2 
and 6 mm). For each distance ten to fifteen fields were recorded for 10 seconds per animal. Images 
were captured at a 40x magnification by a charge coupled device camera (Exwave HAD, Sony, 
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The Netherlands) and relayed to a personal computer for off-line analysis. Sinusoidal perfusion rates 
were analyzed by two independent observers and were calculated by dividing the number of normally 
perfused sinusoids by the total number of sinusoids observed (n=4 each group).  
To visualize possible hepatic neovascularization in the transition zone following RFA, intravital 
microscopy at a 10x magnification was used as above. In non tumor-bearing mice (n=4 each group), 
the microcirculation in the transition zone was assessed 24 hours, 3, 5 and 7 days following RFA. To 
improve visualization of the hepatic neovascularization in the transition zone, we also analyzed the 
non tumor-bearing livers ex vivo with a Zeiss LSM510 Meta confocal microscope using 10x 
magnification (n=4 each group). At the designated time points after RFA, mice were injected 
intravenously with RITC-labeled dextran (MW 70.000 or MW 2.000.000, Invitrogen, Carlsbad, USA). 
Ten minutes after injection the mice were sacrificed, the left liver lobe was excised and placed on a 
coverslip using immersion oil to further improve visualization. The livers were analyzed with combined 
bright field/fluorescence microscopy and confocal microscopy. To visualize the vessels, the rhodamine 
(RITC) was excited at 561 nm using the yellow diode laser.
Finally, to evaluate the relationship between hepatic neovascularization and tumor growth, mice 
were injected with GFP-expressing tumor cells as above. Seven days after RFA, tumor-bearing mice 
were analyzed as stated in the former section (n=4 each group). In these mice, the GFP-expressing 
C26 tumor cells were excited at 488 nm. Vessel visualization was the same as above. Image 
acquisition and analysis were performed using Zeiss LSM5 Software.

Tumor analysis
Tumor load in the liver was scored as the hepatic replacement area (HRA), the percentage of liver 
tissue that has been replaced by tumor tissue.18,19 HRA was measured in the transition zone, defined 
as the area stretching 2 mm outside the necrotic central area, and in the reference zone, i.e. the 
remaining part of the liver. The definition of the transition zone was based on preliminary histological 
data, showing transition zone characteristics being most abundant in the first 2 mm stretching from 
the edge of the necrosis. Analyses were performed by two independent observers, blinded to 
treatment, using an automated microscope with an interactive video overlay system (Leica-Q-Prodit, 
Leica Microsystems, Rijswijk, The Netherlands). The scar tissue induced by RFA was excluded from 
analysis. For analysis of treatment with 17DMAG and PTK/ZK, we also compared HRA ratios, the 
ratio between HRA in the transition zone versus the reference zone. Thus, HRA ratio reflects the level 
of tumor growth acceleration.19 
In the rat model, the transition zone was defined as the area stretching 10 mm outside the lesion, 
based on the more expansive growth pattern of CC531 cells.

In vitro analysis of HIF-1α and HIF-2α stabilization in hypoxic C26 cells
We assessed the expression of HIF proteins in hypoxic and normoxic C26 cells using Western blotting. 
Hypoxia was instantly induced by placing the C26 cells at 1% O2 and 37°C for two hours in an Invivo2 
Hypoxia Workstation 1000 (Biotrace International, UK) and replacing the medium by medium 
equilibrated at 1% O2. Normoxia served as a control and was represented by 21% O2 at 37°C. For 
western blotting, the same antibodies were used as described above.
To determine the effect of 17DMAG on HIF protein expression in vitro, cells were treated with 1μM 
17DMAG, 24 hours prior to hypoxia. Treated and untreated cells without hypoxia served as 
controls.
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Statistical analysis 
Statistical differences between groups were analyzed by the Student’s t-test and ANOVA for parametric 
data. Data are expressed as mean +/- SEM.

Results

Radiofrequency ablation enhances perinecrotic outgrowth of colorectal 
micrometastases
Metastases in sham-operated mice were distributed equally throughout the liver lobes and covered 
approximately 15% of the liver tissue (Figures 1A, B, D, F and H). In RFA-treated livers, a clear necrotic 
zone of 7.2 ± 0.2 x 4.9 ± 0.2 mm had developed in all livers (central zone, CZ). The lesions were 
clearly encircled by a rim of tumor (Figures 1A, 1G and 1I). Tumor load in the transition zone (TZ) 
surrounding the central necrotic zone had increased three to four-fold compared to tumor load in 
the unaffected reference zone (RZ, 48.5 ± 3.9% vs 14.8 ± 1.1%, p=0.0002) and compared to 
tumor growth in the livers of sham-operated mice (48.5 ± 3.9% vs 17.9 ± 2.0%, p=0.00021, figure 
1D). No differences were found between tumor growth in the reference zone of RFA-treated mice 
when compared to tumor growth in sham-operated mice (Figure 1D). 
Laser-induced thermotherapy (LITT) stimulated the outgrowth of tumor cells in the transition zone to 
a similar extent (approximately four-fold) as RFA. Following LITT, tumor load in the transition zone had 
increased approximately four-fold compared to tumor load in the reference zone (TZ 40.1 ± 3.5% 
vs RZ 11.4 ± 2.3%, p=0.001, data not shown). In addition, the size of the necrotic zone formed by 
LITT was comparable to that induced by RFA.
Similar to the murine model, RFA in rats induced a four-fold increase in tumor tissue in the transition 
zone surrounding the ablated region as compared to the other non-treated reference areas (40.4 ± 
6.1 vs 10.6 ± 3.9, p=0.007, figures 1C, E). Microscopically, CC531 tumors in the reference zone 
were well differentiated displaying glandular organization throughout the lesion (Figures 1J and 1L). 
However, confluent tumor masses in the transition zone displayed a disorganized and poorly 
differentiated phenotype with loss of glandular architecture (Figures 1K and 1M). No extrahepatic 
metastases were found in any of the animals. 

Accelerated tumor growth is associated with perinecrotic tissue hypoxia and subsequent 
stabilization of hsp90, HIF-1α and HIF-2α
Histopathologically, RFA induced progressive hepatocellular injury followed by infiltration of 
inflammatory cells 24 hours and 7 days after RFA (Figure 2A). In control liver tissue of sham-operated 
mice, pimonidazole staining was exclusively observed around central venules, which are known to 
be characterized by relatively lower oxygen concentrations.26 Two hours after RFA, profound diffuse 
tissue hypoxia was observed throughout the transition zone (Figure 2B). During the ensuing 7 days, 
the perinecrotic liver parenchyma remained remarkably hypoxic. Heat shock protein 90 (hsp90) 
showed a similar staining pattern, with maximal staining at 24 hours following RFA (Figure 2C).
Similar to the pimonidazole staining, HIF-1α was detected around central venules in control liver 
tissue (Figure 2D). In the transition zone, both cytoplasmic and nuclear HIF-1α and HIF-2α were 
observed at the lesion edge, with maximal staining at 24 hours and 2 hours after RFA, respectively 
(Figures 2D and 2E). 

proefschrift Maarten_corps9/12.indd   49 20-07-2010   17:11:00



Chapter 3

50

Figure 1  Accelerated peri-lesional outgrowth of pre-established micrometastases following 
radiofrequency ablation in BALB/c mice (A, B, D and F-I) and Wag/Rij rats (C, E and J-M)
(A, B) Mouse livers, containing C26 metastases in the reference zone (RZ) and in the transition zone (TZ, arrow) 
surrounding the necrotic central zone (CZ), 7 days after RFA (A) and sham-operation (B). (C) Rat liver, containing 
CC531 metastases in the reference zone (RZ) and in the transition zone (arrow) surrounding the central zone (CZ), 9 
days after RFA. (D, E) Tumor growth, expressed as the hepatic replacement area (HRA) in the RZ and TZ, defined as the 
area extending 2 mm outside the necrotic lesion for RFA-treated mouse liver (D) and 10 mm outside the necrotic lesion 
for RFA-treated rat liver (E). *p=0.0002 TZ versus RZ in the left liver lobe and p=0.00021 TZ versus RZ sham (mouse), 
**p=0.007 TZ versus RZ (rat). (F-I) Hematoxylin and eosin (H&E)-stained sections of paraffin-embedded mouse liver 
containing metastases in control liver lobes (F and H) and of metastases surrounding the necrotic lesion induced by 
RFA (G and I) (F and G: magnification 0.5x, H and I: magnification 2x). The dotted line in G is located 2 mm outside 
the necrosis, the area between this dotted line and the necrosis (n) represents the transition zone. (J-M) H&E-stained 
sections of paraffin-embedded rat liver containing metastases (t) in control liver lobes (J and L) and of metastases 
surrounding the necrotic lesion induced by RFA (K and M) (J and K: magnification 2x, L and M: magnification 10x). 
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Figure 2  Hypoxia in transition zone of non tumor-bearing mice following RFA
(A) H&E-stained sections of control liver tissue and of tissue sections after RFA, showing infiltration of inflammatory 
cells 24 hours and 7 days after RFA (arrows). (B) Tissue hypoxia was detected by pimonidazole immunohistochemistry 
(brown) around the central veins (CV) in normal liver tissue and in the transition zone (TZ) surrounding the central 
necrotic zone (CZ) 2 and 24 hours and 7 days after RFA. (C) Heat shock protein 90 (hsp90) (brown) is upregulated in 
the transition zone following RFA, with a peak at 24 hours after RFA (arrow). (D, E) Hypoxia Inducible Factors (HIF)-1α 
(D) and HIF-2α (E) immunostaining (brown) in the transition zone surrounding the central necrotic zone, with highest 
intensities at 24 hours and 2 hours following RFA, respectively (arrows). Original magnification 10x, except pimonidazole 
at 2 hours (2x).
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To assess the activation of HIF target genes, we stained the liver tissue for the commonly used 
downstream markers CA-IX, Glut-1 and VEGF. All downstream markers were upregulated in the 
transition zone as well, peaking at 24 hours following RFA (Figure 3).
Mice that were treated with RFA for analysis of microvascular disturbances, hepatic neovascularization 
or control tumor growth were analyzed for hypoxia as well. All of these mice invariably revealed the 
occurrence of hypoxia in the transition zone. 

Accelerated tumor growth is associated with high HIF-1α and HIF-2α levels in tumor 
cells
As shown above, the accelerated tumor growth following RFA is predominantly located in the transition 
zone (Figure 4). In control tumor tissue, minimal pimonidazole staining was observed, whereas in 
tumor tissue located in the transition zone, pimonidazole staining was strongest at the tumor-necrosis 
interface (Figure 4). Neither HIF-1α nor HIF-2α staining was observed in control tumor in the 
reference zone. Tumor cells located in the transition zone, most notably at the hypoxic tumor-necrosis 
interface, displayed strong nuclear HIF-1α and HIF-2α staining (Figure 4). 

Figure 3  Upregulation of downstream markers of Hypoxia Inducible Factors
The expression of the commonly used downstream markers of HIF, carbonic anhydrase IX (CA-IX), glucose transporter-1 
(Glut-1) and vascular endothelial growth factor (VEGF), is higher in the transitione zone (TZ) compared to the reference 
zone (RZ) at 24 hours following RFA,
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RFA induces prolonged microcirculatory disturbances
We hypothesized that chronic hypoxia and HIF-stabilization could be due to prolonged local changes 
in the microcirculation. Extravasation of FITC-dextran was observed directly adjacent to the lesion at 
2 and 24 hours following RFA, indicating loss of sinusoidal integrity. This phenomenon gradually 
decreased over time throughout the experiment (Figures 5B and 6). Vascular leakage was no longer 
observed 5-7 days following RFA (Figure 6). 

Figure 4  Hypoxia, HIF-1α and HIF-2α in control tumor tissue in the reference zone and in accelerated 
tumor cells in the transition zone 7 days after RFA
H&E-stained sections show control liver tissue containing tumor (t) and liver tissue sections after RFA, in which tumor 
is located adjacent to the necrosis (n). Pimonidazole immunohistochemistry (brown) indicates hypoxia of tumor cell 
deposits in the reference zone and the transition zone surrounding the central necrotic zone. HIF-1α (C) and HIF-2α 
(D) immunostaining shows minimal staining in control tumor tissue (blue tumor cells) and nuclear staining (brown 
tumor cells) in tumor tissue at the necrosis-tumor interface (arrows). Magnification RZ panel 10x, magnification TZ 
panel 15x.

Figure 5  Peri-lesional microcirculatory flow following RFA as evaluated by intravital microscopy (IVM)
(A, B) Stills from intravital microscopy videos of the hepatic microcirculation in the reference zone (A) and in the 
transition zone (B), 40x magnification. (A) Approximately 85-90% of the identified sinusoids contain normal blood 
flow. (B) In the transition zone, extravasation of FITC-dextran (black arrow) and disturbed microcirculation (white arrow) 
is observed 2 hours following RFA. (C) Hepatic sinusoidal perfusion rates 2, 24 hours and 7 days after sham operation 
and RFA measured at 2 and 6 mm distance from the lesion edge. *p<0.001 versus untreated controls. **p<0.05 versus 
untreated controls and 2 mm.
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RFA induced severe peri-lesional sinusoidal perfusion failure, as shown by reduced sinusoidal 
perfusion rates within the first 2 mm outside the necrotic lesion when compared to sham-operated 
mice (p<0.001, figure 5). Sinusoidal perfusion rates gradually increased further away from the lesion 
edge, but were still abnormal at 6 mm from the lesion edge, when compared with sham operated 
mice (p<0.05 versus sham and 2 mm, figure 5C). Interestingly, microcirculatory disturbances 
surrounding the necrotic lesion did not significantly improve during the first 7 days following RFA. 

Tumor cells do not co-localize with newly formed vessels in the transition zone
As angiogenesis is a physiological response to hypoxia, we hypothesized that the chronic hypoxia 
we observed could lead to formation of new hepatic vessels in the rim of the necrosis. In non-tumor 
bearing mice 24 hours and 3 days after RFA, the transition zone was characterized by vascular leakage, 
but we did not observe neovascularization. However, from 5 days after RFA, large vessels became 
visible in the rim of the necrosis (Figure 6). These vessels displayed normal blood flow, are 
approximately 4-5 times larger in diameter compared to the sinusoids and sprout from sinusoids 
(data not shown). Surprisingly, tumor cells did not co-localize with the neovasculature: the latter 
penetrated into the necrosis while a broad band of tumor cells was observed at the rim of the necrosis 
(Figure 7). 

Figure 6  Microcirculation of the lesion edge of non tumor-bearing mice 24 hours, 3, 5 and 7 days after RFA
(A) Stills from intravital microscopy showing blood flow in microcirculation, while combined bright field/fluorescence 
microscopy (B) and confocal microscopy (C) occurred ex vivo to improve visualisation. At 24 hours after RFA, the 
transition zone is characterized by excessive vascular leakage, shown by the increased extravasation of FITC-dextran (A) 
and RITC-dextran (B, C), which gradually decreased throughout the experiment. Neovasvasculature was visible in the 
transition zone from day 5 onward. At day 7 after RFA, the neovasvasculature was more pronounced and penetrating 
into the necrosis. We observed blood flow and loss of vascular leakage in these vessels using intravital microscoy (A).
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Treatment with 17DMAG reduces the accelerated outgrowth following RFA which is 
associated with reduction of HIF-1α and HIF-2α stabilization
As demonstrated above, accelerated tumor growth following RFA was associated with activation of 
the hypoxia/HIF cascade. 17DMAG reduced the outgrowth of micrometastases in the transition zone 
from 42.1 ± 1.5% to 24.6 ± 4.0% (p=0.012, figure 8A) without affecting tumor growth in the 
reference zone (11.2 ± 2.0% vs 12.2 ± 1.8%, p=0.68, figure 8A) or after sham operation (45.5 ± 
2.9% vs 40.8 ± 6.9%, p=0.48, figure 8B). The acceleration of tumor growth, as indicated by HRA 
ratio, was reduced by more than 50%, from 4.6 ± 0.7 to 2.2 ± 0.3, p=0.015, figure 8C), reflecting 
a selective inhibitory effect of 17DMAG on hypoxia-associated stimulation of tumor growth. 
To ascertain the effects of 17DMAG treatment, we evaluated its effect on HIF stabilization in C26 
cells in vitro. Two hours of 1% hypoxia resulted in HIF-1α and HIF-2α stabilization in the tumor cells 
(Figure 8D). This HIF-1α and HIF-2α stabilization was counteracted by the addition of 17DMAG to 
the medium 24 hours before hypoxia. In addition, micrometastases in mice treated with 17DMAG 
failed to stabilize HIF-1α and HIF-2α in response to RFA (Figure 8F).
Treatment with the non-selective VEGF receptor inhibitor PTK/ZK clearly reduced tumor growth in 
the transition zone from 42.1 ± 1.5% to 23.0 ± 4.0%, (p=0.007, figure 8A). However, PTK/ZK 
reduced tumor growth in the reference zone (11.2 ± 2.0% vs 6.6 ± 1.2%, p=0.078, figure 8A) and 
in sham operated mice as well (45.5 ± 2.9% vs 24.1 ± 4.3%, p=0.008, figure 8B). Therefore, PTK/
ZK, unlike 17DMAG, had no selective inhibitory effect on accelerated tumor growth following RFA, 
as shown by the HRA ratio when PTK/ZK treated mice were compared with control mice (4.1 ± 0.6 
vs 4.6 ± 0.7 respectively, p=0.62, figure 8C). 

Figure 7  Combined bright field/fluorescence 
microscopy of the transition zone of tumor-
bearing mice 7 days after RFA
From 5 days after RFA, neovasculature was observed 
in the transition zone (figure 5). Mark that tumor cells 
(T) in the transition zone do not co-localize with these 
vessels (V). The newly formed vessels penetrate into 
the necrosis (N), while a broad band of tumor cells is 
observed at the necrotic rim. At the top of the pictures, 
normal liver tissue (L) can be seen.
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Discussion

Here we show for the first time that, following RFA treatment, a highly localized hypoxia-driven 
acceleration of tumor growth occurs in the transition zone between necrosis induced by RFA and 
the normal liver tissue. Our results are in accordance with recent work from others, showing stimulatory 
effects of thermal ablation on recurrent tumor growth.29,30 Moreover, we have revealed that the 
stimulated outgrowth of peri-lesional micrometastases is associated with profound and chronic 
microvascular disturbances, chronic tissue and tumor hypoxia and stabilization of HIF-1α and HIF-2α, 
but not with hypoxia-driven angiogenesis. This bears resemblance to the accelerated micrometastases 
outgrowth after ischemia/reperfusion injury which occurs following liver surgery.19 
As illustrated by Solbiati et al. and others, increasing tumor size is associated with a higher rate of 
local recurrence.7,9 This emphasizes the importance of obtaining satisfactory ablative margins.31 
However, even when complete tumor destruction is achieved and satisfactory ablation margins have 
been created, occult micrometastastatic cells can be located in the transition zone. In 26-70% of 
patients with colorectal liver metastases, hepatic micrometastases were detected on histological 
examination.32-34 As thermal destruction therapies will unequivocally produce a transition zone, the 
growth of micrometastases that are located in the transition zone may be accelerated.

Figure 8  The effect of 17DMAG and PTK/ZK on peri-lesional outgrowth of pre-established 
micrometastases evaluated 7 days after RFA
(A) Tumor growth, expressed as the hepatic replacement area (HRA), in the transition zone (black bars) and reference 
zone (white bars). Treatment with 17DMAG (*p=0.012) and PTK/ZK (**p=0.007) reduced the tumor growth in the 
transition zone (p-values versus TZ of untreated controls). (B) Tumor growth in mice treated with 17DMAG or PTK/ZK that 
did not undergo RFA. 17DMAG had no significant effect (p=0.48 versus untreated controls), while PTK/ZK significantly 
reduced tumor load (*p=0.008 versus untreated controls). (C) Acceleration of tumor growth in the transition zone, 
expressed as HRA ratio. 17DMAG reduced the acceleration of tumor growth with >50% (*p=0.015 versus untreated 
controls), while PTK/ZK had no effect on the growth acceleration (p=0.62 versus untreated controls). (D) Western blot 
of normoxic and hypoxic C26 colon carcinoma cells, which were treated with 17DMAG. Hypoxia stabilized HIF-1α and 
HIF-2α in the C26 cells. This stabilization was prevented by incubating the cells in medium containing 1μM 17DMAG 
before they underwent hypoxia. (E, F) Microscopic appearance of tumor growth and HIF-staining in untreated mice (E) 
and mice treated with 17DMAG. Mark the reduction in HIF-1α and HIF-2α staining (less brown) in mice treated with 
17DMAG compared with untreated mice. Magnification 2x (H&E) and 15x. T tumor; N necrosis.
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The observed microcirculatory disturbances are caused by a combination of at least three different 
phenomena. First, both hyperthermia and hypoxia have a direct detrimental effect on endothelial 
cells.35,36 As a result, sinusoids become leaky, which was observed in our experiments by the 
extravasation of FITC-dextran in the transition zone. This is in accordance with reports describing a 
hyperaemic rim at the necrotic margin.37 Second, hyperthermia leads to blood clotting in the 
sinusoids.37,38 This is illustrated in our experiments by the absence of FITC-dextran in several sinusoids 
in the transition zone. Third, radiofrequency ablation leads to a rise in interstitial liver parenchymal 
pressure in the transition zone, which may aggravate the microvascular disturbances due to collapse 
of the sinusoids, with subsequent congestion of blood.39 These microvascular disturbances could 
very well correspond to the peripheral rim of enhancement observed on post-procedural MRI or 
CT.11,40 We observed that the extravasation of FITC-dextran was present in the acute phase following 
RFA (24 hours), which resolved within a couple of days. This is in accordance with the results of Lim 
et al., who showed the presence of peripheral rim enhancement in 79% of cases, resolving in all 
cases within 1 month.40  
While prolonged periods of hypoxia are deleterious to most cells, tumor cells have adapted to survive 
under hypoxic conditions.17 Subsequent HIF stabilization (both HIF-1α and HIF-2α) leads to 
transcription of several genes that are implicated in cancer progression, including proliferation-
promoting cytokines, growth factors and glucose transporters. Moreover, the HIFs promote (tumor)
neovascularization through upregulation of VEGF.17,41 Thus, prolonged perinecrotic hypoxia as observed 
after RFA may provide a pro-tumorigenic microenvironment through stabilization of HIF-1α and HIF-
2α. Interestingly, pimonidazole, HIF-1α and HIF-2α immunostaining were mainly localized immediately 
adjacent to the necrotic central zone and strong nuclear HIF-1α and HIF-2α staining was observed 
in tumor cells at the necrosis-tumor interface for as long as 7 days after RFA. Our finding that 17DMAG 
largely reduced the accelerated outgrowth of micrometastases, but did not influence tumor growth 
in sham-operated mice or in untreated areas, suggests that the compound may be particularly 
effective in selectively reducing hypoxia-associated acceleration of tumor growth. This phenomenon 
was supported by in vitro experiments showing that 17DMAG prevented stabilization of HIF-1α and 
HIF-2α in tumor cells by hypoxia.
The geldanamycin-analogue 17DMAG is a hsp90 inhibitor. Heat shock proteins (or stress proteins) 
are molecular chaperones that help other proteins fold properly. We also observed upregulation of 
hsp90 in the transition zone, peaking 24 hours after RFA. Hsp90 is one of the most abundant heat 
shock proteins that is constitutively expressed in cells.42 Interestingly, hsp90 expression is upregulated 
during tumorigenesis, thereby emphasizing the role of hsp90 in tumor cell survival.43 It is acutely 
upregulated in response to stresses like hypoxia and hyperthermia, followed by modulation of 
numerous targets aimed at promoting cell survival, including HIF.22,28,42,44 Thus, targets other than 
HIF-1α or HIF-2α may have contributed to the effectiveness of 17DMAG in reducing tumor growth 
in the transition zone. A specific role for hsp90 and other heat shock proteins in the stimulation of 
tumor growth after hyperthermia requires further research. 
VEGF is one of the best studied downstream effectors of HIF and plays a pivotal role in the stimulation 
of hypoxia-driven angiogenesis.16 Angiogenesis has been long recognized as a prerequisite for 
metastatic progression16 and has been previously implied in surgery-induced tumor growth.14,15 
Several angiogenic factors, including VEGF, are up-regulated primarily adjacent to the ablation site, 
comparable to our results.29,30 Moreover, we observed neovasculature sprouting from existing sinusoids 
at the lesion edge starting 5 days after RFA, which corresponded with VEGF upregulation. Surprisingly, 
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however, tumor cells were not associated with this neovasculature. 
Anti-angiogenic agents are widely investigated as anticancer treatment and are increasingly used in 
clinical practice. The non-selective VEGF-receptor inhibitor PTK/ZK has previously been shown to 
reduce the growth of solid tumors, including colorectal liver metastases.45 Recently, two large 
randomized clinical trials have shown PTK/ZK to improve the progression free survival in patients 
with metastatic colorectal cancer, without improving the overall survival.46,47 In the present study, 
anti-angiogenic treatment with PTK/ZK did not selectively suppress hypoxia-associated tumor growth 
in the transition zone, as was observed for 17DMAG. However, PTK/ZK reduced metastatic tumor 
growth in both RFA-treated and untreated liver lobes. Therefore, PTK/ZK may represent a very potent 
drug in the postoperative setting, as it may delay both ablation-accelerated recurrent tumor growth 
as well as recurrences in the remaining liver. 
Until now, adjuvant treatments used in combination with thermal destruction therapies like RFA or 
LITT have mainly involved cytotoxic agents. In preclinical models, the combination of RFA or LITT 
with intravenous doxorubicin-based chemotherapy produced an increase in coagulation size and a 
reduction of recurrence.48,49 Goldberg et al. confirmed this finding in a clinical pilot study when RFA 
was combined with i.v. doxorubicin in a liposome carrier (Doxil).50 As accelerated outgrowth following 
RFA in our model was associated with hypoxia, hypoxia-activated pro-drugs like tirapazamine, or 
tirapazamine-derived analogues could be efficacious in the adjuvant treatment of metastases following 
RFA.51 Using transcather arterial chemoembolization (TACE) instead of i.v. injection, higher 
concentrations of chemotherapeutic agents can be accomplished in tumor tissue. This resulted in 
significant reduction of tumor burden in rat livers treated with LITT combined with TACE.52 Recently, 
it has been shown that RFA in combination with TACE increased survival in patients with hepatocellular 
carcinoma larger than 3 cm.53 The added value of TACE in RFA treatment of colorectal liver metastases 
remains to be determined.
Alternative mechanisms other than the HIF pathways might be important in RFA- 
accelerated tumor growth. Necrosis and hypoxia may generate a niche for recruitment  
and retention of bone marrow-derived progenitor cells (BMDPC) by local secretion of cytokines, 
chemokines and growth factors. Recent literature emphasizes the role of BMDPCs in promoting 
tumor growth.54,55 Further research will involve the role of BMDPC recruitment in RFA-accelerated 
tumor growth. 
In addition to the local pro-tumorigenic effect described in the present study, several  
authors have described anti-tumorigenic effects after local ablative therapy on the  
outgrowth of pre-established remote tumor cell deposits.56 Hyperthermia may elicit an anti-tumor T 
cell response, by presenting tumor antigens to the immune system resulting in reduced tumor growth 
in contralateral lobes and extrahepatic locations.57 In our study we have not observed any anti-tumor 
effects in contralateral lobes. However, at the time of RFA in our model, tumor load was relatively 
low and, therefore, the likelihood of generating sufficient amounts of tumor-derived antigens for 
mounting an effective anti-tumor immune response is small. 
RFA has been proposed to present an acceptable alternative in the treatment of resectable colorectal 
liver metastases. In a recent review, Mulier et al. stated that the time has come to start a randomized 
trial comparing RFA and resection for small resectable colorectal liver metastases.8 In the present 
study we show in two pre-clinical models that RFA has a dramatic stimulatory effect on the outgrowth 
of pre-established microscopic tumor cell clusters at the lesion periphery. In patients, satellite lesions 
and residual tumor tissue due to incomplete ablation can be the source of remaining tumor cells in 
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the transition zone that may be stimulated to grow by RFA. Since the current imaging techniques 
have difficulties to visualize both phenomena, our results should be taken into consideration when 
plans for randomized trials are undertaken.
RFA for liver metastases of colonic cancer accelerates the outgrowth of microscopic tumor cell deposits 
immediately adjacent to the generated necrotic lesion. We conclude that prolonged tissue hypoxia 
contributes to the altered behavior of these micrometastases, possibly through stabilization of HIF-1α 
and HIF-2α. However, accelerated tumor growth is not associated with stimulation of tissue 
angiogenesis.
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Abstract

Background 
Recently, we have shown in a murine model that radiofrequency ablation (RFA) induces accelerated 
outgrowth of colorectal micrometastases in the transition zone (TZ) surrounding the ablated lesion. 
Conversely, RFA also induces an anti-tumor T-cell response that may limit tumor growth at distant 
sites. Here we have evaluated whether an altered density of inflammatory cells could be observed 
in the perinecrotic (TZ) metastases compared to hepatic metastases in the distant reference zone 
(RZ). 

Methods
RFA-treated tumor-bearing mice (n=10) were sacrificed. The inflammatory cell density (neutrophils, 
macrophages, CD4+ T-cells and CD8+ T-cells) of tumors in the TZ (TZ-tumors) was compared to that 
in tumors in the RZ (RZ-tumors). Sham operated, tumor-bearing mice (n=10) were analyzed 
simultaneously as controls (sham-treated-tumors). 

Results
In RFA-treated, tumor-bearing mice RZ-tumors contained a significantly higher density of neutrophils 
and CD4+ T-cells, but not macrophages and CD8+ T-cells compared to sham-treated-tumors. Notably, 
TZ-tumors had a significantly lower density of neutrophils, CD4+ T-cells and CD8+ T-cells, but not 
macrophages, when compared to RZ-tumors.

Conclusions
The accelerated perinecrotic tumor outgrowth following RFA is associated with a reduced density of 
neutrophils and T-cells compared to distant hepatic metastases. This may have implications for local 
tumor recurrence following RFA.
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Introduction

Surgical resection is the only curative option in the treatment of colorectal liver metastases offering 
5-year survival rates of ~45-55%.1-4 Unfortunately, surgical resection is feasible in only 25% of these 
patients. For patients with non-resectable metastases confined to the liver, local tumor destruction 
using radiofrequency ablation (RFA) is an alternative treatment option. When RFA is used for small 
(<3cm) solitary colorectal metastases, it offers 5-year survival rates of ~25-50%.5-8 However, local 
recurrence remains one of the major disadvantages, occurring in approximately 15% of cases.1,9-11 
Moreover, larger tumors and percutaneous RFA are associated with a worse prognosis, accompanied 
by local recurrence rates of up to 60%.9,12

Many preclinical studies have been performed to elucidate the effects of RFA on residual tumor cell 
deposits.13 Some authors have shown a growth inhibitory effect of RFA on residual tumor tissue. This 
was caused by an anti-tumor T-cell response elicited by tumor-antigen presentation following RFA 
treatment.14-16 Others have reported an increased proliferation of residing tumor cells following local 
ablation.17-19 In this context, we have recently shown in two different murine models that RFA induces 
a four-fold acceleration of the outgrowth of colorectal micrometastases in the rim surrounding the 
induced necrosis (i.e. the transition zone, TZ) in comparison to tumor tissue in the remaining parts 
of the liver (i.e. the reference zone, RZ).20 
Here, we tested whether this distinct response was related to an altered density of inflammatory cells 
in perinecrotic and distant tumor tissue. To test this, the quantity of the main inflammatory cell types 
was assessed in the TZ and the RZ following RFA in non-tumor-bearing and tumor-bearing mice.

 
Materials and Methods

Animals and surgery
Male BALB/c mice, aged 10-12 weeks, purchased from Charles River (Sulzfeld, Germany), were 
housed under standard laboratory conditions and received food and water ad libitum. All surgical 
procedures were performed under isoflurane inhalation anesthesia. Buprenorfine was administered 
intramuscularly prior to surgery to provide sufficient peri-operative analgesia. All experiments were 
carried out in accordance with the guidelines of the Animal Welfare Committee of the University 
Medical Center Utrecht, The Netherlands.

Induction of micrometastases and radiofrequency ablation
Induction of colorectal micrometastases and subsequent radiofrequency ablation were performed 
as previously described.20 Briefly, through a left lateral flank incision, 5x104 C26 murine colon 
carcinoma cells were injected into the splenic parenchyma. After ten minutes, the spleen was 
removed to prevent intrasplenic tumor growth. Diffuse intrahepatic micrometastases were allowed 
to grow out for three days. Three days after the intrasplenic injection, a single RFA treatment was 
performed using the CELON Power System (Celon AG, Teltow, Germany). A non-cooled bipolar 
electrode (outer diameter 1.0 mm, active length 10 mm, Celon AG, Teltow, Germany) was inserted 
into the distal part of the left liver lobe and used for 50 seconds at 2 Watts, corresponding with a 
total energy output of 100 Joules. Sham-operated mice underwent laparotomy without further local 
treatment.
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Tumor analysis
Tumor load in the liver was estimated by the hepatic replacement area (HRA), i.e. the percentage 
of liver tissue that has been replaced by tumor tissue.21 In brief, on hematoxylin and eosin (H&E) 
stained sections, at least 100 fields were selected using an interactive video overlay system, including 
an automated microscope (Q-Prodit; Leica Microsystems, Rijswijk, The Netherlands) at a magnification 
of 40x. Using a four-points grid overlay, the ratio of tumor cells versus normal hepatocytes was 
determined for each field. Tumor load (HRA) was expressed as the average area ratio of all fields.
HRA was measured in the RZ and the TZ, defined as the area stretching 2 mm outside the necrotic 
central area, as previously described.20 Both the paraffin section and frozen tissue section were used 
to assess HRA. Analyses were performed by two independent observers.

Histochemical stainings
After harvesting the livers, both snap frozen and paraffin embedded liver tissues were sectioned at 
4μm. Tissue sections were H&E stained for standard histology and tumor analysis. Paraffin embedded 
tissue sections were used for the assessment of neutrophils by performing a Leder staining (Naphthol 
AS-D Chloroacetate, Sigma, St. Louis, MO). 
Next, frozen sections were used for immunohistochemical assessment of macrophages (F4/80) and 
T-cells (CD4+ and CD8+). Sections were air-dried for 10 minutes and fixed with 4% formaldehyde 
(F4/80 and CD4) or acetone (CD8) for 10 minutes. After washing, samples were preincubated with 
2% normal goat serum for 10 minutes to block non-specific binding and then incubated for one 
hour with primary antibody (FITC-conjugated rat-anti-mouse CD4 and CD8 antibody, BD Pharmingen, 
Breda, The Netherlands; rat-anti-mouse F4/80 antibody, Serotec, Düsseldorf, Germany). After washing, 
endogenous peroxidase activity was blocked with 1% hydrogen peroxide solution in methanol for 
20 minutes. The secondary antibody used for F4/80 staining was HRP-conjugated rabbit-anti-rat 
antibody (Serotec). Secondary and tertiary antibodies for CD4 and CD8 staining were rabbit-anti-FITC 
(Dako, Heverlee, Belgium) and goat-anti-rabbit PowerVision+ (Immunologic, Duiven, The Netherlands) 
with 2% mouse serum, respectively. Reactions were developed using diaminobenzidine/H2O2 as 
chromogen substrate. Primary antibody-omitted negative controls were treated with the antibody 
diluent alone and were all free of non-specific background staining.

Quantitative analysis of inflammatory cells
Two independent observers took at least ten 20x-magnified photos of each area per mouse. In RFA-
treated, non tumor-bearing mice both the RZ and the TZ were photographed. In RFA-treated, tumor 
bearing mice, pictures were taken from tumors in the RZ and from that in the TZ. In addition, pictures 
were also taken from sham-tumors in sham-operated mice. Pictures were stored for off-line analysis. 
The amount of inflammatory cells present in the zone of interest was determined by the amount of 
positive staining in the particular zone. For this purpose, pictures were analyzed for the percentage 
of positive staining per picture using Adobe Photoshop software, version 10.0 (Adobe Systems, San 
Jose, CA) and ImageJ software, version 1.42q (National Institutes of Health, Bethesda, MD) as 
previously described.22 To check whether this semi-automatic analysis accurately represented the 
number of positive inflammatory cells per picture, 10 pictures with different numbers of inflammatory 
cells were analysed by 1) counting the number of cells and 2) using the semi-automatic analysis as 
described. Correlation plots were used to assess the relationship between number of cells counted 
and percentage positive staining as indicated by the semi-automatic analysis.
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In non tumor-bearing mice, the amount of inflammatory cells (i.e. positive staining) in the TZ was 
compared to that in the RZ. In tumor bearing animals, the inflammatory cell density of TZ-tumors 
was not only compared to that of RZ-tumors, but the inflammatory cell density of RZ-tumors was 
also compared to that of sham-treated tumors. 

Experimental design
First, the effect of RFA on the recruitment of the main inflammatory cell types to the TZ was assessed 
in non tumor-bearing mice. Mice (n=5 each group) were euthanized at six different time points 
following RFA (t=0, 4 hours, 24 hours, 3 days, 5 days and 7 days). The livers were harvested and 
divided in two: one part was fixed in 4% buffered formaldehyde and embedded in paraffin. The 
other part was snap frozen in liquid nitrogen and stored at -80˚C. Next, stainings were performed on 
both frozen and paraffin sections. The presence of cells in the local TZ at different time points was 
compared to that in distant areas in the liver of the same mouse (i.e. the RZ).
To analyze inflammatory cell density in tumor tissue following RFA treatment or sham operation, mice 
(n=10 each group) underwent RFA or sham operation three days after injection of C26 cells into 
the spleen. Seven days later, the livers were harvested as described. Tumor load in the liver was 
estimated by the hepatic replacement area (HRA), i.e. the percentage of liver tissue that has been 
replaced by tumor tissue (see tumor analysis section for further details).21 By assessing the HRA on 
both frozen and paraffin section, tumor load was estimated in the local TZ and the distant RZ of 
RFA-treated mice and in sham operated mice. Inflammatory cell density of tumors located in the RZ 
(RZ-tumors) was compared to that in tumors in sham operated mice (sham-treated tumors) and to 
that in tumors in the TZ (TZ-tumors).

Statistical analysis 
The Pearson’s correlation coefficient (r) was determined to assess the degree of correlation between 
the number of cells and percentage positive staining. Statistical differences between the TZ and the 
RZ were analyzed by a paired t-test or Wilcoxon signed rank test when appropriate. Differences 
between sham operated mice and RFA-treated mice were analyzed by ANOVA or Kruskal-Wallis when 
appropriate. Normality was checked using the Kolmogorov-Smirnov test. Data are expressed as mean 
+/- SEM. A p-value < 0.05 was considered statistically significant. All statistical analyses were 
performed using GraphPad Prism® version 4 (GraphPad Software, La Jolla, CA).

Results

The transition zone following RFA in non-tumor-bearing mice is characterized by influx 
of inflammatory cells
Graphs plotting the number of positive cells versus the percentage positive staining showed significant 
correlations for all cell types with Pearson’s r > 0.85 in all cases (data not shown).
Next, the presence of the different inflammatory cell types was evaluated in RFA-treated liver tissue 
of non-tumor-bearing mice at different time points. The presence of neutrophils (Leder) in the TZ 
increased four-fold compared to that in the RZ at 4 hours following RFA (p=0.055). This rise was 
maintained until 24 hours post-RFA (p=0.0078), whereafter a gradual decline to normal values was 
observed over the ensuing days (Figures 1 and 2). The influx of macrophages (F4/80) into the TZ 
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started at later time points following RFA. Three, five and seven days post-RFA, macrophage content 
was approximately nine-fold higher in the TZ when compared to the RZ (p=0.0028, p=0.0009  
and p=0.0067, respectively, figures 1 and 2). Influx of CD4+ T-cells into the TZ was first observed 3 
days after RFA, with a three-fold increase compared to the RZ (p=0.018) which was sustained until 
7 days post-RFA (Figures 1 and 2). A higher amount of CD8+ T-cells was observed in the TZ compared 
to the RZ 3 days after RFA, although this was not statistically significant (p=0.068). At five days 
following RFA, a three-fold higher CD8+ T-cell content was observed in the TZ compared to the RZ 
(p=0.029), followed by a gradual decline (Figures 1 and 2).

Radiofrequency ablation induces perinecrotic growth acceleration of colorectal 
micrometastases
Following RFA, the necrotic lesions were encircled by a clear rim of tumor (Figure 3). Tumor load in 
the TZ surrounding the central necrotic zone had increased approximately three-fold compared to 
tumor load in the RZ (52.3 ± 5.7% vs 17.8 ± 2.4%, p=0.002). No differences were found between 
tumor growth in the RZ of RFA-treated mice and that in sham-operated mice (p=0.28) (Figure 3). 

Figure 1  Semi-automatic quantification of inflammatory cell staining in RFA-treated, non-tumor-
bearing murine livers
Influx into the transition zone (TZ) is observed for all inflammatory cell types, where neutrophils (4-24 hours) precede 
macrophages and T-cells (3-7 days). Number of inflammatory cells in the TZ is compared to that in the reference zone 
(RZ). * p<0.05, hpf = high power field.
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Figure 2  Histochemical stainings of RFA-treated, non tumor-bearing mouse livers
In the reference zone (RZ) some positive inflammatory cells are observed (arrows). In the transition zone (TZ) at 24 
hours following RFA, intense Leder-positive cell staining can be observed, indicating an influx of neutrophils (arrow). 
Seven days following RFA, intense staining of F4/80 positive cells (macrophages) is visible in the TZ (arrow). Similarly 
intense staining is seen for CD4+ and CD8+ T-cells in the TZ (arrows). n=necrosis, induced by RFA treatment. Leder = 
neutrophils, F4/80 = macrophages, CD4 = CD4+ T-cells, CD8 = CD8+ T-cells.

Figure 3  Tumor load as estimated by the hepatic replacement area (HRA) in RFA-treated (transition 
zone and reference zone) and sham-operated mice
Three days after intrasplenic tumor cell injection, mice underwent either RFA (upper 2 panels) or sham operation 
(lower panel). Figures show histology 7 days later. H&E staining of paraffin-embedded and frozen liver tissue (40x 
magnification) were used to assess the HRA. A broad rim of tumor (t) surrounds the necrosis (n) induced by RFA 
(upper panel). * p=0.002
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RFA induces an influx of neutrophils and CD4+ T-cells into distant metastases in the 
reference zone
The neutrophil density of RZ-tumors of RFA-treated mice was approximately three-fold higher than 
that of sham-treated tumors (p=0.002, figures 4 and 5). In contrast, the macrophage density  
of RZ-tumors did not significantly differ from that of sham-treated tumors (p=0.26, figures 4 and 
5). Furthermore, the CD4+ T-cell density of RZ-tumors was approximately three-fold higher  
compared to that of sham-treated tumors (p=0.015, figures 4 and 5). Finally, the CD8+ T-cell 
density of RZ-tumors did not differ significantly from that of sham-treated tumors (p=0.41, figures 
4 and 5).

Figure 4  Semi-automatic quantification of inflammatory cells in tumor tissue of the transition zone 
(TZ) or reference zone (RZ) in RFA-treated mice or tumor tissue in livers from sham-operated mice
Mice were sacrificed 7 days following RFA-treatment or sham-operation. Density of inflammatory cells is compared 
between RZ-tumors and TZ-tumors and RZ-tumors and sham-treated tumors. TZ-tumors have a significantly lower 
density of neutrophils (Leder), as well as CD4+ and CD8+ T-cells. In addition, sham-treated tumors contain significantly 
less neutrophils and CD4+ T-cells compared to RZ-tumors. No differences are observed for macrophage (F4/80) density 
of the different tumors. Leder = neutrophils, F4/80 = macrophages, CD4 = CD4+ T-cells, CD8 = CD8+ T-cells, hpf = 
high power field. * p<0.05; ** p=0.002; ns not significant.
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Tumor tissue in the transition zone is characterized by a reduction of neutrophils and 
T-cells
The neutrophil density in TZ-tumors was two- to three-fold reduced compared to that of RZ-tumors 
(p=0.033). The macrophage density of TZ-tumors was not significantly different from that of RZ-
tumors (p=0.61). The CD4+ T-cell density of tumor tissue showed a two- to three-fold reduction of 
CD4+ T-cells in TZ-tumors compared to that in RZ-tumors (p=0.002). Finally, also the CD8+ T-cell 
density of TZ-tumors was significantly lower when compared to that of RZ-tumors (p=0.044).  

Discussion

Many studies have been performed showing that local ablative therapies induce an inflammatory 
response.14,15,23-25 In this study we show that the inflammatory reaction induced by RFA is primarily 
observed in distant hepatic metastases, but not in perinecrotic metastases. The reduced 
inflammatory reaction in perinecrotic tumor tissue might contribute to tumor growth acceleration. 
The low quantity of leucocytes in TZ-tumors, compared to RZ-tumors, could be due to differences 
in the cytokine profiles produced at these different tumor sites. In addition, increased apoptosis 
of leucocytes present in TZ-tumors might also result in a reduced density of leucocytes. Interestingly, 
colorectal cancer cells are capable of creating a counterattack by the Fas-FasL system26,27, causing 
apoptosis of tumor infiltrating leucocytes.27,28 

Figure 5  Histochemical stainings of tumor-bearing mouse livers 7 days following RFA or sham operation
TZ-tumors have a lower density of neutrophils (Leder), as well as CD4+ and CD8+ T-cells. In addition, sham-treated 
tumors contain significantly less neutrophils and CD4+ T-cells compared to RZ-tumors. No clear differences are observed 
in F4/80 staining between the TZ-, RZ- and sham-treated tumors. n=necrosis, induced by RFA treatment. Leder = 
neutrophils, F4/80 = macrophages, CD4 = CD4+ T-cells, CD8 = CD8+ T-cells.
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Until now, data concerning the effects of local ablative therapies on residual tumor deposits either 
express pro-tumorigenic or anti-tumorigenic effects. However, the available data suggest that local 
ablative therapies induce both a local pro-tumorigenic and a distant anti-tumorigenic effect on residual 
tumor deposits. The different observations can be based on the tumor model used. Studies reporting 
an anti-tumor T-cell response following local ablative therapy often use a tumor implantation model. 
In these models, a relatively large bulk of tumor is ablated. This will result in a massive generation 
of tumor-specific antigens against which an anti-tumor T-cell response can be elicited. Rechallenge 
of these animals with tumor cells resulted in reduced tumor outgrowth.14,16,29,30 Additionally, Isbert 
et al. have demonstrated a growth delay of a synchronically implanted but untreated metastasis in 
the right liver lobe based on an anti-tumor T-cell response induced by local ablation of another 
metastasis in the left liver lobe.15 These preclinical results have been corroborated in the clinical 
setting by reported formation of tumor specific T-cells in patients treated with RFA for liver 
tumors.31-33 
Translating the results obtained from this study to the clinical setting is rather difficult. Experiments 
using a micrometastases model in which a relatively small bulk of tumor is ablated compared to 
implantation models17,19,20, will result in considerably less tumor-specific antigens. The low amount 
of tumor antigens generated in these models may therefore be too low to induce a significant anti-
tumor immune response. In addition, the time of sacrifice (7 days post-RFA in this study) might also 
be too short to induce an effective anti-tumor T-cell response. Therefore, more research is needed 
to show whether comparable results are obtained using tumor implantation models.
It is known that a higher amount of T-cells in colorectal liver metastases is associated with a better 
survival.34 Although it is not clear whether the reduced density of inflammatory cells is causally 
involved in local acceleration of tumor growth in the TZ following RFA, it is tempting to postulate that 
approaches aimed at augmenting local inflammation in perinecrotic tumor tissue might be beneficial. 
Recent articles about the effect of inflammation-stimulating agents, such as anti-CTLA-4, in conjunction 
with RFA treatment, show an increased anti-tumor response14,35 and promising results concerning 
recurrence following thermal ablation.35,36 Further research should elucidate whether these agents 
increase the inflammatory cell density in TZ-tumors as well and can thereby reduce the local tumor 
recurrence following RFA.
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Abstract

Background
Recently, we have shown that micrometastases in the hypoxic transition zone surrounding lesions 
generated by radiofrequency ablation (RFA) display strongly accelerated outgrowth. CD95 is best 
known for its ability to induce apoptosis but can also promote tumorigenesis in apoptosis-resistant 
tumor cells. Therefore, we tested whether CD95 signaling plays a role in accelerated outgrowth of 
colorectal liver metastases following RFA. 

Methods
Hypoxia-induced invasion was assessed in three-dimensional EGFP-expressing C26 tumor cell cultures 
by confocal microscopy. CD95 localization was tested by immunofluorescence. Invasion and 
outgrowth of liver metastases following RFA was analyzed by post-mortem confocal microscopy and 
by morphometric assessment of tumor load. Neutralization of CD95L was performed by using 
antibody MFL4. CD95 was suppressed by lentiviral RNA interference. The role of host CD95L was 
assessed using gld-mice. 

Results
Micrometastases in the hypoxic transition zone following RFA displayed a highly invasive phenotype 
and increased expression of CD95 and CD95L. Hypoxia induced tumor cell invasion in vitro, increased 
expression of CD95 and CD95L and induced translocation of CD95 to the invasive front. In vitro 
invasion, metastasis invasion and accelerated tumor growth in the transition zone were strongly 
suppressed by neutralizing CD95L or by suppressing tumor cell CD95. In contrast, metastasis invasion 
and outgrowth were unaffected in gld-mice. 

Conclusions
Hypoxia causes autocrine activation of CD95 on colorectal tumor cells, thereby promoting local 
invasion and accelerated metastasis outgrowth in the hypoxic transition zone following RFA. Further 
pre-clinical work is needed to assess the role of CD95L neutralization, either alone or in combination 
with chemotherapy, in limiting aggressive recurrence of liver metastases following RFA.
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Introduction

Radiofrequency ablation (RFA) is a local thermal destruction therapy that is used as an alternative 
treatment option for patients with non-resectable colorectal liver metastases. Local tumor recurrence 
following RFA treatment occurs in approximately 15% of all cases. However, with increased tumor 
size, or when a percutaneous approach is used, local recurrence rates of up to 60% are 
reported.1-4 

Recently, we have shown in two murine models that RFA can stimulate the outgrowth of colorectal 
liver metastases. The RFA-generated necrotic lesion is surrounded by a rim of chronically hypoxic 
liver tissue which is usually referred to as the ‘transition zone’ (TZ). Micrometastases that happen to 
be present in the transition zone grow out approximately three to four times faster than those in the 
normoxic reference zone (RZ) further away from the lesion.5 Interestingly, up to 70% of patients 
with colorectal liver metastases contain micrometastases that may result in (local) tumor 
recurrence.6 
Hypoxia can contribute to tumor cell invasion and metastatic progression and is generally associated 
with a more aggressive tumor phenotype.7,8 Several genes and receptor systems have been implicated 
in hypoxia-stimulated invasion and metastasis formation, including hepatocyte growth factor receptor 
(c-Met), vascular endothelial growth factor receptors (VEGFR) and increased expression of proteolytic 
enzymes.8-10 Additionally, hypoxia can cause activation of the CD95 death receptor system, leading 
to CD95-induced apoptosis.11-13 However, in apoptosis-resistant cells, CD95 can activate alternative 
signaling pathways which may cause invasion, differentiation, survival or proliferation.14-18 
In colorectal cancer, the expression of CD95 ligand (CD95L) is correlated with metastasis formation.19 
Recent evidence shows that enforced expression of CD95L promotes the metastatic capacity of 
apoptosis-resistant colorectal cancer cells.20 In addition, we have recently shown that stimulation of 
CD95 on such cells predominantly leads to tumor cell invasion and that signaling by the K-Ras 
oncogene is a critical determinant of CD95 signaling output.15

The combined observations that i) CD95 signaling is regulated by hypoxia and that ii) CD95L can 
promote invasion and metastatic capacity, prompted us to assess whether activation of the CD95 
system contributes to local outgrowth of liver metastases following RFA. We found that CD95 and 
CD95L were selectively and strongly upregulated in the hypoxic transition zone following RFA and 
that this was correlated with a dramatic invasive tumor phenotype. In vitro hypoxia was sufficient to 
cause autocrine CD95 activation and CD95-dependent tumor cell invasion. Autocrine CD95 activation 
also mediated invasion and outgrowth of micrometastases following RFA. Our results identify CD95 
as a major participant in local tumor cell invasion and accelerated outgrowth of micrometastases 
following RFA.

Materials and Methods

Cell lines and cell culture
C26 mouse colon carcinoma cells were obtained from the American Type Tissue Culture Collection 
(ATCC, Rockville, MD). C26-EGFP cells were generated by lentiviral transduction using pWPT-GFP 
(kindly provided by Professor Didier Trono). A panel of five lentiviral pLKO1 constructs targeting CD95 
(Open Biosystems; Huntsville, AL, USA) was tested. Of these five, two gave the best knockdown and 
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were used for generating stable C26-CD95-knockdown cell lines (TCRN0000012328 (#1) and 
(TCRN0000012331 (#2)). As a control, C26 cells were transduced with luciferase-targeting lentiviral 
shRNA vectors (C26-Luc-kd). All cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; 
Dulbecco, ICN Pharmaceuticals, Costa Mesa, CA, USA) supplemented with 5% (v/v) fetal calf serum, 
2 mM glutamine, 0.1 mg/ml steptomycin and 100 U/ml penicillin. Cells were kept at 37°C in a 
humidified atmosphere containing 5% CO2.

Antibodies and reagents
The following primary antibodies were used: anti-mouse CD95 (clone M-20, #sc-716) Santa Cruz 
Biotechnology, Inc., Santa Cruz, CA, USA. Anti-CD95 Ligand (ab15285), Abcam, Cambridge, MA, 
USA. Anti-HIF-1 alpha (NB100-449) and anti-Beta-Actin (AC-15, NB600-501), Novus Biologicals, 
LLC, Littleton, CO, USA. Secondary antibodies were anti-rabbit IgG, HRP-linked (#7074), Cell Signaling, 
Danvers, MA, USA. Polyclonal rabbit anti-mouse immunoglobulins, HRP (p0260), DAKO, Glostrup, 
Denmark. Goat anti-hamster IgG-HRP (sc2493), Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA. 
The following reagents were used in this study: CD95 Ligand (FasL), membrane bound (#01-210) 
from Upstate Cell Signaling Solutions (now Millipore), Lake Placid, NY, USA. Functional Grade purified 
anti-mouse CD95 Ligand (Fas Ligand, CD178), clone MFL4 (#16-5912), from eBioscience, Inc., San 
Diego, CA, USA.

MTT assay
To test the neutralizing effect of MFL4 on CD95L, C26 cells and apoptosis-prone C26KrasKD cells15 
were plated at a density of 5000 cells/well in 96-well plates. Cells were either pre-treated with MFL4 
(6 ng/ml) for 2h or directly stimulated with increasing concentrations of CD95L (2 ng/ml to 10 ng/
ml). Mitochondrial activity in each well was analyzed after 24h stimulation by standard 3- (4,5 
dimethylthiazolyl-2)-2,5-diphenyltetrazoleumbromide (MTT) assays (Roche Diagnostics) according 
to the manufacturer’s instructions.

Invasion (colony scatter) assay under hypoxia
To investigate the phenotype of cells under normoxic and hypoxic conditions 3.5x104 C26-EGFP cells 
were plated on coverslips with matrigel. Micro-colonies were allowed to form for 72 hours under 
normoxic (21% O2) or hypoxic (1% O2 Invivo2 Hypoxia Workstation 1000 (Biotrace International, 
UK)) conditions in a humidified atmosphere at 37°C. Coverslips were mounted using Vectashield 
mounting fluid (H-1200, Vectorlabs). Confocal images were then acquired on a Zeiss Axiovert 200M. 
Image acquisition and analysis were performed using Zeiss LSM 510 Software. The length of the 
longest diameter of each colony was measured in 10 randomly chosen fields per coverslip. All assays 
were performed in duplicate and repeated twice.

Confocal microscopy
Control cells and cells treated with CD95L and MFL4 (isotype control with IgG; 6 ng/ml) were fixed 
in 3.7% formaldehyde for 10 minutes and were subsequently permeabilized with 0.05% Triton 
X-100 in 1% PBS/BSA. Coverslips were then blocked in PBS with 3% BSA for 1 hour. Anti-CD95 
primary antibody (isotype control with IgG, 10 ng/ml) was incubated at room temperature for 1 hour 
and secondary antibodies (FITC and Alexa-568-conjugated phalloidin) were incubated for 30 minutes 
at room temperature. Coverslips were mounted using Vectashield mounting fluid (H-1200, Vectorlabs) 
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with DAPI. Confocal images were acquired on a Zeiss Axiovert 200M microscope. Image acquisition 
and analysis were performed using Zeiss LSM-510 software.

Animals and surgery
Male BALB/c mice (10-12 weeks) were purchased from Charles River (Sulzfeld, Germany). BALB/c-
gld/gld (CPt.C3-Faslgld/J) mice carrying homozygous loss-of-function mutation in CD95L (hereafter 
referred to as gld-mice) were purchased from The Jackson Laboratory (Bar Harbor, USA). In 
experiments using gld-mice, control BALB/c mice were also from The Jackson Laboratory. Mice were 
housed under standard laboratory conditions and received food and water ad libitum. All surgical 
procedures were performed under isoflurane inhalation anesthesia. Prior to surgery, buprenorfine 
was administered intramuscularly to provide sufficient peri-operative analgesia. All experiments were 
carried out in accordance with the guidelines of the Animal Welfare Committee of the University 
Medical Center Utrecht, The Netherlands.

Induction of micrometastases and radiofrequency ablation
Induction of colorectal micrometastases and subsequent radiofrequency ablation were performed 
as previously described.5 In brief, through a left lateral flank incision, 5x104 C26 murine colon 
carcinoma cells were injected into the splenic parenchyma, followed by removal of the spleen after 
ten minutes to prevent intrasplenic tumor growth. For tumor cell invasion experiments, EGFP-
expressing C26 cells were used. This resulted in a homogeneous spread of diffuse intrahepatic 
micrometastases, which were allowed to grow out for three days. Three days after the intrasplenic 
injection, RFA was performed using the CELON Power System (Celon AG, Teltow, Germany). A single 
non-cooled bipolar electrode (outer diameter 1.0 mm, active length 10 mm, Celon AG, Teltow, 
Germany) was used for RFA of the left liver lobe at 2 Watts for 50 seconds (100 Joules), resulting 
in a lesion of approximately 8 by 15 mm. Since RFA was performed in a liver containing homogeneous 
spread of numerous diffuse micrometastases, the effect of RFA on residual tumor cells could be 
investigated.

Assessment of the tumor cell phenotype in the transition zone following RFA
Mice bearing EGFP-expressing tumor cells were sacrificed at t=0, t=6 hours, t=12 hours, t=24 hours 
and t=7 days following RFA of the left liver lobe (n=4 mice each group). The liver was excised and 
placed on a coverslip using immersion oil to improve visualization. The livers were visualized using 
combined bright field/fluorescence settings on the confocal microscope to localize the transition 
zone, using a 10x magnification.5 To visualize the tumor cells, EGFP was excited at 488nm. Tumor 
cell invasiveness was assessed by creating confocal image stacks in axial dimension. At least 15 
randomly chosen tumor cell clusters in the transition zone and the reference zone were visualized 
and relayed to a personal computer for off line analysis using Zeiss LSM 510 Software. Tumor cell 
invasion was assessed by creating a two-dimensional stack projection and was defined as the average 
longest distance between cells making up a single cluster/metastasis. Analysis of tumor cell invasion 
was performed by two independent observers on liver tissue 24 hours following RFA.

Immunohistochemistry 
Tumor-bearing and non-tumor-bearing mice were sacrificed 24 hours and 7 days after RFA (n=4 
each group). To visualize hypoxia, these mice were injected intravenously with 60mg/kg pimonidazole 
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hydrochloride (Hypoxyprobe-1,90201; Chemicon International, Temecula, CA) prior to their sacrifice. 
After harvesting, the livers were fixed in formaldehyde and embedded in paraffin. Tissue sections 
(4μm) were used for the immunohistochemical staining of CD95L, using a rabbit polyclonal antibody 
to CD95L (Abcam, Cambridge, USA). As secondary antibody PowerVision+ (Immunologic, Duiven, 
The Netherlands) with 2% mouse serum was used. Hypoxia was visualized using anti-pimonidazole, 
according to the manufacturer’s instructions. Reactions were developed using diaminobenzidine/
H2O2 as a chromogen substrate. Negative controls were treated with isotype control antibody and 
were all free of nonspecific background staining.

Analysis of tumor load
Tumor load in the liver was scored as hepatic replacement area (HRA), i.e. the percentage of liver 
tissue that had been replaced by tumor tissue. HRA was measured in the reference zone and the 
transition zone, defined as the area stretching 2 mm outside the necrotic central area, as previously 
described.5 In brief, on hematoxylin and eosin (H&E) stained sections, at least 100 fields were selected 
using an interactive video overlay system, including an automated microscope (Q-Prodit; Leica 
Microsystems, Rijswijk, The Netherlands) at a 40x magnification. Using a four-points grid overlay, the 
ratio of tumor cells versus normal hepatocytes was determined for each field. Tumor load (HRA) 
was expressed as the average area ratio of all fields.

Experimental design of in vivo studies 
First, the effects of RFA on the tumor cell phenotype in the transition zone were assessed. Mice (n=4 
each group) were euthanized at five different time points following RFA (t=0, 6 hours, 12 hours, 24 
hours and 7 days) and analyzed for tumor cell phenotype as mentioned. Next, the role of CD95/
CD95L system in RFA-induced tumor cell invasion was assessed 24 hours post-RFA by using MFL4 
as CD95L neutralizing antibody or IgG isotype control (2 intraperitoneal doses of 20mg/kg, 12 hours 
before and 12 hours after RFA), CD95 knockdown (KD) cells using shRNA-interference or gld-mice 
that lack functional CD95L. Finally, the influence of CD95 interference on accelerated outgrowth of 
micrometastases following RFA was investigated using CD95KD cells or gld-mice. For mice injected 
with C26-CD95kd cells, mice injected with C26 shRNA luc served as controls.

Statistical analysis 
Statistical differences between the transition zone and the reference zone were analyzed by a paired 
t-test or Wilcoxon signed rank test when appropriate. Differences between groups were analyzed by 
ANOVA or Kruskal-Wallis test when appropriate. Data are expressed as mean +/- SEM. A p-value < 
0.05 was considered statistically significant. 

Results

Micrometastases in the hypoxic transition zone following RFA rapidly acquire an invasive 
phenotype
Metastases in the reference zone grew as compact spherical tumor cell clusters. However, 
micrometastases in the transition zone displayed a characteristic invasive growth pattern which was 
first observed 6 hours post-RFA and which further increased over time (Figure 1A). At 24 hours after 
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RFA, the average longest distance of tumor cells making up a single scattered micrometastasis in the 
transition zone (569 ± 62 μm) was significantly longer when compared to micrometastases in the 
reference zone (166 ± 13 μm; p=0.0007) (Figure 1B). During the ensuing 7 days, micrometastases 
in the reference zone grew but retained their compact phenotype with sharply demarcated edges. 
In contrast, micrometastases in the transition zone eventually formed a confluent rim of invasive 
tumor tissue (Figure 2A). To asses the relationship between the invasive phenotype of the 
micrometastases and tissue hypoxia, we made use of pimonidazole staining. Interestingly, tumor cell 
invasion was primarily observed at the hypoxic side of the tumor rim facing the necrosis, while tumor 
cells facing the normoxic reference zone were relatively non-invasive (Figures 2B and 2C).  

Hypoxia promotes matrix invasion of C26 cells in vitro
In vitro hypoxia for 24 hours was sufficient to induce a drastic change in the growth pattern of tumor 
cell clusters. Normoxic clusters remained spherical and compact, but hypoxic clusters grew in a 
scattered fashion with tumor cells detaching from the center of the cluster and invading the 
surrounding matrix, resulting in a 3.8 fold increase of longest tumor diameter (p=0.0001, figure 
3A). 

Figure 1  Tumor cell invasion in the hypoxic transition zone 
following RFA
(A) Mice carrying EGFP-expressing micrometastases were subjected to 
RFA and were analyzed by confocal microscopy at the indicated time 
points following RFA. Image z-stacks were created in axial dimension to 
visualize tumor cell invasion, defined as the average longest distance 
between tumor cells making up a single cluster/metastasis. All metastasis 
diameters in the transition zone were compared to those of metastases 
located in the reference zone of the same liver lobe. (B) Quantification 
of metastasis diameters using projections of z-stacks generated 24 hours 
following RFA (≥15/mice; n=4 mice). TZ transition zone; RZ reference 
zone; * p<0.05. 
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Hypoxia stimulates expression of CD95 and CD95L and causes translocation of CD95 to 
cell protrusions
Hypoxia induced the expression of HIF1α, CD95 and CD95L in vitro (Figure 3B). Immunofluorescence 
analysis showed that upon CD95L stimulation a subpopulation of CD95 was associated with the 
leading edges of migrating C26 cells (Figure 3C), similar to what was shown for CD95L-stimulated 
DLD1 cells.15 Interestingly, hypoxia-induced tumor cell invasion was also associated with translocation 
of CD95 to the leading edges of migrating cells (Figure 3C). Neutralization of CD95L with MFL4 
completely blocked CD95 translocation. The ability of MFL4 to neutralize CD95L was validated in a 
control experiment using apoptosis-prone cells stimulated with CD95L (data not shown).

Neutralization of CD95L or suppression of CD95 reduces hypoxia-induced invasion 
Using lentiviral shRNA constructs we generated two stable CD95 knockdown cell lines and a control 
cell line expressing luciferase-targeting shRNAs (shLuc) (Figure 4A). When exposed to hypoxia, control 
(shLuc) cells displayed the scatter-like growth pattern as expected (Figures 4B and 4C). However, 

Figure 2  Hypoxia in the transition zone is associated with tumor cell invasion
Mice carrying EGFP-expressing liver metastases were subjected to RFA and the livers were harvested seven days later. 
To visualize hypoxia, all mice received pimonidazole 60 minutes prior to sacrifice. The growth pattern of metastases 
in the reference zone and the transition zone was analyzed (A) by confocal microscopy on non-fixed livers, and 
(B) by haematoxylin and eosin staining and (C) anti-pimonidazole immunohistochemistry on formalin-fixed paraffin-
embedded tissue. The right panels show higher magnifications of the normoxic tumor-liver border (1 and 3) and the 
hypoxic tumor-necrosis border (2 and 4). Invasive tumor cell clusters at the hypoxic tumor-necrosis border are indicated 
by asterisks. TZ transition zone; RZ reference zone; T tumor; L liver; N necrosis; 
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neutralization of CD95L using MFL4 or knockdown of tumor cell CD95 was sufficient to completely 
prevent the scatter response (Figures 4B and 4C). 

Increased expression of CD95 and CD95L in the transition zone following RFA
In tumor-bearing mice, Western blotting showed a clear increase in the levels of CD95L and CD95 
in the transition zone of all mice when compared to the reference zone (Figure 5A). However, this 
difference could not be observed in non-tumor-bearing mice (Figure 5B).
Next, to analyze the localization of CD95L, immunohistochemistry was performed on liver tissue 
sections of tumor-bearing mice 24 hours and 7 days following RFA. At 24 hours after RFA, CD95L 

Figure 3  Hypoxia stimulates expression of CD95 and CD95L and causes activation of CD95
(A) EGFP-expressing tumor cells were cultured as three-dimensional clusters in Matrigel and were exposed to normoxia 
or hypoxia for 24 hours. Confocal microscopy was used to analyze the longest diameter of all tumor cell clusters. The 
bar graph shows a quantification of the results. (B) C26 cells were incubated under normoxia or hypoxia for 24 hours 
and cell lysates were analyzed by Western blotting for HIF1a, CD95 and CD95L. (C) C26 cells were grown on glass 
coverslips under normoxia or hypoxia for 24 hours either in the presence or absence of MFL4 (6 ng/ml). Stimulation 
under normoxia with CD95L (10ng/ml for 1h) was used as a positive control. Cells were then fixed and processed for 
immunofluorescence using anti-CD95 (green) and Alexa568-phalloidin (filamentous actin). Stained coverslips were 
then analyzed by confocal microscopy. N normoxia; H hypoxia; * p<0.05. Arrows indicate the leading edges of migrating 
cells.
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levels were below detection level for immunohistochemistry (data not shown). Interestingly, 7 days 
after RFA CD95L was strongly expressed in the transition zone in tumor-bearing mice, but was hardly 
detectable in non tumor-bearing mice (Figure 5C). These results suggest that tumor cells could be 
the source of CD95L. CD95L was selectively localized at the invasive hypoxic side of the tumor rim 
facing the generated lesion, but not in the non-invasive normoxic side facing the liver parenchyma. 
This is in line with a potential role for this cytokine in local, hypoxia-associated, tumor cell invasion 
(Figure 5C central panel, see also pimonidazole staining for hypoxia at the tumor-necrosis interface 
in figure 2).  No immunohistochemical differences could be observed for CD95 at the mentioned 
time points (data not shown).

Figure 4  CD95 is required for hypoxia-induced tumor cell invasion
(A) Western blot showing efficient CD95 knockdown by two independent constructs. (B) EGFP-expressing tumor cells 
were cultured as three-dimensional clusters in Matrigel and were exposed to normoxia or hypoxia for 24 hours. Cultures 
were incubated either with IgG (6ng/ml), or with MFL4 (6ng/ml) for 24 hours. In addition, C26 cells stably expressing 
shRNA’s targeting either Luciferase (Luc) or CD95 were used. Confocal microscopy was used to analyze the longest 
diameter of all tumor cell clusters. The bar graph shows means and SEM of 10 tumor cell clusters in three independent 
cultures. (C) Representative confocal microscopic images of tumor cell clusters. N normoxia; H hypoxia; * p<0.05
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Autocrine CD95 signaling is required for tumor cell invasion in the transition zone 
following RFA
Neutralizing CD95L using MFL4 caused an impressive (~60%) reduction in tumor cell invasion in 
the transition zone when compared to mice treated with isotype IgG (230 ± 35 μm versus 570 ± 
55 μm; p=0.007, figure 6). Additionally, CD95 knockdown (C26-CD95kd, figure 4A) had a strong 
suppressive effect on metastasis invasion in the transition zone, when compared to control metastases 
(C26-Luc-kd, 232 ± 34 μm versus 586 ± 64 μm, respectively; p=0.0012, figure 6). Thus, both 
CD95L neutralization and knockdown of CD95 in tumor cells prevented RFA-induced invasion of 
micrometastases in the transition zone. This indicates that the tumor cell invasion is based on a direct 
effect of CD95L on tumor cells rather than an indirect effect by, for instance, suppressing hepatocyte 
apoptosis or local inflammation.

Figure 5  Upregulation of CD95 and CD95L in the transition zone following RFA
TZ-tissue and RZ-tissue were separated from frozen (A) tumor-bearing and (B) non-tumor-bearing livers 24 hours after 
RFA using a dissection microscope. Tissue (TZ and RZ) lysates were prepared and were analyzed by Western blotting 
using specific antibodies directed against CD95, CD95L and actin as a loading control. (C) Immunohistochemistry of 
tumor bearing livers and non-tumor bearing livers 7 days following RFA, using anti-CD95L and anti-active caspase-3. TZ 
transition zone; RZ reference zone; T tumor; L liver; N necrosis.
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To analyze the contribution of host CD95L, we made use of mice lacking functional CD95L (gld). 
Invasion of micrometastases in the transition zone following RFA was not significantly different 
between gld-mice and control mice (491 ± 58 μm versus 554 ± 56 μm; p=0.53, figure 6). This 
suggests that tumor cell invasion following RFA is most likely due to autocrine activation of CD95 on 
tumor cells.  

Suppression of CD95 signaling reduces accelerated tumor outgrowth in the transition 
zone following RFA 
In mice carrying C26-Luc control metastases, tumor growth in the transition zone was stimulated 
3.1-fold when compared to tumor growth in the reference zone (18± 3% versus 47± 5%; p<0.0001, 
figures 7A-C). However, in mice carrying C26-CD95kd metastases, tumor load in the transition zone 
was strongly and significantly reduced when compared to C26-Luc metastases (16 ± 3% versus 
47± 5%, p<0.0001 respectively). The acceleration of tumor growth, as indicated by the ratio between 
HRA values of transition zone and reference zone, was significantly reduced by ~60% from 3.1 for 
C26-Luc cells to 1.7 for C26-CD95kd cells (p=0.0048, figure 7B). 
Finally, we tested whether host CD95L was instrumental in accelerating transition zone tumor growth 

Figure 6  Metastasis invasion in the transition zone requires autocrine CD95 signaling
Mice carrying EGFP-expressing C26 micrometastases were treated either with the CD95L-neutralizing antibody MFL4 
or with control IgG prior to the RFA procedure. In addition, RFA was performed on mice carrying C26-Luc-kd or C26-
CD95kd metastases. Finally, EGFP-expressing C26 cells were allowed to form metastases in control mice and in mice 
lacking functional CD95L (gld). (A) Metastasis diameters in the RZ (white bars) and the TZ (black bars) were then 
determined 24 hours following RFA, as in Figure 1 (n≥15 metastases). (B) Representative confocal microscopic images 
of transition zone metastases. TZ transition zone; RZ reference zone; kd knock down; * p<0.05; ns not significant
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following RFA. Tumor load in the transition zone was not significantly different in gld-mice lacking 
functional CD95L when compared to control mice (44 ± 6% versus 43± 5%, p=0.91, respectively). 
Consequently, tumor growth acceleration, as measured by HRA ratios, was similar in both genetic 
backgrounds (2.8 ± 0.3 versus 3.0 ± 0.35; p=0.75, figures 7A-C).

Discussion

In the present study, we show that RFA results in rapid CD95-dependent invasion and accelerated 
outgrowth of micrometastases in the hypoxic transition zone. These results couple hypoxia-activated 
CD95 signaling to invasive tumor recurrence in the liver following RFA.
Expression of both CD95 and CD95L is increased in the brain and in the heart following ischemia. 
In these post-ischemic tissues CD95 is instrumental in inducing apoptosis.11,13,21 Similarly, hypoxia 
induces CD95 expression in colorectal cancer cells, which can result in CD95-dependent apoptosis.12 

Figure 7  Tumor cell CD95 mediates accelerated outgrowth of liver metastases following RFA
RFA was performed on mice carrying C26-Luc-kd or C26-CD95kd metastases. In addition, RFA was performed on 
tumor-bearing control mice and on mice lacking functional CD95L (gld). All mice were sacrificed 7 days after the RFA 
procedure. (A) The livers were harvested and tumor load in the reference zone (RZ) (white bars) and in the transition 
zone (TZ) (black bars) was analyzed by morphometric measurement of the hepatic replacement areas (HRA). (B) HRA 
ratio values were determined and plotted. These values indicate the acceleration of tumor growth in the transition zone 
relative to the reference zone. CD95kd reduced growth acceleration by ~ 60%. (C) Representative microscopic images 
of tumor growth in the transition zone by H&E histochemistry. TZ transition zone; RZ reference zone; T tumor; L liver; N 
necrosis; * p<0.05; ns not significant
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However, many colorectal tumor cells display inherent resistance to apoptosis induction by CD95. 
In recent years it has become clear that CD95 can activate a number of non-apoptotic pathways that 
stimulate proliferation and invasion.14-18 
Although CD95 is expressed on the majority of colonic epithelial cells, its primary function in these 
cells does not appear to be apoptosis induction.22,23 Remarkably, it was shown in a recent study that 
CD95 on intestinal epithelial cells is cytoprotective rather than cytotoxic.23 The non-apoptotic function 
of CD95 may therefore be conserved in colon tumors. Indeed, chronic CD95 stimulation of colorectal 
tumor cells selects for highly metastatic variants.24 Moreover, forced expression of CD95L in apoptosis-
resistant tumor cells can promote liver metastasis formation.20 During colorectal cancer progression, 
expression of CD95L increases and correlates with metastasis formation.19,25 In addition, we have 
shown recently that the K-Ras oncogene, which is present in approximately 40% of all colorectal 
tumors, is a major determinant of CD95 signaling output and forces it to signal invasion, rather than 
apoptosis.15 In the present study, we demonstrate that hypoxia, generated following the RFA procedure, 
stimulates CD95-dependent outgrowth of colorectal micrometastases. Taken together, it appears that 
CD95 activation on colorectal tumor cells promotes tumor progression rather than tumor clearance. 
Our data suggest that this is especially relevant during conditions of hypoxia, which causes autocrine 
activation of the CD95 system and CD95-dependent invasion. 
High levels of tumor-produced CD95L in the hypoxic transition zone could affect tumor progression 
in different ways. First, it can cause apoptosis of infiltrating lymphocytes (a phenomenon known as 
the ‘tumor counterattack’).26 Second, it can induce apoptosis in surrounding hepatocytes, which could 
lead to facilitated tumor cell invasion.27 Third, our results (based on the use of CD95 knockdown 
tumor cells and CD95L-deficient mice) strongly suggest that autocrine activation of the CD95 system 
on tumor cells mediates aggressive outgrowth of liver metastases following RFA.  
It has recently been demonstrated that hypoxia leads to reduced cell proliferation and increased 
survival of colorectal cancer cells. This was due to HIF-1α stabilization followed by the formation of 
a HIF1-ß-catenin complex at the expense of the TCF-ß-catenin complex.28 However, hypoxia is 
generally associated with metastatic spread and poor prognosis.7,29 Also in colorectal tumors, expression 
of different HIF targets is associated with disease progression and poor patient prognosis.30,31 It 
therefore seems unlikely that hypoxia-induced cell cycle arrest plays an important role during 
aggressive tumor recurrence in the transition zone following RFA. In accordance with our findings, 
pre-clinical studies have shown that tumor cell proliferation is increased, not decreased, following 
local ablative therapies like RFA.32,33 
Many surgical procedures generate tissue hypoxia. We have recently shown that vascular clamping, 
which is frequently applied to prevent excessive blood loss during partial liver resection, generates 
chronically hypoxic liver tissue that is associated with aggressive tumor recurrence in pre-clinical 
mouse models.34,35 In colorectal cancer patients, prolonged clamping times during liver surgery were 
significantly associated with decreased time to tumor progression in the liver.36 In addition, we have 
recently found that the levels of circulating CD95L were significantly increased following RFA treatment 
of liver metastases in CRC patients (FJHH, ms in preparation). Taken together, we propose that CD95 
signaling may contribute to tumor recurrence in livers treated with hypoxia-generating (surgical) 
procedures. 
Patient selection for RFA of colorectal liver metastases is essential for optimal response to the 
treatment, making it a potentially curative treatment option. The mechanistic understanding of local 
recurrences might be important for making RFA applicable to more patients with colorectal liver 
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metastases. Currently, clinical observations show highly aggressive local tumor recurrence in patients 
treated with local ablative therapies.37,38 In the present study we have demonstrated that the hypoxic 
rim of RFA-generated lesions is characterized by aggressive CD95-dependent outgrowth of colorectal 
micrometastases. Although neutralization of CD95L would not kill remaining tumor cells, it could be 
of therapeutic benefit in patients with colorectal liver metastases treated with RFA by reducing tumor 
cell invasion and outgrowth. Prolonged treatment with CD95L-neutralizing agents holds the potential 
danger of inducing lymphoproliferative disorders and autoimmunity39,40, short-term peri-operative 
treatment however may prove to be feasible. Whether CD95L-neutralizing agents, either alone or in 
combination with chemotherapy, can be of added value in preventing aggressive tumor recurrence 
following RFA requires further pre-clinical work. This work should initially focus on tumors with mutant 
K-Ras as such tumors are prone to respond aggressively to CD95L.15
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Abstract

Background
Ischemia/reperfusion (I/R) injury is frequently caused by hepatic surgery due to clamping of the 
vascular inflow of the liver. I/R injury generates hepatocellular damage but is also associated with 
accelerated outgrowth of micrometastases. Recently, we demonstrated that CD95 is a key mediator 
of tumor cell invasion and outgrowth following radiofrequency ablation. Here, we tested whether 
CD95 signaling plays a role in accelerated outgrowth of colorectal liver metastases following I/R. 

Methods
Mice underwent vascular clamping five days after induction of colorectal liver metastases. Invasion 
and outgrowth of micrometastases following I/R were analyzed by post-mortem confocal microscopy 
(36 hours post-I/R) and by morphometric assessment of tumor load (5 days post-I/R), respectively. 
Tumor cell CD95 was suppressed by lentiviral RNA interference. The contribution of host CD95L was 
assessed by using gld-mice lacking functional CD95L.

Results
I/R induced invasion of micrometastases selectively in the perinecrotic regions. CD95 knockdown 
in tumor cells strongly reduced invasion and largely prevented accelerated outgrowth of perinecrotic 
liver metastases following I/R. I/R-induced liver necrosis and necrosis-associated accelerated tumor 
growth were reduced in gld-mice. However, the remaining perinecrotic tumor cell clusters in gld-mice 
still displayed an invasive phenotype.  

Conclusions
I/R induces invasion and accelerated outgrowth of pre-established metastases in a CD95-dependent 
manner. Activation of the CD95 system following I/R not only contributes to liver injury, but may also 
promote aggressive tumor recurrence.  
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Introduction

Approximately 50% of colorectal cancer patients develop liver metastases. For these patients, partial 
liver resection is the only curative treatment option, leading to a 5-year survival of approximately 
40-60%.1,2 Nonetheless, tumor recurrence following partial liver resection is observed in ~60% of 
cases.2,3 Vascular clamping is frequently applied to limit excessive blood loss during hepatic resection 
and can cause ischemia/reperfusion (I/R) injury to the liver. I/R not only causes tissue injury, but 
also has a growth-stimulatory effect on residual tumor tissue in the liver.4-6 Indeed, in colorectal cancer 
patients receiving liver surgery for colorectal liver metastases, prolonged vascular clamping is associated 
with a reduced time to tumor recurrence in the liver.7 
I/R in the liver generates long-term microcirculatory disturbances and chronic hypoxia, which play an 
important role in accelerated tumor outgrowth following hepatic I/R.8 Hypoxia can stimulate motility 
and invasion of tumor cells through induction of matrix-metalloproteinases (MMPs), urokinase 
plasminogen activator receptor (uPAR) and/or c-Met.9-11 Recently, we demonstrated that hypoxia also 
activates the CD95/CD95L system in apoptosis-resistant colorectal tumor cells and that this mediates 
tumor cell invasion.12 Moreover, radiofrequency ablation (RFA) resulted in invasion and accelerated 
outgrowth of tumor cells in the hypoxic tissue areas surrounding RFA lesions and this could be 
abrogated by suppressing the CD95/CD95L system.12 CD95 is also activated during liver I/R and 
mediates tissue injury.13,14 This is most likely due to the fact that hepatocytes express CD95 and are 
highly sensitive to CD95-mediated apoptosis.15 However, CD95 was not a critical mediator of liver 
injury following I/R in another study.16

Based on these observations, we hypothesized that CD95 activation during I/R may contribute to 
invasion and outgrowth of hepatic micrometastases. In the present study we demonstrate that CD95 
and CD95L are upregulated following hepatic I/R and that this contributes to invasion and outgrowth 
of micrometastases. Our results identify CD95 as an important participant in local tumor cell invasion 
and accelerated outgrowth of micrometastases following liver I/R.
 

Materials and Methods

Animals and surgery
All experiments were performed in accordance with the guidelines of the Animal Welfare Committee 
of the University Medical Center Utrecht, The Netherlands. Male BALB/c mice (10-12 weeks) were 
purchased from Charles River (Sulzfeld, Germany). BALB/c-gld/gld (CPt.C3-Faslgld/J) mice carrying 
a homozygous loss-of-function mutation in CD95L (hereafter referred to as gld-mice) were purchased 
from The Jackson Laboratory (Bar Harbor, ME, USA). When gld-mice were used, control BALB/c mice 
were purchased from The Jackson Laboratory as well. Mice were housed under standard laboratory 
conditions and received food and water ad libitum. All surgical procedures were performed under 
isoflurane inhalation anesthesia. Prior to surgery, buprenorfine was administered intramuscularly to 
provide sufficient peri-operative analgesia. During surgery, body temperature was maintained at 
36,5˚C to 37,5˚C by placing the mice on a heated table and covering them with aluminium foil. 

Induction of micrometastases and ischemia/reperfusion injury
C26 mouse colon carcinoma cells and its derivatives, including Green Fluorescent Protein (GFP)-
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expressing C26 cells, C26-CD95 knockdown cells and C26-Luciferase-knockdown control cells were 
cultured exactly as previously described.12 For tumor cell invasion experiments, GFP-expressing C26 
cells were used. When C26-CD95 knockdown (kd) cells were used, cells expressing shRNA’s directed 
at firefly luciferase (sh-Luc) were used as control cells. For induction of colorectal micrometastases 
we used our previously described mouse model.5,8 In brief, through a left lateral flank incision, 5x104 

routinely cultured C26 colon carcinoma cells were injected into the splenic parenchyma, followed 
by removal of the spleen after ten minutes to prevent intrasplenic tumor growth. 
Diffuse intrahepatic micrometastases were allowed to grow out for five days, followed by partial 
hepatic ischemia. After laparotomy, the liver hilus was exposed and the vascular inflow to the left 
lateral lobe was clamped for 45 minutes. Tumor cell invasion was assessed 36 hours later in both 
the clamped and non-clamped lobes. Tumor outgrowth was assessed 5 days following I/R. Sham-
operated animals underwent laparotomy with subsequent exposure of the liver hilus, but without 
clamping the hepatic blood inflow.

Liver enzymes
Early liver damage was assessed by plasma alanine aminotransferase (ALT) and aspartate 
aminotransferase (AST) levels. Blood was drawn from mice 6 hours following surgery and centrifuged 
at 14000 rpm for 10 minutes (n=8 I/R groups, n=4 sham groups). Plasma levels of ALT and AST 
were automatically analyzed (Beckman Coulter UniCel® DxC 600, Beckman Coulter B.V. Woerden, 
The Netherlands) and were expressed as units per liter (U/L).

Assessment of the perinecrotic tumor cell phenotype following I/R
Mice bearing GFP-expressing tumor cells were sacrificed at 36 hours following I/R of the left liver 
lobe. Prior to sacrifice, mice were injected intravenously with rhodamine(RITC)-labeled dextran (MW 
2.000.000; Invitrogen, Carlsbad, CA) to identify the perinecrotic region. The non-clamped and 
clamped liver lobes were harvested and placed on a coverslip using immersion oil to improve 
visualization. The livers were imaged with a Zeiss LSM510 Meta confocal microscope using 10x 
magnification (n=4 mice each group). As previously described, the perinecrotic region is characterized 
by microcirculatory disturbances8,17, which could be visualized by exciting RITC at 561 nm. GFP was 
excited at 488nm to visualize the tumor cells. Tumor cell invasion was assessed using confocal image 
stacks in axial dimension and was defined as the average longest distance between cells making up 
a single cluster metastasis, exactly as previously described.12 At least 15 randomly chosen tumor cell 
clusters in clamped and non-clamped liver lobes were visualized and relayed to a personal computer 
for off line analysis. Analysis of tumor cell invasion was performed by two independent observers.

Western blot analysis of tissue extracts
Tumor-bearing mice (n=4) were sacrificed 36 hours following surgery. After harvesting the livers, the 
clamped and non-clamped liver lobes were divided. Next, the liver sections were minced and 
homogenized. Homogenized tissue samples were then lysed in a buffer containing 20 mM HEPES 
pH 7.4, 1% NP40, 150 mM NaCl, 5 mM MgCl2 and 10% glycerol. Lysates were cleared by 
centrifugation (Eppendorf, 13.000 rpm) and analyzed by Western blotting using anti-CD95 (clone 
M-20, #sc-716, Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), anti-CD95L (ab15285, Abcam, 
Cambridge, MA, USA) and anti-ß-actin (AC-15, NB600-501, Novus Biologicals, Littleton, CO, USA). 
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Immunohistochemistry
Tumor-bearing mice (n=4 each time point) were sacrificed 36 hours and 5 days after I/R. After 
harvesting, livers were fixed in formaldehyde and embedded in paraffin. Tissue sections (4μm) were 
used for the immunohistochemical staining of CD95L (ab15285, Abcam, Cambridge, MA, USA). As 
secondary antibody PowerVision+ (Immunologic, Duiven, The Netherlands) with 2% mouse serum 
was used. Reactions were developed using diaminobenzidine/H2O2 as a chromogen substrate. 
Negative controls were stained with isotype control antibody and were all free of nonspecific 
background staining. 

Analysis of tumor load and hepatocellular necrosis
Tumor load in the liver was assessed in both the clamped and the non-clamped liver lobes. Tumor 
load was scored as hepatic replacement area (HRA), i.e. the percentage of liver tissue that had been 
replaced by tumor tissue.5,8 In brief, on hematoxylin and eosin (H&E) stained sections, at least 100 
fields were selected using an interactive video overlay system, including an automated microscope 
(Q-Prodit; Leica Microsystems, Rijswijk, The Netherlands) at a 40x magnification. Using a four-points 
grid overlay, the ratio of tumor cells versus normal hepatocytes plus necrotic cells was determined 
for each field. Tumor load (HRA) was expressed as the average area ratio of all fields.  
The percentage of hepatocellular necrosis was scored simultaneously with tumor HRA analysis. The 
ratio of necrotic cells versus normal hepatocytes plus tumor cells was determined for each field. The 
percentage of hepatocellular necrosis was expressed as the average area ratio of all fields.

Statistical analysis 
Statistical differences between the clamped and the unclamped lobes were analyzed by a paired 
t-test or Wilcoxon signed rank test when appropriate. Differences between groups were analyzed by 
ANOVA or Kruskal-Wallis test when appropriate. Data are expressed as mean +/- SEM. A p-value < 
0.05 was considered statistically significant.

 
Results

Hepatic I/R induces scattering of micrometastases in perinecrotic liver tissue  
Micrometastases in the livers from sham-operated mice grew non-invasively, both in the median and 
left liver lobe (Figure 1). Necrotic tissue areas had formed in the clamped but not in the non-clamped 
liver lobes 36 hours following I/R. Micrometastases surrounding these necrotic tissue areas displayed 
a characteristic scatter response, which is indicative of tumor cell invasion. Quantification of the 
average longest distance between tumor cells making up a single metastasis revealed that peri-
necrotic ‘scattered’ metastases in the clamped (left) liver lobes had an average diameter of 949 ± 
81 μm. This was significantly longer than the diameter of metastases in the unclamped median lobes 
(241 ± 18 μm; p=0.0008, figure 1) and in the left lobe of sham-operated mice (256 ± 15 μm; 
p=0.0001, figure 1).  

Induction of CD95 and CD95L following hepatic I/R
At 36 hours following I/R, the liver lobes were harvested, lysed and analyzed for expression of CD95 
and CD95L by Western blotting. CD95 was induced in the clamped liver lobes compared to the 
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unclamped liver lobes in 3 out of 4 mice. Moreover, CD95L was induced in the clamped liver lobes 
of all 4 mice (Figure 2A). Next, immunohistochemistry was performed on liver tissue sections of 
tumor-bearing mice 36 hours and 5 days following I/R. The induction of CD95L in the clamped liver 
lobes 36 hours following I/R, as it was observed on the Western blots, could not be detected by 
immunohistochemistry (data not shown). However, 5 days following I/R, CD95L was strongly 
expressed in the rim of invasive tumor tissue facing the areas of I/R-induced necrosis (Figure 2B).

I/R-injury is reduced in gld-mice
In wildtype mice, I/R induced early hepatocelular damage as evidenced by elevated plasma ALT and 
AST levels (Figures 3A and 3B). Gld-mice, however, were partly protected from I/R-induced liver 
damage as plasma ALT levels were reduced by ~55% (3145 ± 864 U/L versus 6891 ± 1310 U/L 
in wildtype mice, p=0.036, figure 3A) and plasma AST levels were reduced by ~35% (2124 ± 412 
U/L versus 3241 ± 446 U/L in wildtype mice, p=0.083, figure 3B). In addition, the formation of 
necrotic tissue areas 5 days post-I/R was also significantly reduced in gld-mice when compared to 
wildtype mice (9.1 ± 4.3% vs 22.8 ± 3.8%, p=0.035, figure 3C).

Figure 1  Perinecrotic tumor cell invasion in the clamped liver lobes following I/R
(A) Mice carrying EGFP-expressing micrometastases were subjected to I/R or sham operation and were analyzed by 
confocal microscopy 36 hours later. The perinecrotic area was identified by microcirculatory disturbances (arrow). 
Image z-stacks were created in axial dimension to visualize tumor cell invasion, defined as the average longest distance 
between tumor cells making up a single cluster/metastasis. (B) Quantification of metastasis diameters in mice that 
underwent sham operation or I/R (≥15/mice; n=4 mice each group). In I/R mice, black bars represent clamped 
(ischemic) liver lobes, white bars represent unclamped (non-ischemic) liver lobes. In sham-operated mice, black bars 
represent left liver lobes, white bars represent median liver lober. M median liver lobe; L left liver lobe; * p<0.05. 
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CD95 knockdown prevents invasion of perinecrotic metastases following I/R 
Since I/R-injury was reduced in gld-mice, we investigated whether tumor cell invasion following I/R 
would also be reduced in these mice. However, micrometastases surrounding the necrotic regions in 
gld-mice still displayed the invasive phenotype that was also observed in wildtype mice (1043 ± 124 
μm versus 867 ±  92 μm p=0.29, respectively; figure 4). 
Next, we tested whether tumor cell CD95 was essential for the invasive phenotype of perinecrotic 
metastases. The diameter of perinecrotic metastases in clamped liver lobes was significantly 

Figure 2  Upregulation of CD95 and CD95L in the clamped liver lobes following I/R
(A) Tissue lysates were prepared from clamped (ischemic)- and unclamped (non-ischemic) liver lobes 36 hours after 
I/R and were analyzed by Western blotting using specific antibodies directed against CD95 and CD95L. Actin was 
used as a loading control. (B) Immunohistochemichal staining of clamped (ischemic)- and unclamped (non-ischemic) 
tumor-bearing liver lobes 5 days following I/R, using anti-CD95L antibody. IR ischemic liver lobe; non-IR non-ischemic 
liver lobe; T tumor; L liver; N necrosis.

Figure 3  I/R-injury is reduced in gld-mice
Plasma levels of (A) alanine aminotransferase (ALT) and (B) aspartate aminotransferase (AST) from wildtype (wt) mice 
and gld-mice 6 hours after I/R or sham operation. (C) Percentage of liver tissue necrosis in wildtype mice and gld-mice 
5 days after I/R. White bars indicate unclamped liver lobe, black bars indicate clamped liver lobe. * p<0.05.
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reduced from 824 ± 31 μm in mice bearing C26 shRNA-luc control cells to 481 ± 31 μm in mice 
bearing C26-CD95kd cells (p=0.0003, figure 4). 

CD95 signaling is required for accelerated tumor outgrowth following I/R 
Following I/R in control mice, increased tumor load (expressed as the hepatic replacement area 
(HRA)) was observed in the clamped liver lobes compared to unclamped lobes, as expected (Figures 
5A and 5C).5,8 In gld-mice, the increased tumor load in the clamped lobes was reduced when 
compared to that in wildtype mice, although this did not reach statistical significance (26.8 ± 4.9% 
vs 38.4 ± 6.0% p=0.14, respectively; figures 5A and 5C). However, the acceleration of tumor growth, 
as expressed by the ratio of HRA values in the clamped versus the non-clamped lobes, was significantly 
reduced in gld-mice (HRA ratio 4.9 ± 1.9 for gld-mice versus 8.3 ± 1.4 for control mice, p=0.035; 
figure 5B). 
Next, we tested whether the accelerated tumor growth in clamped liver lobes 5 days following I/R 

Figure 4  Metastasis invasion following I/R requires autocrine CD95 signaling
I/R was performed in mice carrying C26-Luc-kd or C26-CD95kd metastases. Additionally, EGFP-expressing C26 cells 
were allowed to form metastases in control mice and in gld-mice lacking functional CD95L. (A) Metastasis diameters 
in the unclamped non-ischemic (white bars) and the clamped ischemic liver lobes (black bars) determined 36 hours 
following I/R, as in Figure 1 (n≥15 metastases). (B) Representative confocal microscopic images of metastases located 
in the clamped liver lobes. kd knock down; * p<0.05; ns not significant
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was reduced when interfering with CD95 signaling in tumor cells (CD95kd cells). The increase in 
tumor load in clamped liver lobes of mice bearing C26-CD95kd cells was significantly lower when 
compared to that of mice bearing C26 shRNA-luc control cells (21.1 ± 6.2% versus 34.5 ± 3.2% 
p=0.049, respectively; figure 5A and 5C). In addition, tumor growth acceleration (HRA ratio) was 
significantly reduced using CD95kd cells, from 7.8 ± 1.1 for C26 shRNA-luc control cells to 4.7 ± 
0.6 for C26-CD95kd cells (p=0.0081, figure 5B).  

Discussion

In the present study we have demonstrated that CD95 signaling in tumor cells contributes to I/R-
induced invasion and outgrowth of micrometastases. These results are in accordance with our 

Figure 5  Accelerated outgrowth of liver metastases following I/R is reduced by inhibiting CD95 
signaling in tumor cells
I/R was performed on mice carrying C26-Luc-kd or C26-CD95kd metastases. Additionally, I/R was performed on tumor-
bearing control mice and on gld-mice. All mice were sacrificed 5 days following I/R. (A) The livers were harvested and 
tumor load in unclamped non-ischemic (white bars) and in the clamped ischemic liver lobes (black bars) was analyzed 
by morphometric measurement of the hepatic replacement areas (HRA). (B) HRA ratio values were determined and 
plotted. These values indicate the acceleration of tumor growth in the clamped ischemic liver lobe relative to the 
unclamped non-ischemic liver lobe. (C) Representative microscopic images of tumor growth in the clamped ischemic 
liver lobe by H&E histochemistry. wt wildtype; kd knockdown; T tumor; L liver; N necrosis; * p<0.05; ns not significant
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previous results demonstrating that tumor cell CD95 mediates accelerated invasive outgrowth of 
liver metastases in the hypoxic transition zone surrounding radiofrequency ablation (RFA)-generated 
lesions.12 Likewise, accelerated tumor outgrowth following I/R is exclusively observed in areas of 
prolonged microcirculatory disturbances and chronic hypoxia.8

Tumor growth may be stimulated by CD95/CD95L signaling in several ways. First, CD95 may induce 
apoptosis in hepatocytes, thereby facilitating tumor cell invasion and outgrowth.18 Second, CD95 
may cause apoptosis of infiltrating cytotoxic lymphocytes, resulting in a reduction of the anti-tumor 
immune response. This phenomenon is known as the ‘tumor counterattack’.19 Third, CD95 may 
activate non-apoptotic pro-tumorigenic signaling pathways in tumor cells. Evidence is accumulating 
that CD95 signaling can promote tumor cell invasion.20-22 We have recently demonstrated that the 
K-Ras oncogene switches CD95 from a death receptor into an invasion-inducing receptor.22 
Interestingly, in vitro hypoxia alone was sufficient to induce CD95-dependent invasion.12 
In the present study, mice lacking functional CD95L (gld-mice) showed reduced I/R injury as 
demonstrated by reduced post-operative ALT and AST plasma levels and reduced tissue necrosis 
following I/R. These results are in accordance with those of other investigators13,14 and suggest that 
hepatocyte cell death following I/R is partly mediated by CD95. Whether post-I/R hepatocytes die 
by apoptosis, by necrosis or by an intermediate form of cell death is still a matter of debate.15,23 
In the present study we have referred to the post-IR lesions of cell debris that were identified by 
histology as ‘necrotic’. Nevertheless, the initial type of hepatocyte cell death that caused the 
formation of these lesions is at least in part apoptotic since it is characterized by the presence of 
active caspase 3-positive cells5 and it is partly dependent on CD95L (present study). In contrast, 

Figure 6  Schematic overview of surgery-induced, CD95-dependent tumor invasion and outgrowth in 
the liver
CD95 signaling in tumor cells plays a key role in I/R- and RFA-stimulated invasion and outgrowth of micrometastases 
in the liver. In addition, host CD95L has an indirect effect on outgrowth of micrometastases due to its role in necrosis 
formation following I/R.
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another study showed that I/R-induced liver injury was CD95/CD95L-independent.16 Possibly, 
differences in the genetic backgrounds of the mice (C57Bl/6 versus BALB/c) may underlie these 
different dependencies on CD95.  
Interestingly, accelerated outgrowth, but not perinecrotic invasion of micrometastases was reduced 
in gld-mice following I/R. Accelerated tumor growth following I/R is exclusively observed in perinecrotic 
hypoxic tissue areas.5,8 Since CD95L contributes to I/R injury and necrosis formation, the reduced 
tumor outgrowth following I/R in gld-mice is most likely the result of reduced formation of necrotic 
tissue, although a direct stimulatory effect of host CD95L on tumor cells cannot be excluded. 
Nonetheless, the observation that tumor cell invasion in perinecrotic tissue following I/R is similar in 
gld-mice and wildtype mice, but is strongly reduced when using CD95 knockdown tumor cells, 
strongly suggests that autocrine CD95 signaling in tumor cells mediates this response. This is in line 
with our previous study showing that autocrine CD95 signaling mediates tumor cell invasion and 
accelerated outgrowth in hypoxic tissue surrounding RFA-generated lesions.12 In this study, tumor 
outgrowth was not affected in the gld-mice, most likely because RFA-generated tissue necrosis, unlike 
that generated by I/R, does not depend on CD95L. Together, these results are in line with a model 
in which host CD95L contributes to I/R-induced (but not RFA-induced) tissue necrosis and thereby 
indirectly affects tumor outgrowth. Secondly, autocrine CD95 signaling on tumor cells in hypoxic 
perinecrotic tissue contributes to the aggressive invasive behaviour of micrometastases in these areas 
following both surgical procedures (Figure 6).  
The mechanisms by which I/R may accelerate the outgrowth of tumour cell deposits are 
incompletely understood. Nicoud et al. showed that vascular clamping was associated with 
upregulation of matrix-metalloprotease (MMP)-9 and MMP-9 inhibition resulted in reduced tumor 
outgrowth.4 MMP-9 is frequently upregulated in colorectal tumor cells and induces invasion of 
tumor cells by degrading the extracellular matrix.24,25 Interestingly, CD95 induces MMP-9 expression 
to mediate invasion of gliomas.20 Further research should elucidate whether MMP-9 expression 
following I/R depends on CD95 activation. 
Hypoxia is an unavoidable consequence of wound healing and surgery. Here, we demonstrate that 
hepatic I/R injury due to vascular clamping induces aggressive tumor outgrowth which depends on 
CD95 signaling in tumor cells. Interestingly, prolonged vascular clamping during liver surgery for 
colorectal liver metastases was significantly associated with decreased time to hepatic tumor 
recurrence in patients.7 In addition, high preoperative levels of circulating CD95L were significantly 
associated with a reduced period of disease free survival following liver surgery in colorectal cancer 
patients (FJHH, submitted). Taken together, we propose that CD95 signaling may contribute to hepatic 
tumor recurrence following surgery for colorectal liver metastases. As such, it may form a potential 
therapeutic target in these patients.
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Abstract

Background
During liver surgery, portal triad clamping is frequently applied to minimize blood loss, but causes 
liver ischemia/reperfusion (I/R) injury. Recently, it was shown that I/R accelerates the outgrowth of 
pre-established micrometastases in a murine model. The aim of this study was to evaluate the 
oncological outcome of portal triad clamping during hepatectomy in colorectal cancer patients.

Methods
160 patients with colorectal liver metastases underwent a partial hepatectomy with curative intent. 
Data were collected in a prospective database and were retrospectively analyzed for time to liver 
recurrence (TTLiR) and time to overall recurrence (TTR). The prognostic significance of portal triad 
clamping of any type and severe ischemia due to prolonged portal triad clamping was determined 
by Cox regression models. 

Results
TTLiR was reduced after clamping of any type, although not statistically significant (p=0.061). Severe 
ischemia due to prolonged portal triad clamping significantly decreased TTLiR (p=0.022), but not 
TTR. Furthermore, severe ischemia independently predicted TTLiR in a multivariable analysis (p= 
0.038). 

Conclusions
Severe ischemia due to prolonged portal triad clamping during hepatic resection for colorectal liver 
metastases appears to be associated with decreased TTLiR. Further research remains necessary to 
determine the causative effect of prolonged vascular clamping on liver tumor recurrence.
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Introduction

Surgical resection is the most effective treatment for patients with colorectal liver metastases, offering 
5-year and 10-year survival rates between 36-58% and 23-26%, respectively.1-4 However, even after 
an apparently complete resection, approximately 50% of patients ultimately present with recurrent 
disease, usually within the first year following resection.1,3 The most likely source for recurrences are 
microscopic tumor residues that are undetectable at the time of surgery.5,6 Furthermore, recurrence 
may also develop from circulating tumor cells that are shed into the circulation during surgery.7,8 In 
the past decades, many prognostic factors of recurrence and survival after hepatectomy for metastatic 
colorectal cancer have been documented, including both preoperative9,10 and peri-operative 
variables.11-14

Temporary clamping of the vascular inflow of the liver is frequently applied in liver surgery. It is 
predominantly used to reduce peri-operative blood loss during hepatic resections.15 A major 
disadvantage of vascular inflow occlusion is that it causes ischemia/reperfusion injury (I/R) to the 
liver, which may lead to postoperative liver dysfunction. The adverse effects of I/R on hepatocellular 
damage and liver function have been well documented.16 Nonetheless, Rahbari et al. showed recently 
in a meta-analysis that portal triad clamping had no effect on postoperative overall morbidity and 
mortality when compared to no portal triad clamping.17 However, nothing is known about the effects 
of vascular clamping during liver surgery on long-term oncological outcome. We have recently shown 
in a murine model of partial hepatic I/R by temporary blood flow occlusion that the outgrowth of 
pre-existing colorectal micrometastases in occluded liver lobes was accelerated five- to six-fold 
compared to non-occluded lobes.18 Based on these results, portal triad clamping during partial 
hepatectomy may adversely affect oncological outcome in colorectal cancer patients by accelerating 
the outgrowth of pre-existent hepatic micrometastases.
The aim of the present study was therefore to evaluate the prognostic significance of portal triad 
clamping and of severe ischemia due to prolonged clamping, on long-term oncological outcome in 
patients after partial hepatectomy for colorectal liver metastases. 
 

Methods and Patients

Patients and surgical management
All consecutive patients who underwent a partial hepatectomy for colorectal liver metastases with 
curative intent (1998-2008) at the University Medical Center Utrecht in The Netherlands were 
selected from a prospectively collected liver database. Selection criteria for entering the study were: 
no signs of extrahepatic disease on preoperative imaging by routine liver contrast-enhanced four 
phase CT and thoraco-abdominal spiral CT scan, no untreatable lesions as determined by intraoperative 
ultrasonography, no gross residual disease (R2) at laparotomy and no simultaneous focal heat 
destruction by radiofrequency ablation, laser induced thermotherapy or any other local ablative 
treatment. In addition, patients who had died within 30 days after the hepatic resection were excluded 
from further analysis. Following these selection criteria, 160 patients were identified from the database 
and were further analysed.
Three expert hepatic surgeons performed the operations. Portal triad clamping was used consistently 
by the hepatic surgeons, without specific preoperative indications. As in many other institutions, portal 
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triad clamping was applied only when the surgeons expected, during surgery, that the peri-operative 
blood loss would exceed 1000 ml in total. When portal triad clamping was applied, intermittent 
clamping of maximally 15 minutes per cycle was preferred. Blood loss was minimized by maintaining 
central venous pressure below 5 cm H2O. 

Prognostic factors
Patient and operation characteristics were prospectively collected. Besides clamping type and duration, 
various factors were extracted from the database for each patient, including age at the time of liver 
resection, gender, location of the primary tumor, nodal status of the primary tumor, disease free 
interval between resection of the primary tumor and detection of the liver metastases and synchronicity 
of metastases, the number, maximal size and distribution of the hepatic metastases, preoperative 
carcinoembryonic antigen (CEA), duration of operation, usage of (neo)adjuvant chemotherapy, extent 
(major defined as 3 segments or more) and type of the resection (anatomical or non-anatomical), 
aspect of liver parenchyma, resection margins, blood loss and the amount of packed red blood cells 
transfused. 
First, we analyzed the influence of clamping of any type compared to no vascular clamping on 
outcome. Second, patients were classified according to severity of ischemia during hepatectomy. The 
first group consisted of patients who had no vascular clamping during liver surgery. The second group 
of patients had minor ischemia during hepatectomy. This was defined as portal triad clamping for 
20 minutes continuously or intermittent clamping of not more than 3 cycles of maximally 15 minutes 
ischemia time each. The third group, i.e. the severe ischemia group, consisted of patients in whom 
clamping times exceeded those mentioned for the minor ischemia group. The cut-off points regarding 
clamping times are based on preclinical observations.18,19 

Follow-up
Routine follow-up included at least liver contrast-enhanced four phase CT-scan of the liver, chest 
X-ray and CEA levels every 6 months, which were prospectively collected in the database. Follow-up 
data were updated by letters and telephone calls to referring physicians and general practitioners. 
The duration of the follow-up and the time between hepatectomy and the detection of recurrence 
were obtained, as well as the site of recurrence and survival data. The end-points of this analysis 
were the time to develop liver recurrence (TTLiR) and the time to develop recurrence in general 
(TTR). The influence on overall survival was also determined. 

Statistical analysis
Kaplan-Meier survival curves were compared by log rank test statistics. Comparison between groups 
for the different variables was performed by ANOVA, Kruskal-Wallis test or Pearson Chi-square test 
when appropriate. Hazard ratios (HR) of decreased TTLiR, decreased TTR and overall survival were 
computed for all variables to estimate relative risks and 95% confidence intervals using Cox 
proportional hazards regression analysis. Multivariable analysis was performed to determine the 
independent prognostic impact of severity of ischemia on TTLiR, TTR and overall survival while 
adjusting for possible confounders simultaneously. Therefore, covariables that significantly affected 
outcome by univariable analysis entered into a multivariable regression analysis. A 95% confidence 
interval or p<0.050 was considered significant. All statistical analyses were performed using SPSS® 
for Windows® version 15.0 (SPSS, Chicago, Illinois, USA). 
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Results

Patient characteristics
During the study period, 160 patients who underwent a partial hepatectomy for colorectal liver 
metastases with curative intent were identified from the liver database. Twenty patients with initially 
non-resectable metastases were down-staged by neo-adjuvant chemotherapy. Three patients had 
preoperative portal vein embolisation to allow regeneration of the future remnant liver. Two patients 
had a two-staged resection (because of excessive intraoperative blood loss or R2 resection) and 
were evaluated for recurrence and survival from the second operation.

Table 1. Base-line characteristics of patients according to the severity of ischemia 

Variable No 
ischemia
(n=72)

Minor 
ischemia
(n=38)

Severe 
ischemia
(n=50)

P-value

Age (years)

Median (range) 64.5 (32.7-81.9) 59.7 (40.4-78.7) 62.5 (33.0-75.5) 0.173*

< 63a 30 22 26

≥ 63 42 16 24 0.121#

Gender 

Female 22 13 20

Male 50 25 30 0.558#

Location of primary

Colon 44 24 32

Rectum 28 14 18 0.944#

Nodal status of primary

Negative 33 19 18

Positive 39 19 32 0.294#

Disease free interval (months)

 Median (range) 9.0 (0.0-109.0) 9.0 (0.0-76.0) 8.5 (0-81.0) 0.784†

≥  12 28 14 20

<  12 44 24 30 0.955#

Preoperative CEA (ng/mL)b

Median (range) 14.0 (0.8-1992.0) 6.9 (0.5-500.0) 6.4 (1.2-235.0) 0.647†

<  200 47 26 37

≥  200 5 5 5 0.804#

Tumour number

Solitary 38 22 23

Multiple 34 16 27 0.531#

Maximum tumour size (cm)

Median (range) 4.0 (0.4-18.0) 3.7 (0.8-16.0) 3.8 (1.3-19.5) 0.938†

<  3.0 26 13 18

3.0-5.0 24 13 19

≥  5.0 22 12 13 0.972#

Tumour distribution

Unilobar 48 26 29
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Vascular clamping was used in 88 patients. All patients had an inflow occlusion (Pringle Maneuver). 
Inflow occlusion was performed continuously in 53 patients and intermittently in 35 patients. Ischemic 
preconditioning was not performed. Median total ischemia time was 21 (range 2 - 69) minutes for 
continuous clamping and 40 (range 20-90) minutes for intermittent clamping. The “minor ischemia” 
group was formed by 38 patients. The remaining 50 patients comprised the “severe ischemia” 
group. 
As the indication for vascular clamping is influenced by several factors, the ischemia groups were 
compared concerning their baseline values. No significant differences concerning the (baseline)  
prognostic factors were observed between the ischemia groups, including factors influencing the 
choice for vascular clamping, such as blood loss, extent and type of resection (Table 1). 

Table 1. continued

Variable No 
ischemia
(n=72)

Minor 
ischemia
(n=38)

Severe 
ischemia
(n=50)

P-value

Bilobar 24 12 21 0.182#

Duration of operation (min)

Median (range) 226 (75-390) 245 (80-534) 235 (100-465) 0.209*

Extent of resection

Minor (< 3 segments) 27 14 19

Major (≥ 3 segments) 45 24 31 0.994#

Type of resection

Anatomical 40 23 30

Non-anatomical 32 15 20 0.836#

Blood loss (ml)

Median (range) 950 (40-7500) 1100 (100-11000) 930 (100-10600) 0.518†

<  1000 38 19 28

≥  1000 34 19 22 0.853#

Red blood cell transfusion

No 32 21 25

Yes 40 17 25 0.546#

≤  2 units 50 24 38

> 2 units 22 14 12 0.474#

Liver parenchyma

Normal 48 22 29

Abnormal 24 16 21 0.529#

Resection margin

R0 63 34 45

R1 9 4 5 0.900#

Chemotherapy

None 59 26 36

Neoadjuvant 7 6 7

Adjuvant 6 6 8 0.458#

aMedian age of the whole population was used as a cut-off point; bPre-operative carcinoembryonic antigen (CEA) 20 
missing values in no ischemia group, 7 missing values in minor ischemia group and 8 missing values in severe ischemia 
group; *Oneway ANOVA; #Pearson Chi square test; †Kruskal-Wallis test.
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Long-term outcome 
Median follow-up was 2.5 years. Altogether, 112 patients had a recurrence within the study period, 
of whom 66 had a liver recurrence. Median TTR was 1.3 years, with 38.3% and 23.3% of patients 
being disease free after 2 and 5 years, respectively. Seven patients underwent repeat hepatectomy 
for liver recurrence, 10 patients underwent local ablation of hepatic recurrent disease and 4 had 
lung resection for pulmonary metastases. Adjuvant chemotherapy was given to 20 patients after 
hepatic resection. 91 patients died during follow-up. Overall 5- and 10-year survival was 36.5% 
and 22.3 %, respectively.

Effect of vascular clamping and severe ischemia on patterns of recurrence and survival
Decreased time to liver recurrence was observed in patients subjected to vascular clamping of any 
type (p=0.061, figure 1A). Vascular clamping of any type did not affect TTR or overall survival (data 
not shown). In patients with severe ischemia, TTLiR was significantly shorter when compared to 
patients undergoing no clamping (p=0.022, figure 1B). In the minor ischemia group, TTLiR was not 
significantly different when compared to both other groups. TTR and overall survival were not affected 
by either minor or severe liver ischemia (Figure 1C and data not shown, respectively). 

Severe ischemia is an independent predictor of tumor recurrence in the liver
To evaluate the effect of severe ischemia on tumor recurrence, patients who had severe ischemia 
due to prolonged vascular clamping were compared to patients who had no clamping at all during 
hepatectomy. Univariable analysis among all variables examined revealed that synchronous disease, 
bilobar tumor distribution, positive resection margin and severe ischemia were inversely correlated 
to TTLiR (Table 2). TTR was inversely correlated to positive lymph nodes of the primary tumor, 
synchronous disease, the use of neoadjuvant chemotherapy and type of resection. Overall survival 
was inversely affected by disease free interval between primary tumor and hepatic metastases of 
less than 12 months and a preoperative CEA value ≥ 200ng/mL. None of the other prognostic 
variables examined were correlated to TTLiR, TTR or overall survival (Table 2).
Subsequent analysis using multivariable regression analysis revealed that positive resection margin 
and severe ischemia were independent predictors for decreased TTLiR (p=0.040 and p=0.038 

Figure 1  Kaplan-Meier curves illustrating the effects of any type of clamping on liver free survival (A, p=0.061, log 
rank test), the effect of severe ischemia on liver free survival (B, p=0.022, log rank test) and disease free survival (C, 
p=0.173, log rank test). Severe ischemia is compared to no ischemia.
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Table 2. Univariable analysis for liver recurrence, overall recurrence and overall survival in patients with no ischemia 
or severe ischemia

Variable # Hazard Ratio (95% confidence interval)

Liver recurrence Overall recurrence Overall survival
Age (years)

<  64a 61

≥  64 61 0.63 (0.35-1.13) 0.94 (0.62-1.44) 1.44 (0.90-2.30)

Gender 

Female 42

Male 80 1.17 (0.63-2.17) 1.13 (0.72-1.78) 0.95 (0.57-1.58)

Location

Colon 76

Rectal 46 0.88 (0.50-1.59) 0.73 (0.47-1.14) 0.91 (0.56-1.47)

N-stadium

Negative 51

Positive 71 1.76 (0.97-3.17) 1.81 (1.16-2.82) * 1.48 (0.91-2.40)

Disease free interval (m)

≥  12 48

<  12 74 1.67 (0.92-3.04) 1.53 (0.98-2.38) 1.81 (1.09-3.01) *
Metachronous 53

Synchronous 69 2.03 (1.12-3.68) * 1.67 (1.14-2.45) * 1.42 (0.93-2.18)

Preoperative CEA (ng/mL)b

<  200 84

≥  200 10 0.97 (0.90-1.05) 1.02 (0.97-1.08) 1.06 (1.00-1.12) *
Number

Solitary 77

Multiple 45 1.50 (0.85-2.66) 1.11 (0.73-1.70) 1.00 (0.63-1.60)

Maximum size (cm)

≥  3.0 78 0.81 (0.46-1.44) 0.96 (0.62-1.50) 1.08 (0.66-1.77)

≥  5.0 25 1.03 (0.53-1.97) 1.23 (0.77-1.97) 1.62 (0.98-2.69)

Distribution

Unilobar 77

Bilobar 45 1.91 (1.09-3.34) * 1.33 (0.87-2.05) 0.96 (0.59-1.55)

Chemotherapyc,d

None 95

Neoadjuvant 14 1.92 (0.99-3.71) 2.34 (1.25-4.37) * 1.89 (0.97-3.79)

Duration of operation (min)

<  231e 61

≥  231 61 1.25 (0.71-2.18) 1.13 (0.74-1.73) 0.96 (0.60-1.54)

Extent

Minor (< 3 segments) 46

Major (≥ 3 segments) 76 1.56 (0.85-2.86) 1.16 (0.75-1.80) 1.31 (0.79-2.15)

Type

Anatomical 70

Non-anatomical 52 1.26 (0.72-2.20) 1.53 (1.00-2.34) * 0.99 (0.62-1.58)

Blood loss (ml)

<  1000 66

≥  1000 56 1.36 (0.77-2.39) 0.93 (0.61-1.43) 1.31 (0.82-2.11)
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Variable # Hazard Ratio (95% confidence interval)

Liver recurrence Overall recurrence Overall survival
Red blood cell transfusion

No 57

Yes 65 0.99 (0.56-1.73) 0.83 (0.54-1.28) 1.34 (0.82-2.19)

<  2 units 88

≥  2 units 34 1.07 (0.61-1.87) 0.81 (0.53-1.24) 1.31 (0.81-2.12)

Liver parenchyma

Normal 77

Abnormal 45 0.96 (0.53-1.73) 0.97 (0.63-1.51) 0.82 (0.50-1.33)

Resection margin

R0 108

R1 14 1.94 (1.00-3.96) * 1.79 (0.97-3.30) 1.85 (0.92-3.74)

Vascular clamping

No ischemia 72

Severe ischemia 50 1.38 (1.04-1.83) * 1.16 (0.94-1.44) 0.99 (0.78-1.27)

*significant prognostic factor in univariable regression model (p<0.05).  aMedian age was used as a cut-off point; 
bCEA 28 (23%) missing values; c 14 patients received adjuvant chemotherapy; d 1 patient received both neoadjuvant 
and adjuvant chemotherapy; eMedian operating time was used as a cut-off point.

Table 2. continued

Table 3. Multivariable analysis for liver recurrence, overall recurrence and overall survival 

Liver recurrence Overall recurrence Overall survival
Variable HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value

Positive nodal status primary - - 1.84 (1.11-3.05) 0.011 - -

Disease free interval < 12 months - - - - 1.70 (1.01-2.84) 0.045

Synchronous disease 1.83 (0.99-3.38) 0.053 1.36 (0.85-2.17) 0.202 - -

Preoperative CEA ≥ 200 ng/mL - - - - 1.05 (0.98-1.11) 0.117

Bilobar distribution 1.72 (0.93-3.16) 0.084 - - - -

Neoadjuvant chemotherapy - - 1.63 (0.85-3.15) 0.144 - -

Resection type - - 1.25 (0.94-1.74) 0.182 - -

Positive margin 2.25 (1.04-4.86) 0.040 - - - -

Severe ischemia 1.37 (1.02-1.85) 0.038 - - - -
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respectively (Table 3). In addition, positive lymph nodes of the primary tumor independently predicted 
decreased TTR (p=0.017). Finally, overall survival was independently predicted by a disease free 
interval between primary tumor and hepatic metastases of less than 12 months (p=0.045). 
 

Discussion

In the past decades, many prognostic factors of (hepatic) recurrence and survival after hepatectomy 
for metastatic colorectal cancer have been documented.9,11,20 Although the majority of these studies 
focused on preoperative criteria for selecting patients with liver metastases that may benefit from 
surgery, several studies hypothesized a correlation between accelerated tumor recurrence and peri-
operative factors, including hypotension14, blood transfusion12, portal vein embolisation21 and 
morbidity.13,22 Surprisingly, very little is known about the effects of vascular occlusion on tumor 
recurrence and survival. Vascular clamping methods have been traditionally analyzed as a predictor 
of postoperative morbidity and mortality. Recently, Rahbari et al. showed in a meta-analysis that 
portal triad clamping had no effect on postoperative overall morbidity and mortality when compared 
to no portal triad clamping.17 However, the studies analyzed did not provide any data on long-term 
(oncological) outcome. Recently, Wong et al. reported that time to recurrence and overall survival 
in patients who received a hepatectomy with or without intermittent clamping of the portal triad 
were not significantly different.23 However, time to liver recurrence was not addressed by Wong et 
al., which was the focus of the present study.
A significantly shorter time to liver recurrence was observed in colorectal cancer patients who had 
been subjected to prolonged periods of portal triad clamping, which appeared to be irrespective of 
the clamping method used. This is in accordance with our preclinical results, showing that vascular 
clamping induces a five- to six-fold growth acceleration of pre-established colorectal micrometastases.18 
Furthermore, comparable results were demonstrated by Ito et al., showing that prolonged ischemia 
time during liver resection for colorectal liver metastases was associated with reduced progression 
free survival.24

A disadvantage of the present study is its retrospective nature. As a consequence, one can not 
entirely exclude the possibility of indication bias. However, as in many other institutions, portal triad 
clamping was used without specific preoperative indications and applied only when the surgeons 
expected, during surgery, that the peri-operative blood loss would exceed 1000 ml in total. No 
differences between the groups were observed in extent and type of the resection, in tumor 
characteristics, blood loss or red blood cell transfusion (see Table 1). This suggests that the groups 
may be considered similar concerning the base-line characteristics. As such, the present study 
enhances our hypothesis that severe hepatic ischemia provides a local tumor growth stimulatory 
micro-environment. 
Nonetheless, a retrospective study is not designed to provide data on the mechanisms for this 
phenomenon; therefore we can only conclude that the severe ischemia during liver surgery is 
associated with a shorter time to hepatic recurrence, rather than a causative mechanism. A large 
randomized controlled trial would be necessary to determine the causative effect of prolonged 
vascular clamping on liver tumor recurrence. However, in most hospitals, vascular clamping is not 
a standard procedure, but is only applied in case of (impending) excessive blood loss. Randomization 
between clamping and no clamping would therefore imply that some patients would unnecessarily 
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be subjected to a procedure which is potentially harmful and on the other hand some patients with 
accelerating blood loss would be withheld from a maneuver which may be needed to perform a 
safe resection. A randomized controlled trial on clamping versus no clamping could therefore be 
considered unethical. Since the data presented here is the only data available until now, it may be 
advisable to keep the ischemia times as short as possible, whenever clamping during liver surgery 
is warranted.
Since inhibition of hypoxia following I/R resulted in decreased tumor acceleration in a preclinical 
mouse model25, liver ischemia was used as a predicting variable, rather than clamping type 
(continuous versus intermittent) or clamping duration. The cut-off points between minor and severe 
ischemia were based on preclinical findings. Concerning continuous clamping, clamping for 30 
minutes or 45 mintues resulted in accelerated outgrowth of micrometastases in a murine model, 
while ischemia up to 20 minutes did not show any difference in tumor growth acceleration.19 
Furthermore, when the 45 minutes of clamping was performed intermittently by three cycles of 15 
minutes, no growth acceleration of the micrometastases was observed as well. Therefore, patients 
undergoing continuous clamping up to 20 minutes or intermittent clamping for not more than 3 
cycles of maximally 15 minutes ischemia time each were designated as patients with minor 
ischemia. 
With the introduction of approaches that reduce blood loss during hepatic resection, such as the 
maintenance of low venous pressure26, precoagulation devices27,28 and hemostatic biologicals29, portal 
triad clamping can be avoided more frequently.30 However, when vascular control is needed in case 
of excessive hemorrhage, intermittent clamping is preferred and total clamping times should be kept 
to a minimum. When ischemia times are inevitably long, future strategies that counteract the adverse 
effects of surgery-induced I/R on tumor growth may include drugs that improve post-operative 
hypoxia, post-ischemic microcirculation, anti-angiogenic therapies or anti-inflammatory agents. 
Adjuvant chemotherapy destructing possible residual tumor deposits combined with strategies that 
protect against accelerated tumor growth may hopefully result in further improvement in long term 
outcome. 
In conclusion, both in pre-clinical mouse models and in this series of colorectal cancer patients, 
severe liver ischemia due to prolonged vascular clamping during liver resection for colorectal liver 
metastases appears to be associated with decreased time to liver recurrence. In case of inevitable 
clamping, total ischemia time should be kept to a minimum. In light of the study characteristics, 
further research remains necessary to determine the causative effect of prolonged vascular clamping 
on liver tumor recurrence. Meanwhile, it may be advisable to keep total ischemia times as short as 
possible whenever vascular inflow occlusion is warranted. 
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Abstract

Background
In preclinical models recruitment of bone-marrow derived (endothelial) progenitor cells (BD(E)PCs) 
contributes to tumor growth and metastasis formation. Here we investigated whether these (E)PCs 
and mobilizing cytokines are released after partial hepatectomy or radiofrequency ablation (RFA) for 
liver tumors. In addition, we tested whether G-CSF could play a role in EPC mobilization in mice and 
in human volunteers.

Methods
Before, during and after liver surgery plasma and mononuclear cells were collected from 12 patients 
undergoing partial hepatectomy or RFA. To explore the role of G-CSF C57Bl/6 mice and 20 human 
volunteers received G-CSF (0.3 or 3 μg). In all individuals, (E)PC numbers were determined by flow 
cytometry at predefined timepoints shortly after therapy. Plasma levels of G-CSF, VEGF and SDF-1α 
were measured by ELISA.

Results
Patients undergoing partial hepatectomy or RFA showed a instantaneous release of EPCs following 
laparotomy and mobilization of the liver. Elevated EPC levels were maintained during the entire 
procedure, but dropped to near-baseline levels 4 hours after completion of the procedure. Plasma 
G-CSF levels showed a five- to ten-fold increase after the procedure and low-dose G-CSF administration 
to mice or healthy volunteers was sufficient to induce an immediate release of EPCs. Surgery also 
caused an increase in the plasma levels of VEGF, but not SDF1.

Conclusions
Compliant with previous published data concerning VDA and chemotherapy treatment, liver surgery 
induces an instantaneous release of EPCs, conceivably in response to elevated G-CSF levels. This 
suggests the value of exploring therapeutic avenues to prevent this process.
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Introduction

The liver is the most common site of metastases from colorectal carcinoma. Surgery is for patients 
with hepatic metastases a potentially curative treatment option, leading to 5-year survival rates of 
approximately 30-40%.1 As resection is only applicable in a small number of cases, local destructive 
therapies like radiofrequency ablation (RFA) is an alternative treatment option. RFA generates heat 
in the tumor tissue and results in immediate necrosis. In small liver tumors, RFA shows comparable 
survival rates.2,3 A major problem of liver surgery is the high recurrence rates: in approximately 60-
70% of cases the tumor will recur.1-3 As angiogenesis is important in both tissue repair and tumor 
growth, this biologic process has been suggested to play a role in tumor regrowth following surgery.4 
Local activation and proliferation of endothelial cells are thought to drive angiogenesis, but recruited 
bone marrow derived progenitor cells (BMDPCs) are also shown to contribute to this process.5,6 
Moreover, it is now becoming clear that several different lineages of supporting cells can egress from 
the bone marrow which can potentially support the growth of tumors.6-9 Although some preclinical 
studies have demonstrated the incorporation of endothelial progenitor cells (EPCs) in the 
neovascularization of tumors, controversy exists regarding the relative contribution of these cells to 
the actual growth of the tumor, especially in patients.6,10-14 Based on observations in patients who 
underwent a sex mismatched allogeneic bone marrow transplantation, it was estimated that 
approximately 5% of the endothelial cells of the tumor vasculature was derived from bone marrow 
progenitor cells.15 However, these studies were performed on patients who had not recently received 
any therapy. There is recent evidence that when a host is challenged (e.g., with a vascular disruptive 
agent (VDA) or with chemotherapy) EPCs are mobilized within hours after start of treatment, which 
subsequently home to the tumor and reduce necrosis.16 Interestingly, this phenomenon could be 
inhibited by an antibody against the VEGF-receptor 2. These preclinical studies are supported by 
results of early clinical studies showing an increase in EPCs in cancer patients treated with VDAs and 
chemotherapy.17-19 The biological relevance of the BMDPC is further illustrated by the observation 
that these cells appear to play an important role in metastasis formation, especially during the 
transition of micrometastasis to macrometastasis.20,21 The mechanism by which certain stress signals 
and mediators evoke acute egression of (E)PCs from the bone marrow is not well understood. 
Granulocyte-colony stimulating factor (G-CSF) is well known for its mobilization of hematopoietic 
stem cells and more recently other cytokines such as stroma cell-derived factor 1 alpha (SDF-1α) 
and vascular endothelial growth factor (VEGF) also have been implicated in this trafficking process.9,22-25 
Recently we reported that VDA treatment induced a rapid increase in circulating EPC levels, host 
derived VEGF, SDF-1α  and G-CSF in wild type mice, but not in G-CSF-R -/- mice.26 Further, our 
unpublished data show that chemotherapy induced a rapid increase in circulating EPC levels in wild 
type mice and once again not in G-CSF-/- mice (Shaked Y, unpublished data). These findings suggest 
that G-CSF plays an essential role in the chemotherapy-induced instantaneous release of EPCs. Here, 
we hypothesize that liver surgery also induces a release of EPCs from the bone marrow shortly after 
the procedure as a host repair response and that G-CSF could be an important mediator in this 
trafficking process.
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Materials and Methods

Study subjects and procedures
To test this hypothesis blood samples were collected from twelve patients with hepatic malignancies 
who underwent surgery: six patients with liver metastases of colorectal cancer treated by partial 
hepatectomy and six patients with liver metastases of colorectal cancer or carcinoid treated with 
radiofrequency ablation (RFA). Blood was withdrawn at five different timepoints: preoperatively 
(baseline), postmobilisation (after laparotomy and mobilisation of the liver, just prior to the procedure) 
and 20 minutes, 4 hours and 24 hours after the procedure. Blood was immediately transferred to 
our laboratory for further processing. To explore the role of G-CSF in this immediate EPC recruitment, 
fifteen 8 weeks old C57Bl/6 mice (Jackson Laboratory-West, Sacramento, USA) divided in five groups 
were treated with 0.04, 4.3, 8.6 and 20 mg/kg recombinant murine G-CSF (Peprotech) or vehicle 
by intraperitoneal injection and were bled by retro-orbital sinus 4 hours after treatment. Additionally, 
4 groups of 5 human healthy volunteers were treated with G-CSF (filgrastim, Amgen) by subcutaneous 
injection in three different dose levels of 0.3, 3 and 300 μg G-CSF and placebo (0.9% saline). Blood 
sampling was performed at baseline (before G-CSF administration) and 2, 4 and 6 hours after 
administration of G-CSF. The subjects’ characteristics are displayed in Table 1. All patients and 
volunteers were included in Institutional Ethics Committee approved protocols conform the principles 
embodied in the Declaration of Helsinki and all animal studies were performed according to the 
Sunnybrook Health Sciences Centre Animal Care Committee (Toronto) and the Canadian Council 
on Animal Care. 

B(E)DPC analysis by flowcytometry
For the clinical samples, the mononuclear cell fraction was isolated from whole blood using a cell 
preparation tube with a density gradient gel (8 ml CPT tube, BD Biosciences) and frozen in RPMI 
1640 / 10% DMSO / 20% Fetal Calf Serum and stored at -80°C until further analysis. At time of 
analysis, samples were thawed and washed two times in PBS-BSA 1%-EDTA 5 mM buffer. 
Circulating (endothelial) progenitor cells were analyzed by fluorescence-activated cell sorting (FACS) 

Table 1. Subjects’ baseline characteristics of all treatment groups  RFA: radiofrequency ablation, NA: not applicable

Subject group RFA Resection Volunteers

number included 6 6 20

median age (range) 59 (35-76) 68 (47-80) 29.5 (23-48)

gender

male 2 1 14

female 4 5 6

tumortype

colorectal 4 6 NA

hepatocellular 0 0 NA

carcinoid 2 0 NA 

proefschrift Maarten_corps9/12.indd   130 20-07-2010   17:11:28



G-CSF and progenitor cells in liver surgery

131

by a four colour flow cytometer (Becton Dickinson FACScalibur) using peridin chlorophyll protein 
(PerCP)-conjugated anti-CD45 (Becton Dickinson), isothiocyanate (FITC)-conjugated anti-CD31 
(Becton Dickinson Pharmingen), fluorescein, phycoerythin (PE)-conjugated anti-CD146 (MAB 
16985H, Chemicon International) and allophycocyanin (APC)-conjugated anti-CD133 (Miltenyl 
Biotec) as antibodies as previously reported.27-29 Negative controls for each sample were stained 
with appropriate isotype controls to exclude atypical binding/staining. Immortalized human 
microvascular endothelial cells (HMEC-1) and human teratocarcinoma (NT2) cells were used as 
positive controls for CD146 and CD133, respectively. Cells of interest were defined as CD45-, 
CD31+ and CD133+ for the circulating endothelial progenitor cells (EPC), CD45-, CD31+ and 
CD146+ for the circulating endothelial cells (CEC) and CD133+ for the progenitor cells in general 
(PC). In mice, a few minutes before and 2 to 4 hours after administration of G-CSF, blood was 
collected in EDTA tubes. The cell suspension samples were immediately evaluated by flow cytometry 
after red cell lysis and labelling with CD13-FITC, CD45-PerCP, CD117-APC and VEGFR-2-PE (all 
from Becton Dickinson Pharmingen). EPCs were defined as CD45-, CD13+, VEGFR-2+ and CD117+. 
For all samples, accurately defined gates were used to exclude platelets, dead cells and debris. 
Analyses were considered informative when adequate numbers of gated events (i.e., >100,000) 
were collected. Measurements of EPCs were expressed in fold increase as compared to baseline 
values. All samples were measured in duplo.

Measurement of various growth factors and cytokines 
Plasma G-CSF, SDF-1α and VEGF levels were measured using commercially available sandwich ELISA 
kits (R&D Systems) following the manufacturer’s instructions, using EDTA plasma. For the RFA/surgery 
patients and higher doses G-CSF treated volunteers normal sensitivity G-CSF assays (R&D, DCS50) 
were used and for the low dose G-CSF treated volunteers high sensitivity assays (R&D, HSC0B) were 
performed. All samples were measured in duplo.

Statistical analysis and data interpretation
Statistical comparisons were performed using the Student’s t-test when data were normally 
distributed and the nonparametric analyses of Wilcoxon when data were not normally distributed. 
All tests were 2-sided. P-values lower than 0.05 were considered as statistically significant. All 
statistical calculations were performed using commercially available statistical software (Graphpad 
prism 4.0/SPSS version 15). 
 

Results

Immediate increase in EPC levels in patients undergoing liver surgery 
In patients undergoing either partial hepatectomy or RFA we observed an immediate rise in the levels 
of circulating EPCs following laparotomy and mobilization of the liver, just prior to the start of the 
procedure (partial liver resection or RFA) (p=0.03 compared to baseline values, figure 1). The increase 
in circulating EPCs was maintained during the procedure, but rapidly dropped to near-baseline levels 
4 and 24 hours after completion of the procedure. No significant changes were observed in circulating 
PC or CEC levels during or after surgery. 
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Increased plasma G-CSF and VEGF levels in patients undergoing liver surgery 
In patients undergoing liver surgery we observed a five- to ten-fold increase in plasma G-CSF levels 
from 20 minutes to 4 hours after the procedure (p=0.0093 and p=0.001, respectively). In addition, 
we observed a two-fold increase in VEGF levels from 4-24 hours after the procedure (p=0.0024 
and p=0.0068, respectively, figure 1). SDF-1α levels did not change within the period of 
sampling. 

G-CSF administration to C57Bl/6 mice results in an immediate increase in EPCs
Next, in order to investigate the mobilizing potential of the observed G-CSF peaks in the plasma of 
the liver surgery treated patients, we tested whether administration of comparable doses G-CSF to 
mice or healthy volunteers was sufficient to cause the release of EPCs from the bone marrow.  
To this end, fifteen C57Bl/6 mice received G-CSF (0.04–20 mg/kg) via intraperitoneal injection. 
These doses are within the range observed in the plasma of the surgery treated patients. We found 
a three- to five-fold increase in circulating EPCs 4 hours after injection, indicating that G-CSF alone 
was sufficient to mobilize EPCs from the bone marrow. (0.04 and 4.3 μg/kg: p=0.0038 and 
p=0.0008, respectively, as compared to the vehicle, figure 2A). 

Elevated levels of EPCs in human volunteers treated with low-dose G-CSF
Subsequently, 20 healthy human volunteers were injected with G-CSF (0.3, 3 and 300 μg) or placebo 

Figure 1  Increase in levels of circulating (endothelial) (progenitor) cells C(E)(P)C (EPC: CD45-/CD31+/
CD133+, PC: CD133+ and CEC: CD45-/CD31+/CD146+) as compared to baseline and plasma levels of G-CSF, VEGF 
and SDF-1α measured in 12 liver cancer patients before treatment and at various timepoints after surgery, represented 
as means ± SEM.  * 0.05>P>0.01; ** 0.01>P>0.001; *** P≤0.001 (Wilcoxon rank analysis as compared to baseline 
value) Abbreviations: postmob: post-mobilization; postproc: post-procedure.
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(saline 0.9%). Pharmacokinetic analysis of G-CSF in the volunteers confirmed that the concentrations 
of G-CSF given were in the range of those seen after surgery. At lower doses, G-CSF stimulated the 
mobilization of EPCs although this did not reach statistical significance (range p-values 0.17 to 0.30, 
figure 2B).

Discussion

Recently, it has been demonstrated that vascular disruptive agents and certain forms of chemotherapy 
induce acute mobilization of progenitor cells.16,18,19 Here, we show that a similar phenomenon is seen 
during and immediately after surgery. Although there are reports showing a mobilization of EPCs 
within days following surgery30,31, this is the first study showing a mobilization of EPCs already after 
laparotomy and mobilization of the liver but prior to initiation of resection or RFA. This suggests that 
the incision and/or the process of liver mobilization are sufficient to induce release of EPCs from the 
bone marrow. The observed peri-operative increased G-CSF concentrations were sufficient to induce 
an EPC release in mice and to a lesser extent in human subjects when administered as single agent. 
In the patients undergoing liver surgery, circulating EPCs were detected prior to the increase in plasma 
G-CSF levels. We propose that a minor increase in the concentration of G-CSF during the earlier 
timepoints could be sufficient to induce EPC release, potentially aided by an active dopaminergic 
system in patients undergoing surgery. This may help explain this apparent contradictory result. Taken 
together, our findings support the concept that the host bone marrow responds to certain stress 
signals in an immediate ‘seek and repair’ manner, presumably in order to support tissue regeneration. 
The bone marrow response consists of the release of progenitor cells from the endothelial cell 
lineages but is certainly not limited to these cells. As a matter of fact, several other progenitor cells 
have now been implicated in tumor growth or tissue repair. Indeed, in our mouse experiment and 
volunteer study, G-CSF administration resulted in an immediate increase in EPCs. However, the results 
from the volunteer study are less consistent than those from patients undergoing surgery and the 
mouse experiment. This may indicate that there is an intricate regulation of this process by G-CSF 

Figure 2  Effects of an injection of G-CSF on EPC levels in C57Bl/6 mice (A) treated with 4 different doses 
G-CSF or vehicle intraperitoneally and in human volunteers (B) treated with 3 different doses G-CSF or placebo 
subcutaneously and corresponding plasma levels of G-CSF after injection. All data represented as means ± SEM.
** 0.01>P>0.001; *** P≤0.001 (Student’s t-test as compared to baseline value).
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and other cytokines. VEGF, matrix metalloproteinase 9 (MMP-9), CXCR4 receptor and its ligand SDF-
1α, placental growth factor (PlGF), RANTES (CCL5) and many other factors are reported to be 
involved in the release and trafficking process of BMDPCs, many of which may be upregulated during 
surgery.9 Depending on the interplay of these cytokines, the release of certain cell types may be 
regulated. Additionally, it has been shown recently that the release and function of progenitor cells 
could be induced through catecholaminergic neurotransmitters, modulated via G-CSF by upregulation 
of dopamine receptors.32-36 Besides that, certain anesthetics have been shown to increase the number 
of colony forming units of EPCs in healthy volunteers.37 This may also provide an alternative explanation 
for the differences between the volunteers and surgical patients where the latter may have a more 
active catecholaminergic system during surgery. Altogether, it is tempting to speculate that tumors 
may benefit from the influx of progenitor cells after perturbation by treatment modalities. Recurrence 
or stimulated tumor growth following liver surgery may potentially be explained by this phenomenon. 
The progenitor cells may support neovascularization, prevent apoptosis and facilitate tumor recurrence 
and metastasis formation.20 Inhibiting the influx of these BD(E)PC in the short time period during or 
following liver surgery may constitute a beneficial adjuvant treatment for patients with liver metastasis. 
Interestingly, in preclinical models the mobilization of progenitor cells could be prevented through 
various approaches, such as VEGF/VEGF-receptor inhibiting agents, anti-G-CSF treatment and inhibitors 
of the SDF/CXCR4 pathway.16,38,39 Additionally, Ferrara et al. show that G-CSF might mediate 
refractoriness to anti-VEGF therapy in mouse models and that anti-GCSF treatment resulted in 
responsiveness to anti VEGF treatment in previous refractory tumors.40 Alternatively, exploiting the 
regulatory capacity of the catecholaminergic system peri-operatively and the effect of anesthesia on 
these pathways may also be worthwhile.
Lately, several groups have expressed their reserve towards CE(P)C enumeration and using these 
cells as surrogate biomarkers. The major concern is the inability to exactly identify the ‘endothelial 
progenitor cell’. This problem is reflected in the fact that several research groups report CEC levels 
in healthy and cancer subjects in very different ranges.41 This controversy could be very well caused 
by different methods of enumeration, but could also be an expression of differences in identification 
of cells of interest.42 In addition, some groups showed that CE(P)Cs indicated with our phenotype, 
did not show endothelial differentiation potential.43 Although it was not the purpose of our manuscript 
to address this identification issue, we are very well aware that characterization of the origin of these 
cells is of great biological importance. As it was recently shown that CE(P)Cs play an important role 
in tumor biology and therefore could not only serve as a surrogate biomarker, but also as a target 
for therapy, further critical exploration of the true identity and capacity of these cells is necessary. 
In conclusion, this study reveals that liver surgery induces a release of EPCs within minutes to hours 
after initiation of the surgical procedure and that G-CSF may play a modulatory role in the releasing 
and trafficking process. In terms of clinical relevance, this could imply that these cells and also the 
inducing or guiding factors like G-CSF can constitute a new target of therapy. Future studies should 
be aimed at investigating the role of this immediate EPC release in tumor recurrence following liver 
surgery and the surplus value of combination therapy in the immediate moments after surgery, 
starting already during the surgical procedure, in order to reduce tumor recurrences following liver 
surgery.
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Surgical treatment of colorectal liver metastases includes partial liver resection and radiofrequency 
ablation (RFA). Vascular clamping of the hepatic inflow during liver surgery is often applied during 
both surgical interventions, either to control blood loss (partial liver resection) or to increase lesion 
size (RFA). Surgery can offer cure in patients with colorectal liver metastases. However, tumor 
recurrence occurs in approximately 60-70% of cases and may develop from i) circulating tumor cells 
possibly induced by the surgical procedure or ii) residual tumor deposits remaining after surgery. 
This thesis describes factors that contribute to survival (chapter 2) and outgrowth of colorectal 
cancer cells in the liver. It investigates the effects of liver surgery on residual micrometastases 
(chapters 3-6) and tumor recurrence (chapters 7 and 8). In our preclinical studies, standardized 
RFA and selective vascular inflow clamping were regarded as representative surgical interventions in 
the liver. 

Mouse models in cancer research
To investigate the effects of liver surgery on the outgrowth of colorectal tumor cells, we used a mouse 
model of pre-established micrometastases in the liver. This mouse model mimics micrometastatic 
disease in patients and has several advantages. First, micrometastases are induced in a relatively 
simple manner by injecting tumor cells into the spleen. Similar to the development of colorectal 
metastases in the human liver, tumor cells will reach the liver via the portal circulation. Second, 
metastases develop rapidly (within several days) and in a highly reproducible fashion.
However, this mouse model also has several disadvantages. First, the murine colon carcinoma cell 
line used in most experiments described in this thesis (the Colon Tumor 26 or C26) is an aggressive 
tumor cell line which forms undifferentiated carcinomas.1 Using the C26 cell line, the effects of surgery 
on residual micrometastases may be overemphasized. Therefore, it is unclear whether the obtained 
results are relevant for colorectal liver metastases in patients. Second, the mouse livers only contain 
multiple micrometastases, without a single (or multiple) large metastasis as seen in patients. It has 
been demonstrated that primary tumors may produce anti-angiogenic factors that suppress distant 
metastatic growth, which is followed by metastatic growth induction after removal of the primary 
tumor.2,3 Indeed, it has been demonstrated that the removal of the primary colorectal tumor in patients 
induced an increase in vascular density and outgrowth of its liver metastases.4,5 A similar effect on 
micrometastases may be present after the removal of a colorectal liver metastases. Conversely, local 
thermal ablation of a large metastasis will result in a massive generation of tumor-specific antigens 
against which an anti-tumor T-cell response can be elicited. However, the influence that a large 
metastasis has on the outgrowth of micrometastases was not considered in our mouse model. Third, 
micrometastases in patients may rather act as dormant or senescent micrometastases that may cause 
tumor recurrence after many years. In our mouse model however, injected tumor cells form actively 
growing micrometastases rather than dormant metastases. Whether liver surgery can act as a wake 
up call for dormant metastases is difficult to answer using the C26-BALB/c model employed in our 
studies. Interestingly, the first mouse model for colorectal cancer with spontaneous liver metastasis 
formation was recently published and may be better suited to study the biology of dormant 
spontaneous liver metastases.6

K-Ras-induced survival of colorectal tumor cells in the liver
Research on the role of K-Ras in metastasis formation has focused primarily on the first phase of the 
metatatic cascade, including local tumor cell invasion, migration and anoikis-resistance.7 In chapter 
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2 we focus on survival of K-Ras-mutated colon carcinoma cells in the hepatic environment. Survival 
of infiltrating tumor cells in the liver is primarily determined by overcoming the hepatic defense 
mechanism, which involves cytotoxic lymphocytes. Cytotoxic lymphocytes can kill tumor cells in part 
by excreting cytokines like TNF-α, TNF-related apoptosis-inducing ligand (TRAIL) and CD95 ligand 
(CD95L). These cytokines bind to death receptors to induce tumor cell apoptosis.8,9 However, we 
show in chapter 2 that K-Ras-mutated colon carcinoma cells do not die in response to TRAIL or 
CD95 ligand. Alternative signaling of CD95 has been reported previously, including tumor cell 
proliferation and invasion, due to the increased expression of matrix metalloproteinases (MMPs)10,11 

and/or urokinase plasminogen activator (uPA).11,12 We demonstrate that mutant K-Ras and its effector 
Raf1 switch the death receptor signaling of CD95 into invasion-inducing signaling by suppressing the 
Rho/ROCK/Lim kinase/cofilin pathway. Our results imply that targeting death receptors in K-Ras-
mutated cells would result in tumor progression rather than tumor kill. Currently, clinical trials are 
conducted to evaluate the safety and efficacy of TRAIL and agonistic death receptor-targeting 
antibodies, aiming to induce apoptosis in tumor cells.13,14 Of note, the trials contain patients with 
metastatic colorectal, pancreatic, and non-small cell lung cancer. These tumor types frequently harbour 
activating K-Ras mutations in 40%, 95% and 35% respectively.15 Therefore, testing the K-Ras mutation 
status in tumors of patients in these trials may predict tumor resistance to TRAIL-receptor-activating 
therapeutics. In addition, one might hypothesize that re-activation of the Rho/ROCK/Lim kinase/
cofilin pathway in K-Ras-mutated cells by Lim kinase-activating agents would result in apoptosis upon 
treatment with death receptor-targeting agents. However, such agents have not been developed yet. 
Future research aiming to find such agents would be worthwhile.
K-Ras-mutated colon carcinoma cells were able to survive in the hepatic microenvironment and form 
metastases (chapter 2). The driving force(s) behind metastasis formation in colorectal cancer are 
presently unknown. Acquisition of mutations in ‘metastasis genes’ or ‘metastasis-suppressor genes’ 
has long been thought to be required for an invasive primary carcinoma to gain metastatic potential. 
However, such ‘metastasis(-suppressor) genes’ have not been identified in colorectal cancer.16 
Alternatively, mutated genes that drive the formation of a primary tumor may also drive the formation 
of its metastases. Thus, the genetic blueprint of the primary tumor may explain the ability of tumor 
cells to metastasize. K-Ras could represent such a gene. However, the K-Ras mutation frequency in 
metastases is similar to that found in primary tumors.17,18 
Colorectal cancer is characterized by an enormous genetic heterogeneity. A total of 69 mutated genes 
have been identified in this disease, of which a highly variable combination of 3-18 genes drives 
tumorigenesis in individual tumors.19 Similarly, the combination of (many different) mutations in the 
primary tumor may determine whether tumor cells are able to metastasize. This concept is supported 
by the observation that very few additional mutations are identified in metastases when compared 
to the carcinoma from which they originated.16 Therefore, the contribution of K-Ras to metastasis 
formation may depend on the collection of additional mutations present in each individual tumor. 
The exact function of K-Ras in colorectal metastasis formation remains to be elucidated. Future 
research on this topic should focus on the effects of different combinations of mutations, including 
K-Ras. In addition, mutational differences between metastasized primary tumors and non-metastasized 
primary tumors should be investigated. Finally, since gene mutation analysis comparing primary 
colorectal tumors with their paired metastases was only comprised of candidate cancer genes16, a 
whole genome analysis should be performed to address all mutational differences between primary 
colorectal tumors with their paired metastases to assess its role in metastasis formation. 
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Liver surgery & inflammation
In addition to the pro-tumorigenic micro-environment produced by inflammatory cells during surgery 
and wound healing, anti-tumorigenic effects by inflammatory cells have been reported as well.20 
Local thermal ablation of liver tumors induces a specific anti-tumor immune response in patients 
due to circulating tumor antigens following tumor destruction.21,22 Interestingly, we demonstrate in 
chapter 4 that the local accelerated tumor outgrowth following RFA contain a reduced density of 
neutrophils, CD4+ and CD8+ T-cells compared to tumor tissue that is located in the untreated liver. 
Hypothetically, increasing the inflammatory cell density in the perinecrotic tumor tissue may result 
in reduced local tumor outgrowth following RFA. Indeed, adjuvant treatment of tumors with 
inflammation-stimulating agents following RFA seems to lead to an increased anti-tumor response 
and a reduction of tumor recurrence.23,24 Since a higher amount of T-cells in colorectal liver metastases 
is associated with improved patient survival25, increasing the immune response following liver surgery 
for colorectal liver metasasases may be an appealing novel treatment strategy. Currently, clinical trials 
are conducted in patients with liver tumors to explore the safety and toxicity of RFA combined with 
inflammation-stimulating agents.26 

Liver surgery & hypoxia
Aggressive tumor behaviour can be caused by hypoxia in numerous ways, including the induction 
of tumor cell survival, invasion and angiogenesis. Hypoxia Inducible Factors (HIF)-1α and HIF-2α are 
key players in these modifications.27 Indeed, hypoxia and HIF expression are associated with tumor 
progression and poor patient survival in different types of cancer, including colorectal cancer.28,29 In 
chapter 3 we demonstrate that radiofrequency ablation induces a three- to four-fold growth 
acceleration of tumor cells surrounding the generated lesion. This area is characterized by hypoxia 
and subsequent upregulation of HIF-1α and HIF-2α. Using an hsp90-inhibitor which is known to 
destabilize HIF-1α and HIF-2α, the perinecrotic accelerated tumor outgrowth can be reduced by 
more than 60%. These results are in accordance with our previous observations that ischemia/
reperfusion-accelerated outgrowth of micrometastases is associated with prolonged perinecrotic 
microcirculatory disturbances, hypoxia and subsequent stabilization of HIF-1α.30 The exact mechanism 
of action by which the hsp90-inhibitor reduce the perinecrotic tumor outgrowth is unclear. Although 
it is known for its destabilizing effect on HIF-1α and HIF-2α, experiments using tumor cells in which 
HIFs are selectively silenced by RNA interference should reveal their specific role in this 
phenomenon. 

Tumor cell survival under hypoxia may be caused by inducing apoptosis resistance.31 In general, 
activation of the apoptosis-inducing death receptor CD95 results in activation of the extrinsic apoptotic 
pathway. However, alternative CD95 signaling in tumor cells may result in invasion, as was 
demonstrated in chapter 2. In chapter 5, we find that hypoxia-induced invasion could be abrogated 
by inhibiting CD95 in vitro. In addition, we demonstrate in chapters 5 (RFA) and 6 (IR) that tumor 
cells located in hypoxic areas following liver surgery adapted a highly invasive phenotype when 
compared to tumor cells elsewhere in the liver. Accordingly, interfering with CD95 signaling reduces 
the invasion and outgrowth of tumor cells in the hypoxic areas. It is unknown whether the hypoxia-
induced activation of CD95 is HIF-dependent. However, the hsp90 inhibitor used in chapter 3 did 
not decrease the tumor cell invasion in the hypoxic transition zone following RFA in vivo (unpublished 
data). This might suggest HIF-independency. When this is sustained in further research, HIF 
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destabilizing agents combined with CD95 inhibition might further antagonize the accelerated 
outgrowth following liver surgery.
In line with the results demonstrating the importance of hypoxia in accelerated tumor growth, we 
show in chapter 7 that severe ischemia due to prolonged vascular clamping during liver surgery is 
associated with a reduced time to hepatic tumor recurrence in patients with colorectal liver metastases. 
Treatment modalities aimed at reducing hypoxia-induced signaling during or following surgical 
treatment of colorectal liver metastases may be beneficial in reducing tumor recurrence. Clinical trials 
exploring the effects of such compounds should be conducted in the future. In addition, other relevant 
hypotheses need to be tested in hypoxia-induced tumor outgrowth following liver surgery. First, 
cytotoxic agents that are activated by hypoxia may be valuable in reducing tumor outgrowth. These 
hypoxia-activated pro-drugs are only active in hypoxic areas and may be used peri-operatively without 
inducing extensive side-effects compared to regular cytotoxic agents. Furthermore, cancer stem cells 
are believed to be essential in tumor recurrence following cancer treatment due to drug resistance. 
Interestingly, hypoxia has been demonstrated to induce cancer stemness.32 Exploring the effect of 
surgery-induced hypoxia on cancer stem cell expansion or de-differentiation of tumor cells to a stem-
like state would further augment our understanding of surgery-stimulated tumor growth. 

Liver surgery & angiogenesis
Tumor recurrence following liver surgery depends on angiogenesis.33 Besides activation and 
proliferation of local endothelial cells, bone marrow derived (endothelial) progenitor cells (EPCs) 
contribute to this process.34 The contribution of EPCs to tumor growth appears to be especially 
relevant when the tumor is challenged with chemotherapy or vascular disrupting agents.35 Interestingly, 
it has been demonstrated that Granolocyte-Colony Stimulating Factor (G-CSF) receptor knockout 
mice did not show a rapid increase of EPCs in the blood combined with tumor regrowth following 
treatment with a vascular disrupting agent.36 In chapter 8 we find that liver surgery induces a rapid 
release of EPCs in conjunction with an upregulation of G-CSF. Also, administration of G-CSF to mice 
and volunteers induces an increase of EPCs. Although these results suggest a role for G-CSF in 
surgery-induced EPC release, its exact function herein remains to be elucidated. Using the G-CSF 
receptor knockout mice in our mouse model, we could explore whether G-CSF is important in liver 
surgery-induced EPC release and whether these cells contribute to the accelerated tumor outgrowth. 
Insights in the mechanisms responsible for EPC release following liver surgery may lead to potential 
therapeutic targets for reducing its release. However, to what extent EPCs contribute to tumor 
recurrence following liver surgery needs to be explored first.

In conclusion, our results increase the understanding how liver surgery affects residual tumor tissue. 
We demonstrate the association of hypoxia with surgery-stimulated tumor outgrowth. In addition, 
CD95 activation upon hypoxia is important for tumor cell invasion and outgrowth following liver 
surgery in our model. Nonetheless, despite CD95 inhibition in tumor cells, tumor cell invasion as 
well as tumor outgrowth were still increased in the hypoxic areas compared to that in the normoxic 
areas in the liver. Other hypoxia-induced or inflammation-induced factors may play an additional role 
in the accelerated outgrowth following liver surgery. In addition, whether the obtained results are 
applicable to liver tumors irrespective of their origin should be further elucidated. 
Several suggestions for daily clinical practice can be made based on the results presented in this 
thesis. First, testing the K-Ras mutation status in tumors of patients treated with TRAIL-receptor-
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activating therapeutics should be performed in order to test whether possible tumor resistance is 
associated with the presence of activating mutations in K-Ras. Second, liver ischemia due to clamping 
of the heptic inflow during partial hepatectomy for colorectal liver metastases should be omitted 
when it is not obligatory or should be kept to an absolute minimum in case of (impending) excessive 
blood loss. Furthermore, a debate is ongoing in literature whether RFA should be used as a 
replacement for resection of small colorectal liver metastases.37 Although (local) recurrences and 
therefore re-interventions occur more often in patients with colorectal liver metastases treated with 
RFA compared to patients treated with resection, overall survival is similar between these patient 
groups.38 Our results may -in part- explain the high incidence of local recurrences following RFA. In 
addition, this thesis forms the basis for performing clinical trials in surgical patients with colorectal 
liver metastases in which the efficacy will be tested of therapeutics that reduce hypoxia-induced 
signaling including HIF and CD95.
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Dikkedarmkanker en uitzaaiingen naar de lever
Alle organen en weefsels in het menselijk lichaam zijn opgebouwd uit miljarden cellen. De cellen 
bevatten in hun kernen het erfelijke materiaal, het DNA. In het DNA liggen de erfelijke eigenschappen 
opgeslagen. Ieder stukje DNA dat de code bevat voor één van de vele eiwitten waaruit het lichaam 
is opgebouwd wordt een gen genoemd. In iedere cel treden er continu beschadigingen en fouten 
(mutaties) op in het DNA. De cel kan deze beschadiging onschadelijk maken met behulp van 
bepaalde verdedigings- en reparatiemechanismen. Helaas komt het voor dat deze herstelmechanismen 
tekort schieten. Als een aaneenschakeling van dergelijke mutaties zich bevinden op zeer belangrijke 
plekken (genen) in het DNA, dan kan kanker ontstaan. Eén van de genen die vaak gemuteerd is in 
het geval van dikkedarmkanker (colorectaal carcinoom), is het K-Ras gen (in ongeveer 40% van de 
gevallen). Het K-Ras gen bevat de erfelijke code voor een eiwit dat betrokken is bij de signaaloverdracht 
van groeistimulerende stoffen. Normaal kan dit eiwit aan- of uit worden gezet, maar indien er een 
mutatie is opgetreden staat het eiwit altijd ‘aan’. Hierdoor kan het groeisignaal voortdurend worden 
doorgegeven, wat leidt tot ongeremde celdeling, een belangrijk kenmerk van kanker. 
Dikkedarmkanker is een van de meest voorkomende vormen van kanker in de westerse wereld. 
Jaarlijks wordt de diagnose bij ongeveer 12.000 nieuwe patiënten in Nederland gesteld en overlijden 
er ongeveer 5.000 mensen aan. Meestal overlijden patiënten aan dikkedarmkanker omdat de ziekte 
is uitgezaaid, wat meestal naar de lever gebeurt. Hoewel de rol van het K-Ras in het ontwikkelen van 
dikkedarmkanker uitgebreid is onderzocht, is de rol in de vorming van uitzaaiingen onduidelijk. In 
hoofdstuk 2 van dit proefschrift hebben wij gekeken naar de rol van een K-Ras mutatie in het 
vormen van leveruitzaaiingen van dikkedarmkanker. 

Chirurgische behandeling van leveruitzaaiingen van dikkedarmkanker 
Ongeveer de helft van alle patiënten met dikkedarmkanker krijgt leveruitzaaiingen (levermetastasen). 
Met alleen chemotherapie kan het leven van deze patiënten verlengd worden van ongeveer 10 naar 
20 maanden, maar patiënten kunnen nog niet genezen worden. Het wegsnijden van de uitzaaiing 
(leverresectie) biedt tot op heden de enige kans op genezing. Omdat de lever anatomisch gezien 
uit 8 kleine ‘sub-levers’ bestaat is het mogelijk dat deel van de lever weg te snijden waar de uitzaaiing 
in zit. Na 5 jaar is ongeveer 35-60% van de patiënten die geopereerd zijn nog in leven, na 10 jaar 
is dat ongeveer 25%. Echter, de leveruitzaaiingen kunnen maar bij een kwart van de patiënten 
weggesneden worden. Voor patiënten bij wie de leveruitzaaiing niet weggesneden kan worden, is 
het soms mogelijk deze te vernietigen met behulp van hitte. Radiofrequente ablatie (RFA) wordt 
tegenwoordig in deze techniek het meest toegepast. Met behulp van een dikke naald die in de 
uitzaaiing wordt gestoken, wordt een wisselstroom teweeg gebracht. De ionen in de uitzaaiing worden 
door deze wisselstroom zo snel heen en weer bewogen dat frictiehitte ontwikkeld wordt. De 
temperatuur wordt hierbij zo hoog (boven de 60ºC) dat de uitgezaaide kankercellen sterven. De 
resultaten van deze techniek zijn veelbelovend en sommigen claimen zelfs dat het in bepaalde 
gevallen het wegsnijden van de uitzaaiing zou kunnen vervangen. 

Recidief van chirurgisch behandelde uitzaaiingen: rol van micrometastasen
Een groot probleem van kanker is het terugkomen van de ziekte (recidief) nadat deze in eerste 
instantie succesvol is behandeld. Ook na leverchirurgie voor uitzaaiingen van dikkedarmkanker komen 
recidieven vaak voor, in maar liefst 60-70% van de gevallen. De meest waarschijnlijke bron voor 
deze recidieven zijn kleine onzichtbare uitzaaiingen (micrometastasen) die al ten tijde van de 
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leveroperatie aanwezig waren in de lever. Omdat we deze micrometastasen nog niet in beeld kunnen 
brengen, weten we niet waar deze zich bevinden in het lichaam. Het komt dus vaak voor dat deze 
overblijvende micrometastasen zich in het achterblijvende deel van de lever bevinden, waardoor 
zich weer een nieuwe uitzaaiing kan vormen. Veelal wordt de prognose van een patiënt bepaald 
door het terugkomen van de kanker.
De RFA behandeling heeft naast een recidief elders in de lever ook kans op een lokaal recidief. Dit 
houdt in dat er nieuwe kanker groeit in de rand van het met de hitte gedode weefsel. Naast de 
aanwezigheid van deze micrometastasen ten tijde van de operatie is bij de RFA sprake van een 
tweede bron van achterblijvende kankercellen. Normaliter wordt geprobeerd al het uitgezaaide 
kankerweefsel én een klein stukje gezond leverweefsel met de hitte te vernietigen om een 
zekerheidsmarge te creëren. Maar men kan zich voorstellen dat de hitte die ontwikkeld wordt bij de 
RFA behandeling het grootst is dicht bij de dikke naald en dat deze afneemt met de afstand ten 
opzichte van de naald. Het kan dus voorkomen dat in de rand van het gedode weefsel waar de hitte 
niet hoog genoeg geworden is nog kankercellen leven die de hitte hebben overleefd. Deze cellen 
kunnen ook de bron zijn van een lokaal recidief, dat in ongeveer 15% van de gevallen voorkomt. 

Chirurgie-gestimuleerde tumorgroei
Micrometastasen kunnen jarenlang in een soort slapende toestand verkeren zonder dat deze 
uitgroeien tot een grote uitzaaiing. In de vakliteratuur wordt gesteld dat weefselschade de 
micrometastasen wakker zou kunnen schudden waardoor ze uitgroeien tot grote uitzaaiingen. Al in 
1927 toonde een Groningse professor in een diermodel aan dat wondgenezing tumorgroei 
stimuleerde. Aangezien chirurgie -logischerwijs- gepaard gaat met wondgenezing zijn er sindsdien 
veel onderzoeken verschenen over chirurgie-gestimuleerde tumorgroei. Groeifactoren die belangrijk 
zijn bij wondgenezing zouden een rol kunnen spelen, maar de oorzaak van de groeistimulatie is niet 
volledig duidelijk. In dit proefschrift hebben wij onderzocht wat de invloed is van leverchirurgie op 
micrometastasen. Hiervoor hebben wij gebruik gemaakt van twee verschillende procedures die vaak 
gebruikt worden in de leverchirurgie: de eerder genoemde radiofrequente ablatie (RFA) en het 
afklemmen van de bloedtoevoer naar de lever.

Afklemmen van de bloedtoevoer naar de lever en ischemie/reperfusie schade
Het doel van leverchirurgie voor leveruitzaaiingen is het volledig verwijderen van alle uitzaaiingen 
zonder (veel) bloedverlies. Bloedverlies tijdens het wegsnijden van de uitzaaiing treedt regelmatig 
op omdat de lever zeer goed doorbloed is. Het is aangetoond dat bloedverlies erge complicaties en 
zelfs overlijden tot gevolg kan hebben. Tijdens de operatie wordt dan ook vaak de bloedtoevoer naar 
de lever afgeklemd om zo het bloedverlies te verminderen. Bovendien wordt ook tijdens de RFA 
behandeling de bloedtoevoer afgeklemd. Men kan zich voorstellen dat de hitte die nodig is om al 
het kankerweefsel te vernietigen wordt weggevoerd door de bloedstroom, zoals een hete pan onder 
de koude kraan. Om dit te voorkomen wordt ook tijdens de RFA behandeling de bloedtoevoer naar 
de lever (tijdelijk) afgeklemd. 
Het tijdelijk afklemmen van de bloedtoevoer naar de lever heeft ook een nadelig effect. Door het 
tijdelijk afklemmen van de bloedtoevoer naar de lever ontstaat zuurstoftekort in de levercellen 
(ischemie). Wanneer de klem verwijderd wordt en de zuurstoftoevoer naar de lever is hersteld, 
spreekt men van reperfusie. Het is bekend dat ischemie gevolgd door reperfusie schade (ischemie/
reperfusie schade) aan de levercellen veroorzaakt. Daarnaast heeft onze onderzoeksgroep aangetoond 
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dat micrometastasen in de levers van muizen harder uitgroeien na het tijdelijk afklemmen van de 
bloedtoevoer naar de lever. Het werkingsmechanisme hierachter is echter niet bekend.

K-Ras & leveruitzaaiingen van dikkedarmkanker
Voordat een kankercel van dikkedarmkanker een leveruitzaaiing kan vormen, moet het een reeks 
van gebeurtenissen doorstaan. Al deze opeenvolgende gebeurtenissen moeten succesvol worden 
uitgevoerd voordat een uitzaaiing kan ontstaan. Ten eerste moeten de kankercellen los komen van 
de dikkedarmkanker. De kankercellen moeten daarna het basale membraan afbreken dat de 
kankercellen omringt en vervolgens naar een bloedvat bewegen om de bloedbaan binnen te dringen 
(intravasatie). Hier moeten de kankercellen alleen (dus niet ondersteund door andere cellen) kunnen 
overleven. De kankercellen bereiken via de darmvenen en de poortader de lever, waar ze vastlopen 
in kleine leverbloedvaatjes. Door uit deze bloedvaatjes te treden bereiken ze het leverweefsel. Hier 
kunnen ze alleen overleven door het immuunsysteem van de lever te overwinnen. Om vervolgens 
verder uit te groeien tot een grote uitzaaiing moeten de kankercellen nieuwe bloedvaten vormen 
om zuurstof en voedingsstoffen te krijgen. In hoofdstuk 2 hebben wij gekeken naar de rol van de 
K-Ras mutatie in het uitzaaien van dikkedarmkankercellen. Wij hebben hierin specifiek gekeken naar 
de rol van K-Ras in het overleven van de kankercellen in de lever. Zoals gezegd moeten kankercellen 
het immuunsysteem van de lever overwinnen om uit te groeien tot een grote uitzaaiing. Een manier 
van immuuncellen in de lever om binnendringende kankercellen te vernietigen is het activeren van 
het zogenaamde ‘death receptor’ systeem. Door dit systeem te activeren wordt in normale gevallen 
een (kanker)cel gestimuleerd om dood te gaan, eigenlijk om zelfmoord te plegen (apoptose). Hierbij 
wordt de receptor (CD95) geactiveerd door zijn overeenkomende ligand (CD95-Ligand), zoals een 
sleutel een bepaald slot kan openen. Naast het CD95-Ligand (ook wel Fas-Ligand genoemd) is TRAIL 
een ander ‘death receptor’ ligand. Dit laatste eiwit wordt ook in kankerpatiënten gebruikt om te testen 
of het de kanker kan laten doodgaan. Uit de resultaten van hoofdstuk 2 bleek echter dat wanneer 
K-Ras gemuteerde kankercellen gestimuleerd werden met deze liganden, zij niet dood gingen maar 
juist een invasief karakter aannamen. Bovendien waren kankercellen met een K-Ras mutatie in staat 
om leveruitzaaiingen in muizen te vormen, terwijl kankercellen zonder de K-Ras mutatie dat niet 
konden. Dus, een K-Ras mutatie in dikkedarmkankercellen zorgt voor een switch van het signaal van 
de ‘death-receptors’: van zelfmoord plegen naar invasief worden. Door een brede screen uit te voeren 
onder de eiwitten die K-Ras kan aansturen, bleek dat het Raf1 eiwit hiervoor verantwoordelijk was 
doordat het de cascade Rho-ROCK-LIM kinase-cofillin blokkeert waardoor onder andere de 
beweeglijkheid van de tumorcellen beïnvloed wordt.
Concluderend betekent dit dat dikkedarmkankercellen met een K-Ras mutatie niet doodgaan van 
eiwitten die de ‘death receptors’ activeert, maar dat ze dat signaal kunnen overleven en zelfs invasiever 
worden. De eiwitten die ‘death receptors’ activeren die aan patiënten worden gegeven om de kanker 
te vernietigen zouden dus wel eens averechts kunnen werken wanneer de kanker een K-Ras mutatie 
heeft. Vandaar dat patiënten die dergelijke medicijnen krijgen getest zouden moeten worden op de 
aanwezigheid van een K-Ras mutatie. 

Onderzoeken van chirurgie-gestimuleerde tumorgroei
Om het effect van leverchirurgie op het uitgroeien van micrometastasen te onderzoeken hebben 
wij gebruik gemaakt van een muizenmodel. Muizen kregen dikkedarmkankercellen ingespoten in de 
milt. De milt is verbonden met de lever via de poortader, die ook de darmen met de lever verbindt. 
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Zo wordt de totstandkoming van een uitzaaiing nagebootst. Door de kankercellen een aantal dagen 
te laten uitgroeien ontstaan er micrometastasen die zich gelijkmatig verspreid door de lever bevinden. 
Na enkele dagen worden de muizen aan de lever geopereerd. Ofwel met RFA waarbij een klein 
stukje lever wordt weggebrand, ofwel door de bloedtoevoer naar de lever af te klemmen. In beide 
gevallen sterft een stukje leverweefsel af (necrose). Vergelijkbaar aan het effect van het afklemmen, 
bleek in hoofdstuk 3 dat tumorcellen in de rand van het dode leverweefsel sneller uitgroeiden dan 
kankercellen elders in de lever. Wij hebben vervolgens geprobeerd te achterhalen hoe dit komt.

Leverchirurgie & hypoxie (laag zuurstof gehalte)
De versnelde kankergroei na leverchirurgie was specifiek gelegen in de rand van het dode leverweefsel, 
na zowel RFA als na het afklemmen van de bloedtoevoer naar de lever. In het geval van het 
afklemmen heeft onze onderzoeksgroep eerder aangetoond dat de rand van het gedode leverweefsel 
zich kenmerkt door een verlaagd zuurstofgehalte (hypoxie). Het is bekend dat kankercellen agressief 
gaan groeien van een verlaagd zuurstofgehalte. Ze gaan als het ware hard op zoek naar een bloedvat 
waar zuurstof is. Belangrijke eiwitten die ervoor zorgen dat kankercellen kunnen overleven onder 
een verlaagd zuurstofgehalte zijn de Hypoxia Inducible Factors HIF-1α en HIF-2α. Het bleek in 
hoofdstuk 3 dat beide eiwitten in verhoogde mate aanwezig en actief waren in de rand van het 
gedode leverweefsel nadat de muizen een RFA behandeling ondergaan hadden. Door deze eiwitten 
te remmen met een geneesmiddel waren wij in staat de versnelde uitgroei na RFA te 
verminderen. 
Het lage zuurstofgehalte bleek al in een vroeg stadium (enkele uren) na de leveroperaties aanwezig 
te zijn. Daarom wilden wij weten wat het vroege effect van de operaties op de micrometastasen zou 
zijn. Met speciale lichtgevende kankercellen die we zichtbaar konden maken met een speciale 
microscoop konden we de kankercellen volgen. Het bleek dat zowel RFA (hoofdstuk 5) en 
afklemmen van de bloedtoevoer naar de lever (hoofdstuk 6) er voor zorgden dat de kankercellen 
een invasief karakter aannamen. Omdat de kankercellen die wij hiervoor gebruikten dezelfde waren 
als in hoofdstuk 2 (waarin wij aantoonden dat het activeren van de ‘death receptor’ CD95 de 
kankercellen invasief maakten in plaats van dood te laten laten gaan) wilden wij weten of deze 
receptor misschien geactiveerd werd door leverchirurgie. Wij toonden in hoofdstuk 5 aan dat een 
verlaagd zuurstofgehalte het CD95 in de kankercellen activeerde. Het bleek ook dat in de muizen 
het CD95 en het bijbehorende CD95-Ligand meer aanwezig waren in de rand van het gedode 
leverweefsel na de RFA behandeling. Vervolgens hebben wij op drie verschillende manieren het 
CD95/CD95-Ligand systeem geremd en gekeken wat het effect hiervan was op het invasieve karakter 
en de uitgroei van de kankercellen na RFA. Ten eerste hebben we de muizen behandeld met een 
geneesmiddel dat het CD95-Ligand neutraliseert. We zagen dat hierdoor het invasieve karakter afnam. 
Vervolgens hebben we kankercellen gebruikt waarin het CD95 genetisch geremd was. Ook hierbij 
was de invasiviteit en ook de uitgroei van de kankercellen verminderd, waardoor een direct effect 
van het CD95/CD95-Ligand systeem op de kankercellen aangetoond werd. Om tenslotte te kijken 
wat de bijdrage van het CD95-Ligand van de muis was in de invasiviteit en uitgroei van de kankercellen 
na RFA, hebben we gekeken naar het effect in muizen die een genetische mutatie hadden ondergaan 
waardoor zij geen CD95-Ligand hadden. In deze muizen bleek de invasiviteit en uitgroei van de 
kankercellen na RFA níet verminderd te zijn. Daarom denken wij dat de kankercellen zelf 
verantwoordelijk zijn voor het CD95-Ligand en de daarop volgende CD95 activatie, zonder dat de 
muis hier invloed op heeft. 
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Zoals bekend gaat ook het afklemmen van de bloedtoevoer naar de lever gepaard met een verlaagd 
zuurstofgehalte en versnelde uitgroei van kanker. Daarom hebben wij in hoofdstuk 6 gekeken naar 
de rol van het CD95 in invasiviteit en versnelde uitgroei van kankercellen na afklemmen. Wij zagen 
vergelijkbare resultaten als na RFA, zoals in hoofdstuk 5 beschreven. De invasiviteit en uitgroei van 
kankercellen na het afklemmen van de bloedtoevoer bleek ook verminderd te zijn als wij kankercellen 
gebruikten waarin het CD95 genetisch geremd was. Als wij vervolgens de muizen gebruikten die 
geen CD95-Ligand hadden dan bleek de invasiviteit níet verminderd, wat weer doet vermoeden dat 
het CD95-Ligand van de kankercellen zelf belangrijk is en niet zo zeer het CD95-Ligand van de muis. 
Interessant genoeg was de uitgroei van de kankercellen in deze muizen juist wel verminderd. Omdat 
deze muizen ook een verminderde schade (minder dood leverweefsel) lieten zien na het afklemmen 
vergeleken met normale muizen, denken wij dat dit de oorzaak is van de verminderde kanker 
uitgroei. 

Het belang van een verlaagd zuurstofgehalte bij het sneller uitgroeien van de kanker na leverchirurgie 
is dus onmiskenbaar. In hoofdstuk 7 hebben wij vervolgens gekeken bij 160 patiënten met 
leveruitzaaiingen van dikkedarmkanker wat de invloed was van het afklemmen van de bloedtoevoer 
naar de lever op het terugkeren van de kanker. Hierbij deelden wij patiënten in naar heftigheid van 
leverischemie (dat een verlaagd zuurstofgehalte tot gevolg heeft). De drie groepen van leverischemie 
werden gedefinieerd op basis van de duur en de techniek van het afklemmen van de bloedtoevoer: 
geen ischemie (niet afgeklemd), matige ischemie en ernstige ischemie. De grens tussen matige en 
ernstige leverischemie was gebaseerd op onderzoek in muizen dat wij eerder uitgevoerd hadden. 
Het bleek dat de patiënten die veel leverischemie ondergingen de kanker eerder terug kregen in de 
lever dan patiënten die geen leverischemie kregen. Na enkele statistische berekeningen konden we 
zelfs aantonen dat de ernstige leverischemie een onafhankelijke correlatie had met het terugkeren 
van de ziekte. Echter, door de studieopzet was het niet mogelijk een causaal verband aan te tonen. 
Desalniettemin zou het afklemmen van de bloedtoevoer naar de lever bij patiënten die een 
leveroperatie ondergaan voor uitzaaiingen van dikkedarmkanker zo veel mogelijk vermeden moeten 
worden.

Leverchirurgie & angiogenese (vaatnieuwvorming)
Een belangrijk gevolg van zuurstoftekort is vaatnieuwvorming (angiogenese). Kankercellen proberen 
op deze manier hun zuurstofgehalte te verhogen zodat ze verder kunnen uitgroeien. Alle kankers 
zijn hiervan afhankelijk, zo ook leveruitzaaiingen van dikkedarmkanker en ook het recidief van de 
uitzaaiing nadat deze is weggesneden of weggebrand. Deze nieuwe bloedvaatjes kunnen opgebouwd 
worden uit andere bloedvatcellen (endotheelcellen) maar ook voorloper (progenitor) cellen uit het 
beenmerg kunnen hieraan bijdragen, de zogenaamde endotheliale progenitor cellen (EPC). De 
bijdrage van de EPC’s aan de vaatnieuwvorming in de tumor blijkt vooral van belang als de kanker 
terugkomt (recidiveert) nadat deze behandeld is met bepaalde soorten chemotherapie. Hierbij blijkt 
het eiwit Granulocyte-Colony Stimulating Factor (G-CSF) een belangrijke rol te spelen, dat er voor 
zorgt dat de EPC’s uit het beenmerg via het bloed naar de kanker gaan. In hoofdstuk 8 wilden wij 
weten of leverchirurgie ook zorgt voor een stijging van de EPC’s in het bloed en wat de rol van G-CSF 
hierin was. Het bloed werd onderzocht van 12 patiënten die ofwel RFA ofwel leverresectie ondergingen. 
Een acute stijging van EPC’s kon worden waargenomen direct nadat de buik van de patiënt was 
geopend. Deze stijging bleef aanwezig tot 20 minuten na de ingreep, waarna het weer daalde. 
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Ondanks dat het G-CSF pas later een stijging in het bloed van de patiënten liet zien, bleek dat 
wanneer G-CSF aan muizen of vrijwilligers werd gegeven dit wel een stijging van de EPC’s veroorzaakte. 
De exacte rol van G-CSF in de patiënten is echter niet duidelijk. Toekomstig onderzoek zou zich 
hierop kunnen concentreren. Ook zou duidelijk moeten worden wat de bijdrage is van de EPC’s aan 
het kankerrecidief na leverchirurgie.

Leverchirurgie & ontsteking (inflammatie)
Een belangrijk bijverschijnsel van de RFA behandeling van leveruitzaaiingen is de aanwakkering van 
het immuunsysteem. Doordat de kankercellen vernietigd worden door de hitte, maar wel achterblijven 
in het lichaam, kunnen kleine stukjes eiwit van de kanker in de bloedstroom komen. Deze kleine 
stukjes kankereiwit hebben een zelfde soort werking als een vaccinatie: het kan de patiënt niet meer 
ziek maken, maar er wordt wel een ontstekingsreactie (immuunrespons) tegen aangemaakt. Als de 
immuunrespons sterk genoeg is, kan het vervolgens ook de achterblijvende kankercellen gaan 
tegenwerken en vernietigen. In hoofdstuk 4 wilden wij weten hoe de ontstekingsreactie eruit zag 
in de versneld uitgroeiende kanker in de rand van het gedode leverweefsel na RFA. Wij zagen dat 
de ontstekingsreactie in de versnelde kankergroei juist minder was dan in kanker die elders in de 
lever was gelegen. We weten niet of de verminderde ontstekingsreactie de oorzaak of het gevolg is 
van de versneld uitgroeiende kanker. Het zou kunnen zijn dat het verhoogde CD95-Ligand aldaar 
(uit hoofdstuk 5) er voor zorgt dat de ontstekingscellen dood gaan (zelfmoord plegen). Toekomstig 
onderzoek zou moeten uitwijzen of het versterken van de lokale ontstekingsreactie de versnelde 
kankeruitgroei zou kunnen verminderen. 

Conclusies
De resultaten van dit proefschrift breiden ons inzicht uit hoe leverchirurgie achterblijvende 
micrometastasen beïnvloedt. De CD95 activatie in de kankercellen door het verlaagde zuurstofgehalte 
dat ontstaat door de leverchirurgie blijkt een deel van het werkingsmechanisme te zijn waarom de 
kanker sneller uitgroeit. Andere factoren die te maken hebben met het verlaagde zuurstofgehalte of 
met de ontstekingsreactie zouden ook een rol kunnen spelen. Het combineren van medicijnen, 
bijvoorbeeld die uit hoofdstuk 3 en hoofdstuk 5, zou de effectiviteit van de therapie kunnen 
verhogen. In toekomstig onderzoek zou ook gekeken moeten worden of dezelfde resultaten bereikt 
kunnen worden wanneer andere soorten cellen gebruikt worden, zodat de resultaten makkelijker 
naar de patiënt vertaald kunnen worden.
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Als ik ook maar enigszins de indruk heb gewekt dat dit proefschrift tot stand is gekomen door mijzelf, 
en door mijzelf alleen, dan is dat een misvatting die ik graag wil rechtzetten. Er zijn namelijk veel 
mensen geweest die hebben bijgedragen aan alle studies die beschreven zijn in dit proefschrift en/
of aan de verdere ontwikkeling ervan. Een aantal personen wil ik hiervoor expliciet bedanken.

Prof. dr. I.H.M. Borel Rinkes, beste Inne. Translationeel onderzoek en muizen opereren, wat een 
schitterende combinatie! Dat jij mij deze plek hebt aangeboden zie ik als een enorm voorrecht. Ik 
ben je veel dank verschuldigd voor het vertrouwen dat je de afgelopen jaren in mij hebt getoond, 
ondanks de momenten dat mijn tact weleens te wensen over liet. De combinatie van je 
(wetenschappelijke) stimuleringsvermogen met je ijzersterke crisis-management maakt je tot een 
ideale begeleider. Het heeft me gevormd, op zowel wetenschappelijk als sociaal gebied. 

Dr. O. Kranenburg, beste Onno. Al snel nadat ik op het lab kwam heb jij je hard gemaakt voor mijn 
aanstelling. Daar sprak een bijzonder groot vertrouwen uit. Je onuitputtelijke inzet bij het aanvragen 
van verschillende subsidies bleek niet voor niets en heeft er uiteindelijk toe geleid dat er rust in de 
tent kwam. Je blik was immer kritisch, maar ik wist (uiteindelijk) dat het de kwaliteit ten goede zou 
komen. Jij hebt mijn onderzoek naar een hoger plan weten te stuwen en daar ben ik je zeer dankbaar 
voor.

Dr. I.Q. Molenaar, beste Quintus. Een terechte plek voor jou direct na promotor en co-promotor. 
Voornamelijk op het morele vlak heb je een grote bijdrage geleverd aan dit proefschrift. Onze wegen 
kruisten bij het aanvragen van ‘de Catharijne Stichting’, maar je echte waarde toonde je bij het 
schrijven van mijn eerste paper. Jij maakte duidelijk dat op dat moment alles moest wijken voor het 
schrijven, ondanks de hoeveelheid projecten en de geplande experimenten. Daarna liet je me telkens 
de andere kant van de munt zien: als het onderzoek naar mijn idee nog niet goed genoeg was, 
maakte je duidelijk dat er nog wat op stapel stond, namelijk chirurg worden. Het zorgde voor een 
juist evenwicht tussen enerzijds gedegen onderzoek doen, maar aan de andere kant realistisch kijken 
naar de mogelijkheden en de toekomst. Daar hoop ik over een aantal jaren weer met je aan te 
werken.

Prof. dr. E.E. Voest, beste Emile. Translationeel onderzoek heeft geen basis zonder uitzicht op een 
klinische trial. Jij verstaat dat als geen ander. Jouw kunst om translationeel onderzoek te vertalen naar 
klinisch onderzoek (en vice versa) heeft dan ook een grote bijdrage geleverd aan mijn proefschrift. 
Ik dank je voor al je adviezen, in de breedste zin van het woord. 

Prof. dr. R. Medema, beste René. Op de retraite tot diep in de nacht met een theekopje bier praten 
over ‘belangrijke’ niet-onderzoek-gerelateerde zaken. Met ontzag heb ik naar je gekeken hoe 
messcherp je de volgende ochtend weer op je ‘troon’ plaatsnam. Knallen als het moet, maar 
ontspannen als het kan. Dank voor je ‘focussing-adviezen’ in mijn AIO-commissie en je mooie 
verhalen van het Italiaanse voetbal.

Prof. dr. P.J. van Diest, beste Paul, wat heb jij me enthousiast weten te maken voor de pathologie! 
Door je hartstochtelijke betogen achter de microscoop (beginnend of eindigend met ‘This is 
awesome!!’) is het simpelweg onmogelijk om zelf niet mee te gaan in de euforie. Maar juist als 
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dingen niet liepen zoals gehoopt toonde jij je kracht. Met pragmatische oplossingen zorgde je ervoor 
dat ik met frisse moed weer aan de slag kon. Toch blijft het voor mij een wonder dat jij in die eerste 
poepbruine HIF-1 kleuringen werkelijk een hoopgevend positief resultaat zag…

Prof. dr. R. van Hillegersberg, beste Richard. Ondanks dat jouw focus meer ligt op het klinische dan 
het preklinische onderzoek heb je je altijd zeer geïnteresseerd opgesteld ten opzichte van mijn 
onderzoek. Je hebt een enorme drive bij het doen van onderzoek die zich uit in de absolute wil om 
ons chirurgisch kunnen te vergroten. Dat zie ik als een voorbeeld. In de toekomst hoop ik ook klinisch 
veel van je op te mogen steken.

De overige leden van de beoordelingscommissie, prof. dr. C.H.C. Dejong, prof.dr. T.M. van Gulik en 
prof.dr. P.D. Siersema, u wil ik bedanken voor het kritisch beoordelen van het manuscript. Prof. dr. 
L.M.A. Akkermans, altijd was u geïnteresseerd als wij elkaar tegenkwamen op de gang. Ik wil u 
bedanken dat u op uw ‘laatste werkdag’ in de oppositie plaats wilt nemen!

Dr. A. Pronk, beste Apollo. Dank voor je interesse tijdens de woensdagmiddagen, je klinische visie 
in mijn AIO-commissie en je hulp bij de toekomst. Ik kijk er erg naar uit. 

Alle medewerkers van het GDL, in het bijzonder Anja van der Sar, Jan Smits, Jannico den Breejen, 
Joyce Visser, Hans Vosmeer, Helma Avezaat, Hester de Bruin, Nico Attevelt, Romy van Geffen en 
Sabine Versteeg, altijd bereid voor een helpende hand. Jullie hulp was vaak onmisbaar bij het 
uitvoeren van de operaties en alles wat daarbij komt kijken. Proefdierdeskundigen dr. Harry Blom en 
dr. Fred Poelma, dank dat jullie deur altijd open stond voor overleg.

André Verheem, alleskunnend microchirurgisch analist. Eerst alle kastjes open trekken, dan pas gaan 
nadenken wat ik ook al weer nodig heb…. Hoewel ik alle CD’s van Ramstein nu tegen wil en dank 
kan meeschreeuwen, altijd een toptijd in café Chez-André! Dank voor alle momenten dat je 
klaarstond.

De koningen en koningin van de Biobank: Jan Willem van Ginkel, Martijn van Osch en Natalie ter 
Hoeve. Wat hebben jullie een werk verzet voor al mijn coupes. Uiteraard op het allerlaatste moment 
bellen dat ze gisteren klaar moesten zijn…. Het was jullie nooit teveel.

Alle medewerkers van de afdeling Pathologie, in het bijzonder Amélie Dendooven, Annette Gijsbers-
Bruggink, Cathy Moelans, Dick van Wichen, Dionne van der Giezen, Domenico Castigliego, Dorine 
van den Brink, Gladys Mancipe, Harry Lammers, Helga Steenbergen, Jan Beekhuis, Jan Willem 
Leeuwis, John de Pinth, Kevin van der Ven, Petra van der Groep (mijn IHC-juf!), Petra Homoet, Remco 
Radersma, Sabrina Elshof en Willy van Bragt. Dank voor al jullie hulp. Zonder jullie waren de 
immunohistochemische plaatjes nooit zo mooi geworden. 

Alle (oud-)secretaresses van de afdeling Heelkunde, Annet van Esser, Cobie van Veen, Fatiha Asnnosi, 
Gioya Soós, Ingrid Norder, Kootje Custers, Marianne van Leeuwerden, Mariëlle Hoefakker, Marjolein 
de Vries, Romy Liesdek en Susan Hora Siccama. Ik wil jullie bedanken voor jullie geestelijke 
ondersteuning, die niet te onderschatten valt! 
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Alle collega’s van de Medische Oncologie (Annelieke Jaspers, Doris Mans, Eva Vlug, Jeanine Roodhart, 
Joost Vermaat, Laura Daenen, Marlies Langenberg, Martijn Lolkema, Miranda van Amersfoort, Patrick 
Derksen, Rachel Giles, Rhandy Eman, Ron Schackmann, Sander Basten) en van de Urologie (Judith 
Jans en Stephanie Kroeze) together with all colleagues of the Experimental Oncology Department, 
many thanks for your interest and input during the work discussions, but also for the good times 
during other activities.

Het Kranenburg-Borel Rinkes lab: Benjamin Emmink, Daniëlle Raats, Ernst Steller, Jamila Laoukili en 
Menno de Bruijn. Jullie, of eigenlijk wij, zijn het bewijs dat het bundelen van krachten resulteert in 
een hogere uitkomst: het ‘1+1=3’ principe. Dank voor alle hulp bij het uitvoeren van de experimenten, 
maar uiteraard ook voor alle dingen daar omheen!

Mijn voorgangers, Jarmila van der Bilt, Liesbeth Veenendaal en Niels Smakman, de fijne kneepjes 
van het doen van onderzoek heb ik van jullie geleerd. Jar, dankzij jou kon ik een vliegende start 
maken!

Mijn student-onderzoekers, Alie Borren, Florien Westendorp, Martijn Leenders en Taco van der 
Meulen. Jullie hebben me geholpen op verschillende vlakken en op verschillende manieren, maar 
jullie hebben één ding gemeen: dankzij jullie was het aanzienlijk makkelijker dit proefschrift zo te 
krijgen zoals het is.

Klaas Govaert, mijn opvolger. Via één of andere obscure instelling aan de andere kant van Woerden 
kwam je in aanraking met een onderzoeksleider in het UMCU… Maar, eerlijk is eerlijk, vanaf dag 1 
heb je laten zien een verrijking te zijn voor onze onderzoeksgroep. Niet alleen op werktechnisch 
gebied, maar ook vanuit sociaal oogpunt. Kritisch als je was bij het maken van je 3700 foto’s, om 
daarna ‘nog even een paar pintjes te doen’. Ga zo door, jouw tijd komt ook. Daar heb ik alle 
vertrouwen in.

Mijn homies van Isengard en ik heb er als antiek meubelstuk heel wat meegemaakt. Van de oude 
garde met Bob Bloemendaal, Eline van Hattum, Falco Hietbrink, Judith Boone, Nikol Snoeren, Stijn 
van Esser en Tjaakje Visser tot de jonge garde met Anne den Hartog, Charlotte van Kessel, Emily 
Postma, Jasper van Keulen, Klaas Govaert en Roy Verhage. Iedere dag met een glimlach naar je werk 
gaan als onderzoeker, dat is vrij uitzonderlijk. Maar discussiëren over onderzoek en elkaar hierin 
stimuleren, gecombineerd met het zo nu en dan zo slap ouwehoeren dat je er niet goed van wordt 
(en uiteraard een potje clippen: NOUCAMP bovenaan!!), het zijn essentiële ingrediënten die Isengard 
biedt als fundament voor het doen van goed onderzoek. Veel dank voor alles.

Alle andere (oud) mede-onderzoekers van de Heelkunde, Claire Pennekamp, Daphne de Groot, 
Dave Koole, Erik Tournoy, Femke Lutgendorff, Guus van Lammeren, Herman Zandvoort, Hjalmar van 
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