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CHAPTER 1
G E N E R A L  I N T R O D U C T I O N  A N D  O U T L I N E  O F  T H E S I S
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Colorectal cancer is the third most common cancer overall with 1.4 million new cases 
annually, resulting in about 694,000 deaths.[1] These deaths are mainly due to secondary 
spread, which occurs in about 50% of the patients.[2] Approximately 15% of the distant 
metastases are present at the initial presentation or in the following 6 months 
(synchronous metastases). Another 35% of the patients will develop distant metastases 
over time (metachronous metastases).[3] The only curative option for both primary and 
secondary disease is surgical resection, which can be combined with chemotherapy and 
in case of rectal tumors with radiotherapy. Adjuvant chemotherapy, capecitabine and 
oxaliplatin (CAPOX) or 5-fluorouracil, leucovorin and oxaliplatin (FOLFOX), can be 
administered to colon carcinoma patients with (non-microsatellite instable) stage III 
disease or high-risk stage II disease, to increase overall survival.[4] In the treatment 
regimens of the primary disease there is no role for Epidermal Growth Factor Receptor 
(EGFR) targeting antibodies.[5, 6] Therapy for advanced disease (stage IV) is potentially 
curative when the metastases are resectable. However, even with the use of neoadjuvant 
chemotherapy only 25% of the patients are eligible for resection.[7, 8]  
The remaining 75% do not qualify for resection due to tumor distribution, tumor load 
and/or the relation of the tumor with the hepatic vasculature and biliary ductal system. 
For these patients systemic chemotherapy is essentially the only reasonable alternative 
with survival rates approaching 2 years.[9] Hence, new therapeutic strategies are needed, 
justifying an intensive search for novel therapeutic targets and anticancer agents. Human 
cancer cell lines have been widely used for drug development and large drug screens.
[10, 11] Recently, three-dimensional (3D) culture methods of cancers cells have been 
developed; these cultures resemble in vivo tissue more closely in terms of gene expression, 
phenotype and cellular communication. The high success rates of establishing these 3D 
cultures and the preservation of solid tumor features, such as their spatial architecture, 
physiological responses, secretion of soluble mediators, gene expression patterns and 
drug resistance mechanisms, together provide an ex vivo assay to tailor treatment of 
colorectal cancer patients.[12-17] Current cell based high-throughput toxicity assays are 
optimized for two-dimensional (2D) cell culturing and usually measure a proxy for cell 
viability, rather than actual cell death. Currently, these high-throughput toxicity assays 
are not optimized for 3D cell culturing yet and produce highly variable and inconsistent 
results. In chapter 2, we describe a low cost and widely available high-throughput toxicity 
assay optimized on patient-derived 3D cell cultures, in which drugs can be tested on 
these 3D cell cultures. This method can be used to test new drug combinations or to tailor 
drug combinations for individual patients. 

Presently, the prognosis of patients is still mainly based on pathological factors, including 
the histology of the surgical resection specimen, which comprise the fundamentals of the 
Tumor, Nodes, Metastasis (TNM) classification system.[18] Nevertheless, the TNM-
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1classification system is dictated by anatomical characteristics and therefore has it 
shortcomings. The most important features that currently are not taken into account in 
the classification of colorectal cancer patients are: the localization, the histological 
subtypes, the biological behavior of the tumor and patient characteristics.[19] Because 
of these limitations, a quest for molecular characteristics identifying factors that predict 
the prognosis of colorectal cancer patients has evolved. Initially, this started with molecular 
markers and mutational status of KRAS (Kirsten Rat Sarcoma),[20-22] BRAF (Rapid 
accelerating fibrosarcoma type B)[22-24] and microsatellite instability (MSI).[25] 
Eventually, predictive models were generated via gene expression profiling, identifying 
subgroups of human colon cancer.[26-33] Cross-comparison of these studies subsequently 
revealed the existence of four consensus molecular subtypes (CMS), which are 
characterized by differential activity of various signaling pathways.[34] The costs and the 
requirement of sufficient bulk tumor hamper the daily clinical use of transcription-based 
classifiers and genomic profiling. To date histopathology is the golden standard because 
of its cost-effectiveness and rapid implementation. In chapter 3, we adapted the molecular 
classification system into a rapid scoring system, which uses minimal quantities of tumor 
material. This resulted in a validated immunohistochemistry (IHC)-based classifier using 
only a small number of markers to stratify patients. The described tool is available online 
for rapid classification of colorectal cancer samples conform the CMS. 

The molecular classification of colorectal tumors has revealed correlations between 
subtype, propensity to metastasize and response to therapy.[34] The metastatic cascade 
is often represented as multiple successive delineated steps that are followed by cells 
originating from the primary tumor. In succession, a cancer cell locally invades, 
intravasates, survives in the circulation, extravasates and colonizes the target organ.
[35-37] About 0.02% of the cells that enter the circulation are able to form metastases.
[38] In colorectal cancer the majority of the metastases are found in the liver (~70%) 
and lungs, while other target organs include the peritoneum, brain and bones.[39, 40] 
Corresponding tumor specimens of primary tumors and metastases of colorectal cancer 
patients are available nowadays, as liver, pulmonary and even peritoneal metastases can 
be treated with curative resections.[41-43] Nevertheless, there is conflicting data 
regarding the concordance between corresponding primary tumors and metastases. 
These inconsistent results probably reflect the heterogeneity in methods, sample sizes, 
technical skills, the wide variety of metastatic sites, and tumor biology. For example, there 
are studies reporting a 100% concordance for KRAS expression,[44] while other groups 
report discordances of up to 40%.[45] However, the concordance of KRAS mutations in 
paired colorectal tumors overall is high with a pooled concordance rate of 92%.[46] The 
molecular classification system (The CMS ) and the IHC-based classifier are based on the 
analysis of primary colorectal tumors alone. It is currently unknown whether molecular 
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subtypes are preserved in metastatic cancer, and whether molecular classification of 
primary colorectal tumors can guide subtype-targeted therapy for metastatic disease. In 
chapter 4, we compare paired primary tumors and their corresponding metastases with 
regard to their molecular classification using our IHC-based classifier.

Colorectal tumors with a poor prognosis show a typical expression of mesenchymal 
genes,[34] Both the stromal content as well as tumor cells within the stromal content of 
these tumors are accountable for the expression of these mesenchymal genes.[47-49] 
These primary, “high stromal content”, tumors have been proposed to own their increased 
capacity to metastasize to cancer-associated fibroblasts.[50] However, the tumor 
microenvironment contains many different cell types, including immune cells. Tumor 
associated immune cells can induce cell death and have an anti-tumorigenic effect, but 
may also play a role in the pathogenesis of cancer and metastatic tumor progression.[51-
53] The contribution of non-cancer stromal cells, other than fibroblasts, in the metastatic 
process is currently unknown. In chapter 5, we searched for additional stromal cell types 
that may contribute to aggressive tumor cell behavior. Macrophage signatures were found 
to be strongly associated with high fibroblast content and with poor prognosis in multiple 
large cohorts of primary tumors and liver metastases. 

Current chemotherapy regimens for advanced colorectal cancer are based on 5-fluorouracil  
(5-FU), oxaliplatin and irinotecan,[54] leading to a median survival of approximately 2 
years.[9, 55] Benefit from monoclonal antibodies targeting EGFR is restricted to patients 
with tumors containing wild type KRAS.[56] Interestingly, tumors progressing on one 
treatment, can still respond to another regimen, suggesting different mechanisms of drug 
resistance and tumor heterogeneity.[57] In addition, lack of penetrance of 
chemotherapeutics into the tumor is thought to be one of the major factors in poor therapy 
response.[58] The active efflux of chemotherapeutics by trans membrane pumps belonging 
to the Adenosinetrifosfaat-binding cassette (ABC) family has been reported as a potential 
clinically relevant mechanism of drug resistance.[59-63] High ABC-transporter expression 
has been associated with poor outcome.[64, 65] The predictive value of ABC-transporter 
expression for chemotherapeutic therapy is unknown. In chapter 6, we studied ABC-
transporter expression in primary colorectal tumors as a predictor of tumor response to 
irinotecan in patients with metastatic colorectal tumors. 

Colorectal cancer was one of the first solid tumors that was classified on the molecular 
level. Distinct genes and pathways were shown to be involved in tumor initiation and 
growth. The adenoma-carcinoma sequence was described in the early nineties.[66, 67] 
Alterations of tumor suppressor and oncogenes, such as APC (Adenomatous Polyposis 
Coli), TP53 (Tumor protein p53), SMAD4 (SMAD family member 4), KRAS and PI3K 
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1(Phosphoinositide 3-kinase), were described to give rise to progression of colorectal 
tumors.[68-70] In 90 percent of the colorectal cancer patients genetic aberrations of the 
Wnt/β-catenin signaling pathway are found. Most common is the inactivation of the APC 
gene, while activating mutations for β-catenin are less prevalent.[71] DEAD-box helicase 
3 (DDX3) is a multilevel activator of the Wnt-signaling pathway,[72] which exhibits 
oncogenic properties in breast and lung carcinomas.[73, 74] The role of DDX3 in colorectal 
cancer has not yet been elucidated. In chapter 7, we describe the oncogenic role of DDX3 
in colorectal cancer. We show that DDX3 is overexpressed in 39% of colorectal tumors 
and that inhibition of DDX3 results in reduced Wnt signaling and a G1 arrest, making DDX3 
an attractive therapeutic target in these tumors.
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A B S T R A C T

Novel spheroid-type tumor cell cultures directly isolated from patients’ tumors preserve 
tumor characteristics better than traditionally grown cell lines. However, such cultures 
are not generally used for high-throughput toxicity drug screens. In addition, the assays 
that are commonly used to assess drug-induced toxicity in such screens usually measure 
a proxy for cell viability such as mitochondrial activity or Adenosinetrifosfaat (ATP)-
content per culture well, rather than actual cell death. This generates considerable assay-
dependent differences in the measured toxicity values. To address this problem we 
developed a robust method that documents drug-induced toxicity on a per-cell, rather 
than on a per-well basis. The method involves automated drug dispensing followed by 
paired image- and fluorescence-activated cell sorting (FACS)-based analysis of cell death 
and cell cycle changes. We show that the two methods generate toxicity data in 96-well 
format, which are highly concordant. By contrast, the concordance of these methods with 
frequently used well-based assays was generally poor. The reported method can be 
implemented on standard automated microscopes and provides a low-cost approach for 
accurate and reproducible high-throughput toxicity screens in spheroid type cell cultures. 
Furthermore, the high versatility of both the imaging and FACS platforms allows 
straightforward adaptation of the high-throughput experimental setup to include 
fluorescence-based measurement of additional cell biological parameters.
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I N T R O D U C T I O N

Recently developed tissue culture protocols allow the generation of patient-derived cell 
lines from several tumor types in a manner that preserves the genetic and phenotypic 
aspects of the original tumor.[13, 14] These culture protocols are therefore superior over 
‘traditional’ adherent culturing protocols.[75, 76] It may be expected that spheroid-type 
culture protocols will rapidly become the standard in establishing and culturing human 
tumors from diverse tissues. One obvious application of such cultures is to use them in 
drug screens aimed at identifying effective drugs or drug combinations for targeting 
specific tumor subtypes, or even individual tumors, thus contributing to the personalization 
of cancer care. However, this imposes an experimental challenge as traditional cytotoxicity 
assays have been developed and optimized for traditional adherent cell culture models. 
High throughput toxicity screens are usually based on plate-based proliferation or viability 
assays.[77] The most commonly used approach is to measure the per-well amount of some 
aspect of cellular metabolism or biomass as a proxy for the number of viable cells.[78] 
The principal methods are (i) determination of ATP in cell lysates by luciferin/luciferase-
generated bioluminescence, (ii) reduction of tetrazolium salts such as 3-(4,5-dimethylthia–
zol -2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) (MTS)  and 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to formazan by 
cellular dehydrogenases, and (iii) determination of the total amount of nucleic acid per 
well by fluorescent DNA-binding cyanine dyes.[79-82]
Importantly, these widely used methods can give highly variable results for the same 
drug-cell line combination. Indeed, in two large pharmacogenomic datasets (TCGA[10] 
and the Cancer Cell line Encyclopedia[11]) the concordance of drug response data for the 
same cell line was very poor. This was due to the different platforms that were used to 
measure drug response, rather than to differences in cell line identity or culture conditions.
[83, 84]
We reasoned that toxicity assays in spheroid-type cultures should ideally assess cell 
viability on a per-cell basis, rather than an indirect measurement of ‘cellular activity’ per-
well. Therefore, we chose two highly versatile platforms based on imaging and FACS, 
allowing well- and cell-based analysis of drug response. We demonstrate that both 
methods produce highly concordant toxicity values in drug-treated human spheroid 
cultures. Both methods use widely available equipment and low-cost chemicals, yet 
produce highly accurate and reproducible results in high-throughput format. The methods 
are ideally suited for high-throughput drug discovery screens in spheroid-type tumor 
cultures.
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M AT E R I A L S  A N D  M E T H O D S

Cell culture
Patient-derived colonosphere lines were established as described before.[59] The 
colonospheres are cultured in non-adherent 10 cm dishes in Stem Cell Medium with 10 
ng/mL b-Fibroblast Growth Factor (FGF) (Abcam), which is refreshed twice a week. All 
cell culture was carried out at 37 °C in a 5% CO2 humidified incubator.

Generation of single cells
Colonospheres are spun down at 491g for 5 min and washed twice with Phosphate 
buffered saline (PBS), and are then incubated with 3 mL Accumax at 37 °C for 3 min or 
until a suspension is formed. The suspension is filtered through a 40 μm cell strainer and 
the strainer is flushed with PBS. Take the single cells up in Stem Cell Medium in a 10 cm 
dish and add 10 ng/mL b-FGF. The cells are maintained in a humidified 37 °C incubator 
with 5% CO2 for 3–5 days to form colonospheres.

Compound treatment
PSC-833 and irinotecan were obtained from commercial vendors (Novartis, Basel, 
Switzerland and Campo; Pfizer, Capelle a/d IJssel, The Netherlands). Three to five day old 
colonospheres were filtered with a 70 μm cell strainer and seeded in appropriate density 
for each cell line in 150 μL Stem Cell Medium with 10 ng/mL b-FGF in 96-well plates. 
PSC-833 and irinotecan were digitally dispensed with the HPD-300 (Hewlett Packard and 
Tecan). Compounds were diluted in at least 75% DiMethyl SulfOxide (DMSO) before digital 
titration. Concentration series were 0–50 μg/mL for irinotecan and 0–4.5 μM for PSC-833 
with a constant ratio of 2.5. In each well normalization to 1% DMSO was performed by 
back filling with 100% DMSO again using the HPD-300. Colonospheres were incubated 
in a humidified 37 °C incubator with 5% CO2 for 1–4 days with no further changes of media 
or re-addition of compounds.

Toxicity/proliferation assays
Image-based toxicity assay
To prevent the fluorescent dyes from being pumped out of the colonospheres by ABC, 
[85, 86] Verapamil 50 μM was added to each well. Plates were placed in a humidified 37 °C 
incubator with 5% CO2 for 30 min before adding the fluorescent dyes. Calcein Green AM 4 
μM and DRAQ5™ 2 μM were added to each well. Plates were placed in the incubator for 10 
min prior to reading. The plate was spun down for 30 sec at 49 g and images were acquired 
on an ArrayScan VTi (Thermo Scientific) at 5× magnification using a custom protocol 
(Supplementary Document 2). 12 images per well were made to visualize whole wells. All 
DNA content was identified and visualized with DRAQ5™. Live cells were identified with 
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Calcein Green AM. The intensity of the Calcein Green signal, per DRAQ5™ positive area is 
calculated. The levels of intensity were normalized to and expressed as a relative percentage 
of the plate-averaged vehicle treated control.

Flow cytometry Nicoletti assay
Medium with the compounds was aspirated off and replaced with 150 μL buffer, (PBS + 
0,1% Triton-X + 0,1% sodium citrate, pH 7.4, supplemented with 50 μg/mL propidium 
iodide (PI)). Cells were incubated overnight at 4 °C.[80] Cell analysis was performed 
directly from the plate using the high-throughput sampler on a 3-laser Canto II flow 
cytometer (Becton Dickinson, Mountain View, CA). Fluorescent labeled beads (CS & T 
beads, Becton Dickinson, Mountain View, CA) were used to standardize the flow cytometer 
and verify optical path and stream flow. This procedure enables controlled standardized 
results and allows the determination of long-term drifts and incidental changes within 
the flow cytometer. No changes were observed which could affect the results. The PI 
fluorescence signal at FL2-A versus counts was used to determine sub-G1 and cell cycle 
distribution. Levels of apoptosis were normalized to and expressed as a relative percentage 
of the plate averaged vehicle treated control.

CellTiter-Glo assay (Promega)
Measurements were made according to the manufacturer’s protocol. Briefly, plates were 
allowed to equilibrate at room temperature for 30 min. Equal volumes of CellTiter-Glo 
reagents were added directly to the wells. Plates were incubated at room temperature for 
10 min on a shaker and fluorescence was measured on a luminometer.[79] Luminescence 
reading was normalized to and expressed as a relative percentage of the plate-averaged 
vehicle treated control.

CellTiter 96 AQueous Non-Radioactive Cell Proliferation Assay (Promega)
Measurements were made according to the manufacturer’s protocol. Briefly, 20 μL of MTS 
reagent was added directly to the wells and plates were incubated for 2 h in a humidified 
37 °C incubator with 5% CO2. The plate was spun down and the supernatant transferred 
to a new plate. Absorbance was measured at 490 nm on a 96-well plate reader.[87] 
Absorbance was normalized to and expressed as a relative percentage of the plate-
averaged vehicle treated control.

MultiTox-Fluor Multiplex Cytotoxicity Assay (Promega)
Measurements were made according to the manufacturer’s protocol. Briefly, 20 μL of 
reagent was added directly to the wells and plates were incubated for 1 h in a humidified 
37 °C incubator with 5% CO2. Fluorescence was measured on a 96-well plate reader at 
excitation/emission 400/505 and 485/520 nm. Fluorescence reading was normalized to 
and expressed as a relative percentage of the plate-averaged vehicle treated control.
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Statistical analysis
Differences per treatment group were calculated with an unpaired t-test or an ANOVA, 
when appropriate. Correlations between the assays were calculated via the Pearson’s test. 
Z-factors were calculated to quantify the suitability of this assay as high-throughput screen. 
Differences of repeated measurements with different assays were calculated with the 
Friedman test. All statistical tests were performed with GraphPad Prism software 
(GraphPad, San Diego, CA). Differences with a P value of less than .05 were considered 
statistically significant.

R E S U LT S

We have previously reported on the isolation and characterization of a series of cancer 
stem cell (CSC)-enriched non-adherent spheroid cultures from human colorectal 
tumors[59] While such cultures are relatively resistant to oxaliplatin and 5-FU,[88, 89] 
they are sensitive to irinotecan, provided that drug efflux is inhibited.[59] Here, we used 
irinotecan treatment of two phenotypically distinct colonosphere cultures to develop a 
new toxicity assay for spheroid-type tumor cell cultures. CRC29 is relatively 
undifferentiated, does not express drug efflux pumps, and is sensitive to irinotecan 
monotherapy (Supplemental Figure 1A and 1B). CRC47 is well-differentiated and expresses 
high levels of CytoKeratin 20 (CK20) and ABCB1 (Supplemental Figure 1A and 1B). 
Therefore, CRC47 killing by irinotecan requires ABCB1-mediated drug efflux inhibition 
with PSC-833 (Supplemental Figure 1C).

� Figure 1. Paired image- and FACS based toxicity assays. 
(A) Representative pictures, generated by the Thermo Scientific ArrayScan, of vehicle treated (upper panel) and 
irinotecan-treated (50 μg/mL; lower panel) CRC29 colonospheres. DRAQ5 identifies all live cells and cell fragments 
that are present in the wells. 
(B) Representative pictures of vehicle-treated and irinotecan-treated (50 μg/mL; lower panel) CRC29 and CRC47 
colonospheres stained with Calcein Green and DRAQ5. CRC47 colonospheres also received PSC-833 (4 μM). 
CRC29 spheroids rapidly disintegrate following drug addition. CRC47 spheroids stay intact but gradually become 
smaller as the outer cells die and lose Calcein fluorescence. 
(C) The resolution of the ArrayScan camera allows analysis of single cells in high-throughput format. The DRAQ5 
image shows chromatin condensation of single drug-treated cells, characteristic of apoptosis. 
(D) Representative pictures of the FACS-based Nicoletti assay are shown for vehicle-treated (left panels) and 
irinotecan-treated (right panels) CRC29 and CRC47 colonosphere lines. Drug treatment induces cell death which is 
measured as a peak of cell fragments with sub-G1 DNA content. In addition, irinotecan induces a G1 arrest in CRC29 
and a G2 arrest in CRC47 cells.
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Equal numbers of small uniform colonospheres (CRC29, CRC47) were plated in 96-well 
plates and were treated with a concentration series of irinotecan (0–50 μg/mL) in the 
absence or presence of PSC833 respectively for 48–72 h. The drugs were added using a 
robotic liquid handler (HPD300; Tecan). To identify all cells (live and dead) the DNA was 
stained with DRAQ5™, a far-red emitting fluorescent DNA dye.[90] We chose this dye as 
its spectral properties do not interfere with those of commonly used anti-cancer drugs or 
with Calcein-type live cell dyes. Furthermore, this DNA binding dye is extremely photo 
stable compared to older generation DNA dyes and it can be used in live cells.[91] Live 
cells were identified by subsequent addition of Calcein Green AM.[92, 93] The intensity 
of Calcein fluorescence per DRAQ5™ positive area was then measured. Analysis of the 
generated images showed that in both cell lines the drug response was homogenous 
throughout the wells. The DNA of single cells showed the condensed chromatin, which is 
characteristic of apoptotic cells. Furthermore, we noted that drug-induced cell death in 
spheroids starts in the outer cell layer. These cells detach from the spheroid structure, 
ultimately leaving a small proportion of live (Calcein-positive) cell clusters and single cells 
(Figure 1A and B). The percentage of drug-induced cell death, based on the combined 
DRAQ5 and Calcein fluorescence data was then calculated and plotted relative to vehicle-
treated control.
In parallel with the image-based analyses an additional series of similarly treated samples 
were analyzed for sub-G1 DNA content (apoptosis) and cell cycle distribution.[80] To this 
end, the cells were stained with propidium iodide and were analyzed on a 3-laser Canto 
II flow cytometer with a high-throughput sampler. The generated DNA profiles clearly 
show irinotecan-induced cell death. Notably, this was accompanied by a G1 arrest in one 
cell line (CRC29) and by a G2 arrest in the other (CRC47;Figure 1D).
Dose–response curves were generated for both assays (Figure 2A). Cross-comparison of 
the toxicity data revealed a very high and significant concordance of the results obtained 
on the two platforms (Figure 2B;Supplementary Table 1). Furthermore, the calculated 
Z-factors of both cells lines, CRC29 0.78 and CRC47 0.68, show its suitability as a method 
for high content screening.
Finally, we compared image based-generated toxicity values with those generated by 
frequently used additional toxicity assays, such as Cell Titer-Glo, Cell Titer 96 Aqueous 
Non-Radioactive Cell Proliferation Assay and MultiTox-Fluor Multiplex Cytotoxicity Assay. 
To this end, both cell lines were treated with irinotecan (50 μg/mL; 48/72 h) and the 
percentage of viable cells was analyzed in parallel with all 4 assays. In both cell lines, the 
results from all toxicity assays were significantly different calculated via Friedman test, 
CRC29p< 0.001 and CRC47p= 0.003. When comparing each assay to the image based 
toxicity assay viat-test, no significant differences were found between the Cell Titer Glo 
assay and our novel image based assay. (Figure 3). The toxicity values obtained with the 
MTS and the multitox assay were significantly different and poor (p< 0.02).
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Figure 2. Correlation of image- and FACS-based toxicity assays.
(A) IC50 curves generated on the imaging platform (left) on the FACS platform (right). Small uniform colonospheres 
were treated for 72 or 48 h with concentration series of irinotecan (CRC29) or irinotecan and PSC-833 (CRC47). 
(B) Image based and FACS-generated data points of the same sample series were plotted to calculate the concordance 
of the two assays. The correlation (r) values of the data points were calculated with the Pearson’s test for each 
colonosphere line, p < 0.01.
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D I S C U S S I O N

We present a robust method for high content screening of drug-induced cell death in 
spheroid-type cultures, involving paired imaging- and FACS-based analysis of cell viability 
and cell cycle profiles. It provides a low-cost approach for accurate and reproducible high-
throughput analysis of cell death and cell cycle arrest in spheroid-type cell cultures. 
However, the method can also easily be adapted for the study of many other aspects of 
spheroid biology, by making use of the rapidly expanding toolbox of fluorescent reporters 
for cell biological parameters. Furthermore, the new generation of ArrayScan equipment 
allows three-dimensional imaging, and this will greatly help in fully exploiting the benefits 
of spheroid-type cell cultures.
We propose that cell-based assays such as the one presented in this report can serve as 
an ideal screening method when performing toxicity screens. The only well-based 
viability assay that generated data that were significantly concordant with that obtained 
with the image based assay was the Cell-Titer-Glo assay which measures ATP content 
per well (Promega). Cell-Titer-Glo may therefore be considered as a good alternative 
for cell-based assays in those experimental settings where only well-based viability 
information is needed.
DRAQ5 is a relatively new DNA-binding dye in the far-red spectrum[91] comparable to 
Hoechst 33342 and with the same efficacy for staining live cells. Although Hoechst 33342 
would have been a more conservative choice, DRAQ5 is extremely photo stable, is cell-
permeant, and does not interfere with simultaneous imaging of many widely used 

Figure 3. Concordance between toxicity assays. 
Tumor cells (CRC29, upper panel; CRC47, lower panel) 
were treated with irinotecan (50 μg/mL). Drug-induced 
toxicity was then simultaneously measured with 4 distinct 
assays (ArrayScan, Multitox, MTS, Cell Titer Glo). The 
percentage of viable cells was then plotted as % of control 
values.
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fluorescent proteins (GFP, YFP, CFP, dsRed, mCherry, Dendra2) and accurately reflects the 
spatial concentration of DNA in living cells.[94] Furthermore, unlike Hoechst 33342 and 
Rhodamine123, it is not a substrate for ABC-transporter-mediated efflux.[95, 96]
All materials used for the described methods are widely available and relatively cheap. 
Furthermore, the assays are fast and highly reproducible due to automated drug dispensing 
and a protocol that does not involve washing steps. Therefore, the described assay provides 
an ideal platform for testing large numbers of drugs in concentration series on patient-
derived spheroid-type cell cultures. These features are extremely relevant and valuable 
for the development of diagnostic protocols that are aimed at personalizing cancer 
treatment.
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S U P P L E M E N TA L  I N F O R M AT I O N 

Supplementary data associated with this article can be found, at http://dx.doi.
org/10.1016/j.fob.2015.01.003

M AT E R I A L  & M E T H O D S 

Western blot and antibodies
Colonospheres were harvested and RAS lysis buffer (15,6 mM Hepes, 150mM NaCl, 50mM 
MgCl27H2O, 1% NP-40, 10%glycerol, pH 7.4) supplemented with phosphatase and protease 
inhibitors was added for 30 minutes. Lysates were cleared by centrifuging (13.200 rpm 
for 10 minutes at 4ºC) and the protein concentration was determined using a BCA 
(bicinchoninic acid) protein assay (Pierce, Biotechnology, IL, USA). After addition of LDS 
sample buffer and Reducing agent (NuPAGE®) the samples were heated for 10 minutes 
at 70ºC. Proteins were run on Bis-Tris Mini Gels with SDS running buffer and 500μL 
antioxidant in the upper buffer chamber (NuPAGE®) for 55 minutes at 200 V and blotted 
for 1,5 hours at 120 V. Membranes were blocked with 5% skim milk in Tris buffered saline 
(TBS)-Tween for 1 hour at room temperature and incubated with primary antibodies 
overnight at 4ºC. Primary antibodies were diluted in 5% skim milk in TBS-Tween at 
concentrations of 1:200 (anti-ABCB1, Thermo Scientific, MS-660-P1), 1:250 (anti-CK-20, 
ARP, 03-61054), 1:1000 (anti-cleaved-Caspase-3, Cell Signaling, 9661), and 1:20000 (anti-
β-actin, Novus Biologicals, NB600-501). Secondary antibodies (anti-rabbit, DAKO, P0448 
(1:1000) and anti-mouse, DAKO, P0447 (1:2000) were added for 1 hour. Immunoreactivity 
was detected using ECLTM Western Blot Detecting Reagents (GE Healthcare, 
Buckinghamshire, UK) on Fuji Medical X-Ray Film (Fujifilm Corporation, Japan). 

Supplemental table 1.

FACS

concentration irinotecan CRC29     average SD

0 96,69 104,11 99,20   100,00 3,77

0,2048 99,64 106,51 106,07   104,07 3,85

0,512 96,03 105,42 103,35   101,60 4,93

1,28 93,52 101,71 94,18   96,47 4,55

3,2 94,51 97,24 95,60   95,78 1,37

8 88,29 87,85 88,40   88,18 0,29

20 68,97 68,32 66,13   67,81 1,49

50 19,21 19,86 23,03   20,70 2,04
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Supplemental table 2.

Arrayscan

concentration irinotecan CRC29      average SD

0 122,80 85,36 91,84 93,21 102,97 103,83 100,00 13,19

0,2048 102,72 95,02 82,90 97,69 94,87 88,79 93,66 6,94

0,512 105,30 89,75 110,40 103,33 79,73  97,70 12,62

1,28 102,60 103,69 80,44 101,22 102,85 66,99 92,96 15,53

3,2 79,94 75,68 83,11 94,19 94,36 97,64 87,49 9,07

8 66,71 66,33 53,65 78,34 85,09 64,53 69,11 11,08

20 36,83 35,87 29,83 59,88 73,36 76,84 52,10 20,58

50 13,56 15,16 16,46 41,26 46,97 34,16 27,93 14,70

concentration irinotecan CRC47      average SD

0 88,45 121,58 89,97 100,90 100,32 98,78 100,00 11,85

0,2048 86,45 91,54 79,20 106,21 86,94 102,49 92,14 10,32

0,512 69,51 74,46 66,61 95,65 69,27 78,65 75,69 10,68

1,28 50,64 46,29 31,93 46,87 41,51 44,47 43,62 6,46

3,2 27,30 45,44 38,87 31,27 32,27 33,72 34,81 6,42

8 32,97 31,23 38,96 29,48 30,46 25,89 31,50 4,35

20 19,54 21,98 20,45 31,40 31,01 34,85 26,54 6,63

50 1,80 4,33 2,49 16,43 15,68 13,12 8,97 6,82

Supplemental table 1. Continued

concentration irinotecan CRC47     average SD

0 103,15 90,24 110,67 103,43 92,51 100,00 8,47

0,2048 98,61 111,66 107,83   106,03 6,71

0,512 104,00 109,96 98,75   104,24 5,61

1,28 91,09 98,75 90,52   93,45 4,60

3,2 87,40 60,73 69,67   72,60 13,58

8 57,04 55,33 46,25   52,88 5,80

20 27,38 27,95 38,45   31,26 6,23

50 14,47 15,32 15,18   14,99 0,46
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Supplemental figure 1. Characterization of the colonosphere lines.
(A) Light microscopic images of a representative colonospheres of CRC29 and CRC47, bar 200um. All colonosphere 
cell lines are derived from primary tumors of colorectal cancer patients. (B) Western blot analysis of the expression 
of ABCB1, cytokeratin 20 (CK20) and β-actin on the colonospheres. (C) CRC29 and CRC47 colonospheres were 
treated either with vehicle, 2.0 μM PSC-833, 50 μg/mL Irinotecan or combination of PSC-833 and Irinotecan for 48 
or 72 hours. The cells then were incubated with Nicoletti buffer overnight and cell death was determined by FACS 
analysis.

CRC29 CRC47A

B   CRC29   CRC47 
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CK-20

β-actin

C

CRC29 CRC47A

B   CRC29   CRC47 
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A B S T R A C T 

Recent transcriptomic analyses have identified four distinct molecular subtypes of 
colorectal cancer with evident clinical relevance. However, the requirement for sufficient 
quantities of bulk tumor and difficulties in obtaining high-quality genome-wide 
transcriptome data from formalin-fixed paraffin-embedded (FFPE) tissue are obstacles 
toward widespread adoption of this taxonomy. Here, we develop an IHC-based classifier 
to validate the prognostic and predictive value of molecular colorectal cancer subtyping 
in a multicenter study.
Tissue microarrays (TMAs) from 1,076 patients with colorectal cancer from four different 
cohorts were stained for five markers (CDX2 (caudal type homeobox 2), FRMD6 (FERM 
domain containing protein 6), HTR2B (5-hydroxytryptamine receptor 2B), ZEB1 (zinc 
finger E-box binding homeobox 1), and KER (pancytokeratin)) by IHC and assessed for 
microsatellite instability. An automated classification system was trained on one cohort 
using quantitative image analysis or semi quantitative pathologist scoring of the cores as 
input and applied to three independent clinical cohorts.
This classifier demonstrated 87% concordance with the gold-standard transcriptome-
based classification. Application to three validation datasets confirmed the poor prognosis 
of the mesenchymal-like molecular colorectal cancer subtype. In addition, retrospective 
analysis demonstrated the benefit of adding cetuximab to bevacizumab and chemotherapy 
in patients with RAS wild-type metastatic cancers of the canonical epithelial-like subtypes.
This study shows that a practical and robust immunohistochemical assay can be employed 
to identify molecular colorectal cancer subtypes and uncover subtype-specific therapeutic 
benefit. Finally, the described tool is available online for rapid classification of colorectal 
cancer samples, both in the format of an automated image analysis pipeline to score tumor 
core staining, and as a classifier based on semi quantitative pathology scoring.
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T R A N S L AT I O N A L  R E L E VA N C E

The recent stratification of colorectal cancer transcriptional profiles into subtypes with 
prognostic and predictive differences has an immediate clinical implication in 
personalization of therapies. However, a subsequent challenge is the adaptation of this 
classification system for diagnostic purposes given the requirement for a rapid scoring 
system, which uses minimal quantities of tumor material. This study resolves these issues, 
reporting an IHC-based classifier, which uses either pathologist scoring or automated 
image analysis of TMAs as inputs. Not only does this approach improve clinical utility of 
the current molecular taxonomy, it also allows retrospective access to large clinical cohorts 
for which only FFPE material is available. Our retrospective analysis of four cohorts has 
validated the prognostic value of colorectal cancer subtyping. Furthermore, we have 
identified a subset of patients (approximately 30%) who benefitted from anti-EGFR 
therapy, potentially improving the efficacy of this class of drugs.
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I N T R O D U C T I O N

Colorectal cancer is a heterogeneous disease with an overall 5-year survival of below 60%.
[97] There is an urgent need to improve selection of early-stage patients who may benefit 
from adjuvant therapy, or to identify patients with metastasis who may profit from a 
specific targeted therapy. To facilitate this, stratification methods based on histopathologic 
characteristics are extensively implemented: For example, only patients with colorectal 
cancer with high-risk features such as high-grade and poorly differentiated morphology 
are believed to benefit from adjuvant chemotherapy.[98] Although histopathologic 
classification is difficult to implement uniformly, associations with molecular 
characteristics have been noted, such as MSI in serrated tumors.[99] This provides a more 
robust/objective means of determining the suitability of a patient for a given therapy: For 
example, mutation in the KRAS/BRAF axis is a well-characterized determinant of resistance 
to anti-EGFR therapy in metastatic disease.[100, 101] However, current mutational 
profiling provides only limited biomolecular understanding of the disease, particularly in 
chromosomal instable disease where the large heterogeneity in patient response to 
treatment remains unexplained. Therefore, a more comprehensive understanding of 
colorectal cancer heterogeneity as well as its clinical implications is required.
Several studies on molecular heterogeneity in colorectal cancer have used genome-wide 
gene-expression data to classify patients into distinct molecular subtypes.[26, 27, 30, 31, 
33, 34, 102] More recently, a careful analysis of the interrelation of the proposed colorectal 
cancer subtypes provides evidence for the existence of CMS.[34] These include a 
“mesenchymal-like” (CMS4) subtype defined by epithelial–mesenchymal transition (EMT), 
microsatellite stability (MSS), and stemness.[27, 34] Distinction from a largely MSI, 
mucinous, inflammatory subtype (CMS1), and chromosomal instable subtypes with an 
“epithelial-like” expression profile (CMS2/CMS3) have evident clinical relevance: 
“Mesenchymal-like” cancers display poor prognosis, are enriched in late-stage (III–IV) 
disease, and present with resistance to anti-EGFR therapy (independent of KRAS mutation 
status) in cell lines, preclinical xenografts models, and a cohort of metastatic patients 
treated with cetuximab monotherapy.[27]
However, evident caveats of cost and the requirement for sufficient bulk tumor impede 
widespread clinical use of these transcription-based approaches. A complementary method 
is histopathology, which remains the gold standard in clinical diagnosis due to its cost-
effectiveness and rapid implementation. Until genomic profiling becomes more widespread 
in clinical practice, the adaptation of a molecular signature into a small number of markers 
which can be assessed by IHC is highly desirable for patient stratification. In addition, further 
understanding of the molecular features which govern patient outcome within each subtype 
could be obtained by retrospective analysis of cohorts subjected to experimental interventions, 
for which only FFPE tissue is available.[103]

201750 proefschrift_Kari Trumpi_new.indd   34 15-12-17   15:34



IDENTIFYING COLORECTAL CANCER SUBTYPES BY IMMUNOHISTOCHEMISTRY

35

3

In this proof-of-concept study, we present an IHC-based patient stratification tool (CMS-
IHC) that can be readily applied in both the clinical setting and to large retrospective 
patient cohorts. Our approach is based on a previously reported TMA IHC-based 
classification system,[27] which showed strong concordance with transcriptome-based 
classification and illustrated the potential of adapting gene-expression profiles into an 
IHC mini-classifier for clinical use. Here, we aim to improve the portability of the CMS-IHC 
classifier to accept data from both an automated image analysis pipeline and 
semiquantitative pathologist scoring. CMS-IHC was applied to three independent clinical 
cohorts to validate the feasibility of the classification approach, and to verify the poor 
prognosis of the mesenchymal-like subtype. In addition, we re-examine data from previous 
clinical trials [9, 104] to determine whether patient subtyping can reveal subtype-specific 
therapeutic benefits, in particular to anti-EGFR agents.

M AT E R I A L S  A N D  M E T H O D S 

Human colorectal cancer tissue specimens
Four independent patient cohorts were used in this study: the AMC-AJCCII-90,[27] 
LUMC,[105] CAIRO (Trial Registration ID: NCT00312000;[9]), CAIRO2 (Trial Registration 
ID: NCT00208546;[104]) series, for which clinicopathologic characteristics are described 
in Table 1. The training set (AMC-AJCCII-90;[27]) comprised 90 stage II patients, for which 
75 had sufficient quantities of bulk tumor to perform IHC staining. Three 0.6-mm biopsies, 
which were stained for the five biomarkers of interest, were obtained from each patient. 
Exclusion criteria included damage to TMA cores and incomplete sets of cores, leaving a 
training set of 70 patients (Supplementary Figure S1A).
The three validation sets on which CMS-IHC classification was performed included the 
CAIRO cohort,[9] CAIRO2 cohort,[104] and LUMC cohort.[105] A single 2-mm × 4-μm 
TMA core was available for each patient from the CAIRO and CAIRO2 series,[106] whereas 
3- × 0.6-mm × 4-μm cores were available for the LUMC series.[105] Patient material from 
all cohorts were fixed in formalin and embedded in paraffin. Exclusion criteria included 
insufficient primary material, unknown MSI status, and an incomplete set of IHC-stained 
cores following quality control. Of the 353 (LUMC), 803 (CAIRO), and 559 (CAIRO2) 
patients with clinical information, 240, 426, and 340 patients, respectively, were used in 
this analysis (Supplementary Figure S1A). Comparison of clinical covariates of all cohorts 
prior to and after exclusion did not show any selection bias in terms of age, sex, or 
mutational profile (Supplementary Figure S1B). All cohorts have been described 
previously, and tissue specimens and clinical information were obtained and processed 
using methods approved by the Institutional Review Boards at their respective institutions.
[9, 27, 104, 105]
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Table 1. Summary of patient information from each patient cohort used in this study.
AMC-AJCCII-90 LUMC CAIRO CAIRO2

Clinical information
Number of patients 90 353 820 559
Median age at surgery 73.4 (34.6–95.1) 68 (35.2–85.6) 63 (41–78) 62 (41–76)

Sex
Female 48 (53%) 179 (51%) 300 (37%) 230 (41%)
Male 42 (47%) 174 (49%) 516 (63%) 329 (59%)
NA 4 (0.5%)

Stage
I 68 (19%)
II 90 (100%) 133 (38%)
III 92 (26%)
IV 53 (15%) 820 (100%) 559 (100%)
NA 7 (2%)

Differentiation
G1 well 2 (2%) 67 (19%)
G2 moderate 60 (67%) 183 (38%)
G3 poor 25 (28%) 27 (15%)
NA 3 (3%) 76 (22%)

Treatment arm (CAIRO1/2)a

Arm A 410 (50%) 282 (50%)
Arm B 410 (50%) 277 (50%)

Vital statusb

Alive 71 (79%) 124 (35%) 80 (10%) 124 (22%)
Death 19 (21%) 229 (65%) 740 (90%) 435 (78%)
Median survival (months)c 39 (1.9 - 113.7) 88 (0–215.2) 15.2 (1.3–45.2) 20.4 (1.6–54.7)

Mutation information
MSI status

MSS 65 (72%) 215 (61%) 504 (61%) 551 (99%)
MSI 25 (28%) 35 (10%) 19 (2%) 8 (1%)
NA 103 (29%) 297 (36%)

KRAS
Wild-type 70 (78%) 189 (23%) 321 (57%)
Mutation 20 (22%) 174 (21%) 208 (37%)
NA 457 (56%) 30 (5%)

BRAF
Wild-type 73 (81%) 332 (40%) 473 (85%)
Mutation 17 (19%) 23 (3%) 45 (8%)
NA 460 (56%) 41 (7%)

Classification
Number of patients excluded due to 
missing MSI data 0 103 (29%) 297 (36%) 0

Number of CMS1 patients 25 (28%) 35 (10%) 19 (2%) 8 (1%)
Number of patients with TMA cores for 
epithelial vs. mesenchymal classification 52 (58%) 206 (58%) 458 (56%) 369 (66%)

Remaining patients with cores following 
QC 49 (54%) 205 (58%) 407 (50%) 332 (59%)

Number of cores used in study 121 613 411 340
Mean number of cores per patient 2.5 3 1 1
Number of classified patients 70 (78%)d 240 (68%) 426 (52%) 340 (61%)

a Treatment arm applicable to CAIRO&2 Studies: Arm A is sequential therapy in CAIRO1. Arm B is combination therapy in CAIRO1. 
CAIRO2: Arm B is the additional cetuximab treatment. b DFS used in AMC and LUMC cohorts. OS used in CAIRO cohorts. c AMC and 
LUMC sets: right censored at 60 months to take into account deaths due to natural causes. d Note: 3 MSI+ CMS4 patients (defined by 
transcriptomic analysis) passed quality control and were used in training the classifier.
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IHC staining, MSI status, and image acquisition
Four markers were selected from previous transcriptomic analysis [27] for IHC staining 
in this study: (i) CDX2, a marker for differentiation which is expected to be highly expressed 
in epithelial-like tumors, (ii) HTR2B, which was shown to have high expression in 
mesenchymal-like tumors, (iii) FRMD6, a marker for goblet cells expressed in 
mesenchymal-like tumors, and (iv) ZEB1, a marker for EMT. In addition, KER was selected 
to normalize the other markers for tumor content, which itself is expected to be higher 
in epithelial-like tumors.
TMA slides of the various cohorts were stained with anti-HTR2B (1:75; Sigma; 
HPA012867), anti-FRMD6 (1:500; Sigma; HPA001297), anti-CDX2 (1:200; Novus 
Biologicals; NB100-2136), anti-ZEB1 (1:500; Sigma; HPA027524), or anti-cytokeratin 
(AE1/AE3; 1:500; Thermo Scientific). After a secondary incubation with anti-rabbit-HRP 
(Horseradish peroxidase) or anti–mouse-HRP (Powervision), staining was developed 
using 3,3'-diaminobenzidine (DAB)+ Chromogen (Dako), and slides were counterstained 
with hematoxylin. Individual cores were scored by three trained observers (K. Trumpi, 
M. Jansen, and G.J.A. Offerhaus) for CDX2, FRMD6, HTR2B, KER intensity and content, and 
ZEB1 nuclear content in epithelial cells blinded for CMS subtype. Digital images of TMA 
slides from the AMC-AJCCII-90 and CAIRO2 series were acquired using the Olympus 
dotSlide system (Olympus). For the LUMC and CAIRO cohorts, an Aperio scanscope XT 
system (Leica Biosystems) was used. MSI status from the AMC and LUMC cohorts was 
identified using MSI analysis system (Promega; refs. [27, 105]). In both CAIRO cohorts, 
MSI status was identified by IHC with antibodies against hMLH1 (human mutL homolog 
1), hMSH2 (human MutS homolog 2), hMSH6 (human MutS homolog 6, and hPMS2 (human 
PMS1 homolog 2) as previously described.[106, 107]

Automated image-analysis based classification
A classifier designed to distinguish colorectal cancer subtypes was trained using staining 
information from the AMC-JCCII-90 cohort and then applied to three different patient 
cohorts (Supplementary Figure S2A). This was first conducted using an automated image 
analysis approach, whereby digital images of TMA cores were segmented and quantitated 
as previously described [27] and summarized in Supplementary Figure S2B. Briefly, all 
segmented cores underwent intensity adjustment by rescaling each color channel to a [0, 
255] range to ensure the brightness is consistent across samples. An entropy filter was 
applied to determine the main TMA area. A complete TMA core would typically occupy 
40% to 60% of an image, and broken cores occupying less than 10% of the image were 
discarded. The image was deconvolved into hematoxylin-DAB color space using Ruifrok’s 
method.[108] Stained regions were then determined by Otsu thresholding of the DAB 
channel, with a minimum threshold value of 0.3 employed to ensure that regions with low 
staining were not falsely considered as positive.[109]
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Pixel-level features were extracted from the image analysis pipeline instead of cell-level 
features due to difficulties in accurate segmentation. Prior to standardization with pan-
cytokeratin, four parameters were extracted for each stain: (i) the total area occupied by 
positively stained cells, (ii) the fraction of the TMA core occupied by positively stained 
pixels, (iii) the average intensity of these pixels, and (iv) a combined area-intensity metric 
computed by multiplying the intensity with the area fraction. In addition, two “keratin-
standardized” values were computed to take into account epithelial content: (v) a 
standardized TMA fraction (i.e., feature (ii) divided by the corresponding keratin TMA 
area fraction) and (vi) a standardized stain-content score (SCnorm) defined as:

SCnorm =
IntensityX × AreaX × CoreAreaKER

IntensityKER × AreaKER × CoreAreaX

Thus, a total of 28 inputs were used for the classifier (six from each primary stain: CDX2, 
FRMD6, HTR2B, ZEB1 and four from pan-cytokeratin), which were representative of both 
tumor staining and total TMA staining (Supplementary Table S1).
The stains were selected based on differential expression between different subtypes (i.e., 
strongly positive staining or absent staining) and do not follow a normal distribution. 
Thus, to adjust for differences in sample preparation, core size, staining, and image capture 
between different cohorts, all features were rescaled to ensure 95% of values lay within 
a [0, 1] range (Supplementary Figure S2C). The keratin-normalized features may have 
values outside of this range due to heterogeneity between neighboring sections: thus, 
values outside this range were right truncated to 1.5.
To classify patients into their colorectal cancer subtype, MSI status was first used to define 
patients which belong to the CMS1 subtype. The remaining patients were classified into 
“epithelial” (CMS2/3) or “mesenchymal” (CMS4) subtypes using a random forest 
classifier[110] trained on an AMC-AJCCII-90 set of 49 patients and 121 cores using all 
features extracted from image analysis. True labels were attained from gene-expression 
data (ref. [27]; Supplementary Figure S2D).
Briefly, a random forest classifier subsamples the dataset (two-thirds of patient samples) 
to construct a decision tree to separate CMS2/3 and CMS4 samples. This is repeated 
1,000 times to construct a classification “forest.” The prediction probability for each 
patient sample is thus the frequency of classification of CMS2/3 compared with CMS4 
in this “forest.” Cores with a random forest probability of 60% were scored as 
“mesenchymal.” Patient subtypes were determined using majority consensus 
(Supplementary Figure S2E). Survival information for the cohorts was supplied after 
CMS classification was conducted. The required code to produce the pipeline is supplied 
as Supplementary Information.
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Semi-quantitative classification system
Decision rules implemented in the automated random forest classifier were extracted. 
The most common rules from 1000 decision trees were retained to construct a classifier, 
which requires semi-quantitative pathologist scoring as input. Numeric thresholds in the 
AMC-AJCCII-90 set were compared with pathologist scoring to determine the appropriate 
equivalent semi-quantitative thresholds. A random forest classifier was then constructed 
and applied to pathologist scoring in the CAIRO2 cohort. Detailed scoring guidelines are 
presented in the online classification tool (Supplementary Figure S3; crcclassifier.
shinyapps.io/appTesting/).

Comparison to the serrated pathway classification system
Patient samples were classified based on mutational information into one of four pathways 
as previously described by Leggett and Whitehall:[99] the “traditional” class is CpG island 
methylator phenotype - (CIMP-), MSS, KRASwt, and BRAFwt. The “alternate” pathway is 
characterized by MSS, KRASmut, BRAFwt, and CIMP−. Tumors in the “serrated” pathway 
are BRAFmut, CIMP+, KRASwt independent of MSI status. All remaining patients were 
grouped into an “unknown” category.

Statistical and survival analysis
All statistical analyses were conducted in R,[111] and documented code to fully reproduce 
the study is supplied as Supplementary Information. Concordance between semi-
quantitative pathologist scoring and automated image analysis was conducted using a 
two-tailed Jonckheere Terpstra test for trend with significance assessed using 1,000 
permutations of the data. Consistency in pathologist scoring was computed using intraclass 
correlation coefficients using a two-way mixed effects model.
Visualization of the directionality of markers in relation to the CMS2/3 and CMS4 subtypes 
was conducted using principal component analysis of all features. The directionality of 
each stain was illustrated by the keratin-normalized scores (SCnorm).
Overall survival (OS) and disease-free survival (DFS) analyses were performed using 
multivariate Cox proportional hazards models accounting for age, stage, and sex, with 
colorectal cancer–specific 5-year follow-up, after which samples were right censored. 
Differences in survival were expressed as HRs with 95% confidence intervals and median 
survival time. Significance was tested using the log-rank test. Survival curves were 
calculated using the Kaplan–Meier method.
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Developing the CMS-IHC classifier
We have previously developed an IHC assay to identify molecular subtypes of colorectal 
cancer in the AMC-AJCCII-90 colorectal cancer patient series,[27] and here we aim to 
optimize it for application to three external datasets: the LUMC,[105] CAIRO,[9] and 
CAIRO2 [104] datasets (Supplementary Figure S2). In developing a classification system, 
CMS1 patients were first separated using MSI status as it was observed to be almost 
ubiquitous in these patients. This leaves a two-class classification problem in separating 
mesenchymal-like CMS4 patients from epithelial-like CMS2/CMS3 patients. To distinguish 
between these two subtypes, a panel of four IHC stains (CDX2, FRMD6, HTR2B, and ZEB1) 
was selected based on differential gene expression. In addition, pan-cytokeratin (KER) 
was used to normalize for epithelial content.
The IHC staining procedures were first assessed by comparing transcriptome-based 
subtyping to semiquantitative scoring by pathologists in each patient (Figure 1A). 
Epithelial-like TMA cores displayed increased CDX2 expression reflecting a higher degree 
of differentiation[112] and lower ZEB1 expression.[113] CDX2 displayed a strong 
association with pathologist scoring of cellular differentiation (χ2 test, P < 0.001), and 
epithelial ZEB1 expression was more common in poorly differentiated tumors albeit not 
significantly (Supplementary Figure S4A), supporting their use as markers in differentiating 
epithelial from mesenchymal tumors. HTR2B, a vasoactive neurotransmitter previously 
associated with hepatocellular tumor growth,[114] is expressed in both epithelial-like 
and mesenchymal-like patients, but a higher intensity is observed in mesenchymal-like 
cases. FRMD6, which is expressed in goblet cells, also has higher expression in 
mesenchymal-like patient samples. These expression patterns are in line with the gene-
expression levels of the corresponding genes as previously demonstrated.[27]
To develop an automated classifier, quantitative measurements were first benchmarked 
against pathologist scoring to ensure that the same increasing trend observed in semi-
quantitative pathologist scoring can be captured in the quantitative data (Figure 1B). All 
markers illustrated agreement between the two metrics (Jonchkeere Terpstra test, P = 
0.002) with the exception of ZEB1, possibly due to expression in both the stroma and 
epithelium. Similar results were observed using stain area or stain intensity alone 
(Supplementary Information).
No single stain demonstrated a clear distinction between the subtypes, and some 
interobserver variation in stain scoring was noted (Supplementary Figure S4B and S4C), 
motivating the use of a combination of stains using an automated pipeline. Over 100 
permutations of threefold cross-validation, individual features had higher error rates and 
variance in prediction accuracy compared with a classifier that encompasses all features 
(Supplementary Figure S4D), motivating the inclusion of all stains into a final classifier. 
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The five stain-based CMS-IHC classifier trained on the AMC-AJCCII-90 series demonstrated 
an out-of-bag error rate of 20% on an individual core level and 87% concordance between 
the gold-standard transcriptome-derived classifier and CMS-IHC classifier on a patient 
level (Figure 1C). 
Furthermore, we successfully validated the association of patients classified as mesenchymal-
like with a dismal prognosis in stage II colorectal cancer. These patients had a median DFS 
of 14.5 months (Figure 1D; Hazard ratio (HR) , 6.73; (95% confidence interval (95% CI), 
1.86–24.29; P = 0.007; log-rank test).
Finally, we compared the CMS classification system with another classification of colorectal 
cancer into “traditional,” “serrated,” and “alternative” subtypes using genomic information 
including BRAF, KRAS, MSI, and CIMP status.[99] The CMS2/3 subtype showed a strong 
association with the “traditional” subtype characterized by the lack of mutations, and the 

Figure 1. Training CMS-IHC using the AMC-AJCCII-90 set. 
A, IHC staining of representative epithelial-like (CMS2/3) or mesenchymal-like (CMS4) cores from the AMC set. 
Scale bar, 100 μm. B, Validation of image analysis pipeline with pathologist scoring. All stains except for ZEB1 
demonstrate trends consistent with semiquantitative pathologist scoring. C, Accuracy in TMA-based patient 
classification compared with the gold-standard transcriptome-based classifier. D, DFS from TMA classification. HR 
(epithelial-like vs. mesenchymal-like) = 6.73 (95% CI, 1.86–24.29). P = 0.007 determined by log-rank test.
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CMS1 subtype showed interrelation with the “serrated” subtype (Supplementary Figure 
S5A). However, this combination of four mutations cannot effectively identify mesenchymal 
CMS4-like patients, and the same prognostic differences observed using the CMS system 
could not be recapitulated (Supplementary Figure S5B), motivating the use of information 
derived from transcriptomic data to distinguish CMS4 from CMS2/3.

Classification of LUMC, CAIRO, and CAIRO2 cohorts by CMS-IHC
TMAs from the LUMC, CAIRO, and CAIRO2 datasets were stained and classified using the 
AMC-AJCCII-90–trained CMS-IHC classifier. Comparison of CMS-IHC classified cores in our 
validation sets demonstrate the same subtype distinctions in staining as the AMC-AJCCII-90 
series (Figure 2A). To further support the notion that epithelial-like and mesenchymal-like 
cancers represent biomolecularly distinct entities, principal component analysis using all 
extracted features highlighted that the principal direction of CDX2 expression was in line 
with the epithelial-like subtype (Figure 2B). The directions of the HTR2B, FRMD6, and 
ZEB1 expression vectors were in line with the mesenchymal-like subtype, concordant 
with the directionality observed by visual inspection. In addition, tumor budding was seen 
in some samples, and low CDX2 expression was noted in the corresponding serial sections 
(Supplementary Figure S4D). This feature has previously been associated with poor 
prognosis,[115] and is consistent with a mesenchymal-like phenotype.

Prognostic value of CMS-IHC classification in three independent cohorts
The training cohort of stage II patients demonstrated a CMS2/3:CMS1: CMS4 ratio of 
approximately 2:1:1 using the “gold-standard” transcriptomic-based classification. 
Compared with this distribution, our validation datasets had an increased proportion of 
mesenchymal-like patients, consistent with these cohorts containing late stage patients 
(ref. [34]; Figure 2C). The LUMC series, comprising a roughly even distribution of stage 
I–IV patients, demonstrated an equal proportion of epithelial-like to mesenchymal-like 
patients (43% each). A reduced proportion of MSI+ patients (CAIRO 4%, CAIRO2 2%) and 
higher mesenchymal-like ratio (CAIRO 36%, CAIRO2 47%) was observed in the CAIRO 
cohorts, probably reflecting the fact that MSI+ tumors generally have a good prognosis 
and rarely metastasize.[107]
In all cohorts, the mesenchymal-like subtype displayed significantly worse survival in a 
Cox proportional hazards model accounting for confounding variables including age, sex, 
stage, and treatment arm (Table 2). The mesenchymal-like arm in the LUMC cohort 
displayed a median DFS of 24 months (HR, 1.77; 95% CI, 1.20–2.62; P ≪ 0.001; log-rank 
test; Figure 2D). Both CAIRO sets, comprising stage IV patients, had lower mesenchymal-
like median OS times compared with the epithelial-like subtype. In the CAIRO set, this 
value increased from 13.8 (95% CI, 12.5–16.4) to 19 (95% CI, 18.0–21.6) months. Similarly, 
the CAIRO2 cohort demonstrated an improvement from 20 months (95% CI, 15.5–22.9) 
to 23.8 months (95% CI, 21.7–27.4; Figure 2E and F; Table 2).
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In combination, these results confirm the notion that mesenchymal-like patients present 
with more advanced disease stage and worse disease outcome. This in turn demonstrates 
the utility of the CMS-IHC classifier in identifying a distinct molecular subtype of patients 
with colorectal cancer for whom dismal prognosis is a salient clinical feature.

Predictive value of anti-EGFR therapy for “epithelial-like” cancers
Following subtype classification, the CAIRO and CAIRO2 cohorts were revisited to 
determine whether there was a subtype-specific benefit in a specific treatment regimen. 
Our previous research suggests that mesenchymal-like tumors resist anti-EGFR therapy 
independent of KRAS/BRAF mutations,[27] and we sought to validate this observation in 
an additional patient cohort: the CAIRO2 patient series, a clinical study to determine the 
efficacy of adding cetuximab, an anti-EGFR antibody, to a standard regimen of capecitabine, 
oxaliplatin, and bevacizumab in patients with advanced colorectal cancer.[104]
KRAS/BRAF wild-type epithelial-like tumors illustrated an improved response to cetuximab 
therapy compared with mesenchymal-like tumors. Seventy-three percent of patients 
demonstrated partial or complete response to therapy, compared with only 50% in the 
mesenchymal-like case (χ2 test; P = 0.1, Figure 3A).
To determine whether this response to therapy translates to a long-term patient benefit, we 
evaluated patient survival with respect to treatment arm, subtype, and KRAS/BRAF mutation 
(Figure 3B; Supplementary Table S2). OS of KRAS/BRAF-mutant patients was not significantly 
affected by cetuximab in both epithelial-like and mesenchymal-like subtypes, although a 
trend toward a detrimental effect was observed in both subtypes. Analysis of KRAS/BRAF 
wild-type patients demonstrated a significant beneficial effect of cetuximab in epithelial-like 
patients with median OS improving from 23 months (95% CI, 16.5–27.4) to 33.8 months 
(95% CI, 25.2–55.1). The HR for treatment of the epithelial-like cetuximab-treated cohort 
was 0.52 (95% CI, 0.31–0.87, P = 0.05, log-rank test). In contrast, no difference in survival 
of mesenchymal-like patients was observed in KRAS/BRAF wild-type patients (HR, 1.56; 
95% CI, 0.91–2.65; P = 0.11; log-rank test), and a detrimental effect on survival was observed 
in mesenchymal-like patients harboring mutations in the KRAS/BRAF axis (HR, 1.75; 95% 
CI, 1.08–2.84; P = 0.06; log-rank test). This illustrates the utility of the CMS taxonomy to 
predict the efficacy of anti-EGFR therapy. More specifically, our analysis reveals a substantial 
group of patients (approximately 40%, comprising of mesenchymal-like) who despite lacking 
mutations in the KRAS/BRAF axis do not benefit from cetuximab therapy and in fact displayed 
a trend toward reduced OS (P = 0.12, log-rank test; Figure 3B).

t Figure 2. Molecular and survival features of each subtype in validation cohorts. 
A, Staining of representative epithelial-like or mesenchymal-like patients in each cohort. Scale bar, 100 μm.  
B, Contribution of each stain to CMS separation illustrated on a PCA plot. C, Proportion of patients in each subtype 
for each data set. D, LUMC set, HR = 1.77 (95% CI, 1.20–2.62), P << 0.001. E, CAIRO cohort, HR = 1.39 (95% CI, 
1.12–1.72), P = 0.03. F, CAIRO2 cohort, HR = 1.24 (95% CI, 0.96–1.59), P = 0.03. All P values calculated using the 
log-rank test.
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Figure 3. Treatment arms stratified by colon cancer subtype.
A, Comparison of patient response to cetuximab combination therapy following separation according to CMS subtype 
and KRAS/BRAF mutation (χ2 test, P = 0.1). B, CAIRO2 epithelial-like or mesenchymal-like patients on the control 
therapy (solid line) or with added cetuximab (dashed line) following stratification according to KRAS/BRAF mutation.
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Figure 4. Pathologist-based classification system.
A, Overview of strategy to adapt automated classifier into a pathologist-based classifier. B, Concordance between 
the automated and pathologist-based method for the CAIRO2 cohort of 78%. C,Comparison of differences in survival 
between the epithelial-like and mesenchymal-like subtypes defined using the automated and the pathologist-based 
classifiers. D, Differences in patient survival with respect to subtype and treatment arm only in KRAS/BRAF wild-type 
patients. (Arm A, control chemotherapy regimen; arm B, added cetuximab treatment.)
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We performed a similar analysis on the CAIRO cohort to investigate if the combined or 
sequential administration of capecitabine, irinotecan, and oxaliplatin provides any subtype-
specific responses but did not detect any significant differences (Supplementary Figure S6).

Development of a pathologist-based classifier
In order to improve the portability of our classifier for use on an individual case basis, the 
features that most commonly appeared in decision rules were extracted and adapted to 
semiquantitative scores commonly assigned by pathologist scoring (Figure 4A). This was 
trained on the AMC-AJCCII-90 series and applied to the CAIRO2 cohort.
Comparison between the automated and semiquantitative classifiers highlighted a 
concordance of 78% in the CAIRO2 cohort, highlighting that the simplified classifier is 
capable of assigning subtype classes in the absence of continuous quantitative information 
(Figure 4B).
To further assess the validity of this approach, survival analysis using this new classification 
system was conducted. The poor prognosis of mesenchymal-like subtype was illustrated 
using the pathologist-based classifier (HR, 1.34; 95% CI, 1.03–1.72; P = 0.003; log-rank 
test; Figure 4C). In conjunction, across all KRAS/BRAF wild-type patients, the predictive 
value of the epithelial-like subtype for adjuvant cetuximab therapy compared with all 
other patient arms was highlighted (HR, 0.58; 95% CI, 0.40–0.84; P = 0.02; log-rank test; 
Figure 4D). These results support the successful development of a portable version of our 
classifier compatible with pathologist-based semiquantitative scoring. We have made our 
classifier available as a free-to-use online resource, as shown in Supplementary Figure S3 
(https://crcclassifier.shinyapps.io/appTesting/).

D I S C U S S I O N

Over the past decade, the stratification of patients into distinct molecular subtypes has 
been achieved in a number of cancers [71] including previous work on colorectal cancer.
[26, 27, 30, 31, 33, 34, 102] Such discrimination has been driven primarily by gene-
expression profiling, where the requirements for sufficient bulk tumor, cost, and time 
impede widespread diagnostic adoption. Thus, there is an urgent need for rapid and cost-
effective surrogates for gene-expression profiling in both the clinical setting and in 
translational research. Such tools are essential for the identification of patient subtyping 
to guide subsequent treatment and to access large patient cohorts from previous clinical 
trials for which only FFPE tissue available, but remain invaluable resources for biomarker 
and validation studies.
We have demonstrated as a proof of principle, the adaptation of a 146 gene-expression 
signature into a panel of five biomarkers as a potential diagnostic tool for the classification 
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of patients in colorectal cancer. This method utilizes IHC staining on more readily available 
TMAs, and automated image analysis and classification to deliver objective and accurate 
scoring in our training set. The decision rules used within this classifier were simplified 
to permit pathologist scoring as an input, allowing for the identification of mesenchymal-
like patients on a case-by-case basis. The portability of the method was highlighted in the 
successful classification of patients into distinct molecular subtypes in three independent 
cohorts, each validating the poor prognosis of the mesenchymal-like subtype independent 
of age, sex, and stage. In addition, we have demonstrated the predictive value of epithelial-
like subtyping for anti-EGFR therapy in combination with anti-vascular endothelial growth 
factor (VEGF) therapy and chemotherapy.
A current major challenge is the selection of patients that benefit from adding anti-EGFR 
agents to combination therapies as a first-line treatment for metastatic colorectal cancer. 
Although it has been established that patients displaying (K)RAS or BRAF mutations do 
not benefit from anti-EGFR therapy, and even may have worse disease outcome, a large 
proportion of patients who are wild type for these genes also do not benefit.[104, 116] 
Our retrospective analysis of the CAIRO2 clinical trial assessing the efficacy of combined 
capecitabine and bevacizumab therapy with cetuximab [104] demonstrated a therapeutic 
benefit only in KRAS/BRAF wild-type epithelial-like patients, but not in KRAS/BRAF wild-
type mesenchymal-like cancers. This finding has the possibility to further reduce the 
patients eligible for anti-EGFR therapy by approximately 40%, and thereby, importantly, 
increasing the efficacy of this class of drugs. Further randomized clinical trials are 
necessary to validate this effect. In contrast, no significant benefit in combination 
compared with sequential therapy was observed in the CAIRO cohort.
Of note, our study aimed at generating a practical tool to classify patients with colorectal 
cancer into distinct molecular disease subtypes, rather than developing a prognostic or 
predictive biomarker assay per se. Our focus in particular was to separate patients based 
on differences in prognosis in a step toward determining suitable treatment options for 
each subtype. Currently, our classifier does not distinguish between different epithelial-
like subtypes which have similar prognosis (i.e., the newly characterized canonical Wnt 
signaling CMS2 and metabolic CMS3 subtypes; ref. [34]); however, we plan to extend our 
classifier to include suitable metabolic markers such as glucose transporter 1 (GLUT1) to 
assist in this discrimination. In addition, while no single marker demonstrated definitive 
separation between subtypes, the use of a trained algorithm allowed us to stratify large 
patient cohorts. Given that markers were selected based on transcriptome-based profiling 
rather than protein-based profiling,[117] the accuracy of the classifier could be further 
improved using proteo-genomic approaches to select for optimal markers.[102]
Additional work in developing standardized guidelines will be required to realize the 
clinical potential of this assay. First, our training set consisted of a small cohort of stage 
II tumors, and expansion of the training set to include patients with different 
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clinicopathologic features from multiple centers will be required to minimize biases 
associated with such covariates. However, recent consensus subtyping has suggested that 
this classification system is largely independent of existing clinical parameters including 
stage and grade. A slight enrichment of late-stage patients in mesenchymal-like tumors 
was reported, consistent with our results.[34] Second, the use of automated image-based 
classification requires standardization of protocols for biopsy sampling, TMA staining, 
and image analysis in order to minimize batch effects to ensure accurate implementation.
[118] Although scoring by a pathologist can take into account these differences, there is 
also the caveat of interscorer and intrascorer subjectivity, which has previously shown to 
vary results by up to 30%.[119] In our pilot cohort, moderate consistency measured by 
intraclass correlation coefficient (ICC) supports the use of the selected stains in a 
pathologist-based classifier. However, consistency could be further improved by 
standardizing processing guidelines, developing scoring criteria, and assessing the 
robustness of biomarkers to pathologist scoring. Nonetheless, a consistency of 78% in 
patient classification was attained by pathologist-based and an automated method, 
highlighting the promise of the system. Third, our current IHC assay, as is generally the 
case in pathology, is further complicated by the issue of intratumor heterogeneity in tissue 
specimens from the same patient, which affects our downstream subtype calling. We have 
used majority consensus in the presence of conflicting cores; however, the implications 
of tumor heterogeneity will need to be formally assessed to improve clinical utility of this 
classification method. Nonetheless, the development of a rapid IHC-based screening tool 
as a surrogate for gene-expression profiling is a major step forward, demonstrating both 
clinical and research utility in allowing access to previous clinical trials to develop effective 
subtype-specific treatments for colorectal cancer.
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S U P P L E M E N TA L  I N F O R M AT I O N

Pathologist Scoring
Scoring was performed by three trained observers (KT, MJ, GO), blinded from automated 
classification results. Cores were eligible for scoring when at least 50 percent of the core 
was intact. Individual cores were scored for both intensity and percentage of KER. Intensity 
was scored semi-quantitatively as 0 = absent, 1 = weak, 2 = moderate and 3 = strong. The 
percentage of KER was scored as the percentage of positive cells compared to negative 
cells in the whole core, to identify the epithelial load of the cores. In this epithelial load 
CDX2, FRMD6, HTR2B and ZEB1 were scored. For CDX2 and FRMD6 the percentage of 
intra-tumoral epithelial positive cells were evaluated. For CDX2 and HTR2B the intensity 
of intra-tumoral epithelial positive cells was scored semi-quantitative. For ZEB1 intra-
tumor epithelial positivity was evaluated and scored as either present or absent. In the 
AMC-AJCCII-90 set, triplicates of each tumor specimens were available. Cores were scored 
on an individual basis and afterwards a majority consensus was applied to define scoring 
at a patient level. 

Table S1. Description of features used in the quantitative classifier.

Feature Description

StainArea Number of pixels in a core classified as ‘positive’

StainInt Average intensity of pixels in a core classified as ‘positive’

StAreaFrac Number of pixels in a core classified as ‘positive’/Number of pixels in a core

Brown.total StainInt x StAreaFrac

StAreaFrac.norm StAreaFrac/ KeratinStAreaFrac

Brown.total.norm Brown.total / Keratin.Brown.total
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Table S2. Multivariate survival analysis of the CAIRO and CAIRO2 cohorts with respect to treatment arm.

CAIRO2: KRAS/BRAF wt tumors

CMS2/3 (epithelial) CMS4 (mesenchymal)

Clinical Factor N (n event) HR CI P value N (n event) HR CI P value

Age 91 (62) 1.01 0.98-1.03 0.48 68 (56) 1.02 0.98-1.06 0.274

Sex F 35 (18) 1 27 (14) 1

 M 56 (41) 1.19 0.70-2.03 0.51 41 (34) 0.79 0.45-1.40 0.42

Treatment Control 39 (30) 1 34 (24) 1

 Cetuximab 52 (32) 0.52 0.31-0.86 0.0108 34 (32) 1.56 0.91-2.65 0.10

Log rank Test 0.049 0.11

CAIRO2: KRAS/BRAF mutant tumors

CMS2/3 (epithelial) CMS4 (mesenchymal)

Clinical Factor N (n event) HR CI P value N (n event) HR CI P value

Age 57 (52) 1.02 0.21 88 (75) 1.01 0.99-1.04 0.32

Sex F 24  (17) 1 41 (27) 1

 M 33 (31) 0.93 0.51-1.69 0.81 47 (40) 1.13 0.69-1.84 0.62

Treatment Control 27 (24) 1 44 (35) 1

 Cetuximab 30 (28) 1.57 0.86-2.85 0.142 44 (40) 1.75 1.08-2.84 0.022

Log rank Test 0.34 0.064

CAIRO

CMS2/3 (epithelial) CMS4 (mesenchymal)

Clinical Factor N (n event) HR CI P value N (n event) HR CI P value

Age 253 (120) 0.99 0.98-1.01 0.65 154 (141) 0.99 0.98-1.02 0.74

Sex F 91 (79) 1 52 (45) 1

 M 161 (141) 1.12 0.84-1.48 0.43 102 (96) 1.33 0.93-1.91 0.13

Treatment Sequential 124 (111) 1 77 (75) 1

 Combination 129 (109) 0.91 0.69-1.19 0.48 77 (66) 0.71 0.51-0.99 0.042

Log rank test 0.78 0.09
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Leiden

Figure S2. Overview of CMS classification scheme.
(A) AMC-AJCCII-90 dataset with Colon Cancer Subtypes previously determined by gene expression is used to train 
a TMA IHC-based classifier. This is then used to classify cores from the LUMC, CAIRO and CAIRO2 patient cohorts 
as epithelial-like or mesenchymal-like. MSI patients are identified by microsatellite instability  (B) Image Analysis 
Pipeline: The main TMA area is detected in each image. Color deconvolution is then applied to separate the 
haematoxylin and DAB channels, of which the latter is quantified. Results are normalized with epithelial keratin 
staining (C) IHC data from different cohorts is then normalized by rescaling features to a [0, 1] range. A PCA plot 
shows the overall distribution of features before and after rescaling.
(D) Classification using a random forest classification algorithm that employs a collection of decision trees using the 
staining derived variables (E) Cores are mapped to patients. In the case of conflicting core classification, the majority 
class is used.
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Figure S5. Comparison of CMS-classification to the serrated adenoma pathway.
(A) Comparison of the Leggett and Whitehall (LW) classification scheme described by CIMP, MSI, KRAS and BRAF 
status to the CMS classification.
(B) Contingency table of CMS with LW and the corresponding survival analysis using the LW classification system 
in the AMC-AJCII-90 cohort
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Figure S6. Treatment arms stratified by colon cancer subtype in the CAIRO cohort.
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A B S T R A C T

The recent discovery of ‘molecular subtypes’ in human primary colorectal cancer has 
revealed correlations between subtype, propensity to metastasize and response to therapy. 
It is currently not known whether the molecular tumor subtype is maintained after distant 
spread. If this is the case, molecular subtyping of the primary tumor could guide subtype-
targeted therapy of metastatic disease. In this study, we classified paired samples of 
primary colorectal carcinomas and their corresponding liver metastases (n=129) as 
epithelial-like or mesenchymal-like, using a recently developed IHC-based classification 
tool. We observed considerable discordance (45%) in the classification of primary tumors 
and their liver metastases. Discordant classification was significantly associated with the 
use of neoadjuvant chemotherapy. Furthermore, gene expression analysis of chemotherapy-
exposed versus chemotherapy naive liver metastases revealed expression of a 
mesenchymal program in pre-treated tumors. To explore whether chemotherapy could 
cause gene expression changes influencing molecular subtyping, we exposed patient-
derived colonospheres to six short cycles of 5-FU. Gene expression profiling and signature 
enrichment analysis subsequently revealed that the expression of signatures identifying 
mesenchymal-like tumors was strongly increased in chemotherapy-exposed tumor 
cultures. Unsupervised clustering of large cohorts of human colon tumors with the 
chemotherapy-induced gene expression program identified a poor prognosis 
mesenchymal-like subgroup. We conclude that neoadjuvant chemotherapy induces a 
mesenchymal phenotype in residual tumor cells and that this may influence the molecular 
classification of colorectal tumors.
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I N T R O D U C T I O N 

Colorectal cancer CRC is one of the leading causes of cancer-related mortality. The vast 
majority of colorectal cancer patients die from metastatic disease. At the time of 
presentation 20–25% of colorectal cancer patients already have metastatic disease and 
an additional ~35% will develop metastases during follow-up.[4, 54, 120]
The currently used clinical and pathological parameters have insufficient predictive power 
to identify the patients who are at risk of developing metastases. Recently, gene expression-
based molecular classification studies have identified subgroups of human colon cancer.
[26-33]Cross-comparison of these studies subsequently revealed the existence of four 
CMS, which are characterized by differential activity of various signaling pathways.[34] 
Interestingly, the molecular subtypes also differ in terms of prognosis. Notably, tumors of 
the ‘mesenchymal-like’ subtype (CMS4) have a shorter disease-free and overall survival 
due to higher metastatic potential and relative resistance to chemotherapy- and EGFR-
targeted therapy.[34, 121, 122] To enable implementation of the novel classification 
system in clinical practice, we recently developed an IHC-based diagnostic test that 
distinguishes mesenchymal-like cancers from epithelial-like subtypes based on the 
expression of five markers in tumor cells (HTR2B, FRMD6, ZEB1, CDX2 and pancytokeratin).
[121] This test can be used for patient stratification and the development of subtype-
directed therapies.
The molecular classification system and the novel diagnostic test are based on the analysis 
of primary colorectal tumors. It is currently unknown whether molecular subtypes are 
preserved in metastatic cancer, and whether classification of primary colorectal tumors 
can guide subtype-targeted therapy for metastatic disease. Dissemination and homing to 
a different organ environment requires adaptations by cancer cells to survive and 
proliferate, which could result in altered gene expression patterns. Moreover, neoadjuvant 
therapy is frequently used to downsize primary (rectal) tumors and liver metastases, and 
may change the constitution of the tumor bulk and affect gene expression in residual 
cancer cells.

R E S U LT S  A N D  D I S C U S S I O N

Neoadjuvant therapy of primary colorectal tumors is associated with a mesenchymal 
tumor subtype
Paraffin-embedded tissue samples of the resection specimens of paired primary colorectal 
tumors and corresponding liver metastases were available of 129 patients, and were 
assembled into a TMA. This cohort solely consists of patients with operable colorectal 
liver metastases. The TMA is created of the resection specimens of both tumors of these 
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patients. All patient characteristics are described in Table 1. In brief, the majority was 
male, had synchronous metastases and a moderately differentiated colon tumor. TMA 
sections were subsequently used for analysis of the expression of HTR2B, FRMD6, ZEB1, 
CDX2 and pancytokeratin by IHC, as described previously.[121] After digital analysis of 
the staining patterns of the primary tumors, 61 tumors were scored as epithelial-like 
(47.3%) and 68 were scored as mesenchymal-like (52.7%) (Figure 1a). In the current 
cohort—consisting exclusively of metastasized tumors—the percentage of mesenchymal-
like tumors is approximately two-fold higher compared to studies on stage I–IV primary 
colorectal tumors.[34] This is in line with previous analyses of the mesenchymal phenotype 
in two large cohorts of metastasized primary colorectal tumors.[9, 104, 121] Mesenchymal-
like tumors have a higher risk of recurrence, which explains their enrichment in these 
cohorts.
Patient and tumor characteristics (including age, gender, onset of disease, invasion depth, 
lymph node status, Dukes classification and differentiation status) were equally distributed 
between the two groups of patients with epithelial-like and mesenchymal-like tumors. 
However, univariate analysis showed differences in tumor localization: mesenchymal-like 
tumors were more often located in the rectum, whereas epithelial-like tumors were 
predominantly located in the sigmoid (P=0.020). Furthermore, we found that patients 
with mesenchymal-like tumors had more frequently received neoadjuvant radiotherapy 
(P=0.009) and neoadjuvant chemotherapy (P=0.013) compared to patients with epithelial-
like tumors (Figure 1b; Table 1). Multivariate analysis identified neoadjuvant chemotherapy 
as an independent predictor (P=0.012).
As neoadjuvant chemoradiation is mainly administered to patients with rectal cancer, 
tumor localization could be a confounding factor in the association between chemoradiation 
and the mesenchymal phenotype. However, rectal cancers treated with neoadjuvant 
chemo- and/or radiotherapy more often had a mesenchymal phenotype than untreated 
rectal cancers (71% versus 30%, respectively; P=0.027), indicating that neoadjuvant 
therapy is a predictor of the mesenchymal phenotype, independent of tumor localization. 
These findings are in line with previous results showing that post-treatment rectal tumors 
were mostly classified to the stroma-rich subtype,[48] although this classification was 
based on stromal parameters.
Mesenchymal-like colorectal tumors (CMS4) have a poorer prognosis compared to the 
other three CMS.[34] In this cohort, which consists solely of patients with operable 
metastatic colorectal tumors, a trend of survival disadvantage for mesenchymal-like 
tumors could be observed (P=0.276, Figure 1c). The HR after multivariate analysis is 1.441 
(95% (CI) 0.893–2.325, P=0.134).
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Table 1. Patient characteristics 
All tumors Epithelial-like Mesenchymal-like
n=129 (%) n=61 (%) n=68 (%) P-value 

Age 61,9 (37-83) 62,4 (42-83) 61,5 (37-82)
Sex

female 43 33,3 21 34,4 22 32,4 0,835
male 86 66,7 40 65,6 46 67,6

Onset of metastasis
synchronous 76 58,9 37 60,7 39 57,4 0,703
metachronous 53 41,1 24 39,3 29 42,6

Site of primary tumor
right colon 28 21,7 11 18 17 25 0,119
transverse colon 4 3,1 0 0 4 5,9
left colon 13 10,1 7 11,5 6 8,8
sigmoid 39 30,2 25 41 14 20,6
rectosigmoid 4 3,1 1 1,6 2 2,9
rectum 41 31,8 16 26,2 25 36,8
unknown 1 0,8 1 1,6 0 0

Invasion depth
T2 9 7 6 9,8 3 4,4 0,506
T3 96 74,4 45 73,8 51 75
T4 22 17,3 10 16,4 12 17,6
unknown 2 1,6 0 0 2 2,9

Lymph node status
N0 49 38 28 45,9 21 30,9 0,206
N1 48 37,2 21 34,4 27 39,7
N2 29 22,5 11 18 18 26,5
unknown 3 2,3 1 1,6 2 2,9

Dukes classification
B1 5 3,9 3 4,9 2 2,9 0,733
B2 20 15,5 8 13,1 12 17,6
C1 1 0,8 0 0 1 1,5
C2 27 20,9 14 23 13 19,1
D 75 58,1 36 59 39 57,4
unknown 1 0,8 0 0 1 1,5

Differentiation
well 7 5,4 2 3,3 5 7,4 0,752
well-moderate 2 1,6 1 1,6 1 1,5
moderate 78 60,5 37 60,7 41 60,3
moderate-poor 8 6,2 3 4,9 5 7,4
poor 11 8,5 7 11,5 4 5,9
unknown 23 17,9 11 18 11 16,2

Neoadjuvant Radiotherapy
yes 32 24,8 9 14,8 23 33,8 0,009
no 95 73,6 52 85,2 43 63,2

Neoadjuvant chemotherapy
yes 13 10,1 2 3,3 11 16,2 0,013
no 114 88,4 59 96,7 55 80,9
unknown 2 1,6 0 0 2 2,9

Adjuvant chemotherapy
yes 45 34,9 20 32,8 25 36,8 0,506
no 81 62,8 41 67,2 40 58,8
unknown 3 2,3 0 0 3 4,4

Age was compared via the Wilcoxon rank sum test, for all other variables the Χ2test was used. 
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Figure 1. Discordant classification of primary colorectal tumors and corresponding liver metastases.
(a) TMA was constructed from the resection specimens of primary colorectal tumors and the resection specimens of 
colorectal liver metastases of 129 patients. Tumor-rich areas were identified via haemotoxylin and eosin stainings 
and three cores of 0.6 mm were obtained per tumor type. Digital images of TMA immunohistochemically stained slides 
were obtained via an Aperio Scanscope XT system (Leica Biosystems, Wetzlar, Germany). These were automatically 
analyzed as described before.13Cores with a random forest probability of 60% were scored as ‘mesenchymal-like’. 
Patient subtypes were determined using majority consensus. Here a pie chart shows the distribution of epithelial-like 
and mesenchymal-like of the primary colorectal tumors in our paired tumor cohort. (b) Patient characteristics of 
epithelial-like tumors were compared to mesenchymal-like tumors. Age was compared via the Wilcoxon rank sum 
test, for all other variables the X2-test was used. Minus log10 P-values were calculated and are shown in the graph. 
Table 1 shows the detailed list of patient characteristics. (c) Kaplan–Meier survival curves of the overall survival after 
liver resection, calculated with a log-rank test (P=0.276). The blue line represents the patients with epithelial-like 
colorectal tumors and the green line represents patients with mesenchymal-like colorectal tumors. (d) Pie chart of 
the classification of liver metastases of our paired tumor cohort. (e) Relationship between the classification of primary 
colorectal tumors and the corresponding liver metastases. (f) The influence of chemotherapy on the classification of 
paired tumors. Neoadjuvant chemotherapy for the primary colorectal tumors or liver metastases and adjuvant therapy 
for the primary colorectal tumors were all univariate analyzed via the X2-test. Chemotherapy was considered 
neoadjuvant if it was given to downsize the tumor, primary or metastases, prior to the surgery. Adjuvant chemotherapy 
is chemotherapy given after the initial resection of the primary colorectal tumor. Concordant tumor pairs were depicted 
to discordant tumor pairs, which were separated in switching from epithelial-like to mesenchymal-like and vice versa. 
Minus log10 P-values were calculated and depicted in this graph.

201750 proefschrift_Kari Trumpi_new.indd   66 15-12-17   15:34



4

NEOADJUVANT CHEMOTHERAPY AFFECTING COLORECTAL CANCER SUBTYPES

67

Discordant molecular classification of primary colorectal tumors and their 
corresponding liver metastases is associated with neoadjuvant chemotherapy
The immunohistochemical diagnostic test was also applied to the liver metastases of the 
same patients: 69 metastases were scored as epithelial-like (53.3%) and 60 metastases 
were scored as mesenchymal-like (46.5%), which roughly corresponds to the subtype 
distribution of the primary tumors (Figure 1d). However, the classification of primary 
tumors and the corresponding liver metastases was concordant in only 71 pairs (55% 
(95% CI 46.3–63.7)), of which 36 were epithelial-like tumors (27.9% (95% CI 20.1–35.8)) 
and 35 were mesenchymal-like tumors (27.1% (95% CI 19.4–34.9)). Of the 58 discordant 
tumor pairs (45% (95% CI 36.3–53.7)), 25 primary colorectal tumors that were classified 
as epithelial-like (19.4% (95% CI 12.5–26.3)) gave rise to liver metastases that were 
classified as mesenchymal-like, and 33 mesenchymal-like colorectal tumors (25.6% (95% 
CI 18.0–33.2)) gave rise to epithelial-like liver metastases (Figure 1e). This frequently 
discordant molecular classification is in contrast with the high concordance that has been 
reported for mutations in driver genes in primary tumors and the corresponding 
metastases, for example, KRAS, BRAF and PIK3CA (phosphatidylinositol-4,5-bisphosphate 
3-kinase catalytic subunit alpha).[46, 123] This finding is important as it indicates that 
molecular subtyping via IHC of primary colorectal tumors cannot simply be extrapolated 
to classify metastatic disease.
We observed a significant correlation between the administration of chemotherapy prior 
to tumor resection (neoadjuvant chemotherapy) and discordant classification. More than 
half of the primary tumors that were exposed to neoadjuvant chemotherapy showed 
discordant classification of the tumor pairs. In the majority of the cases, this was a switch 
from a mesenchymal-like primary colorectal tumor, to an epithelial-like liver metastasis, 
rather than vice versa (P=0.044). Similarly, discordant classification was more common 
in patients who received chemotherapy prior to resection of liver metastasis compared 
to those who did not. In these cases a switch from an epithelial-like primary colorectal 
tumor (not exposed to chemotherapy) to a mesenchymal-like liver metastasis (exposed 
to chemotherapy) was predominant (P=0.040) (Figure 1f; Supplementary Table 1). These 
findings suggest that neoadjuvant chemotherapy influences cancer cell biology and drives 
colorectal tumors toward a more mesenchymal-like phenotype.
Molecular changes in response to chemotherapy have been described for other types of 
cancer. For example, neoadjuvant treatment in breast cancer is associated with gene 
expression changes and discordant molecular subtype classification in 38% of the cases.
[124, 125] Chemotherapy-induced changes in Human Epidermal growth factor Receptor 
2 (HER2) status are also frequently observed in breast cancer and have a potential impact 
on clinical management.[126] Besides chemotherapy, the molecular subtype could also 
be influenced by the organ microenvironment and/or intra-tumor heterogeneity, and/or 
heterogeneity between distinct metastases. Indeed, we have recently found that there is 
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extensive subtype heterogeneity among different regions of the same tumor in 
approximately half of the colorectal tumors analyzed.[127] When selecting patients for 
subtype-targeted therapies, all factors influencing the tumor subtype should be taken into 
consideration.

Chemotherapy-surviving tumor cells express a mesenchymal gene signature that 
identifies aggressive CMS4-like tumors
To further explore the relationship between neoadjuvant therapy and the mesenchymal 
phenotype, we classified liver metastases from a previously published data set[128] with 
the CMS classifier.[27, 34] In this same set of liver metastases, we compared chemotherapy-
exposed liver metastases to (n=64) chemotherapy naive liver metastases (n=55). 
Chemotherapy-exposed metastases were more frequently classified as mesenchymal-like 
compared to the chemotherapy naive liver metastases (33% versus 16%, P=0.06, Figure 
2a). In comparison, ~32% of liver metastases exposed to prior treatment in the Khambata-
Ford et al[129] cohort were classified as the mesenchymal subtype.[27] In an unbiased 
approach, we identified all genes that were higher expressed in chemotherapy-exposed 
liver metastases compared to chemotherapy naive liver metastases. These genes were 
used to cluster the primary tumors of two large cohorts into high and low subgroups. The 
tumor group expressing high levels of these genes was strongly enriched for mesenchymal-
type tumors (CMS4) in the CMS-3232 cohort[34] (Figure 2b). These patients had a 
significantly reduced relapse-free survival probability (Figure 2c).
The vast majority of patients receiving neoadjuvant therapy prior to primary tumor 
resection are patients with rectal cancer. According to the Dutch guidelines, neoadjuvant 
chemotherapy in this patient category consists of oral capecitabine, a 5-FU prodrug, in 
combination with radiation therapy.[130, 131] To study a potential causal relationship 
between chemotherapy and mesenchymal gene expression we exposed patient-derived 
colonospheres to six cycles of 5-FU. RNA was isolated from colonospheres prior to 
treatment (n=5) and from the surviving tumor cells after the last cycle (n=5). Gene 
expression profiling revealed that 5-FU treatment resulted in drastic changes in gene 
expression (Supplementary Table 2), with 68 significantly upregulated genes and 36 
significantly downregulated genes (P<e−6; Figure 3a). Additionally, we found that 
expression of the 68 5-FU-induced genes was strongly correlated with the expression of 
previously published gene sets reflecting a mesenchymal tumor phenotype. These include 
(i) the core drivers of epithelia–mesenchymal transition, (ii) genes that are upregulated 
in liver metastases that have previously been exposed to chemotherapy, (iii) genes that 
are highly expressed in the tumor cell compartment of mesenchymal-like tumors[49] and 
(iv) genes that are highly expressed in mesenchymal-like colorectal cancer cell lines in 
vitro.[49] By contrast, the 68 5-FU-induced genes showed a strong negative correlation 
with (i) a gene set reflecting epithelial differentiation,[49] (ii) genes that are highly 
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expressed in the tumor cell compartment of epithelial-like tumors,[49] (iii) genes that are 
highly expressed in epithelial-like colorectal cancer cell lines in vitro and (iv) the target 
genes of hepatocyte nuclear factor 4 alpha (HNF4a), a master inducer of epithelial 
differentiation and suppressor of mesenchymal genes[49] (Figure 3b).
To address this further, we used the 68 5-FU-induced genes to cluster the primary 
colorectal tumors of two large cohorts into two subgroups with high and low expression 
of the 5-FU-induced genes (K-means). The 5-FU-high groups were strongly enriched for 
mesenchymal-type tumors (CMS4) in the CMS-3232 cohort[34] (Figure 3c) and had a 
significantly reduced relapse-free survival probability (Figure 3d). To further assess the 
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Figure 2. 5-FU-based chemotherapy is associated with a mesenchymal tumor phenotype.
(a) In the liver metastases data set two groups were made, chemotherapy naive and chemotherapy exposed, these 
were compared in distribution of the CMS classification. The bar graph shows chemotherapy before surgery is 
associated with an increased proportion of mesenchymal-type tumors (CMS4). The CMS subgroups are CMS1: 
orange, CMS2: blue, CMS3 pink, CMS4: green. (b) The chemotherapy-induced genes were used to cluster the tumors 
of the CMS cohorts into chemo-induced high and low subgroups (K-means option in R2, using a two group separation) 
based on single gene P-values. All tumors had previously been classified into molecular subtypes. The graphs show 
the distribution of the CMS subtypes within the chemo-induced high and low subgroups. The chemo-induced high 
subgroup is enriched for mesenchymal subtypes (CMS4). (c) Kaplan–Meier curves showing the differences in 
relapse-free survival between the chemo-induced high and low subgroups in the CMS-3232 cohort.
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Figure 3. Chemotherapy induces mesenchymal gene expression in patient-derived colonospheres.
(a) Liver metastasis-derived colonospheres were treated with 5-FU for six cycles. RNA was isolated from control (n=5) 
and 5-FU-treated cells (n=5), and were analyzed by gene expression profiling. The heat map shows all genes that 
were significantly (P<e−6) upregulated (68) or downregulated (36) in post-treatment tumor cells. See Supplementary 
Table 2 for a full list of genes. (b) Expression of the 5-FU-induced gene set (68 genes; Supplementary Table 2) was 
correlated with gene sets reflecting either an epithelial or a mesenchymal tumor phenotype in the data set of the same 
experiment. Correlations were assessed by using the ‘gene set versus gene sets’ option in the R2 genomics analysis 
and visualization platform. Gene sets reflecting a mesenchymal tumor cell phenotype positively correlate with the 
5-FU-induced gene set (indicated in red), while gene sets reflecting an epithelial phenotype show a negative correlation 
(in blue). The P-values of the correlations are indicated as minus log10 P-values in green bars. (c) The 68 5-FU-
induced genes were used to cluster the tumors of the CMS cohorts into 5-FU-induced high and low subgroups 
(K-means option in R2, using a two group separation) based on single gene P-values. All tumors had previously been 
classified into molecular subtypes. The graphs show the distribution of the CMS subtypes within the 5-FU-induced 
high and low subgroups. The 5-FU-induced high subgroup is enriched for mesenchymal subtypes (CMS4). (d) Kaplan 
Meier curves showing the differences in relapse-free survival between the 5-FU-high and 5-FU-low subgroups in both 
cohorts. (e) Expression of the experimental-derived gene set of 5-FU-induced genes was compared to expression of 
genes upregulated in chemotherapy-exposed liver metastases by using the ‘relate 2 tracks’ option in the R2 genomics 
analysis and visualization platform. The XY-plot shows the correlation of the expression of both gene sets (R=0.80, 
P=2.0e−110) in the CIT subset of the CMS cohort. The CMS subgroups are CMS1: orange, CMS2: blue, CMS3 pink, 
CMS4: green.
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relevance of the 5-FU-induced gene set derived from the in vitro experiments, we compared 
its expression to the genes that are upregulated in liver metastases of patients who were 
exposed to neoadjuvant chemotherapy (Supplementary Table 3). This revealed a strong 
correlation (R=0.80, P=2.0e−110) between the expression of both independently generated 
gene sets (Figure 3e). The tumors expressing the highest levels of 5-FU-induced genes 
(both the in vitro-derived and patient-derived signatures) were enriched in CMS4 (right 
upper quadrant), indicating that chemotherapy-induced genes are already highly 
expressed in treatment-naive mesenchymal-like primary colorectal tumors. There are 
three genes positively identifying mesenchymal tumor in the IHC test: HTR2B, FRMD6 
and ZEB1. ZEB1 was not present on the arrays used and could thus not be evaluated. 
HTR2B and FRMD6 were both expressed to very low levels in this cohort (2log values 
lower than 4), for which we have no logical explanation. Indeed, in the CMS-3232 data set 
we observed a strong positive correlation between the chemotherapy-induced gene set 
and ZEB1, HTR2B and FRMD6, as expected, with ANOVA P-values of 3.2e−193, 6.8e−149 and 
8.8e−315, respectively.
In this report we show that neoadjuvant therapy can influence molecular classification of 
primary colorectal tumors and liver metastases. Chemotherapy induces a shift toward a 
more mesenchymal-like phenotype. These results are in line with previous reports 
showing the treatment-resistant nature of mesenchymal-like tumors both in colon 
cancer[122, 132, 133] and other types of cancer.[134] Although chemotherapy has 
prolonged median overall survival of patients with metastatic colorectal cancer from ~6 
months to over 2 years, tumor recurrence (almost) always ensues.[9, 135] An in-depth 
analysis of the phenotype of residual tumor cells following chemotherapy will provide 
novel targets for therapy targeting residual disease. The results in the present study 
suggest that CMS4-targeted therapy may not only be effective in the treatment of CMS4-
diagnosed tumors, but also in the adjuvant treatment of chemotherapy-surviving tumor 
residue of other colorectal cancer subtypes that gained a mesenchymal-like phenotype.
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S U P P L E M E N TA L  I N F O M AT I O N

Supplemental Table 1. The influence of (neo-) adjuvant therapy on the classification of paired tumors.

Primary tumor - Liver metastatis Concordant Epithelial - 
Mesenchymal

Mesenchymal - 
Epithelial

P-value

n=71 n=25 n=33

Chemotherapy before liversurgery

yes 11 10 8 0,04

no 60 15 25

Neoadjuvant chemotherapy

yes 5 1 7 0,044

no 66 24 26

Neoadjuvant Radiotherapy

yes 21 2 9 0,093

no 50 23 24

Adjuvant chemotherapy

yes 9 3 7 0,475

no 62 22 26
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Supplemental Table 2. Gene expression profiling after 5-FU treatment in vitro.

Genes UP or DOWN (p<e-6) after 6 cycles of 5-FU (n=5/group)
R-value Test p-value sublist

APOBEC3B -0,999 anova 4,95E-08 PRE < POST
BECN1 -0,999 anova 5,53E-08 PRE < POST
HIST1H2BD -0,999 anova 3,93E-08 PRE < POST
HIST1H2AC -0,999 anova 3,23E-08 PRE < POST
KRT23 -0,999 anova 6,05E-08 PRE < POST
ATL3 -0,999 anova 6,02E-08 PRE < POST
DNTTIP1 -0,999 anova 3,80E-08 PRE < POST
IFRD1 -0,998 anova 9,21E-08 PRE < POST
HDAC9 -0,998 anova 5,61E-08 PRE < POST
HIST1H4H -0,998 anova 2,01E-07 PRE < POST
UCA1 -0,998 anova 2,01E-07 PRE < POST
RUNX2 -0,998 anova 1,21E-07 PRE < POST
LINC00525 -0,997 anova 2,46E-07 PRE < POST
ANXA1 -0,997 anova 3,33E-07 PRE < POST
RANBP9 -0,997 anova 3,97E-07 PRE < POST
GULP1 -0,997 anova 3,42E-07 PRE < POST
SCGB2A1 -0,997 anova 3,86E-07 PRE < POST
HIST1H2BE -0,997 anova 2,81E-07 PRE < POST
DEGS1 -0,997 anova 4,03E-07 PRE < POST
PHLDA1 -0,997 anova 4,08E-07 PRE < POST
HSPB8 -0,997 anova 4,06E-07 PRE < POST
TBC1D23 -0,997 anova 4,06E-07 PRE < POST
MAP3K2 -0,997 anova 3,92E-07 PRE < POST
SAMD9 -0,997 anova 3,57E-07 PRE < POST
GJA3 -0,997 anova 3,20E-07 PRE < POST
PEA15 -0,996 anova 5,12E-07 PRE < POST
GPNMB -0,996 anova 5,83E-07 PRE < POST
SLC20A1 -0,996 anova 5,99E-07 PRE < POST
TJP1 -0,996 anova 6,11E-07 PRE < POST
ARL4C -0,996 anova 5,44E-07 PRE < POST
GEM -0,996 anova 4,44E-07 PRE < POST
C10orf10 -0,996 anova 5,15E-07 PRE < POST
AKAP12 -0,996 anova 5,10E-07 PRE < POST
BIRC3 -0,996 anova 4,50E-07 PRE < POST
CAV1 -0,996 anova 4,96E-07 PRE < POST
LYZ -0,996 anova 5,21E-07 PRE < POST
MOSPD1 -0,996 anova 4,96E-07 PRE < POST
PDP1 -0,996 anova 4,59E-07 PRE < POST
ETS1 -0,996 anova 4,92E-07 PRE < POST
CREBRF -0,996 anova 5,58E-07 PRE < POST
TNFRSF10D -0,996 anova 4,76E-07 PRE < POST
SDR16C5 -0,996 anova 5,79E-07 PRE < POST
EPAS1 -0,995 anova 8,12E-07 PRE < POST
CYR61 -0,995 anova 7,51E-07 PRE < POST
PLK2 -0,995 anova 6,55E-07 PRE < POST
KLF10 -0,995 anova 7,53E-07 PRE < POST
CXCL8 -0,995 anova 9,15E-07 PRE < POST
FAM50A -0,995 anova 7,43E-07 PRE < POST
EMP3 -0,995 anova 7,60E-07 PRE < POST
MMP7 -0,995 anova 7,46E-07 PRE < POST
SPINK1 -0,995 anova 8,56E-07 PRE < POST
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Genes UP or DOWN (p<e-6) after 6 cycles of 5-FU (n=5/group)
R-value Test p-value sublist

MDK -0,995 anova 7,86E-07 PRE < POST
MAX -0,995 anova 7,45E-07 PRE < POST
FEM1C -0,995 anova 8,99E-07 PRE < POST
SELENBP1 -0,995 anova 6,63E-07 PRE < POST
FGD6 -0,995 anova 6,61E-07 PRE < POST
ELK3 -0,995 anova 8,10E-07 PRE < POST
PMEPA1 -0,995 anova 6,45E-07 PRE < POST
CARD6 -0,995 anova 8,06E-07 PRE < POST
ZFAND2A -0,995 anova 8,17E-07 PRE < POST
RAB30 -0,995 anova 7,57E-07 PRE < POST
TNFSF15 -0,995 anova 8,18E-07 PRE < POST
ALDH1A3 -0,994 anova 9,74E-07 PRE < POST
CREM -0,994 anova 9,99E-07 PRE < POST
RRAGC -0,994 anova 9,44E-07 PRE < POST
RNF111 -0,994 anova 9,11E-07 PRE < POST
PGM2L1 -0,994 anova 9,87E-07 PRE < POST
KRT80 -0,994 anova 9,16E-07 PRE < POST
PHB2 0,994 anova 9,79E-07 PRE >= POST
PDXK 0,994 anova 9,60E-07 PRE >= POST
FAH 0,994 anova 9,51E-07 PRE >= POST
GMDS 0,994 anova 9,55E-07 PRE >= POST
SLCO1B3 0,994 anova 9,63E-07 PRE >= POST
PIR 0,994 anova 9,60E-07 PRE >= POST
HIBCH 0,994 anova 9,63E-07 PRE >= POST
DCPS 0,994 anova 9,69E-07 PRE >= POST
GALNT12 0,994 anova 9,44E-07 PRE >= POST
EBPL 0,994 anova 9,68E-07 PRE >= POST
HSD17B4 0,995 anova 8,27E-07 PRE >= POST
AKR1A1 0,995 anova 9,07E-07 PRE >= POST
SNRPD1 0,995 anova 8,02E-07 PRE >= POST
ABCB6 0,995 anova 7,46E-07 PRE >= POST
ATP2C2 0,995 anova 9,14E-07 PRE >= POST
NDUFAF3 0,995 anova 8,26E-07 PRE >= POST
SUCLG1 0,995 anova 7,35E-07 PRE >= POST
ECI2 0,995 anova 6,43E-07 PRE >= POST
SSR3 0,995 anova 8,17E-07 PRE >= POST
ST6GALNAC1 0,995 anova 7,93E-07 PRE >= POST
CYC1 0,996 anova 5,53E-07 PRE >= POST
GBAS 0,996 anova 5,60E-07 PRE >= POST
ASL 0,996 anova 4,98E-07 PRE >= POST
CLNS1A 0,996 anova 4,39E-07 PRE >= POST
NDUFS4 0,996 anova 5,45E-07 PRE >= POST
REG4 0,996 anova 4,46E-07 PRE >= POST
C8orf59 0,996 anova 5,02E-07 PRE >= POST
MVB12A 0,996 anova 5,98E-07 PRE >= POST
UGT1A6 0,996 anova 4,89E-07 PRE >= POST
ETHE1 0,997 anova 3,41E-07 PRE >= POST
ACAT1 0,997 anova 3,69E-07 PRE >= POST
AGR2 0,997 anova 3,91E-07 PRE >= POST
SLC18B1 0,997 anova 4,04E-07 PRE >= POST
AKR1B10 0,998 anova 5,44E-08 PRE >= POST
ADH5 0,998 anova 1,04E-07 PRE >= POST
RNPEP 0,999 anova 3,77E-08 PRE >= POST

Supplemental Table 2. Continued
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genes UP in liver mets WITH chemo (p<0.01)
THAP1 0,53 anova 9,57E-06
SEC22A 0,457 anova 7,00E-04
NDUFA13 0,445 anova 1,31E-03
SAR1A 0,444 anova 1,15E-03
PLCD3 0,442 anova 1,12E-03
DHX29 0,442 anova 8,81E-04
CASC4 0,439 anova 9,14E-04
MAS1 0,43 anova 1,23E-03
BCL2L10 0,426 anova 1,40E-03
COQ10B 0,42 anova 1,68E-03
CMTM6 0,418 anova 1,68E-03
MYL6 0,417 anova 1,67E-03
ENY2 0,416 anova 1,71E-03
RP11-884K10,5 0,414 anova 1,71E-03
CANX 0,412 anova 1,76E-03
BLOC1S2 0,411 anova 1,82E-03
KBTBD8 0,41 anova 1,88E-03
TRMT112 0,409 anova 1,88E-03
HPS6 0,408 anova 1,83E-03
MYADM 0,408 anova 1,86E-03
FCER1G 0,406 anova 1,80E-03
TNFAIP8 0,406 anova 1,83E-03
EHD4 0,406 anova 1,78E-03
MRPS16 0,406 anova 1,81E-03
TRAM1 0,405 anova 1,82E-03
MED31 0,405 anova 1,78E-03
SIRT1 0,404 anova 1,79E-03
C1QC 0,403 anova 1,85E-03
RBP2 0,401 anova 1,98E-03
TIGD5 0,4 anova 2,05E-03
DPH3 0,4 anova 2,08E-03
PLEKHO2 0,399 anova 2,10E-03
AC174470,1 0,399 anova 2,08E-03
POP4 0,398 anova 2,11E-03
TMED3 0,398 anova 2,12E-03
DCBLD2 0,395 anova 2,37E-03
C18orf32 0,395 anova 2,32E-03
FEM1B 0,394 anova 2,41E-03
ATP6V0E1 0,391 anova 2,75E-03
ABLIM3 0,391 anova 2,74E-03
MAML1 0,391 anova 2,78E-03
C3orf58 0,388 anova 2,95E-03
TYROBP 0,387 anova 3,10E-03
PEF1 0,387 anova 3,07E-03
ISLR 0,386 anova 3,12E-03
TLR5 0,385 anova 3,17E-03
C8orf83 0,384 anova 3,20E-03
SSPN 0,383 anova 3,22E-03
ZNF432 0,382 anova 3,46E-03
CACNA2D3 0,381 anova 3,48E-03
UBE2D2 0,38 anova 3,62E-03
ORMDL2 0,379 anova 3,65E-03

genes UP in liver mets WITH chemo (p<0.01)
LMOD1 0,379 anova 3,66E-03
SNX11 0,378 anova 3,75E-03
SCYL3 0,378 anova 3,75E-03
PHF23 0,378 anova 3,73E-03
ICOSLG 0,377 anova 3,88E-03
OSGIN2 0,376 anova 3,93E-03
TCEB1 0,375 anova 4,07E-03
C18orf21 0,374 anova 4,11E-03
CCDC90B 0,374 anova 4,12E-03
RNASEH2C 0,374 anova 4,11E-03
DDX50 0,373 anova 4,25E-03
ARRB2 0,373 anova 4,24E-03
DYNLT1 0,373 anova 4,20E-03
ACTR10 0,373 anova 4,21E-03
SCAMP1 0,37 anova 4,39E-03
EHD1 0,37 anova 4,43E-03
PJA2 0,37 anova 4,41E-03
BCL7C 0,369 anova 4,56E-03
MGP 0,368 anova 4,74E-03
CST3 0,367 anova 4,89E-03
SLC15A3 0,367 anova 4,87E-03
SLC17A6 0,367 anova 4,96E-03
CEBPD 0,366 anova 4,96E-03
C11orf10 0,366 anova 4,93E-03
AC138655,6 0,366 anova 4,99E-03
KRT76 0,365 anova 4,98E-03
ELANE 0,365 anova 5,02E-03
C1orf54 0,364 anova 5,11E-03
DCUN1D1 0,364 anova 5,08E-03
ANAPC13 0,364 anova 5,13E-03
PURA 0,363 anova 5,25E-03
SERTAD3 0,363 anova 5,25E-03
TIMM8B 0,363 anova 5,24E-03
MAF1 0,362 anova 5,32E-03
MFSD5 0,361 anova 5,52E-03
MGAT2 0,361 anova 5,61E-03
XRCC3 0,361 anova 5,64E-03
SPG21 0,36 anova 5,76E-03
MGST3 0,36 anova 5,73E-03
COX7A1 0,36 anova 5,75E-03
AARSD1 0,36 anova 5,72E-03
TNS1 0,359 anova 5,90E-03
NDUFB1 0,359 anova 5,89E-03
KPNA4 0,359 anova 5,81E-03
UBTD2 0,358 anova 5,94E-03
CNBP 0,358 anova 5,95E-03
ATP5H 0,358 anova 6,09E-03
GPR52 0,357 anova 6,09E-03
CCNJ 0,357 anova 6,13E-03
SERTAD1 0,356 anova 6,28E-03
RAF1 0,356 anova 6,26E-03
HNRNPF 0,355 anova 6,28E-03

Supplemental Table 3. Gene expression profiles after chemotherapy treatment in patients compared to 
gene expression profiles after 5-FU treatment in vitro. 
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genes UP in liver mets WITH chemo (p<0.01)
RRAS 0,355 anova 6,29E-03
THAP11 0,355 anova 6,30E-03
NOL6 0,355 anova 6,27E-03
NDUFB8 0,355 anova 6,28E-03
ARF6 0,354 anova 6,49E-03
ZBBX 0,354 anova 6,31E-03
EXOSC4 0,354 anova 6,33E-03
NDUFA2 0,353 anova 6,66E-03
TMEM176B 0,353 anova 6,54E-03
PTPN18 0,352 anova 6,65E-03
RP11-187C18,3 0,352 anova 6,64E-03
HK1 0,351 anova 7,10E-03
CORO1B 0,35 anova 7,24E-03
RABAC1 0,35 anova 7,32E-03
MRPS28 0,35 anova 7,19E-03
STAT2 0,35 anova 7,28E-03
LHFPL2 0,35 anova 7,27E-03
DUSP4 0,349 anova 7,26E-03
DYNC1H1 0,349 anova 7,30E-03
SNAP23 0,349 anova 7,42E-03
GLIS2 0,348 anova 7,44E-03
SKP1 0,348 anova 7,48E-03
TNKS1BP1 0,346 anova 7,98E-03
RP4-761I2,2 0,346 anova 7,88E-03
GLIPR1 0,346 anova 7,92E-03
TMEM50B 0,345 anova 8,33E-03
SOX18 0,345 anova 8,34E-03
AC091196,1 0,344 anova 8,55E-03
SSR3 0,343 anova 8,66E-03
RBP7 0,343 anova 8,66E-03
CESK1 0,343 anova 8,61E-03
C6orf72 0,343 anova 8,62E-03
EXOC6 0,342 anova 9,00E-03
PTPRA 0,341 anova 9,32E-03
TBCB 0,341 anova 9,27E-03
VPS4B 0,341 anova 9,31E-03
CR2 0,34 anova 9,37E-03
U47924,1 0,34 anova 9,32E-03
TRMT61A 0,34 anova 9,54E-03
STARD3NL 0,339 anova 9,77E-03
THTPA 0,339 anova 9,77E-03
RASSF8 0,339 anova 9,75E-03
FBXO8 0,339 anova 9,70E-03
MARK2 0,339 anova 9,78E-03
ADAM29 0,339 anova 9,70E-03
C11orf73 0,339 anova 9,73E-03
DARC 0,338 anova 9,76E-03
EPB41L1 0,338 anova 9,79E-03
GMFB 0,338 anova 9,81E-03
CYP1B1 0,338 anova 9,78E-03

genes DOWN in liver mets WITH chemo (p<0.01)
XXbac-
BPG154L12,4 -0,468 anova 6,42E-04
AGPAT5 -0,463 anova 6,33E-04
ZNF91 -0,442 anova 9,82E-04
PLA2G6 -0,441 anova 8,35E-04
KBTBD6 -0,437 anova 8,99E-04
RBM11 -0,437 anova 8,53E-04
NPIP -0,426 anova 1,46E-03
UBAP2L -0,421 anova 1,77E-03
RHOD -0,42 anova 1,75E-03
LGTN -0,42 anova 1,81E-03
AC002115,6 -0,419 anova 1,64E-03
AC068288,1 -0,417 anova 1,66E-03
PNN -0,415 anova 1,74E-03
SEC16A -0,413 anova 1,76E-03
RP11-111G23,1 -0,413 anova 1,78E-03
WASF2 -0,413 anova 1,73E-03
D2HGDH -0,409 anova 1,87E-03
EXOC7 -0,408 anova 1,90E-03
FOXK1 -0,407 anova 1,84E-03
ATG9B -0,407 anova 1,84E-03
CCDC144A -0,403 anova 1,85E-03
ZNF202 -0,402 anova 1,94E-03
GPR84 -0,4 anova 2,05E-03
GANAB -0,398 anova 2,12E-03
PMS2L2 -0,397 anova 2,21E-03
LOXL2 -0,394 anova 2,46E-03
C2orf29 -0,392 anova 2,69E-03
C16orf70 -0,39 anova 2,77E-03
POLE -0,389 anova 2,86E-03
NCAPD2 -0,388 anova 2,97E-03
SNORD107 -0,388 anova 2,99E-03
ASRGL1 -0,387 anova 3,06E-03
DUSP7 -0,386 anova 3,13E-03
DZIP1L -0,386 anova 3,13E-03
FNBP4 -0,385 anova 3,14E-03
MAN1A1 -0,384 anova 3,25E-03
SFRS16 -0,384 anova 3,22E-03
CMTM8 -0,384 anova 3,21E-03
MRPL37 -0,382 anova 3,40E-03
SMCR8 -0,382 anova 3,37E-03
ZNF85 -0,381 anova 3,50E-03
UPK3B -0,38 anova 3,66E-03
DHX15 -0,38 anova 3,60E-03
CCL25 -0,379 anova 3,66E-03
KIAA0907 -0,378 anova 3,73E-03
AC008073,1 -0,377 anova 3,89E-03
CYLC2 -0,376 anova 3,91E-03
PDCL -0,376 anova 3,93E-03
SNORA48 -0,376 anova 3,95E-03
PRPF4 -0,375 anova 4,08E-03
DNASE1 -0,375 anova 4,06E-03
RAB3GAP2 -0,374 anova 4,08E-03

Supplemental Table 3. Continued
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genes UP in liver mets WITH chemo (p<0.01)
SLC25A3 -0,373 anova 4,26E-03
DNMBP -0,372 anova 4,23E-03
CHCHD3 -0,372 anova 4,20E-03
NNT -0,371 anova 4,40E-03
AC139530,1 -0,371 anova 4,41E-03
CAMP -0,371 anova 4,41E-03
AC020915,1 -0,371 anova 4,41E-03
HMBOX1 -0,371 anova 4,41E-03
TMEM212 -0,37 anova 4,43E-03
ERAL1 -0,369 anova 4,62E-03
RP1-90K10,3 -0,368 anova 4,76E-03
XXyac-R12DG2,2 -0,367 anova 4,94E-03
LUC7L -0,366 anova 4,95E-03
TNFRSF10B -0,366 anova 5,00E-03
C3orf49 -0,366 anova 4,93E-03
CLC -0,365 anova 5,05E-03
CELSR3 -0,365 anova 5,01E-03
UBE2I -0,365 anova 5,00E-03
CWC25 -0,364 anova 5,09E-03
PITRM1 -0,364 anova 5,11E-03
AC015871,1 -0,364 anova 5,07E-03
SNAPC4 -0,363 anova 5,25E-03
CPT2 -0,362 anova 5,37E-03
AC018696,2 -0,361 anova 5,60E-03
AL669831,1 -0,36 anova 5,76E-03
EXOSC5 -0,358 anova 5,98E-03
POLD2 -0,358 anova 5,96E-03
ATP4A -0,357 anova 6,09E-03
SRSF1 -0,357 anova 6,17E-03
XRCC2 -0,357 anova 6,11E-03
GMNN -0,357 anova 6,07E-03
ZFP42 -0,357 anova 6,07E-03
TMEM8B -0,356 anova 6,26E-03
OGFOD2 -0,356 anova 6,12E-03
INSL3 -0,356 anova 6,15E-03
YTHDC1 -0,356 anova 6,28E-03
TUBE1 -0,355 anova 6,31E-03
C8B -0,355 anova 6,27E-03
PARP6 -0,355 anova 6,32E-03
AC008268,3 -0,355 anova 6,29E-03
SUGP2 -0,354 anova 6,31E-03
RP11-163O17,1 -0,353 anova 6,53E-03
TIA1 -0,353 anova 6,51E-03
RBP5 -0,353 anova 6,52E-03

genes UP in liver mets WITH chemo (p<0.01)
KIAA0556 -0,352 anova 6,85E-03
AMPD2 -0,352 anova 6,88E-03
KARS -0,351 anova 6,91E-03
GABRE -0,351 anova 7,12E-03
SFRS18 -0,35 anova 7,30E-03
SLC30A5 -0,349 anova 7,28E-03
TIGD1L -0,349 anova 7,28E-03
OR8D1 -0,349 anova 7,30E-03
ASCL1 -0,348 anova 7,51E-03
NR0B2 -0,348 anova 7,47E-03
CIDEB -0,348 anova 7,48E-03
XRCC5 -0,348 anova 7,41E-03
USP24 -0,347 anova 7,77E-03
NOP2 -0,347 anova 7,65E-03
LHB -0,347 anova 7,74E-03
KNTC1 -0,346 anova 7,93E-03
ACTR2 -0,346 anova 7,89E-03
SIN3B -0,345 anova 8,13E-03
TCP11L1 -0,345 anova 8,35E-03
RRP1B -0,345 anova 8,29E-03
CEACAM3 -0,344 anova 8,45E-03
TRIM56 -0,344 anova 8,50E-03
C3orf30 -0,344 anova 8,50E-03
SNAPC1 -0,343 anova 8,58E-03
GNAZ -0,343 anova 8,59E-03
TRMT2B -0,343 anova 8,64E-03
ACO1 -0,342 anova 8,91E-03
HSPA8 -0,342 anova 8,91E-03
C9 -0,341 anova 9,26E-03
MYSM1 -0,341 anova 9,24E-03
PAN2 -0,341 anova 9,27E-03
AC145146,1 -0,34 anova 9,55E-03
WASH4P -0,34 anova 9,35E-03
TAOK1 -0,339 anova 9,67E-03
TMTC2 -0,339 anova 9,73E-03
LYL1 -0,338 anova 9,79E-03
ARGLU1 -0,338 anova 9,78E-03
WDR85 -0,338 anova 9,78E-03
GALNT3 -0,338 anova 9,76E-03
LARP1 -0,338 anova 9,80E-03
KRT15 -0,337 anova 9,96E-03
AL133153,1 -0,337 anova 9,95E-03
PSG8 -0,337 anova 9,98E-03

Supplemental Table 3. Continued
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A B S T R A C T

Primary human colorectal tumors with a high stromal content have an increased capacity 
to metastasize. Cancer-associated fibroblasts (CAFs) promote metastasis, but the 
contribution of other stromal cell types is unclear. Here we searched for additional stromal 
cell types that contribute to aggressive tumor cell behavior. Using the ‘immunome 
compendium’ – a collection of gene signatures identifying specific immune cell-types – we 
show that macrophage signatures are most strongly associated with a high CAF content 
and with poor prognosis in multiple large cohorts of primary tumors and liver metastases. 
Co-culturing macrophages with patient-derived colonospheres promoted ‘budding’ of 
small clusters of tumor cells from the bulk. IHC showed budding tumor clusters in stroma-
rich areas of T1 colorectal carcinomas surrounded by macrophages. 
In vitro budding was accompanied by reduced levels of the tight junction protein occludin 
(OCLN) and increased nuclear accumulation of β-catenin, but unchanged OCLN mRNA 
levels and EMT markers. Mechanistically, macrophages induced nuclear factor kappa B 
(NFkB)-dependent expression of matrix metalloproteases (MMP)-7 and 9, leading to 
occludin degradation. The MMP inhibitor Batimastat and the NFκB inhibitor Sanguinarine 
prevented occludin degradation and budding. 
We conclude that macrophages contribute to the aggressive nature of stroma-rich colon 
tumors by promoting an NFκB/MMP pathway that leads to tight junction disruption. 
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I N T R O D U C T I O N 

Traditional staging of human colorectal cancer is not sufficiently informative to predict 
the formation of distant metastases in patients with localized disease. The histopathological 
features that are currently used as indicators of potentially aggressive disease include 
lymphovascular invasion, a poor differentiation grade, and – in T1 colorectal carcinomas 
– deep submucosal invasion (≥1,000 µm) and ‘tumor budding’, i.e. the presence of small 
clusters of tumor cells in the stroma at the invasive front. [136, 137] Large scale DNA 
analysis has so far failed to identify (patterns of) mutations in specific genes that are 
associated with metastasis or with histopathological features. 
Gene expression profiling and RNA sequence analysis shows that recurrent patterns of 
gene expression can be used to define a limited number of ‘molecular subtypes’ in 
colorectal cancer.[26, 27, 30-33] Currently, four consensus molecular subtypes (CMS1-4) 
are recognized.[34] Moreover, RNA-based tumor classification shows a clear relationship 
with disease free survival.[26, 27, 30-34] The most aggressive subtype (CMS4) shows 
atypical expression of mesenchymal genes [34], which is largely due to a high stromal 
content.[47, 48] Stromal fibroblasts play a causative role in the metastatic process [50], 
but the potential contribution of other non-cancer cells to the aggressive behavior of 
stroma-rich CMS4 tumors is unknown. 
The tumor microenvironment contains many different cell types, including immune cells. 
In general, systemic and regional inflammatory responses can play an important role in 
the pathogenesis of cancer and metastatic tumor progression.[52, 53] Indeed, the CMS4 
subtype also shows signs of infiltration by immune cells [138], but how and whether this 
is related to the aggressive behavior of these tumors is not clear. Tumor-infiltrating immune 
cells can have anti- or pro-tumorigenic effects. For instance, tumors with high levels of 
infiltrating T cells (i.e. a high ‘immunoscore’) have a lower chance of distant metastasis. On 
the other hand, different types of immune cells have also been shown to release various 
proinflammatory, proangiogenic and prometastatic mediators.[139-141] One type of 
immune cell showing this type of dichotomy of function is the tumor-associated 
macrophages (TAMs), which are also a major component of the immune-infiltrate of most 
tumors.[142, 143] Depending on signals from the tumor microenvironment, TAMs can 
polarize towards a tumor-suppressing M1 phenotype (fostering a TH1 response and the 
generation of anti-tumor immunity) or towards a tumor-promoting M2 phenotype.[144] 
The literature on the role of TAMs in colorectal cancer is ambivalent, with studies showing 
a tumor promoting function [145] and studies showing a tumor suppressive function [146].
The presence of immune cells in human tumor tissue is traditionally analyzed by IHC using 
specific immune cell markers. In addition, RNA profiles of unsegregated tumor tissue can 
also be used to infer the presence of immune cell types in tumors. Highly restricted gene 
expression signatures in specific immune cell types form the basis for such analyses.  
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A collection of such signatures, the ‘immunome compendium’, can be used to interrogate 
the immune landscape of human colorectal cancer and other cancers.[147]                  
In the present manuscript, we have used the immunome compendium to show that 
macrophage signatures are highly expressed in aggressive subtypes of primary colorectal 
tumors and liver metastases (LM). Co-culture experiments reveal that macrophages trigger 
a ‘budding-type’ invasion pathway involving NF_B-induced expression of matrix 
metalloproteases (MMPs) and MMP-mediated degradation of tight junctions. 

M AT E R I A L S  A N D  M E T H O D S 

Cell culture 
Monocyte-derived macrophages (MDMs) were prepared as previously described.[148] In 
brief, peripheral blood mononuclear cells (PBMCs) were isolated from venous blood 
obtained from adult healthy donors by gradient centrifugation using Ficoll-Paque Plus 
(GE Healthcare, Uppsala, Sweden). Monocytes were isolated from the PBMC suspension 
by gradient centrifugation using Percoll® (GE Healthcare, Uppsala, Sweden). The cells 
were taken up in RPMI 1640 medium containing 1% FCS, 1% Ultraglutamine and 1% 
PenStrep with a density of 0.35x106cells/ml. After 1 hour of adhering, the non-adherent 
cells were washed away and the remaining monocytes were cultured in RPMI 1640 
medium containing 10% FCS, 1% Ultraglutamine and 1% PenStrep and stimulated with 
M-CSF (R&D Systems, Minneapolis, USA) 25 ng/ml for 8 days. For further polarization of 
the macrophages to a M2 phenotype, stimulation with interleukin-10 (Peprotech, Rocky 
Hill, USA) 10 ng/ml 48 hours followed. 
Patient-derived colonosphere lines were established as described before.[59] The 
colonospheres are cultured in non-adherent 10 cm dishes in Stem Cell Medium with 10 
ng/mL b-FGF (Abcam), which is refreshed twice a week. All cell culture was carried out 
at 37° C in a 5% CO2 humidified incubator.

Bioinformatics Analyses
We used our previously generated dataset containing gene expression profiles of 119 liver 
metastases deposited at Array Access E-TABM-1112 and we used a dataset containing 
gene expression profiles of 3232 primary colorectal tumors described before.[34] These 
datasets were uploaded into the R2 Genomics analysis and visualization platform (http://
r2.amc.nl) for the various types of analyses described in the text.  

Western Blot
Lysates were prepared either in RAS lysis buffer (20 mmol/L HEPES pH 7.4, 1% Nonidet 
P-40, 150 mmol/L NaCl, 5 mmol/L MgCl2, and 10% glycerol) or in Leamli buffer (10% 
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glycerol, 2% SDS, 63 mM Tris-HCl pH 6.8). Nuclear proteins were extracted with nuclear 
extraction buffer (25mM HEPES pH 7.4, 500mM NaCl, 5mM MgCl2, 1mM DTT, 0.2% NP-40, 
10% Glycerol, Protease/Phosphatase inhibitors). Equal amounts of protein were loaded 
on NuPAGE Novex Bis-Tris Mini Gel (Invitrogen) and were analyzed by Western blotting.

Immunofluorescence 
Cells were harvested and fixed in PBS containing 4% of formaldehyde and permeabilized 
with ice-cold (−20°C) methanol. Cells were blocked in PBS containing 0.1% Tween and 
5% BSA; cells were incubated with primary antibodies Pancytokeratin (MA5-13156, Pierce 
Antibodies), β-catenin (9582, Cell Signaling), Occludin (33-1500, Life Technologies), JAM-A 
(sc-25629, Santa Cruz), MMP-9 (ab38898, Abcam) overnight at 4°C. Cells were 
subsequently washed and incubated with secondary antibodies (goat anti-rabbit Alexa 
Fluor568, and goat anti-mouse Alexa Fluor647; Invitrogen) for 1 hour at room temperature. 
DAPI (0.5 μg/mL) was used to stain the nuclei. Prolong gold was added to preserve the 
fluorescent signal and to fix the slides. Pictures were analyzed with Imaris software. 

Immunohistochemistry
Slides were created by transverse sectioning (4µm). The paraffin-embedded slides were 
deparaffinated with xylene and rehydrated through a series of ethanol concentrations. 
Endogenous peroxidase activity was blocked by incubating in 0.3% H2O2 in methanol at 
room temperature for half an hour, after which antigen retrieval was achieved by heating 
the slides in a citrate buffer, pH 6.0, for 20 minutes; followed by cooling in the same buffer 
for 20 minutes. The slides were incubated with a diluted primary antibody overnight at 
4°C or for 1 hour at room temperature. Incubation with an undiluted secondary antibody 
(Brightvision®) for 30 minutes followed. Rinsing between steps was performed with PBS. 
The slides were developed with DAB and counterstained with Mayers’ hematoxylin. 
Hereafter, the slides were dehydrated and mounted with cover slips. The following primary 
antibodies were used: CD68 (333801, Biolegend), CD163 (321101, Biolegend), 
Pancytokeratin (MA5-13156, Pierce Antibodies), E-cadherin (610182, BD Biosciences), 
β-catenin (9582, Cell Signaling), MMP-9 (ab38898, Abcam). Slides were digitized and 
analyzed via Aperio ImageScope or ImageJ/Fiji when appropriate. For the 
immunohistochemical stainings of CD68, CD163 and MMP9, Fiji was used to separate out 
the DAB staining using the Color Deconvolution application (Vector: H DAB). Afterwards, 
the Auto Threshold plugin was applied to binarize the images [149] for further analysis. 

FACS
The expression of a panel of cell surface markers was analyzed using a FACS Calibur (BD 
Biosciences, San Diego, USA). After harvesting the cells, antibody incubation steps were 
carried out at 4°C for 30 min in PBS + 1% BSA + 0.1% sodium azide + 1% rabbit serum. 
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Dead cells were excluded using viability marker SYTOX (ThermoFisher). Antibodies used 
were CD68-FITC (EBM11, DAKO, Denmark), CD86-PE (Clone IT2.2, BD Biosciences), 
CD163-PERCP-CY5.5 (clone GHI/61, Biolegend, San Diego, USA), CD14 APC-AF750 (clone 
RMO52, Beckman Coulter, Brea, USA), CD206-PC-7 (clone 3.29B1.10, Beckman Coulter) 
and CD16-APC (clone 3G8, Life technologies, Frederick, USA). 
For FACS-based cell cycle analysis, cells were incubated for 30 minutes with 1μM BrdU at 
37°C. Bromodeoxyuridine (BrdU)-positive cells were detected with an anti-BrdU-FITC 
antibody (BD Bioscience) according to the manufacturer’s protocol. For determination of 
DNA content 10μg/ml propidium iodide (PI) was added in the presence of 250 μg/ml 
RNase.

Colony forming assay
Harvested cells were made single cell via trypsinization, washed with PBS and were 
filtered through a 40-µm cell strainer. Cells were plated in Matrigel in a concentration of 
100 GFP+ cells/well, Medium was refreshed twice a week. Two weeks after plating, GFP+-
colonospheres were counted.

RT-qPCR (Real time quantitative polymerase chain reaction )
Total RNA was isolated according to the manufacturer’s protocol (RNeasy Mini Kit, Qiagen) 
from colonosphere cell lines. cDNA was synthesized from 500 ng of total RNA using iScript 
cDNA Synthesis Kit (Bio-Rad Laboratories). Next, cDNA was diluted 20-fold and 5 µl was 
used for cDNA amplification. The amplification was performed in an iCyclerthermocycler 
(Bio-Rad Laboratories) using iQ SYBR Green Supermix (Bio-Rad Laboratories). mRNA 
expression levels were quantified using iCycler software (Bio-Rad Laboratories) and were 
normalized to B2M. 

Statistical analysis
P-values less than 0.05 were considered statistically significant. All statistical analyses 
were performed using SPSS 23.0 software or GraphPad Prism version 6.00 for Windows 
(GraphPad Software, San Diego California USA, www.graphpad.com).

R E S U LT S

High expression of macrophage signatures in aggressive subtypes of primary 
colorectal tumors and liver metastases   
A high content of CAF contributes extensively to the mesenchymal phenotype of aggressive 
colon cancer.[47-49] The co-expression of mesenchymal signatures with signatures 
reflecting inflammation [138] suggests that certain immune cells may be enriched in 
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stroma-high colon tumors and that, if this is indeed the case, they may contribute to their 
aggressive behavior. To test this hypothesis, we made use of the ‘immunome compendium’, 
a collection of gene sets reflecting the presence of specific immune cells that can be used 
to investigate the immune landscape of (colon) tumors.[147] We first tested the correlation 
of each specific immune cell signature with a signature reflecting high CAF content [150] 
in two large primary colon cancer cohorts and a liver metastasis cohort. In all three cohorts 
the signature reflecting the presence of macrophages was most strongly correlated with 
the CAF signature (Table 1). 
Efforts to classify human primary colon tumors into ‘molecular subtypes’ have resulted 
in a classification system comprising 4 Consensus Molecular Subtypes (CMS1-4).[34] Of 
these subtypes, CMS4 is characterized by a high stromal content and a poor prognosis. 
We found that the macrophage signature was most strongly correlated with the classifier 
genes that positively identify CMS4 (Table 1). In line with this, the macrophage signature 
identified a poor-prognosis subgroup of primary human colorectal tumors (Figure 1A). 
The major contributor in this macrophage signature poor-prognosis subgroup is the CMS4 
subtype (Figure 1B). The classification studies have so far been limited to primary 
colorectal tumors. To investigate the existence of molecular subtypes in colorectal liver 
metastases we analyzed gene expression data of a cohort of 119 liver metastases (LM) 
[128] by unsupervised clustering. This generated three independent subgroups (LM1-3) 
of which one (LM3) had a poorer prognosis when compared to the two other subgroups 
(p<0.001; Figure 2A). The difference in overall survival was even more pronounced when 
restricting the analysis to chemotherapy naïve patients (p<0.001; Figure 2B). Interestingly, 
the signature genes identifying CAFs, macrophages and CMS4 were significantly enriched 
in LM3 indicating that LM3 resembles CMS4 (Figure 2C). Moreover, analysis of the 
immunome compendium in relation to the LM subtypes revealed that macrophages were 
highly enriched in LM3, as they are in CMS4, while their presence was negatively correlated 
with LM1 and LM2 (Figure 2D)

M2-macrophages cause tumor cell budding from the colonosphere bulk.
To study the influence of macrophages on colorectal tumor cells, we set up a co-culture 
system for macrophages and patient-derived colonospheres (L145 and L169; derived as 
described before by Emmink et al [59]). Monocytes from healthy donors were isolated 
and differentiated into M2-macrophages via IL-10 stimulation (Supplemental Figure 1). 
Co-culturing these macrophages with colonospheres in suspension for 48 hours caused 
adherence of the tumor cells to the dish and induced tumor cell spreading (Figure 3A). 
Moreover, small tumor cell clusters detached from the colonosphere bulk (Figure 3B). We 
next tested whether the ‘budding’ phenomenon was dependent on cell-cell interaction or 
whether soluble secreted factors were sufficient. We consistently found that macrophage-
conditioned medium had a minor but reproducible stimulating effect on budding, which 
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was far less pronounced than the effect observed in the co-cultures. Next, we assessed 
whether the macrophage-induced increase in tumor cell adherence and budding was an 
indirect effect caused by enhanced proliferation. To this end, we simultaneously performed 
adherence and proliferation assays. This revealed a 5.5- and 3.2-fold macrophage-induced 
increase in the adherence of small tumor clusters (≤ 5 cells) after 24 and 48 hours co-
culturing respectively (p=<0.001), in the absence of a measurable effect on proliferation 
(BrdU-positive cells; Figure 3C).  
To further study a potential association of macrophages with tumor budding, we analyzed 
T1 colorectal carcinomas (n=10) as the invasive front and tumor core are on the same 
slide with IHC. The invasive front in these tumors can be easily identified with a 
pancytokeratin staining. High numbers of budding cells at the invasive front have been 
associated with poor prognosis and a tendency to metastasize.[136, 137] The invasive 
front, especially regions where budding cells were identified, showed a strong enrichment 
in CD68- and CD163-positive macrophages when compared to the tumor core (5-fold 
(p<0.001) and 3-fold (p= 0.005 respectively; Figure 3D).   

MΦ-HIGH

MΦ-INTERMEDIATE

MΦ-LOW

MΦ-high MΦ-int. MΦ-low

Figure 1 A macrophage signature identi�es a poor prognosis subgroup of human colorectal cancer

A B

Figure 1. A macrophage signature identifies a poor prognosis subgroup of human colorectal cancer.
 A) The macrophage signature of the immune compendium was used to cluster the tumors of the CIT566 cohort into 
three groups by k-means clustering (http://r2.amc.nl): Macrophage high (n=142), intermediate (n=264) and low 
(n=396). The Kaplan Meier curve shows the differences in disease-free survival of the three subgroups. The inset 
shows the signature expression levels in the three subgroups. B) Bar graphs showing the contribution of the four 
CMS subtypes to macrophage -high –intermediate and –low subgroups in the CMS-3232 cohort. The CMS 
classification was derived from Guinney et al. [34] 
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Figure 2. a poor prognosis subgroup of colorectal liver metastases is characterized by high expression of 
a macrophage signature.
A) Gene expression profiles of 119 colorectal liver metastases were used for unsupervised clustering, yielding three 
‘molecular subtypes’ (LM1-3). The figure shows Kaplan Meier curves of LM1-3 (log rank test p<0.001) B) Survival 
curve of the chemo-naive patients (n=55), log rank test p<0.001. C Box-whisker plots showing the gene signature 
expression of cms4, stroma and macrophage signatures in the LM subgroups (all tested with Anova, p<0.001). D) 
Correlation of gene signatures corresponding with cell types in the tumor microenvironment and LM3, p-values are 
depicted as a – log 10 scale per R-value. 
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Macrophages increase tumor ‘stemness’
An increase in stem cell capacity has been linked to colon cancer aggressiveness.[50, 151] 
Therefore, we tested whether macrophages can influence parameters of cancer stemness. 
We found that macrophages induced increased expression of the stem cell markers OCT4 
(organic cation transporter 4) and OLFM4 (Olfactomedin4), and decreased expression of 
the differentiation marker CK-20 (Figure 4A). Furthermore, macrophages induced 
translocation of β-catenin from cell-cell junctions to the nucleus (Figure 4B). Finally, co-
culturing with macrophages caused a significant increase in the regenerative, clone-
forming, capacity of tumor cells (L145 p=0.002 & L169 p<0.001; Figure 4C). Macrophages 
alone did not form colonies. In addition, when analyzing the expression of β-catenin in 
T1 colorectal carcinomas, IHC showed increased nuclear β-catenin staining (almost 2-fold, 
p=0.003) in budding cells at the invasive front compared to the tumor core (Figure 4D). 
Together the results suggest that macrophages promote a more stem-like phenotype in 
nearby tumor cells. 

Macrophages induce loss of tight junction proteins at tumor cell-cell contacts
As tumor cell budding would necessitate cells separating from the bulk, this could indicate 
an effect on cell-cell junctions. Therefore, we examined whether tight junctions were affected 
during tumor cell budding. Western Blot analysis of total lysates showed a macrophage-
induced decrease in the tight junction protein occludin (Figure 5A). Furthermore, 
immunofluorescence analysis confirmed an overall strongly reduced intensity of occludin 
and JAM-A levels between cancer cells (Figure 5B, C), suggesting reduced tight-junction 
mediated cell-cell adhesion. RT-qPCR analysis showed that macrophages did not affect 
occludin RNA levels (Figure 5D), suggesting regulation at the (post-) translational level. 

MMPs control macrophage-induced loss of tight junction proteins and budding 
MMPs are involved in extracellular matrix remodeling in physiological and pathological 
processes. Increased MMP activity can also contribute to the disassembly of intercellular 
junctions.[152] Western blot analysis of MMP-7 and MMP-9 expression showed that 
macrophages express MMP-9 but not MMP-7. Co-culturing macrophages with tumor cells 
caused increased expression of MMP-7 and MMP-9 in the tumor cells (Figure 6A-B). 
Furthermore, an increase in MMP-9 expression was also seen around the budding cells at 
the invasive front of T1 colorectal carcinomas (Figure 6C). The percentage of area of MMP-
9 staining was increased 5-fold (p=0.012) at the invasive front compared to the tumor 
core. These data show that the macrophage-MMP axis is likely to operate particularly in 
the invasive front of colorectal carcinomas. Next, we used Batimastat, an inhibitor of MMP 
activity, which binds the zinc ion in the active site of MMPs [153], to investigate a potential 
role for MMP activity in mediating the loss of tight junction proteins induced by 
macrophages. We found that Batimastat completely prevented macrophage-induced loss 
of occludin protein levels (Figure 6D). Strikingly, Batimastat also prevented macrophage-
induced tumor cell budding and clone formation (Figure 6E, F).
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Figure  3 M2-Macrophages cause tumor cell budding from the colonosphere bulk
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� Figure 3. M2-macrophages cause tumor cell budding from the colonosphere bulk. 
A) Representative images of bright field microscopy of the mono-cultures and co-cultures are shown in the upper 
panel. Green fluorescent images to identify tumor cells are shown in the lower panel, 10x magnification on EVOS 
microscope; scale bars indicate 400 µm. B) Adherence assay showing the number of small cell clusters (≤5 cells) 
per condition; unpaired t-test, p=<0.001. C) Proliferation of colonospheres measured on FACS Caliber after a BrdU 
pulse chase experiment. D) Representative bright field microscopy images of the invasive front and the tumor core 
of T1-tumors using the immunohistochemical stainings Pan-cytokeratin (tumor cells), CD68 and CD163 (macrophages). 
Quantification of immunohistochemical stainings, depicted as percentage of area on the left CD68 and on the right 
CD163; n=10, bar graphs show mean and SD.

Figure 4  Macrophages increase tumor “stemness”
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Figure 4. Macrophages increase tumor “stemness”.
A) Western Blots of whole cell lysates showing CK-20, OLFM4 and OCT4 expression, with GFP, H3 and β-actin as 
loading controls. B) Representative confocal microscopy images of β-catenin, 20 x magnification. The graph shows 
the quantification of the nuclear versus cytoplasmic β-catenin ratio measured in pancytokeratin positive cells. C) 
Clone forming capacity assays for mono- and co-cultures. D) Representative bright field microscopy images and 
quantification of immunohistochemical nuclear β-catenin staining in T1 carcinoma invasive front and tumor core.
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A role for NFκB in macrophage-induced tumor cell budding
To further analyze the mechanism of macrophage-induced tumor cell budding we used 
the immune compendium macrophage signature to cluster several large tumor cohorts 
into subgroups (macrophage low-intermediate-high). We next identified the genes that 
were differentially expressed between macrophage-high and macrophage-low tumors. 
The promoters of these genes were subsequently analyzed for enrichment of specific 
transcription factor binding sites. This analysis revealed that NFkB-controlled genes were 
strongly enriched in macrophage-high tumors in all cohorts analyzed (Table 2). Moreover, 
a published NFkB target gene signature [154] was significantly higher expressed in the 
mesenchymal-like tumor subgroups LM3 and CMS4 (Figure 7A) and as we would expect 
in the inflammatory group CMS1. Western blot analysis showed that NFkB p65 expression 
in tumor cells increased following co-culture with macrophages (Figure 7B). NFkB 
signaling facilitates malignant transformation of differentiated cells [155] and is high in 
the invasive front of human colorectal tumors [156]. Therefore, we hypothesized that 
NFkB signaling could play a role in the budding process induced by macrophages. To test 
this, we co-cultured tumor cells and macrophages in the presence or absence of the NFkB-
inhibitor Sanguinarine.[157] Similar to the MMP inhibitor Batimastat, we found that 
Sanguinarine interfered with the decrease of occluding protein expression in the co-
cultures as well as with tumor budding (Figure 7D).   

Table 2. NFκB target gene enrichment in Macrophage-high tumor subgroups.

Differentially expressed
genes

NFκB rank NFκB target genes

Cohort G
ro

up
s

M
Φ
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IG
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LO

W

To
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l

R
el
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iv

e

U
P 

in
 M

Φ
 H

IG
H

U
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in
 M

Φ
 L

O
W

Fo
ld

P 
(2

x2
 

co
nt

in
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nc
y)

AMC-90 3 1425 7/270 0.96 383 165 2,321212 3,00E-05

CIT-566 3 4515 8/355 0.98 524 257 2,038911 4,90E-07

LM-199 2 2348 1/128 1.0 266 112 2,375 2,30E-05

TCGA-286 3 4391 11/562 0.98 656 102 6,431373 1,70E-11

The tumors of the indicated cohorts were clustered into 2 or 3 groups using the macrophage signature of the immune 
compendium. Differentially expressed genes between MF-HIGH and MF-LOW subgroups were then identified in R2. 
Transcription factor binding site analysis of the differentially expressed genes in all cohorts revealed a strong 
enrichment for NFκB target genes in all MF-HIGH groups.
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Figure 5 Macrophages induce loss of tight junction proteins at tumor cell-cell contacts
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Figure 5. Macrophages induce loss of tight junction proteins at tumor cell-cell contacts. 
A) Western blot of whole cell lysates showing occludin expression in mono- and co-cultures. B) Representative 
confocal microscopy pictures of immunofluorescence experiments for Occludin, with quantification of the fluorescent 
signal in the colonospheres, 20 x magnification, n=7. C) Representative confocal microscopy pictures of 
immunofluorescence experiments for JAM-A, with quantification of the fluorescent signal in the colonospheres, 20 x 
magnification, n=7. D) Relative mRNA expression of Occludin in mono- and co-cultures. 
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Figure 6 MMP inhibition prevents loss of tight junction protein expression and tumor cell budding
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Figure 6. MMP inhibition prevents loss of tight junction protein expression and tumor cell budding.
A) Western Blots of whole cell lysates showing MMP-7 and MMP-9 expression in mono- and co-cultures, with GFP 
and β-actin as loading controls. B) Representative confocal microscopy images of MMP-9, 20 x magnification. The 
upper graph shows the quantification of MMP-9 measured in pancytokeratin positive cells, the tumor cells. The lower 
graph shows the quantification of MMP-9 measured in pancytokeratin negative cells, the macrophages. C) 
Representative bright field microscopy images (5x and 10x) of immunohistochemical staining of MMP-9 expression 
at the invasive front and tumor core of T1 carcinomas. D) Western blots of whole cell lysates showing occludin 
expression in mono- and co-cultures with or without Batimastat 10 µM treatment for 48 hours. E) Adherence assay 
showing the number of small cell clusters (≤5 cells) per condition with or without Batimastat 10 µM treatment for 48 
hours. F) Clone forming assay with or without Batimastat 10 µM treatment for 48 hours.
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D I S C U S S I O N

In the present study we provide evidence that macrophages promote tumor cell budding 
in aggressive colon tumors through MMP-mediated degradation of tight junction proteins. 
The loss of tight junction integrity is commonly observed during oncogenic transformation. 
For instance, tight junction protein levels are decreased in colon cancer tissue when 
compared to normal intestinal tissue [158] and are inversely correlated with tumor grade 
[159]. The maintenance of tight junctions could play a pivotal role in the prevention of 
metastasis. Indeed, the budding phenomenon that we have observed in macrophage-tumor 
cell co-cultures reflects histological tumor budding, which is strongly correlated with poor 
prognosis.[160] Apart from destabilizing cell-cell interactions the loss of tight junctions 
also results in disturbed epithelial polarity which facilitates multidimensional tumor cell 
extrusion from the epithelial layer and promotes both tumor mass formation and invasion.
[161, 162]  

Figure  7 A potential role for NFκB in macrophage-induced tumor cell budding
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Figure 7. A potential role for NFκB in macrophage-induced tumor cell budding.
A) Left box-whisker plot showing the gene signature expression of NFκB in the LM subgroups. Right box-whisker 
plot showing the gene signature expression of NFκB in primary colorectal tumors classified via the CMS-classification. 
B) Western Blots of whole cell lysates showing NFκB p65 expression, with GFP, H3 and β-actin as loading controls. 
C) Western blots of whole cell lysates showing occludin expression in mono- and co-cultures with or without 
Sanguinarine 1 µM treatment for 48 hours. D) Adherence assay showing the number of small cell clusters (≤5 cells) 
per condition with or without Sanguinarine 1 µM treatment for 48 hours. 
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Previous work has shown that paracrine chemokine signaling between tumor cells and 
macrophages can promote tumor cell migration in colon cancer.[163, 164] In T1-tumors 
there was a strong association between MMP-7 and nodal metastases in colon cancer.
[165] The macrophage-MMP-tight junction-axis described in the present report adds a 
novel dimension to the functional interplay between both cell types in the tumor 
microenvironment. Occludin degradation has previously been implicated in the disruption 
of endothelial and epithelial barriers: High ROS levels in the endothelium of cerebral 
micro-capillaries resulted in occludin cleavage in the presence of high levels of MMPs.
[166] Likewise, proteolytic cleavage of occludin by MMP-9 in the corneal epithelium 
disrupted barrier function through loss of tight junctions.[167] MMP-7 degrades laminin 
and type IV collagen to facilitate tumor invasion.[168, 169] However, MMPs play important 
roles in many different processes and their substrates are not limited to ECM components.
[170] Although the relevant substrates for MMP-7 and MMP-9 in colorectal cancer 
progression are currently not known, meta-analyses have shown that high expression of 
either protease strongly predicts poor overall survival.[171, 172] Our work further 
connects high MMP-7 and MMP-9 expression to occludin degradation, loss of tight 
junctions and tumor cell budding in colon cancer. MMP inhibitors have been developed 
for anti-cancer therapy but have largely failed in the clinic due to unacceptable toxicity 
and lack of specificity and activity.[173] The design and pre-clinical testing of more specific 
MMP inhibitors [174] may re-open the way to targeting metastasis through MMP 
inhibition.       
MMP-7 and MMP-9 are targets of the NFκB transcription factor.[175-177] We found a 
strong association of NFκB target gene expression with poor prognosis and with an 
aggressive macrophage-rich tumor phenotype. This is in line with studies showing that 
the activation of NFκB by prostaglandin E2 promotes [178] the formation of liver 
metastases and an increase in cancer stem cells.[178] NFκB also promotes tumor cell 
survival [179, 180] which may be especially relevant following detachment from 
neighboring cells. Factors that activate NFκB are over-expressed in tumor-macrophage 
co-cultures [181] Vice versa, inhibition of NFκB can prevent metastasis formation, either 
alone or in combination with 5-FU.[179, 181, 182] Together the studies point towards 
NFκB inhibition as a potentially effective strategy to suppress the budding phenotype and 
metastasis. The clinical development of NFκB inhibitors has been hampered by the central 
role that this transcription factor plays in innate and adaptive immunity, precluding long-
term inhibition of NFκB for therapeutic purposes.
Most targeted therapies have been developed against tumor cell-intrinsic pathways. 
However, stroma-targeting therapies have also been developed, including anti-angiogenic 
therapy. The VEGF-targeting antibody bevacizumab is now part of the standard treatment 
of metastatic colorectal cancer. More recently, the TAM has received attention as a bona 
fide target in the tumor microenvironment. Pre-clinical work in glioblastoma multiforme 
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models has shown that macrophage ‘re-education’ through CSF1R inhibition caused re-
polarization of TAMs towards an M1 phenotype, which dramatically increased survival, 
and regressed established tumors.[183] Unfortunately, in our experiments the CSF1R 
inhibitor BLZ-945 did not prevent macrophage-induced tumor cell budding, nor did it 
induce tumor cell killing (KT, unpublished results). Nevertheless, targeting TAMs through 
alternative pathways remains an attractive option for developing new treatment strategies 
against aggressive colon cancer.    
So far, the molecular classification of human colon cancer has been limited to primary 
tumors.[26, 27, 30-34] We provide evidence for the existence of a CMS4-like liver 
metastasis subtype (LM3). Both CMS4 and LM3 show high expression of mesenchymal 
genes indicating a high stromal content [48, 140] and/or a more mesenchymal nature of 
the neoplastic cells [49]. In addition, both subtypes show high expression of the 
macrophage signature and both subtypes are associated with a reduced survival 
probability. A further understanding of the pro-tumorigenic influence of macrophages on 
tumor progression may therefore be relevant for both early, local disease, and for 
metastatic cancer.  
In conclusion, our study has identified a novel macrophage-initiated NFκB-MMP pathway 
that causes loss of tight junction integrity and tumor budding. The co-culture system 
described here may serve as a new model system to investigate tumor budding in more 
detail, including for instance the influence of various cytokine/chemokine pathways, 
matrix components and additional stromal cell types. Such work should lead to the 
identification of potentially targetable pathways in the treatment of aggressive colon 
cancer subtypes. 
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S U P P L E M E N TA L  I N F O R M AT I O N
Supplemental �gure 1 Macrophage polarisation with IL-10
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Supplemental figure 1. Macrophage polarization with IL-10.
A) Isolation of CD14 positive monocytes from PBMCs. B) CD-marker expression after 8 days of M-CSF stimulation. 
C) CD-marker expression after 8 days of M-CSF stimulation and 48 hours of IL-10 stimulation.
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A B S T R A C T

Active efflux of irinotecan by ABC-transporters, in particular ABCB1 and ABCG2, is a well-
established drug resistance mechanism in vitro and in pre-clinical mouse models, but its 
relevance in colorectal cancer patients is unknown. Therefore, we assessed the association 
between ABC-transporter expression and tumor response to irinotecan in patients with 
metastatic colorectal cancer.
TMAs of a large cohort of metastatic colorectal cancer patients treated with irinotecan in 
a prospective study (CAIRO study; n=566) were analyzed for expression of ABCB1 and 
ABCG2 by IHC. Kaplan-Meier and Cox proportional hazard regression analyses were 
performed to assess the association of ABC transporter expression with irinotecan 
response. Gene expression profiles of 17 paired tumors were used to assess the 
concordance of ABCB1/ABCG2 expression in primary colorectal tumors and corresponding 
metastases.
The response to irinotecan was not significantly different between primary tumors with 
positive versus negative expression of ABCB1 (5.8 vs. 5.7 months, p=0.696) or ABCG2 (5.7 
vs 6.1 months, p=0.811). Multivariate analysis showed neither ABCB1 nor ABCG2 were 
independent predictors for progression free survival (PFS). There was a mediocre to poor 
concordance between ABC-transporter expression in paired tumors.
In metastatic colorectal tumors, ABC-transporter expression in the primary tumor does 
not predict irinotecan response.
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I N T R O D U C T I O N 

The vast majority of patients with metastatic colorectal cancer receive systemic therapy, 
either alone or in combination with surgery. Drugs with proven efficacy are 
fluoropyrimidines, oxaliplatin and irinotecan.[57] Irinotecan is effective both when given 
as monotherapy and in combination schedules. However, intrinsic and acquired resistance 
is usually observed. Interestingly, tumors progressing on fluoropyrimidine-oxaliplatin 
treatment can still respond to irinotecan and vice versa, suggesting different mechanisms 
of drug resistance.[57, 184, 185] Acquisition of ‘multi-drug resistance’ eventually causes 
failure of systemic cancer treatment.
The active efflux of chemotherapeutic agents such as irinotecan from tumor cells by 
transmembrane pumps belonging to the ABC family has been extensively reported as a 
potential clinically relevant mechanism of (multi-)drug resistance.[59-63] ABC-
transporters are expressed on differentiated cells facing the lumen, both in normal colon 
tissue and in colorectal tumors.[59, 186-189] In normal colon tissue this serves to expel 
toxic substances into the intestinal lumen to prevent their systemic uptake. Similarly, in 
colorectal tumors ABC-transporters are expressed on the surface of lumen-facing 
differentiated tumor cells.[59] ABC-transporters may thus be potential targets for 
reversing efflux-mediated chemotherapy resistance. However, the results of clinical trials 
evaluating combination therapy of ABC-transporter inhibitors and chemotherapy were 
negative.[190, 191] Still, high ABC-transporter expression has been associated with poor 
outcome.[64, 65] In this study we assessed whether ABC-transporter expression was 
related to the response to irinotecan in patients with metastatic colorectal cancer.

M E T H O D S 

Patients and tissue
Tumor tissue was obtained from patients enrolled in the CAIRO (Sequential versus 
combination chemotherapy with capecitabine, irinotecan, and oxaliplatin in metastatic 
colorectal cancer (CAIRO): a phase III randomized controlled trial) study[9] of the Dutch 
Colorectal Cancer Group (DCCG). For this study FFPE material from the primary tumor 
was obtained from 566 of the 803 participating patients of the CAIRO study. No tissue 
material was obtained in 247 patients, because resection of the primary tumor was not 
performed or the material was insufficient or not available. TMAs were produced by taking 
2 mm punches of each specimen as described previously.[106]
The results of the CAIRO study have been published.[9] In brief, patients were randomized 
between sequential and combination treatment. Sequential treatment encompassed first 
line treatment with capecitabine, second line with irinotecan, and third line with oxaliplatin 
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and capecitabine. Combination therapy encompassed first line treatment with capecitabine 
and irinotecan, and second line with capecitabine and oxaliplatin. The primary endpoint 
of the study was overall survival. Tumor response assessment was performed every 9 
weeks by the RECIST criteria on a CT scan, and follow up was done every 3 months after 
the completion of treatment until death.

Immunohistochemistry
Slides were created by transverse sectioning (4µm). The paraffin-embedded slides were 
deparaffinated with xylene and rehydrated through a series of ethanol concentrations. 
Endogenous peroxidase activity was blocked by incubating in 0.3% H2O2 in methanol at 
room temperature for half an hour, thereafter antigen retrieval was achieved by heating 
the slides in a citrate buffer, pH 6.0, for 20 minutes; followed by cooling in the same buffer 
for 10 minutes. The slides were incubated with a diluted primary antibody overnight at 
4°C. Incubation with an undiluted secondary antibody (Brightvision®) for 30 minutes 
followed. Rinsing between steps was performed with phosphate buffered saline. The slides 
were developed with DAB and counterstained with Bayers’ haematoxylin. Hereafter the 
slides were dehydrated and mounted with cover slips.
For ABCG2, we used a three-step protocol as earlier described by Maliepaard et al [188], 
where the slides were incubated with 5% normal rabbit serum/PBS for 30 minutes prior 
to the incubation of the primary antibody. The slides were incubated with biotinylated 
rabbit anti-mouse IgG (Dako, 1:200 in 90% PBS/BSA/azide and 10% human serum) for 
30 minutes, washed, and then incubated with HRP-conjugated streptavidin (Dako, 1:1000 
with additional 10% normal human serum).
The following primary antibodies were used: anti-ABCB1 HPA002199 (Atlas Antibodies 
Sigma-Aldrich®) and anti-ABCG2 BXP-21 (GeneTex®)

Slide scoring
Slide scoring of the CAIRO TMA was performed by three observers (AP, BE and PvD), cores 
were eligible for scoring if tumor cells were identified. If the slide scoring was discordant, 
the opinion of pathologist PvD was final. The luminal, cytoplasmic and stromal expression 
of ABCB1 were evaluated. For ABCG2, the luminal and cytoplasmic expression were 
evaluated. The luminal expression was scored in two ways, the percentage of lumina that 
were positively stained, and semi-quantitatively as - = no staining, + = weak, ++ = moderate 
and +++ = strong. Cytoplasmic and stromal expression were scored semi-quantitative, in 
which - = no staining, + = weak, ++ = moderate and +++ = strong.
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Gene expression profiling
The TMA solely contains samples of the primary colorectal tumors of the patients in the 
CAIRO cohort. As these patients were not eligible for resection, metastases material was 
not available. To determine whether predicting irinotecan response based on primary 
colorectal tumors ABC-transporter expression levels in patients with metastatic colorectal 
cancer is legitimate, we assessed the concordance of ABCB1 and ABCG2 expression 
between primary colorectal tumors and their corresponding liver metastases. To this end 
we used the gene expression profiles of 46 patients.[192] The dataset was uploaded into 
the R2 microarray analysis and visualization platform (http://r2.amc.nl) and analyzed. 
We compared the expression levels of ABCB1 and ABCG2 in normal colon tissue, primary 
colorectal tumors and the corresponding liver metastases.

Statistical analysis
Patients from the CAIRO study were subdivided into two groups based on positive or 
negative luminal ABC-transporter IHC staining patterns. Associations between the staining 
patterns of the ABC-transporters were calculated via the Kruskal-Wallis test, Χ2-test or 
the Spearman’s test where appropriate. Patients without tumor cells in the 2mm cores or 
missing cores, or patients who failed to start second line therapy with irinotecan were 
excluded from the following analyses.
Patient and tumor characteristics were compared using Wilcoxon’s rank sum test or Χ2-
test where appropriate. Initial treatment response was analyzed by response on the first 
CT-scan which was estimated using Wilcoxon Χ2-test. PFS for first-line therapy was 
calculated from the date of randomization to the first observation of disease progression 
or death from any cause. PFS for second line therapy was defined as the time from the 
failure of the first line therapy until first progression reported after the start of second-line 
therapy or death, whichever came first. Treatment response was analyzed by PFS curves 
using the Kaplan-Meier method and compared with the log-rank test. Multivariate analysis 
was performed using a Cox proportional hazard regression model.
Gene expression levels between corresponding tumors for the cohort of 46 patients were 
compared using Lin’s concordance correlation coefficient.
P-values less than 0.05 were considered statistically significant. All statistical analyses 
were performed using SPSS 20.0 software or GraphPad Prism version 6.00 for Windows 
(GraphPad Software, San Diego California USA, www.graphpad.com).
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R E S U LT S

Staining patterns of ABCB1 and ABCG2
ABCB1 and ABCG2 are transmembrane proteins with a strong apical staining pattern in 
normal colon tissue.[188] From the 566 tumor specimens that were resected, 539 were 
eligible for scoring of the IHC stainings (Figure 1). In these 539 colorectal tumors ABCB1 
and ABCG2 were expressed on the apical side of lumen-facing differentiated tumor cells 
where they promote drug efflux into the lumen. Luminal ABCB1 staining was negative in 
189 (35.1%) of the primary colorectal tumors and positive in 350 (64.9%) tumors. The 
positive tumors could be subdivided into strong (111; 20.6%), moderate (134; 24.9%) 
and weak (105; 19.5%) tumor subgroups (Figure 2A). Luminal ABCG2 staining was 
negative in 126 (23.4%) of the primary colorectal tumors and positive in 413 (76.6%) 
tumors. These positive tumors could be subdivided into strong (222; 41.2%), moderate 
(172; 31.9%) and weak (19; 3.5%) tumor subgroups (Figure 2B). There was a strong and 
significant association between the intensity and the percentage of positive luminal 
staining for ABCB1 (0.772, p=<0.001) and ABCG2 (0.555, p=<0.001) (Figure 2C&D). 
However, there was no correlation between ABCB1 and ABCG2 staining (r=0.208 
p=<0.001) (Figure 2E).

n= 285n= 281
Patients who

underwent resection of 
the primary tumor

Eligble patients in CAIRO study
n=803

Sequential treatment
n= 401

Combination therapy
n= 402

n= 269n= 270 ABCB1 & ABCG2
assessed

Figure 1  Flowchart 

n= 269n= 177 Patients who 
received irinotecan

Figure 1. Flowchart. Systematic overview of included tumor specimens.
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Patient and tumor characteristics
A total of 446 patients in this study received irinotecan, either as second line monotherapy 
(n=177) or as first line therapy in combination with capecitabine (n=269), and were used 
for the following analyses (Figure 1). Patient characteristics including age, gender, 
performance status, predominant localization of metastasis, serum lactate dehydrogenase 
(LDH), prior adjuvant therapy, and synchronous/metachronous metastatic disease, were 
equally distributed between the ABC transporter subgroups for the patients included in 
this study (Table 1).
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Figure 2 Luminal staining patterns of ABCB1 and ABCG2
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Figure 2. Luminal staining patterns of ABCB1 and ABCG2.
A) Representative photo microscopic images of luminal ABCB1 staining of FFPE CRC tissue (x20) with HPA002199 
scored as absent (-); weak (+); moderate (++); strong (+++). B) Representative photo microscopic images of luminal 
ABCG2 staining of FFPE CRC tissue (x20) with BXP-21, scored as absent (-); weak (+); moderate (++); strong (+++). 
C) Box-Whisker-plots showing strong and significant association between the intensity and the percentage of positive 
luminal staining for ABCB1 and D) ABCG2. E) No correlation was found between ABCB1 and ABCG2 staining (r=0.028 
p=<0.001) shown in this scatterplot.
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ABCB1-negative tumors and ABCG2-negative tumors showed a more mucinous phenotype. 
ABCG2 negative tumors showed more often a poor differentiation grade (p=0.031) (Table 
2). Furthermore, MSI was more frequently observed in ABCB1 negative tumors (p=0.011) 
(Table 2). There were no significant differences between the negative and positive tumors 
for both ABC-transporters in terms of TNM-classification and site of the primary tumor 
(Table 2).

Table 1. Patient characteristics.

Luminal ABCB1 Luminal ABCG2

negative positive p-value negative positive p-value

n= 153 % n=293 % n= 99 % n= 347 %

Age 63.2 (34-83) 62.4 (31-81)  0.384 62.3 (34-78) 62.8 (31-83) 0.842

Sex

female 57 37.3 103 35.2 0.660 34 34.3 126 36.3 0.719

male 96 62.7 190 64.8 65 65.7 221 63.7

Performance status 

PS0 101 66.0 195 66.6 0.992 66 66.7 230 66.3 0.735

PS1 46 30.1 87 29.7 28 28.3 105 30.3

PS2 6 3.9 11 3.8 5 5.1 12 3.5

Predominant localization of metastases

liver 108 70.6 203 69.3 0.901 62 62.6 249 71.8 0.067

extra hepatic 44 28.8 85 29.0 36 36.4 93 26.8

unknown 1 0.7 5 1.7 1 1.0 5 1.4

LDH

normal 117 76.5 204 69.6 0.126 74 74.7 247 71.2 0.486

abnormal 36 23.5 89 30.4 25 25.3 100 28.8

Prior adjuvant therapy

no 126 82.4 241 82.3 0.979 76 76.8 291 83.9 0.103

yes 27 17.6 52 17.7 23 23.2 56 16.1

Onset of metastasis (6m)

synchronous 81 52.9 134 46.4 0.167 47 47.5 168 48.4 0.773

metachronous 71 46.4 155 52.9 52 52.5 174 50.1

unknown 1 0.7 4 1.4 0 0.0 5 1.4

Treatment arm

sequential 66 43.1 111 37.9 0.282 40 40.4 137 39.5 0.869

combination 87 56.9 182 62.1 59 59.6 210 60.5

Age was compared via the Wilcoxon rank sum test, for all other variables the Χ2test was used.
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Table 2. Tumor characteristics.

Luminal ABCB1 Luminal ABCG2

negative positive p-value negative positive p-value

n= 189 % n=350 % n= 126 % n= 413 %

Site of primary tumor 

colon 122 64.6 214 61.1 0.209 50 50.5 217 62.5 0.064

rectum 53 28.0 114 32.6 44 44.4 105 30.3

rectosigmoid 12 6.3 19 5.4 5 5.1 22 6.3

multiple 2 1.1 2 0.6 0 0 2 0.6

unknown 0 0 1 0.3 0 0 1 0.3

Invasion depth 

T1-2 15 7,9 20 5.8 0.084 11 11.1 21 6.1 0.285

T3 123 65.1 257 73.4 69 69.7 245 70.6

T4 47 24.9 60 17.1 18 18.2 69 19.9

unknown 4 2.1 13 3.7 1 1.0 12 3.5

Lymph node status

N0 51 27.0 98 28.0 0.565 29 29.3 97 28.0 0.148

N1 65 34.4 120 34.3 26 26.3 123 35.4

N2 66 34.9 112 32.0 40 40.4 109 31.4

unknown 7 3.7 20 5.7 4 3.5 18 5.2

Differentiation 

well 7 3.7 12 3.4 0.161 3 3.0 16 4.6 0.031

moderate 71 37.6 171 48.9 34 34.3 164 47.3

poor 95 50.3 144 41.2 53 53.5 143 41.2

unknown 16 8.5 23 6.6 9 9.1 24 6.9

Tumor classification

adenocarcinoma 120 63.5 281 80.3 <0.001 60 60.6 279 80.4 <0.001

adenocarcinoma 
with mucinous 
component

19 10.1 32 9.1 13 13.1 29 8.4

mucinous 
carcinoma

30 15.9 9 2.6 14 14.1 12 3.5

Other 4 2.1 5 1.4 3 3.0 4 1.2

unknown 16 8.5 23 6.6 9 9.1 23 6.6

MSI status

no 150 79.4 310 88.6 0.011 82 82.8 299 86.2 0.521

yes 11 5.8 4 1.1 3 3.0 7 2.0

unknown 28 14.8 36 10.3 14 14.1 41 11.8

All variables were compared via the Χ2test
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ABC-transporter expression does not correlate with response to irinotecan
There was no difference in response after the first cycle of chemotherapy between the 
ABCB1-positive and -negative tumors, neither for the second-line irinotecan 
monotherapy (p=0.926), nor for the first-line capecitabine/irinotecan combination 
therapy (p=0.479). Likewise, ABCG2-positive and -negative tumors did not show a 
differential initial response to either monotherapy (p=0.879) or combination therapy 
(p=0.102) with irinotecan (Table 3).
In addition, there was no significant difference in PFS between patients with tumors with 
luminal ABCB1 expression compared to negative tumors, neither for monotherapy of 
irinotecan (5.8 vs. 5.7 months, p=0.696), nor for combination therapy with irinotecan and 
capecitabine (9.7 vs. 8.3 months, p=0.153) (Figure 3). Furthermore, there was no 
significant difference in PFS between patients with tumors with luminal ABCG2-
transporter expression compared to negative tumors, in patients treated with irinotecan 
monotherapy (5.7 vs. 6.1 months, p=0.811) and in patients treated with capecitabine with 
irinotecan (9.0 vs. 10.0 months, p=0.196) (Figure 3).
Next, patients with completely negative tumors were compared with patients with tumors 
with positive staining patterns for either ABCB1 or ABCG2 or both. This did not show a 
significant difference in PFS, neither for the monotherapy with irinotecan (5.8 vs. 5.6 

Table 3. Response on first cycle of chemotherapy based on RECIST criteria.

CT Respons after first cycle capecitabine and irinotecan

Luminal ABCB1 Luminal ABCG2

negative positive p-value negative positive p-value

n=81 % n=155 % n= 54 % n= 182 %

Complete response 1 1.1 0 0 0.479 1 1.9 0 0 0.102

Partial response 28 32.2 54 29.7 18 33.3 64 35.2

Stable disease 36 41.4 79 43.4 25 46.3 90 49.5

Progressive disease 13 14.9 17 9.3 10 18.5 20 11.0

Not available 3 3.4 5 2.7 0 0 8 4.4

CT Respons after first cycle irinotecan

n=55 % n=97 % n= 33 % n= 119 %

Complete response 0 0 0 0 0.926 0 0 0 0 0.879

Partial response 4 7.3 7 7.2 2 6.1 9 7.6

Stable disease 32 58.2 61 62.9 21 63.6 72 60.5

Progressive disease 18 32.7 28 28.9 10 30.3 36 30.3

Not available 1 1.8 1 1.0 0 0 2 1.7
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months, P=0.659), nor for the combination therapy (9.4 vs. 7.8 months, p=0.301). Finally, 
we compared patients with completely ABCB1/ABCG2-negative tumors patients with 
strong ABCB1/ABCG2-double positive tumors, but also this did not yield any significant 
difference in PFS, neither for monotherapy n=25 vs. n=20 (4.8 vs. 5.6 months, p=0.652), 
nor for combination therapy n=29 vs. n=35 (7.9 vs. 10.3 months, p=0.458).
After multivariate analysis neither ABCB1 nor ABCG2 were found to be independent 
predictors for PFS after monotherapy with irinotecan or combination therapy of 
capecitabine and irinotecan.

Gene expression profiles of ABCB1 and ABCG2 do not correspond in primary 
colorectal tumors and corresponding liver metastes
In 17 paired primary colorectal tumors and liver metastases [192] the Lin’s concordance 
correlation coefficient for these paired tumors was for ABCB1 0.545 (95%CI 0.125-0.809) 
and for ABCG2 0.256 (95%CI -0.224-0.636). Hereby, we show a mediocre to poor 
correlation between ABC-transporter expression in primary colorectal tumors and their 
corresponding metastases (Supplemental Figure 1).

Figure 3 Treatment response for ABC-transporter negative tumors versus positive tumors

A

B

C

D

Figure 3. Response rates on irinotecan treatment.
Response rates of patients with negative luminal expression versus positive, when treated with irinotecan monotherapy, 
A) ABCB1 and B) ABCG2. Response rates of patients with negative luminal expression versus positive, when treated 
with combination therapy of irinotecan and capecitabine, C) ABCB1 and D) ABCG2. 
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In this report we retrospectively analyzed the correlation of ABCB1 and ABCG2 expression 
in the primary tumor with response of the corresponding metastases to irinotecan mono- 
and combination therapy in patients with metastatic colorectal cancer. For this purpose 
TMAs from the CAIRO study were used, this is the only large study cohort with tumor 
specimens available from colorectal cancer patients that were treated with irinotecan 
monotherapy. Our study shows that the response rate to irinotecan for patients with 
metastatic colorectal cancer is not related to expression of ABCB1 and ABCG2, the two 
major irinotecan efflux pumps. Likewise, germ line DNA polymorphisms in ABCB1 tested 
in patients enrolled in the FOCUS Trial did not predict response to irinotecan in 
combination with FU either.[193] These data strongly suggest that other drug resistance 
mechanisms must play a dominant role in determining the response of metastatic 
colorectal cancer to irinotecan. However, to our knowledge there are no clinical trials that 
use proportional hazard models to determine the influence of ABC-transporters on the 
irinotecan response.
A number of issues may have precluded us from finding a significant association between 
ABC transporter expression and irinotecan response. First, tumor heterogeneity is an 
intrinsic problem when creating TMAs[194, 195] and this may influence any study seeking 
to associate drug resistance and survival data with expression of single or a few markers. 
Nevertheless, TMAs are a very useful high-throughput screening method with high 
concordance comparing to full slide analysis and are therefore very useful when analyzing 
large numbers of tumors.[196] To minimize the heterogeneity problem, the TMA that was 
generated for the current study contained 2.0 mm cores of each tumor, considerably bigger 
cores than the standard of 0.6mm.[197]
Second, we have used a patient cohort in which irinotecan was used as second line therapy. 
First line chemotherapy may have influenced the expression levels of ABC-transporters. 
Indeed, in vitro experiments have shown that pre-treatment with 5-FU or oxaliplatin alters 
mRNA levels of ABCB1 and ABCG2.[198] Multidrug resistance may either be acquired as 
a consequence of drug-induced alterations in tumor biology[199, 200] or as a consequence 
of drug-induced selection of pre-existent drug-resistant clones.[201] In this study, about 
20 percent of all tumors received prior adjuvant therapy. Alterations or selection of pre-
existent drug-resistant clones in these tumors could have influenced the results of this 
study, even though prior adjuvant therapy was not identified as an independent predictor 
in the CAIRO study.[9] However, when excluding these patients from the analyses we could 
still not find any correlation between ABC transporter expression and PFS.
Third, the TMA only contained samples of the primary colorectal tumors of the patients 
in the CAIRO cohort. Patients with resectable metastatic disease were not included in the 
CAIRO trial, nor were biopsies taken during or after treatment precluding the analysis of 
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ABC transporter expression in the metastasis itself. Therefore, we have used primary 
tumor specimens to predict treatment efficacy in metastatic disease. By analyzing mRNA 
levels in paired primary tumors and metastases we showed that there is a mediocre to 
poor concordance.
Although we cannot exclude that ABC transporter expression may relate to response to 
irinotecan, we conclude from the present study that immunohistochemical analysis of 
ABCB1 and/or ABCG2 expression in primary colorectal tumors has no value in the 
selection of patients for irinotecan therapy in metastatic colorectal cancer.
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Liver metastases   Normal colon   Primary colorectal carcinomaA
Supplemental Figure 1  Gene expression levels of ABC-transporters 

B

C

Liver metastases   Normal colon   Primary colorectal carcinomaA
Supplemental Figure 1  Gene expression levels of ABC-transporters 

B

C

Supplemental figure 1. Gene expression levels of ABC-transporters.
Gene expression levels of ABC-transporters correlate between primary colorectal tumors and corresponding liver 
metastases. A) Expression levels of the ABC-transporters are shown in a hierarchical clustering. ABCB1 and ABCG2 
show similar expression levels in primary colorectal tumors (n=30) and liver metastases (n=27) with lower expression 
profiles compared to normal colon tissue (n=23). B) Expression levels between primary colorectal tumors and liver 
metastasis are corresponding, shown in Box Whisker plots, both for ABCB1 and for ABCG2. C) A mediocre correlation 
between primary colorectal cancer and corresponding liver metastases was calculated via Lin’s concordance 
correlation coefficient for ABCB1 (0.545; 95%CI 0.125-0.809) and a poor correlation for ABCG2 (0.256; 95%CI 
-0.224-0.636).

201750 proefschrift_Kari Trumpi_new.indd   114 15-12-17   15:34



ABC-TRANSPORTER EXPRESSION IN COLORECTAL TUM

115

6

201750 proefschrift_Kari Trumpi_new.indd   115 15-12-17   15:34



201750 proefschrift_Kari Trumpi_new.indd   116 15-12-17   15:34



Marise Heerma van Voss, Farhad Vesuna, Kari Trumpi, Justin Brilliant, Cynthia Berlinicke,
Wendy de Leng, Onno Kranenburg, Johan Offerhaus, Horst Bürger, Elsken van der Wall,
Paul van Diest, Venu Raman

CHAPTER 7

Oncotarget .  2015 Sep 29;6(29) :28312-26

I D E N T I F I C AT I O N  O F  T H E  D E A D  B OX  R N A  H E L I C A S E  D D X 3
A S  A  T H E R A P E U T I C  TA R G E T  I N  C O L O R E C TA L  C A N C E R

201750 proefschrift_Kari Trumpi_new.indd   117 15-12-17   15:34



CHAPTER 7

118

A B S T R A C T

Identifying druggable targets in the Wnt-signaling pathway can optimize colorectal cancer 
treatment. Recent studies have identified a member of the RNA helicase family DDX3 
(DDX3X) as a multilevel activator of Wnt signaling in cells without activating mutations 
in the Wnt-signaling pathway. In this study, we evaluated whether DDX3 plays a role in 
the constitutively active Wnt pathway that drives colorectal cancer. 
We determined DDX3 expression levels in 303 colorectal cancers by IHC. 39% of tumors 
overexpressed DDX3. High cytoplasmic DDX3 expression correlated with nuclear β-catenin 
expression, a marker of activated Wnt signaling. Functionally, we validated this finding in 
vitro and found that inhibition of DDX3 with siRNA resulted in reduced transcription factor 
4 (TCF4)-reporter activity and lowered the mRNA expression levels of downstream TCF4-
regulated genes. In addition, DDX3 knockdown in colorectal cancer cell lines reduced 
proliferation and caused a G1 arrest, supporting a potential oncogenic role of DDX3 in 
colorectal cancer. 
RK-33 is a small molecule inhibitor designed to bind to the ATP-binding site of DDX3. 
Treatment of colorectal cancer cell lines and patient-derived 3D cultures with RK-33 
inhibited growth and promoted cell death with IC50 values ranging from 2.5 to 8 μM. The 
highest RK-33 sensitivity was observed in tumors with wild-type APC-status and a 
mutation in CTNNB1. 
Based on these results, we conclude that DDX3 has an oncogenic role in colorectal cancer. 
Inhibition of DDX3 with the small molecule inhibitor RK-33 causes inhibition of Wnt 
signaling and may therefore be a promising future treatment strategy for a subset of 
colorectal cancers. 
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I N T R O D U C T I O N

Although significant advancements have been made in the prevention and treatment of 
colorectal cancer, this disease still ranks third on the list of causes of cancer related deaths 
in the United States, which underlines the need for development of new targeted therapies 
in this field.[202] On a genomic level colorectal cancer is frequently characterized by loss 
of the tumor suppressor gene p53 and activation of the RAS-RAF signaling pathway, 
alterations that are common in a multitude of solid tumors. In addition, activation of the 
Wnt/β-catenin signaling pathway is prevailing and more specific to the colorectal cancer 
setting, where genetic aberrations in this pathway are found in over 90 percent of cases. 
The most common alteration is inactivation of the APC gene (>70%). Activating mutations 
in CTNNB1, the gene encoding for β-catenin, are less prevalent (5–10%).[71] Thus, 
identifying druggable targets in this pathway would be beneficial for optimizing colorectal 
cancer treatment. 
Within this context, we identified a member of the RNA helicase gene family, DDX3, which 
exhibits oncogenic properties in breast and lung carcinomas.[73, 74] In order to 
therapeutically exploit the benefits of abrogating DDX3 activity in these cancers, we 
developed a small molecule inhibitor, RK-33, designed to bind to the ATP-binding domain 
of DDX3 and inhibit its RNA-helicase activity.[74] Potent anti-cancer activity was observed 
in lung cancer mouse models after DDX3 inhibition by RK-33. 
Recent studies indicate that DDX3 is a multilevel activator of the Wnt-signaling pathway. 
DDX3 was identified as an allosteric activator of CK1ɛ and hereby promotes 
phosphorylation of the scaffold protein disheveled, which activates Wnt signaling during 
Caenorhabditis elegans and Xenopus development and in mammalian HEK293t cells. This 
function of DDX3 was independent of its RNA-helicase activity.[72] In addition, DDX3 was 
found to regulate the stability of β-catenin protein expression in a helicase-dependent 
manner through translational regulation of Rac1.[203] In addition, our group identified 
a direct interaction between DDX3 and β-catenin and its functional role in regulating 
TCF-4 mediated transcriptional activity in lung cancer cell lines.[74] Notably, DDX3 activity 
has also been linked to Wnt- signaling activity by the identification of coinciding CTNNB1 
and DDX3X activating mutations in Wnt-type medulloblastomas.[204-206] 
These mechanistic studies all indicate an important role of DDX3 in Wnt signaling in both 
normal and transformed cells, but focus on a situation without activating mutations in 
the Wnt-signaling pathway. It remains to be determined whether colorectal cancer cells, 
which usually harbor activating mutations in the Wnt-signaling pathway, are dependent 
on DDX3 as well. In this study, we aimed to evaluate DDX3 as a potential player in the 
constitutionally activated Wnt signaling that drives colorectal cancer and to assess whether 
DDX3 inhibition by the small molecule RK-33 is a suitable therapeutic strategy in this 
cancer type. 
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Cell lines 
HCT116, HT29, Colo205, SW480 and DLD-1 were a kind gift of Professor Fred Bunz (Johns 
Hopkins University, Baltimore, MD, USA). The HCT116 p53[207] and β-catenin[208] 
knockout cell lines were kindly provided by Professor Bert Vogelstein (Johns Hopkins 
University). All adherent colorectal cancer cell lines were grown in McCoy’s 5A 
supplemented with 10% fetal bovine serum. All cell lines were routinely tested for 
mycoplasma contamination by a PCR kit (30–1012K, ATCC, Manassas, VA, USA). 
The colosphere cultures CR9, CRC29, CRC47 and L145 were a kind gift from Professor 
Onno Kranenburg (University Medical Center Utrecht, Utrecht, The Netherlands). These 
cell lines were established from tumor specimens of primary colorectal cancers (CR9, 
CRC29, CRC47) and colorectal cancer liver metastases (L145). A detailed description of 
how these colospheres were isolated and maintained has been provided previously.[59] 
These specimens were obtained in accordance with the ethical committee on human 
experimentation and informed consent was obtained from all patients.[59] Next generation 
sequencing was performed to assess the mutation status of 50 commonly mutated genes 
in these spheroids using the AmpliSeq Cancer Hotpot Panel v2 (LifeTechnologies, Carlsbad, 
CA, USA) on an Ion PGM platform. Publicly available mutation data of the adherent 
colorectal cancer cell lines were accessed through the canSAR platform.[209] Clinical 
information of these cell lines is summarized in Supplementary Table 2. 
DDX3 knockdown cell lines were generated by transfecting cells with jetPrime transfection 
reagent (Polyplus, New York, NY, USA) and 50 nM sicontrol (non-targeting pool) or siDDX3 
sequences (ON- TARGETplus, Dharmacon, Lafayette, CO, USA). 

Immunoblotting 
All cells were harvested at 50–70% confluency. For DDX3 knockdown experiments cells 
were harvested 72 hours after transfection. For RK-33 experiments cells were harvested 
after 24 hours exposure to the drug or vehicle control. For whole cellular protein extracts 
cells were lysed in SDS-extraction buffer (100nM Tris- HCl, 2% SDS, 12% glycerol, 10mM 
EDTA, pH6.7) and sonicated on ice. 30 μg protein was loaded on 10% SDS-PAGE gels. After 
gel-electrophoresis proteins were transferred onto PVDF membranes, blocked with 5% 
milk and probed overnight with primary antibodies against DDX3 (1:1000, mAb 
AO196),[210] Actin (1:10000, A5441, Sigma-Aldrich, St Louis, MO, USA), DDX5 (1:1000, 
pab204, EMD Millipore, Billarica, MA, USA), DDX17 (1:1000, Bethyl, Montgomery, TX, USA) 
and p53 (1:1000, DO-1, Santa-Cruz Biotechnology, Dallas, TX, USA) and followed by 
appropriate secondary antibodies. The blots were developed with clarity western ECL 
(Bio- Rad, Hercules, CA, USA) and imaged with G:BOX Chemi XR5 (Syngene, Frederick, 
MD, USA). 
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Proliferation assay and cytotoxicity assays 
For the proliferation assays 4–10 × 104 cells were plated in a 24-well plate. The following 
day the cells were transfected with siDDX3 or sicontrol as described earlier. 48 hours after 
transfection 2–5 × 103 cells were plated per well in a 96-well plate. The amount of viable 
cells per well was estimated every 24 hours by an MTS-assay (CellTiter 96 Aqueous One 
Solution, Promega, Madison, WI, USA). For this, the cells were incubated with MTS reagent 
for 2 hours, after which absorbance was measured at 490 nm with a Victor3V plate reader 
(PerkinElmer, Waltham, MA, USA). 
For the cytotoxicity assays with adherent colorectal cancer cell lines 2–5 × 103 cells were 
plated per well in a 96-well plate. The following day RK-33 was added. DMSO was added 
as a vehicle control. Read out occurred after 72 hours of drug exposure with an MTS assay. 
The cytotoxicity assays on colosphere cultures have been described extensively elsewhere.
[211] Briefly, 80–100 spheroids were plated per well in a 96-well plate with RK- 33 or 
DMSO. After 72 hours of drug exposure the total cell population was labeled with 
DRAQ5TM (Abcam, Cambridge, UK) and live cells were labeled with Calcein Green AM 
(LifeTechnologies, Carlsbad, CA, USA). Fluorescence was measured using a Cellomics 
Arrayscan VTI HCS Reader (Thermo Fisher Scientific, MA, USA). The percentage of dead 
cells was calculated by normalizing the levels of intensity to and expressed as a relative 
percentage of the plate-averaged vehicle treated control. 

Cell cycle analysis 
Cell cycle analysis was performed as was described previously.[212] In short, for siDDX3 
experiments 5–15 × 104 cells were plated per well in a 6-well plate. The following day 
cells were transfected with sicontrol or siDDX3 and incubated for 72 hours. For 
experiments with RK-33 4–7.5 × 105 cells were plated in a 6-well plate. The following day 
cells were incubated for 24 hours with RK-33. Subsequently, cells were harvested and 
fixed in 70% ethanol overnight at −20°C. Fixed cells were incubated in DNA staining 
solution (5 μg/ml propidium iodide, 0.5mg/ml RNAse A) for 1 hour. Cell cycle acquisition 
was performed on a FACScan I or FACSCalibur instrument (BD Biosciences, San Jose, CA, 
USA). Data was analyzed using FlowJo software (Tree Star Inc., Ashland, OR, USA). 
Statistical significance was assessed with a student’s t-test. 

TCF-reporter assays 
Transcriptional activity of TCF4 was measured using the dual luciferase assay (Promega, 
Madison, WI, USA) according to the manufacturer’s instructions. For this, cells were 
transfected with 500 ng TOP-FLASH or FOP-FLASH constructs[213] and 50 ng phRL Renilla 
constructs as transfection controls, using jetPrime transfection reagent (Polyplus, New 
York, NY, USA). Luminescence was measured using a luminometer (Berthold Sirius, Oak 
Ridge, TN, USA). 
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For the experiments with RK-33 3–4 × 104 HCT116 and HT29 cells were plated in a 24-
well plate. After 24 hours the cells were transfected with the TOP/FOP constructs. 7 hours 
after transfection 2.5 μM RK-33 or DMSO was added for 12–24 hours after which the cells 
were lysed. For the DDX3 knockdown experiments 12.5–15 × 103 HCT116 and HT29 cells 
were plated in a 24-well plate. In the evening of the following day the cells were transfected 
with 50 nM siDDX3 as described earlier. The following morning the cells were transfected 
with the TOP/FOP constructs and incubated for another 48 hours after which the cells 
were lysed for the luciferase assay. Relative TCF4-promotor activity was calculated by 
normalizing TOP-FLASH and FOP-FLASH readings for Renilla luciferase readings and 
dividing normalized TOP- FLASH readings by normalized FOP-FLASH readings. Statistical 
significance was evaluated by a paired t-test. 

Quantitative reverse transcriptase polymerase chain reaction 
HCT116 and HT29 cells were harvested after 12–24 hour exposure to RK-33 or 72 hours 
after transfection with 50 nM siDDX3. RNA was extracted with an RNeasy kit (Qiagen, 
Valencia, CA, USA) and cDNA was manufactured using an iScript cDNA synthesis kit (Bio-
Rad, Hercules, CA, USA), followed by qPCR using SYBR green  
(Bio- Rad, Hercules, CA, USA) on an CFX96 Real-Time PCR detection System (Bio-Rad, 
Hercules, CA, USA). Amplification of 36B4, a housekeeping gene, was used for normalizing 
gene expression values.
Primer sequences: DDX3 F 5′-GGAGGAAGTACAGCCAGCAAAG-3′, DDX3 R 
5′-CTGCCAATGCCATCGTAATCACTC-3′, AXIN2 F 5‘-TCAAGTGCAAACTTTCGCCAACC-3′, 
AXIN2 R 5′-TAGCCAGAACCTATGTGATAAGG-3′, c-MYC F 
5′-CGTCTCCACACATCAGCACAA-3′, c-MYC R 5′-CACTGTCCAACTTGACCCTCTTG-3′, 
CCND1 F 5′-GGCGGAGGAGAACAAACAGA-3′ CCND1 R 5′-TGGCACAGAGGGCAACGA-3′, 
BIRC5A F 5′-CCACCGCATCTCTACATTCA-3′, BIRC5A R 5′-TATGTTCCTCTATGGGGTCG-3′. 
Fold changes in mRNA expression were calculated using the 2−ΔΔCT method. 
Statistical significance was calculated by performing a paired student’s t-test on the 
ΔCT values.[214]

Patient samples 
A TMA’s with samples from 72 colorectal cancer patients from the Academic Medical 
Center, Amsterdam was kindly provided by professor Johan Offerhaus (University Medical 
Center Utrecht). This TMA also included one punch of surrounding normal mucosa per 
patient. The construction of this TMA has been reported in detail elsewhere.[215] An 
additional TMA with 292 colorectal cancer samples from Paderborn, Germany was 
provided by prof. Horst Bürger. 
As we used archival leftover pathology material and our study does not affect the included 
patients, no ethical approval is required according to Dutch legislation.[216] Anonymous 

201750 proefschrift_Kari Trumpi_new.indd   122 15-12-17   15:34



DDX3 AS A THERAPEUTIC TARGET IN COLORECTAL CANCER

123

7

or coded use of redundant tissue for research purposes is part of the standard treatment 
agreement with patients in our hospitals.[217]

Immunohistochemistry 
4 μm sections were cut, mounted on SuperFrost slides (Menzel&Glaeser, Brunswick, 
Germany), deparafinized in xylene and rehydrated in decreasing ethanol dilutions. For 
DDX3 staining, endogenous peroxidase activity was blocked with 1.5% hydrogen peroxide 
buffer for 15 minutes and was followed by antigen retrieval by boiling for 20 minutes in 
10 mM citrate buffer (pH 6.0). Slides were subsequently incubated in a humidified chamber 
for 1 hour with anti-DDX3 (1:1000, pAb r647).[210] After washing with PBS, slides were 
incubated with poly-HRP-anti-mouse/rabbit/rat IgG (Brightvision, Immunologic, Duiven, 
The Netherlands) as a secondary antibody for 30 minutes at room temperature. Peroxidase 
activity was developed with diaminobenzidine and hydrogen peroxide substrate solution 
for 10 minutes. The slides were lightly counterstained with haematoxylin and mounted. 
Positive controls (tonsil) were used throughout. Negative controls were obtained by 
omission of the primary antibodies from the staining procedure. 
β-catenin staining was performed automatically with the Leica BOND RX (Leica 
Microsystems, Rijswijk, The Netherlands). Antigens were retrieved with Epitope Retrieval 
Solution 2. The primary antibody against β-catenin (clone 17C2, Novocastra, Eindhoven, 
The Netherlands) was used in a 1:20 concentration. 
Scoring was performed by consensus of two observers (M.H.v.V., P.v.D.). Intensity of 
cytoplasmic DDX3 expression was scored semi-quantitatively as being absent, low, 
moderate or strong. The TMAs included multiple cores per patient; the highest score was 
used for further analysis. Cases with absent to moderate scores were classified as having 
low DDX3 expression and evaluated against cases with strong expression. Intratumoral 
DDX3 expression was compared to that of the surrounding normal tissue in case the latter 
was available for comparison. 
β-catenin expression was scored separately for each subcellular compartment. Membrane 
expression was scored as complete, partial or lost. Cytoplasmic expression was scored as 
normal or overexpressed. The percentage of positive nuclei was scored. A cut-off of lower 
or higher than 10% was used for analysis. 
Clinicopathological characteristics were compared between DDX3 low and high expressing 
tumors. Discrete variables were compared by χ2 or Fisher’s exact test and odds ratios 
(OR) were calculated with 95% confidence intervals (95% CI). Statistical analyses were 
performed using SPSS version 20.0. 
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DDX3 inhibition results in growth inhibition in colorectal cancer cell lines 
To assess DDX3 dependency, we used siRNA to knock down DDX3 expression in the 
colorectal cell lines HCT116 and HT29 (Figure 1A). DDX3 knockdown resulted in a 
reduction of cell proliferation in both cell lines (Figure 1B). To evaluate whether the 
reduction of viable cells was the result of reduced proliferation or increased cell death, 
we performed cell cycle analysis by flow cytometry on these cell lines after treatment with 
siDDX3. As seen in Figure 1C, cell cycle analysis indicated a clear G1 arrest in HCT116 cells 
with a 15.8% increase in G1-phase (p = 0.02) and a 17.0% decrease of cells in S-phase (p 
= 0.01). In addition, a slight decrease in S-phase was observed in HT29 (3.4%; p = 0.05). 
These results indicate that these colorectal cell lines are dependent on DDX3 for cell cycle 
progression. 

DDX3 expression in colorectal cancer patient samples
To evaluate whether DDX3 is also expressed in colorectal cancers, we 
immunohistochemically stained 303 colorectal cancer specimens for DDX3 (Figure 2). 
High cytoplasmic DDX3 expression was present in 124 samples (40.9%). Corresponding 
normal mucosa was available for 59 cases. Intratumoral expression was higher in 23 
patients (39.0%; Figure 2A-2D), similar in 32 patients (54.2%; Figure 2E-2F) and lower 
in 4 patients (6.8%; Figure 2G-2H), when compared to the surrounding morphologically 
normal mucosa. 
Next, we compared DDX3 expression to other known clinicopathological characteristics 
(Table 1). Within this cohort of samples, DDX3 expression did not correlate with any of 
the other clinicopathological variables. 

High DDX3 expression correlates with nuclear β-catenin 
Given the activating role of DDX3 in Wnt signaling in other settings,[74] we wanted to 
determine whether high DDX3 expression is associated with activated Wnt signaling in 
colorectal cancer patient samples as reflected by an increased cytoplasmic and nuclear 
β-catenin pool (Figure 3). We separately scored the membranous, cytoplasmic and nuclear 
localization of β-catenin in tumors with low and high DDX3 expression, which is shown 
in Table 2. Nuclear β-catenin expression was significantly more prevalent in the DDX3 
high group (59.3%) when compared to the DDX3 low group (33.5%; RR = 1.77; 95% CI = 
1.36–2.31; p = 2.47 × 10−5), indicating a connection between DDX3 levels and nuclear 
β-catenin accumulation. In addition, a trend was observed for more frequent 
overexpression of cytoplasmic β-catenin in DDX3 high tumors (73% vs 63%; RR = 1.16; 
95% CI = 0.99–1.36; p = 0.08), which often coincides with nuclear β-catenin expression 
as shown in Figure 3D. 
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Sensitivity of colorectal cancers to RK-33, a small molecule inhibitor of DDX3 
Considering the fact that DDX3 is overexpressed in colorectal cancers, we evaluated the 
in vitro sensitivity of colorectal cancer cells to DDX3 inhibition by RK-33, a small molecule 
inhibitor of DDX3. Five colorectal cancer cell lines (HCT116, HT29, DLD-1, SW480 and 
Colo205) were treated with RK-33 and cell viability was assessed by an MTS assay (Figure 
4A-4B). All cell lines had an IC50 value in the low micromolar range (3–7 μM). To assess 
whether RK-33 also showed cytotoxicity in 3D cultures, we expanded our panel with four 
patient-derived colorectal cancer spheroid cell lines. Spheroid viability after RK-33 
exposure was evaluated with an arrayscan (Figure 4C-4E). The spheroids displayed 

Figure 1. DDX3 dependency in colorectal cancer cell lines.
A. Immunoblots of DDX3 expression in colorectal cancer cell lines HCT116 and HT29 before and after inhibition of 
DDX3 with 50 nM siDDX3. B. Proliferation of Colorectal cancer cell lines after knockdown of DDX3, measured by 
daily MTS assays. C. Cell cycle analysis after knockdown of DDX3. All experiments were performed three independent 
times, graphs represent mean ± SD, * p < 0.05
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DDX3 underexpression

Figure 2. DDX3 is overexpressed in patients with colorectal cancer.
DDX3 is overexpressed in 39% of patients. Low DDX3 expression in normal colon epithelium (A. & C.). High DDX3 
expression in colorectal adenocarcinoma cells of the same patients (B. & D.) 54.2% of patients have similar levels 
of DDX3 expression in the normal mucosa (E.) and corresponding invasive cancer (F.).  Only 6.8% of patients have 
decreased DDX3 in the invasive tumor (H.), when compared to adjacent normal mucosa (G.). 40 x magnification, 
scale bar indicates 25 μm 
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comparable sensitivity to RK-33 as the adherent cell lines (IC50 value range 3–9 μM). 
Treatment with RK-33 resulted in a G1 arrest in a dose-dependent manner in both HCT116 
and HT29 (Figure 4F). An increase in the percentage of apoptotic cells could also be 
observed in HCT116 after DDX3 inhibition, but not in HT29 (Supplementary Figure 1). 
The differences in cell cycle distribution were more profound than the increase in apoptotic 
cells, indicating that the primary effect of DDX3 inhibition is a G1 arrest, which ultimately 
can result in apoptosis.

Table 1. Clinicopathological characteristics of DDX3 low and DDX3 high colorectal cancers.

Total Low DDX3 High DDX3

 n % n % n % P-value RR 95% CI

Total 303 100.0 179 59.1% 124 40.9%

Sex

Male 169 55.8% 102 57.0% 67 54.0% 0.61 1.08 0.84-1.39

Female 134 44.2% 77 43.0% 57 46.0%

TNM stage

1 22 9.6% 13 9.7% 9 9.4% 0.73

2 98 42.6% 54 40.3% 44 45.8%

3 80 34.8% 47 35.1% 33 34.4%

4 30 13.0% 20 14.9% 10 10.4%

Differentiation grade

well 16 5.3% 8 4.5% 8 6.5% 0.62

moderate 228 75.7% 134 75.3% 94 76.4%

poor 57 18.9% 36 20.2% 21 17.1%

Site of origin

Rectum 95 31.4% 56 31.3% 39 31.5% 0.98 1.00 0.85-1.16

Colon 208 68.6% 123 68.7% 85 68.5%

Tumor size

<40 mm 49 22.0% 24 19.0% 25 25.8% 0.44

40-60 mm 120 53.8% 69 54.8% 51 52.6%

>60 mm 54 24.2% 33 26.2% 21 21.6%

Age at time of diagnosis

< 65 years 82 27.1% 54 30.2% 28 22.6% 0.25

65-80 years 167 55.1% 92 51.4% 75 60.5%

>80 years 54 17.8% 33 18.4% 21 16.9%

Surgical margins

negative 230 99.1% 135 100.0% 95 97.9% 0.17

positive 2 0.9% 0 0.0% 2 2.1%

P-values are determined by a chi-square test unless otherwise indicated: * Fisher’s exact test.
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Figure 3. High DDX3 expression is associated with nuclear β-catenin in colorectal cancer samples.
Low DDX3 expression (A.) is associated with strong expression of β-catenin on the membranes and absence of 
β-catenin in the nuclei (B.) High DDX3 expression (C.) is associated with increased β-catenin expression in the 
cytoplasm and the nucleus (D.). 40 x magnification, scale bar indicates 25 μm

A B

C D

DDX3 β-catenin

Table 2. β-catenin expression in DDX3 low and DDX3 high colorectal cancers.

Total Low DDX3 High DDX3

n % n % n % P-value RR 95% CI

Membranous 
β-catenin

complete expression 231 83.4% 136 83.4% 95 83.3% 0.82   

partial expression 29 10.5% 16 9.8% 13 11.4%

loss of expression 17 6.1% 11 6.7% 6 5.3%    

Cytoplasmic 
β-catenin

normal expression 91 32.9% 60 37.0% 31 27.0% 0.08 1.16 0.99-1.36

overexpression 186 67.1% 102 63.0% 84 73.0%    

Nuclear
β-catenin

<10% 153 55.8% 107 66.5% 46 40.7% 2.47 x 10-5 1.77 1.36-2.31 

>10% 121 44.2% 54 33.5% 67 59.3%    

P-values calculated by a chi-square test.
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Both adherent cell lines and spheroids could be separated into two groups; a sensitive 
group of cell lines with an IC50 value < 3 μM (HCT116, CRC29, HT29) and a group with a 
2–3 fold higher IC50 value ranging from 5–9 μM (CR9, DLD-1, CRC47, SW480, Colo205, 
L145). Next, we assessed the functional role of DDX3 in the cell lines that were less 
sensitive to RK-33, by knocking down DDX3 with siDDX3 (Figure 4G). Unlike the RK-33 
sensitive cell lines HCT116 and HT29, proliferation in DLD-1 and SW480 was not affected 
by DDX3 knockdown (Figure 4H) and only a moderate drop in S-phase was observed in 
SW480 (3.7%; p = 0.02). No effect on cell cycle was seen in DLD-1 (Figure 4I). 

Molecular predictors of DDX3 dependency 
Centered on our finding of differential sensitivity to RK-33, we hypothesized that sensitivity 
to RK-33 in colorectal cancer cells may also be associated with other genomic drivers of 
cellular transformation. Almost all colorectal cell lines and spheroids expressed DDX3 
protein (Figure 4A and 4C), but no direct correlation between RK-33 sensitivity and DDX3 
expression levels was observed. Next, we assessed the most commonly occurring 
mutations in our cell line panel by next generation sequencing (Table 3). Interestingly, we 
found that two of the three RK-33 sensitive cell lines had wild-type APC and TP53, whereas 
the less sensitive group had mutations in these genes. 

Table 3. Correlation between RK-33 sensitivity and mutation status in colorectal cancer cell lines.
RK-33 Sensitivity Mutations

Cell line IC50 (uM) 95% CI APC Truncation TP53 RAS/RAF Others MSI status

HCT116* 2.71 2.64-2.80 - - KRAS PIK3CA, CTNNB1 MSI

CRC29† 2.89 2.66-3.14 - - KRAS, BRAF SMAD4, STK11 MSI

HT29* 2.96 2.84-3.08 E853X, T1556fsX3 R273H BRAF PIK3CA, SMAD4 MSS

CR9† 4.97 4.51-5.48 R1114X, S1503E R213X, V157A - SMAD4, FBXW7, ERBB2

DLD-1* 5.36 5.15-5.59 I1417X S241F KRAS MSI

CRC47† 5.54 5.07-6.05 R1450X P75LfsX48 - PIK3CA MSI

SW480* 6.32 5.60-7.15 Q1338X R273H, P309S KRAS SMAD4 MSS

Colo205* 6.65 6.00-7.37 T1556fsX3 Y103fsX8 BRAF MSS

L145† 8.77 7.63-10.08 S1436LfsX34 R110P KRAS  MSS

Mutational status was derived from:*publicly available data in the CanSAR database †next-generation sequencing. - no mutation 
detected

201750 proefschrift_Kari Trumpi_new.indd   129 15-12-17   15:34



CHAPTER 7

130

F
DMSO

1.5 μM RK-33

3 μM RK-33

HCT116

G1 S G2
0

20

40

60

80

100

Cell cycle phase

C
el

ls
 (%

)

**
**

**
** * *

HT29

G1 S G2
0

20

40

60

80

100

Cell cycle phase

C
el

ls
 (%

)

*

DMSO 6 μM RK-334 μM RK-332 μM RK-33E

CalceinDRAQ5

1 10
0

50

100

RK-33 (μM)

C
el

l s
ur

vi
va

l (
%

)

D

CRC29

L145

CRC47

CR9

C

C
R

C
29

L1
45

C
R

9

C
R

C
47

DDX3 

Actin 

B

1 10
0

50

100 Colo205

HCT116
DLD-1

HT-29
SW480

RK-33 (μM)

C
el

l s
ur

vi
va

l (
%

)

A 

DDX3 

Actin 

H
C

T1
16

S
W

48
0

C
ol

o2
05

H
T2

9

D
LD

-1

201750 proefschrift_Kari Trumpi_new.indd   130 15-12-17   15:34



DDX3 AS A THERAPEUTIC TARGET IN COLORECTAL CANCER

131

7
DLD-1

G1 S G2/M
0

20

40

60

80

Cell cycle phase

C
el

ls
 (%

)

SW480

G1 S G2/M
0

20

40

60

80
siControl
siDDX3

Cell cycle phase

C
el

ls
 (%

)

*

I
siControl
siDDX3

siControl
siDDX3

SW480

20 40 60 80
0.0

0.2

0.4

0.6

Time (h)

A
bs

or
ba

nc
e

A
bs

or
ba

nc
e

H

siControl
siDDX3

DLD-1

20 40 60 80
0.0

0.2

0.4

0.6

Time (h)

G DLD-1SW480

- + - +

DDX3 

Actin 

siDDX3

t Figure 4. RK-33 sensitivity in colorectal cancer cell lines.
A. Immunoblot showing the relative DDX3 expression in adherent colorectal cancer cell lines. B. MTS assay showing 
cytoxicity of RK-33 in different colorectal cancer cell lines. C. Immunoblot showing the relative DDX3 expression in 
patient-derived 3D cultures. D. Cytotoxicity assay showing the sensitivity of patient-derived 3D cultures of colorectal 
cancer. E. Example of cytotoxicity assay with RK-33 in CRC29 3D cultures. The DRAQ5 positive (red) areas are 
used to determine the outline of the spheroids. The Calcein AM (green) intensity within this area is used as a measure 
for living cells. F. Cell cycle analysis after DDX3 inhibition with increasing concentrations RK-33 in HCT116 and HT29
G. Immunoblots of DDX3 expression in colorectal cancer cell lines SW480 and DLD-1 before and after inhibition of 
DDX3 with 50 nM siDDX3. H. Proliferation of Colorectal cancer cell lines SW480 and DLD-1 after knockdown of 
DDX3, measured by daily MTS assays. I. Cell cycle analysis after knockdown of DDX3 in SW480 and DLD-1.  
All experiments were performed three independent times, graphs represent mean ± SD, * p < 0.05, ** p < 0.01

201750 proefschrift_Kari Trumpi_new.indd   131 15-12-17   15:34



CHAPTER 7

132

To further determine if TP53 mutations in cell lines alters sensitivity to RK-33, we 
compared RK-33 sensitivity in isogenic cell lines with wild-type TP53 (HCT116-p53+/+) 
and without TP53 (HCT116-p53−/−; Figure 5A). Both cell lines were equally sensitive to 
DDX3 inhibition with RK-33 (IC50 2.52 vs 2.58 μM; Figure 5B). In addition, similar to the 
parental cell line that expresses p53 (Figure 1C), knockdown of DDX3 resulted in a G1 
arrest (13.9% increase; p = 0.04) and a decrease of cells in S-phase (4.8%; p = 0.11; Figure 
5C-5D). This indicates that within our experimental setting the sensitivity of RK-33 is 
independent of p53 status. 

RK-33 sensitivity in relation to different mutations in the Wnt-signaling pathway 
Although DDX3 is thought to play a role in Wnt signaling, cells that harbor an APC mutation 
were less sensitive to RK-33 than cells with wild-type APC. Since CTNNB1 and DDX3X 
mutations co-occur in Wnt-type medulloblastomas,[204-206] we hypothesized that DDX3 
dependency may be higher in cells with other genetic aberrations in the Wnt-signaling 
pathway, like mutations in the gene encoding β-catenin. We used HCT116 cells with either 
the wild-type allele deleted (HCT116 CTNNB1Δ45/−) or the mutant β-catenin allele 
deleted (HCT116 CTNNB1−/wt) to study the contribution of each allele to RK-33 sensitivity. 
Interestingly, we found that cells with mutant β-catenin were slightly more sensitive (IC50 
2.68 μM) than those with only a wild-type allele (IC50 3.71 μM) and that DDX3 expression 
is slightly higher in HCT116 β-cateninΔ45/− cells (Figure 5D-5E). These results indicate 
that APC wild-type colorectal cancers harboring an activating CTNNB1 mutation may be 
more sensitive to RK-33 treatment. 

Inhibition of DDX3 results in reduced Wnt signaling 
To evaluate whether the observed proliferation inhibition is the result of interference with 
oncogenic Wnt signaling, we tested whether DDX3 inhibition causes a reduction in TCF4-
promoter activity with a reporter assay. Knockdown of DDX3 resulted in a significant 
decrease in Wnt signaling in HCT116 (42%, p = 0.001) and a small decrease in HT29 (17%, 
p = 0.23; Figure 6A). RK-33 treatment resulted in an even greater inhibition of TCF4- 
reporter activity of 74% in HCT116 (p = 0.0008) and of 44% in HT29 (p = 0.03; Figure 
6B). To validate whether the reduced TCF4-reporter activity also resulted in reduced 
mRNA expression of TCF4-regulated genes, we quantified transcript expression for c-MYC, 
AXIN2, CCND1 and BIRC5A. As seen in Figure 6C and Supplementary Table 1, DDX3 
knockdown resulted in reduced expression of AXIN2, CCND1 and BIRC5A in HCT116. 
Similarly, a decrease was observed in CCND1, c-MYC and BIRC5A expression in HT29. RK-
33 treatment also significantly reduced the amount of transcripts of c-MYC, AXIN2, CCND1 
and BIRC5A in HCT116 (Figure 6D). Again this result was slightly less profound in HT29, 
where RK-33 caused a reduction in AXIN2, CCND1 and BIRC5A. Overall, inhibition of DDX3 
results in decreased Wnt signaling in HCT116 and to a lesser extent in HT29, which 
corresponds to their relative dependence on DDX3 for cell cycle progression. 
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RK-33 treatment reduces DDX5 protein levels 
Since DDX5 and DDX17 are known mediators of Wnt signaling in colorectal cancer [218, 
219] and DDX3 and DDX5 have been found to interact,[220] we evaluated whether RK-33 
treatment also influences DDX5 and DDX17 protein levels. Although we found earlier that 
RK-33 does not bind directly to DDX5,[74] exposure to RK-33 resulted in decreased DDX5 

Figure 5. DDX3 dependency in different colorectal cancer genetic subtypes.
A. Immunoblot showing p53 and DDX3 expression in HCT116 with and without p53. B. MTS assay showing the 
relative cytotoxicity after RK-33 treatment in HCT116 with and without p53. C. Cell Cycle analysis of HCT116-p53-/- 
cells after DDX3 knockdown with 50 nM siDDX3. D. Immunoblots of DDX3 expression in HCT116 p53-/-  before and 
after inhibition of DDX3 with 50 nM siDDX3. E. Relative sensitivity to RK-33 in parental HCT116 (CTNNB1Δ45/wt) 
and HCT116 with either the mutant CTNNB1 allele (CTNNB1-/wt) or the wild-type allele deleted (CTNNB1Δ45/-). 
F. Immunoblot showing the DDX3 expression in HCT116 with different β-catenin variants. All experiments were 
performed three independent times, graphs represent mean ± SD, *p < 0.05
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protein levels, but did not affect DDX17 expression (Figure 7). This indicates that the 
observed reduction in Wnt signaling could be either as a direct result of decreased DDX3 
levels, of the consequentially lowered DDX5 expression, or of a combination of both 
mechanisms. 
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Figure 6. DDX3 inhibition results in reduced Wnt signaling activity.
A. and B. TCF4-reporter assays after knockdown of DDX3 with 50 nM siDDX3 (A.) and inhibition of DDX3 with  
RK-33 (B.) in DDX3-dependent colorectal cancer cell lines HCT116 and HT29. C. and D. Relative mRNA expression 
of TCF4-target genes after knockdown of DDX3 with 50 nM siDDX3 (C.) or DDX3 inhibition with RK-33 (D.)  
All experiments were performed three independent times, graphs represent mean ± SD, * p < 0.05, ** p <  0.01.

201750 proefschrift_Kari Trumpi_new.indd   134 15-12-17   15:34



DDX3 AS A THERAPEUTIC TARGET IN COLORECTAL CANCER

135

7

D I S C U S S I O N

Previously, we demonstrated that DDX3 is overexpressed in breast and lung cancers and 
that targeting DDX3 by RK-33 promotes cell death.[73, 74] This requirement for DDX3 
can in part be explained by its involvement in Wnt signaling, as was shown previously by 
our group and others.[72, 74, 203] As the majority of colorectal cancers is driven by 
mutations in the Wnt-signaling pathway, we explored the possible contribution of DDX3 
to Wnt-associated colorectal cancer oncogenesis. In the present study, we showed that 
DDX3 is overexpressed in 39% of colorectal cancers and that inhibition of DDX3 results 
in reduced Wnt signaling and a G1 arrest, making DDX3 an attractive therapeutic target 
in these cancers. 
The clinical relevance of the development of Wnt signaling inhibitors which work in a 
constitutively activated setting is tremendous, since mutations in the Wnt-signaling 
pathway are not only the first genetic alterations in the adenoma-carcinoma sequence, 
but advanced colorectal cancers with mutations in APC or CTNNB1 remain dependent on 
upstream Wnt signaling activity.[221, 222] Especially colorectal cancer stem cells rely on 
Wnt signaling, and potent inhibition may therefore specifically inhibit the resistant tumor 
initiating cell population.[223] This potential is also reflected by the cytotoxic effect of 
RK-33 on 3D cultures of colorectal cancer stem cells in our study. Colorectal cancer drug 
development is currently limited by a lack of pathway specific targets, potential redundancy 
of pathway components and toxicity.[224] In this study we show that DDX3 is an integral 
component of Wnt signaling, and targeting DDX3 by RK-33 is a potential therapeutic 
option. Although previous mouse studies showed no RK-33-related toxicity,[74] future 
studies will need to validate the anti-cancer activity of DDX3 inhibition in in vivo models 
of colorectal cancer. 
Apart from several studies finding an oncogenic role of DDX3 in cancer,[73, 74, 203, 225-
230] others have suggested that DDX3 may also have a tumor suppressive role in certain 
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Figure 7. DDX5 and DDX17 expression after treatment with RK-33.
A. DDX5 expression before and after DDX3 inhibition with RK-33. B. DDX17 expression before and after DDX3 
inhibition with RK-33.
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cancers.[231-234] Although it is difficult to explain these discrepancies by the molecular 
backgrounds of different cancer types, it is possible that DDX3 levels can differ between 
different subsets of patients within a particular cancer. For example, we found high DDX3 
expression to be associated with worse prognosis in smoking patients with head and neck 
squamous cell carcinomas,[235] whereas the opposite was observed in non-smoking 
patients.[236] DDX3 inhibition resulted in a reduction of proliferation in several colorectal 
cell lines and all of the colorectal cancer cell lines used in this study were susceptible to 
RK-33, pleading for reliance of colorectal cancer cells on DDX3 for their survival and 
arguing against a tumor suppressive role in this particular setting. Interestingly, within 
our cohort of colorectal cancer cell lines, we observed differential sensitivity to RK-33, 
indicating that other genetic factors may contribute to oncogenic addiction to DDX3 in 
neoplastic cells. 
Personalized cancer therapy, in which the treatment is adjusted to specific molecular 
characteristics of a tumor, is of great promise for future cancer treatment. The sensitivity 
to DDX3 inhibition with both RK-33 and siDDX3 was greatest in HCT116, closely followed 
by HT29. SW480 and DLD-1 were less sensitive to RK-33 and not affected by siDDX3 
treatment. Within our experimental setting, DDX3 dependency was not necessarily 
reflected by absolute DDX3 protein expression levels. This could be due to the fact that 
the levels of DDX3 essential to maintain cellular homeostasis are variable in different 
colorectal cancer cells. Another possibility is that in conjunction with DDX3, there could 
be an association with other specific genetic alterations that promotes RK-33 sensitivity. 
DDX3 dependency seemed to be greater in the presence of wild-type APC- status and 
activating mutations in CTNNB1. This finding is in line with the co-occurrence of DDX3X 
and CTNNB1 mutations in medulloblastomas[204-206] and provides a potential 
explanation for the fact that HT29, which harbors a mutation in APC, does not show a clear 
G1 arrest upon DDX3 knockdown. However, both our sample size and the differences in 
RK-33 sensitivity were too small to be able to make any definite claims with regard to 
predictors of DDX3 dependency. 
Different levels of interference have been suggested for DDX3 in the Wnt-signaling 
pathway. In contrast with our findings, Cruciat, et al. found that DDX3 inhibition had no 
effect on Wnt signaling activity after induction with β-catenin overexpression and that 
the involvement of DDX3 in this pathway was independent of its helicase activity.[72] It 
is possible that other mechanisms by which DDX3 is involved in Wnt signaling, like 
stabilization of β-catenin indirectly through Rac1-signaling[203] or DDX5, or through a 
direct interaction with DDX3[74] are more prominent in colorectal cancers. Unfortunately, 
only a minority of colorectal cancers (23%) falls into the wild-type APC group. However, 
mutations in CTNNB1 are highly prevalent in hepatocellular carcinoma (24%), sarcoma 
(44%) and testicular cancer(24%),[237] suggesting that these cancers may potentially 
have increased sensitivity to RK-33. In contrast to Sun et al. who found DDX3 to be pro-
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apoptotic in a p53- wild type breast cancer cell line and anti-apoptotic in cell lines 
harboring a p53-mutation,[238] we found DDX3 dependency not to differ in the presence 
or absence of p53. 
Overall, we conclude that a subset of colorectal cancers is addicted to DDX3 expression. 
In these more often APC-wild-type cancers, inhibition of DDX3 causes a potent reduction 
of Wnt signaling and a G1 arrest. DDX3 inhibition with the small molecule inhibitor RK-33 
is therefore a promising future treatment strategy in colorectal cancer. 
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S U P P L E M E N TA L  I N F O R M AT I O N

Supplementary table 1. Clinical characteristics of the patients from which the cell lines in this study where derived.

Patient Organ Stage Derived from Reference

HCT116 48-year old male Colon ascendens Dukes’ D Primary tumor Brattain, et al.,239 Eshleman, 
et al.240

CRC29 81-year old female Colon T2N0Mx Primary tumor

HT29 44-year old female Colon Dukes’ C Primary tumor Fogh, et al. 241

CR9 73-year old male Colon T3N0M1 Primary tumor

DLD-1 Male Colon Primary tumor Chen, et al.242, Dexter, et al.243

CRC47 Colon (Sigmoid) T3N1Mx Primary tumor

SW480 50-year old male Colon Dukes’ B Primary tumor Leibovitz, et al.244

Colo205 70-year old male Colon cancer Ascites Semple, et al.245

L145 72-year old male Colon cancer liver 
metastasis

Liver 
metastasis

 

Supplementary table 2. mRNA expression of TCF4-target genes after DDX3 inhibition.

DDX3 c-MYC AXIN2 CCND1 BIRC5A

fold 
change

p-value fold 
change

p-value fold 
change

p-value fold 
change

p-value fold 
change

p-value

HCT116 siDDX3 23.7 0.005 1.07 0.58 1.86 0.05 3.10 0.005 2.27 0.01

RK-33 3.76 0.01 7.37 0.01 4.68 0.01 7.41 0.001

HT29 siDDX3 7.81 0.00003 1.40 0.09 1.08 0.30 1.79 0.007 1.47 0.07

RK-33 1.11 0.17 1.73 0.09 1.38 0.03 2.31 0.04

Red = upregulated, green = downregulated. P-values calculated by a paired student’s T-test.
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Supplementary Figure 1. Cells undergoing apoptosis after DDX3 inhibition.
Histograms depicting the percentage of cells undergoing early apoptosis (Annexin V positive) or late apoptosis 
(Propidium Iodide labeled) as a result of DDX3 inhibition by RK-33 (A. & B.) or siDDX3 (C. & D.), analyzed by flow 
cytometry. Graph represents mean ± SD.
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The only curative option for colorectal cancer is surgical resection, which can be combined 
with chemotherapy and in case of rectal tumors with radiotherapy. Despite the curative 
options, colorectal cancer is still the third leading cause of cancer related deaths worldwide.
[1] This thesis provides insight in selection tools and treatment options for colorectal 
tumors with a poor prognosis. This chapter provides a general discussion, summary and 
future perspectives of all presented studies.

Cancer drug development costs have risen to approximately 1 billion dollar for each 
drug that succeeds through all three phases of clinical trials. The costs substantially 
increase and the probability of success decreases through each subsequent phase of 
drug development and its clinical trials.[246] Up to 60% of phase III trials have negative 
outcomes,[247, 248] and only 10% of new cancer drug candidates ultimately make it 
to the market. Their success is commonly measured in additional weeks or months 
survival, rather than years.[249, 250] These high failure rates of the clinical trials 
underscore the need for optimization of trial design, patient selection and pre-clinical 
cancer drug testing. 

In the last decade 3D cultures (spheroid type and organoid type cell cultures[13, 14]) have 
been developed. They enable the generation of patient-derived cell lines in a manner that 
preserves the genetic and phenotypic aspects of the original (tumor) tissue. Studies 
comparing 2D cultures (traditional cancer cell lines[11]) to 3D cultures have shown that 
results obtained with 2D cultures can lead to an overestimation of the potential efficacy 
of anti-cancer drugs.[251, 252] Hence, 3D cultures are expected to be a more relevant 
model system for pre-clinical cancer drug testing.[253] Low cost techniques that allow 
cancer drug screening on a large scale under reproducible conditions, as well as in fast 
and automated ways, are key to the discovery of novel effective cancer drugs. In chapter 
2, we describe a widely available, low-cost and robust method for high content screening 
of drug-induced cell death in 3D cultures, involving paired imaging- and FACS-based 
analysis of cell viability and cell cycle profiles. In the last years a wide variety of new 
techniques and methodologies to characterize the effect of anti-cancer drugs on 3D 
cultures were described.[254] The majority of these techniques and methodologies use 
one entity to quantify the efficacy of cancer drugs.[255-265] The use of imaging by optical 
and/or fluorescent microscopy, which is combined in the Arrayscan, can be used to 
monitor size and growth, cellular morphology and cell death. FACS is used in parallel to 
analyze the parameters cell death and cell cycle. This leads to additional information 
compared to the most commonly used approaches that use a per-well amount of some 
aspect of cellular metabolism or biomass as a proxy for the number of viable cells.[78, 79, 
81, 82] The only well-based viability assay that was significantly concordant with our 
assay was the Cell-Titer-Glo assay. Therefore, it may be considered as a good alternative 
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for cell-based assays in those experimental settings where only well-based viability 
information is needed. Thus, combining imaging- and FACS based analyses provides 
detailed information about drug response and cell cycle status on a per cell basis in 3D 
cultures. For cancer drug development it is an ideal platform to test large numbers of 
drugs in concentration series on 3D cultures.

Classic staging systems, such as the TNM-classification system, guide physicians in offering 
treatments to their patients. The fundamentals of this TNM-classification system comprise 
the histology of the surgical resection specimen and anatomical characteristics. 
Localization, histological subtypes and biological behavior of the tumor and patient 
characteristics are currently not taken into account in the process of selecting colorectal 
cancer patients for therapy.[19] In two chapters of this thesis we investigated the 
possibility to stratify patients into groups with differential prognosis and/or therapeutic 
response. In chapter 6, we studied ABC-transporter expression in primary colorectal 
tumors as an indicator for tumor response to irinotecan in patients with metastatic 
colorectal tumors. The active efflux of chemotherapeutics by transmembrane pumps 
belonging to the ABC-family has been reported as a potential clinically relevant mechanism 
of drug resistance.[59-63] We hypothesized colorectal tumors expressing ABC-transporters 
to have a worse therapeutic response and a poorer prognosis when treated with irinotecan 
compared to colorectal tumors without ABC-transporter expression. However, the ABC-
transporter expression of primary colorectal tumors did not predict the response of 
metastatic colorectal tumors to irinotecan, nor did it predict prognosis. Likewise, germ 
line DNA polymorphisms in ABCB1 tested in patients enrolled in the FOCUS Trial did not 
predict response to irinotecan in combination with FU either.[193] Nevertheless, a 
predictive role of tumor ABCG2 mRNA expression was suggested for stage III colon cancer 
patients receiving irinotecan.[266] This lack of consistency could be explained by different 
methods that have been used to evaluate the expression levels. In addition, protein 
expression as measured by IHC may not adequately reflect the functional activity of 
ABC-transporters.[267-269] Additional non-transporter mediated drug resistance 
mechanisms are likely to play a role in determining the response to irinotecan. 

In chapter 3, we describe a validated IHC-based classifier using only a small number 
of markers to stratify patients into two subgroups. This classifier is based on the colon 
cancer subtype classifier[27] and the CMS classifier[34] and can detect a mesenchymal 
colon cancer subtype associated with a poor disease outcome and an epithelial colon 
cancer subtype with a relatively good prognosis. It is available online for rapid 
classification, both in the format of an automated image analysis pipeline to score tumor 
core staining, and as a classifier based on semi quantitative pathology scoring. Our IHC-
based classifier is not the only classification system to identify poor prognosis colorectal 
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cancer patients. Commercial assays based on gene signatures have been developed to 
stratify patients; for example, the Oncotype DX 12-gene RT-PCR assay (Genomic Health, 
USA)[270, 271] and the ColoPrint 18-gene microarray-based classifier (Agendia Inc., 
USA).[272] A shortcoming of these assays is that they can only be performed on fresh 
frozen tumor material. Fortunately, in the validation study of the ColoPrint, the PARSC 
trial (Trial Registration ID: NCT00903565) that is currently ongoing, fresh RNA-Retain 
colorectal tumor specimens and FFPE colon tumor specimens are compared to hopefully 
overcome this shortcoming. Nevertheless, our IHC-based classifier is performed on FFPE 
material and is a rapid and cost-effective surrogate for gene-expression profiling; it can 
be used in translational research and has all the potential to be implemented in the 
clinic. The majority of tools to stratify colorectal cancer patients, including Oncotype 
DX en ColoPrint, identify the same patients with the poorest prognosis.[27] Nevertheless, 
unlike the CMS classification, most stratifying tools do not provide insight in tumor 
behavior and biology. 
The CMS1 group consists of tumors with MSI, which is caused by a defect mismatch repair 
system (dMMR). CMS1 also shows enrichment for tumors with activating mutations in 
BRAF. Furthermore, this tumor subgroup is characterized by a strong infiltration of tumor 
tissue by immune cells, possibly caused by the high mutational load and increased 
‘foreignness’. Chromosomal instability is seen in all CMS groups, except CMS1. CMS2 
tumors are epithelial tumors with an up regulation of Wnt and MYC downstream targets.
[34] Metabolic reprogramming is the dominant feature in CMS3 epithelial tumors and 
this group is also enriched with tumors harboring activating mutations in KRAS.[34, 273] 
The CMS4 subgroup consists of tumors, which are characterized by mesenchymal and 
stemness features.[34] 
These differences in biological properties now form the basis for designing subtype-targeted 
therapies. We found KRAS/BRAF wild-type epithelial-like tumors to have an improved 
response to cetuximab therapy compared to mesenchymal-like tumors. In accordance, 
metastatic tumors of the mesenchymal subtype display resistance to anti-EGFR therapy 
independent of RAS-mutation status.[27, 274] Similar evidence indicates that patients with 
mesenchymal-like primary tumors do not benefit from the addition of oxaliplatin to adjuvant 
chemotherapy.[31] Our IHC-based classifier can be of guidance in the selection of patients 
for subtype specific adjuvant therapy. Currently, our classifier does not distinguish between 
different epithelial-like subtypes, which have similar prognosis. However, we are planning 
to extend our classifier to assist in the discrimination of CMS2 and CMS3, by including 
suitable metabolic markers, such as GLUT1. Nevertheless, at this moment our IHC-based 
classifier can be used to prevent patients with mesenchymal-like tumors from the side effects 
of ineffective adjuvant therapy. 
Current chemotherapy regimens are based on 5-fluorouracil, oxaliplatin and irinotecan,[54, 
275] and are frequently given to downsize primary (rectal) tumors and liver metastases. 
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In chapter 4, we describe that neoadjuvant chemotherapy induces a mesenchymal 
phenotype in residual tumor cells, in vitro, in primary colorectal tumors and in liver 
metastases. These results, combined with the treatment resistant nature of mesenchymal-
like tumors [122, 132-134], suggest that CMS4-targeted therapy may not only be effective 
in the treatment of CMS4-diagnosed tumors, but also in the adjuvant treatment of 
chemotherapy-surviving tumor residue of other CRC subtypes that obtained a 
mesenchymal-like phenotype. Previously, we have shown that platelet-derived growth 
factor receptors (PDGFRs) and KIT are highly expressed in mesenchymal-like tumors; 
PDGFR and KIT expression strongly correlate with disease free survival; in vitro en in vivo 
inhibition of PDGFR and KIT tyrosine kinase signaling reduced invasiveness, metastatic 
potential and stem-like characteristics of mesenchymal-like colorectal tumors.[276, 277] 
Imatinib, a PDGFR and KIT inhibitor which is FDA approved for the treatment of leukemia 
and GIST, might be a novel therapeutic target in mesenchymal-like (CMS4) tumors, which 
could overcome the resistant nature of these tumors. A proof-of-concept study, the Imatinib 
as Pre-operative Anti-Colon Cancer Targeted therapy trial, or in short ImPACCT trial (Trial 
Registration ID: NTC02685046), has started to investigate the potential efficacy of imatinib 
in mesenchymal-like tumors.[278] This trial makes use of a recently developed highly 
sensitive and specific CMS4 test for upfront patient selection. 
Current standard study protocols for novel treatments include patients with metastatic 
disease, who have no regular treatment options left. These patients are at the end stage 
of their disease and have had multiple varieties of chemotherapy. Patients with end stage 
disease who received multiple treatment modalities are in every aspect incomparable 
to patients with primary colorectal tumors, who have not yet ostensibly developed 
metastases and who are treatment naïve. PETACC-03, NSABP C-08 and N0147 are 
examples of clinical trials that tried to extrapolate therapeutic regimens, which were 
effective in patients with metastatic disease, to patients with primary colorectal tumors. 
Unfortunately, these trials failed; the evaluated therapeutic regimens were not effective 
in patients with primary colorectal tumors.[279-281] To save time and money, and more 
importantly to find new effective therapeutic regimens for oncologic patients, a shift in 
the paradigm of clinical trial development is needed. Promising drugs should be tested 
in selected treatment-naïve patients with early stage disease. The study design of the 
ImPACCT trial is ideal for this; it was designed to pre-select patients with mesenchymal-
like tumors and to treat them during the pre-operative window period with Imatinib. In 
brief, patients are approached for permission to obtain extra biopsies during colonoscopy 
in case a tumor is found in the colon. These biopsies are screened with an RT-qPCR test, 
which predicts the chance of a tumor being CMS4. The patients with CMS4 tumors are 
treated with Imatinib in the pre-operative window period, the period between diagnosis 
and the resection of the tumor.[278] This study design could serve as a blueprint for 
other proof-of-concept studies for subtype-targeted therapies. Ideally, biopsies obtained 
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by colonoscopy of all patients with colorectal tumors will be used to classify colorectal 
tumors via the CMS classification. Our IHC-based classifier can be used for this, and can 
be performed along side the standard of care. 

As described above CMS4 tumors show a typical expression of mesenchymal genes.[34] 
Both stromal cells and tumor cells are accountable for the expression of mesenchymal 
genes.[47-49] High stromal content tumors have been proposed to own their increased 
capacity to metastasize to cancer-associated fibroblasts.[50] However, the tumor 
microenvironment contains many different cell types, including immune cells. In chapter 
5, we describe macrophage signatures to be strongly associated with high fibroblast 
content and with poor prognosis in multiple large cohorts of primary tumors and liver 
metastases. Co-culturing macrophages with patient derived colonospheres promotes 
‘budding’ of small clusters of tumor cells from the bulk. Tumor cell budding is a 
phenomenon that has been described as a predictor of poor prognosis and lymph node 
metastases in colorectal cancer.[136, 137, 160, 282, 283] Macrophages promote tight 
junction protein degradation and destabilize cell-cell interactions. This can result in 
disturbed epithelial polarity, which facilitates tumor cell extrusion from the epithelial 
layer and promotes both tumor mass formation and invasion.[161, 162] Another attractive 
option for developing new treatment strategies against poor prognosis colorectal tumors 
could be targeting those TAMs. Pre-clinical work in glioblastoma multiforme models has 
shown that macrophage re-education through CSF1R inhibition caused re-polarization of 
TAMs towards a M1 phenotype. This re-education dramatically increased survival, and 
caused established tumors to regress.[183] Furthermore, the pancreatic islet cancer model 
of CSF-1-deficient mice displayed a substantial reduction in macrophage infiltration, 
angiogenic switching, and cumulative tumor burden.[284] Unfortunately, in our 
experiments the CSF1R inhibitor BLZ-945 did not prevent macrophage-induced tumor 
cell budding, nor did it induce tumor cell killing in vitro. Nevertheless, other stroma-
targeting therapies, like VEGF-targeting antibody bevacizumab, are part of the standard 
treatment of metastatic colorectal cancer. This suggests that stroma-targeting therapies, 
including therapies targeting or re-educating macrophages, may be a promising addition 
to the standard of care. 

Genetic aberrations of the Wnt/β-catenin signaling pathway are found in 90 percent of 
patients with colorectal tumors. Most common is the inactivation of the APC gene, while 
activating mutations in β-catenin are less prevalent.[71] DDX3 is a multilevel activator of 
the Wnt-signaling pathway,[72] which exhibits oncogenic properties in breast, prostate 
and lung carcinomas.[73, 74, 285] In chapter 7, we describe the oncogenic role of DDX3 
in colorectal cancer. We show that DDX3 is overexpressed in 39% of colorectal tumors 
and that inhibition of DDX3 results in reduced Wnt signaling and a G1 arrest, making DDX3 
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an attractive therapeutic target in these colorectal tumors. Treating 2D and 3D colon 
cancer cultures with DDX-3 inhibitor RK-33 resulted in growth inhibition and cell death. 
Likewise, impairment of Wnt signaling in colorectal cancer cells results in the reduction 
of cell proliferation and the induction of cell differentiation and cell death.[286] The 
clinical relevance of Wnt-signaling inhibitors is immense. Not only are genetic aberrations 
in the Wnt/β-catenin signaling pathway the most frequent mutations in the adenoma-
carcinoma sequence, but advanced colorectal tumors with mutations in APC or CTNNB1 
remain dependent on upstream Wnt signaling activity.[221, 222] Therefore, therapeutic 
agents, such as RK-33, targeting DDX3 might provide a promising future strategy in 
colorectal tumors. However, clinical trials with RK-33 have not yet been performed. 
Currently, we are investigating the association of DDX3 expression with CMS subgroups 
as this may identify a subgroup of patients who might benefit from DDX3 inhibition. 
However, at present it is unknown whether any of the CMS subtypes is more (or less) 
dependent on upstream Wnt signaling.   

Cancer drugs are likely to be more effective in selected subgroups of cancer patients and 
the CMS classification system offers a platform for such stratification. Currently, MSI is 
the only molecular marker that is being used in the clinical decision process for adjuvant 
chemotherapy in colon cancer.[287] Recently, it has become clear that MSI tumors 
(including those of colorectal origin) respond exceptionally well to immune checkpoint 
blockade by inhibition of PD1.[288, 289]. This is the first example of successful subtype-
targeted therapy where clinical responses are observed only in the subgroup of tumors 
(CMS1), which are characterized and identified by a specific molecular feature (MSI). 
Ideally, patient selection will start in the early phases of the disease. During colonoscopy 
tumor biopsies are obtained from all patients, immunohistochemical stainings are 
performed to diagnose the colorectal tumors. In the (near) future additional 
immunohistochemical stainings, i.e. the IHC-based CMS classifier could be added, allowing 
their CMS classification. A further personalization of treatment could be reached by 
initiating 3D cultures of each patient from the resected tumors and/or metastases. These 
3D cultures provide a novel platform for individual patient-drug testing. Clinical trials 
investigating the relationship between tumor responses in the patient and in vitro, are 
currently underway. Ultimately, these efforts should lead to the development of subtype- 
or even patient-specific treatment protocols. 
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Met jaarlijks 1,4 miljoen nieuwe gevallen is darmkanker derde op de lijst met meest 
voorkomende vormen van kanker. Darmkanker resulteert jaarlijks in ongeveer 694.000 
doden wereldwijd. De meeste overlijdens komen door uitzaaiingen in bijvoorbeeld de 
longen of de lever, die bij ongeveer 50 procent van de patiënten voorkomen. Bij 15% van 
de patiënten met darmkanker zijn er bij de eerste presentatie in het ziekenhuis al 
uitzaaiingen te vinden. Nog eens 35% van de darmkanker patiënten zullen in de loop van 
de tijd uitzaaiingen ontwikkelen. Als er sprake is van uitzaaiingen spreken we van stadium 
IV darmkanker. 
Op dit moment is een operatie de enige behandeling die kans geeft op genezing. Zo’n 
operatie kan gecombineerd worden met chemotherapie en in het geval van endeldarm 
tumoren ook met radiotherapie. Chemotherapeutische behandeling van darmkanker 
bestaat uit 5-fluorouracil, oxaliplatin en/of irinotecan. Chemotherapie wordt vaak gebruikt 
om endeldarmtumoren en uitzaaiingen in de lever kleiner te maken (neoadjuvante 
chemotherapie), maar kan ook na de operatie worden toegediend om de overleving te 
verbeteren (adjuvante chemotherapie). Deze adjuvante chemotherapie wordt 
voorgeschreven aan patiënten met stadium III of hoog risico stadium II darmkanker. 
Patiënten met stadium IV darmkanker hebben alleen kans op genezing wanneer de 
uitzaaiingen door middel van een operatie verwijderd kunnen worden. Slechts 25% van 
de patiënten komt in aanmerking voor zo’n operatie, zelfs als de uitzaaiingen zijn 
voorbehandeld met chemotherapie om ze kleiner te maken. De overige 75% komen 
überhaupt niet in aanmerking voor een operatie. Bij deze patiënten maakt de locatie van 
de uitzaaiingen in de lever of de longen het onmogelijk om te opereren. Het enige redelijke 
alternatief voor deze patiënten is levensverlengende chemotherapie, waarna de 
gemiddelde overlevingsduur ongeveer twee jaar is. Het is dus van belang dat er nieuwe 
behandelingen worden ontwikkeld.
De kosten voor de ontwikkeling van anti-kanker medicijnen komen neer op ongeveer 1 
miljard dollar per medicijn dat op de markt komt. Hiervoor moet een medicijn 3 fasen 
van klinische trials doorlopen. De kosten stijgen substantieel en de kans van slagen daalt 
bij iedere opvolgende fase. Daarnaast hebben tot 60% van de fase III klinische trials 
negatieve uitkomsten. Een gevolg daarvan is dat maar 10% van de ontwikkelde anti-kanker 
medicijnen op de markt komt. De winst die geboekt wordt met nieuwe medicijnen wordt 
vaak uitgedrukt in een verbeterde prognose voor de patiënt van weken of maanden, in 
plaats van de gehoopte jaren. Deze matige resultaten benadrukken de noodzaak om 
klinische trials, patiënten selectie en de ontwikkeling van medicijnen te optimaliseren.

Bij de ontwikkeling van nieuwe medicijnen worden sinds jaar en dag traditionele humane 
kanker cellijnen (2D cellijnen) gebruikt. In de afgelopen jaren zijn cellijnen (organoïden 
en sferoïden) ontwikkeld, die 3D groeien en zo een tumor in een schaaltje nabootsten. De 
efficiëntie in het opzetten van deze 3D cellijnen en daarnaast het behoud van kenmerken 
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van de initiële tumor zorgen ervoor dat dit het ideale ex vivo platform is om op maat 
gemaakte behandeling voor patiënten te ontwikkelen. Daarnaast blijkt dat, wanneer 
experimenten op 2D cellijnen zijn uitgevoerd, het effect van verschillende medicijnen 
wordt overschat. Desondanks zijn de huidige toxiciteitsanalyses geoptimaliseerd voor 2D 
cellijnen. Deze toxiciteitsanalyses gebruiken een afgeleide voor overleving van cellen en 
bestaan uit metingen per wel. Idealiter zou celdood gemeten worden in toxiciteitsanalyses. 
Als we deze reeds bestaande toxiciteitsanalyses uitvoeren in 3D cellijnen zien we jammer 
genoeg veel variatie en inconsistentie in resultaten. Dit vraagt ofwel om optimalisatie van 
deze analyses of om de ontwikkeling van nieuwe toxiciteitsanalyses. In hoofdstuk 2 
beschrijven we een alom beschikbare, goedkope en robuuste toxiciteitsanalyse, die 
geoptimaliseerd is in 3D cellijnen. Bij deze analyse maken we gebruik van microscopie en 
FACS, waarbij de celcyclus en celdood worden geanalyseerd. In de afgelopen jaren is er 
een grote variëteit aan technieken en methodes beschreven om de effectiviteit van anti-
kanker medicijnen te testen op 3D cellijnen. De overgrote meerderheid van deze technieken 
en methodes gebruikt echter maar één entiteit om effectiviteit te meten. Wij hebben er 
voor gekozen twee methoden, microscopie door middel van de Arrayscan en FACS, te 
combineren. De Arrayscan combineert conventionele en fluorescentie microscopie, dit 
kan worden gebruikt om de grootte, groei, morfologie van de cel en celdood te monitoren.  
Door middel van FACS kan naast celdood ook de celcyclus geanalyseerd worden. In 
vergelijking tot de meest gebruikte technieken is onze toxiciteitsanalyse op cel basis, in 
plaats van per wel. Het nadeel van een per wel analyse is dat er vaak een afgeleide van 
overleving van cellen wordt gebruikt. De enige toxiciteitsanalyse die een afgeleide van 
overleving van cellen gebruikt, die correspondeert met onze toxiciteitsanalyse is de Cell-
Titer-Glo analyse. Cell-Titer-Glo kan dan ook als een goed alternatief worden beschouwd, 
indien analyse op cel basis niet essentieel is. Met behulp van de door ons beschreven 
toxiciteitsanalyse kunnen in korte tijd grote aantallen en verschillende combinaties en 
concentraties medicijnen getest worden op 3D cellijnen. Dit maakt dit platform ideaal 
voor de ontwikkeling van anti-kanker medicijnen.

Darmkanker wordt momenteel ingedeeld aan de hand van het TNM-classificatie systeem. 
Deze indeling van tumoren leidt tot een bepaalde prognose voor de patiënt, waarop de 
arts een voorstel voor de behandeling doet. Deze TNM-classificatie is alleen gebaseerd op 
pathologische factoren. De lokalisatie, het histologische subtype en het biologische gedrag 
van de tumor en patiënten karakteristieken worden momenteel niet meegenomen in de 
indeling van tumoren. Deze tekortkomingen hebben ervoor gezorgd dat er een zoektocht 
naar moleculaire karakteristieken van tumoren gaande is. Moleculaire eigenschappen van 
tumoren worden onderzocht, waardoor factoren geïdentificeerd zouden kunnen worden 
die de prognose van darmkanker patiënten voorspellen. Jaren geleden begon deze 
zoektocht met de identificatie van moleculaire markers en de mutatiestatus van KRAS, 
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BRAF en MSI. Door middel van genexpressie profielen werden verschillende voorspellende 
modellen gegenereerd, die subgroepen van darmkanker patiënten met verschillende 
prognoses identificeren. Een uitgebreide analyse van deze verschillende voorspellende 
modellen leidde tot de ontdekking van vier subgroepen, de zogenaamde consensus 
moleculaire subtypen (CMS). Deze worden elk gekarakteriseerd door verschil in activiteit 
van signaleringsroutes in de tumor. Tot op heden zijn de kosten en de hoeveelheid tumor 
materiaal, die gepaard gaan met deze CMS indeling, die op genexpressie gebaseerd is, een 
belemmering voor de toepassing in de dagelijkse kliniek. Vanwege de kosteneffectiviteit 
en snelle implementatie is histopathologie daarom nog steeds de gouden standaard. In 
hoofdstuk 3 hebben we een op genexpressie gebaseerd indelingssysteem aangepast tot 
een snel scoringssysteem, waarbij maar een kleine hoeveelheid tumor materiaal gebruikt 
wordt. Dit heeft geleid tot een gevalideerd op immunohistochemie-gebaseerd 
classificatiesysteem. De stratificatie van patiënten op basis van een klein aantal markers 
door middel van ons scoringssysteem leidt tot twee subgroepen. Er wordt onderscheid 
gemaakt tussen een mesenchymaal subtype dat geassocieerd is met een slechte prognose 
en een epitheliaal-subtype dat geassocieerd wordt met een relatief goede prognose. Onze 
beschreven methode is tevens online beschikbaar. Ons op immunohistochemie-gebaseerd 
classificatiesysteem kan zowel door middel van geautomatiseerde beeldanalyse als door 
een patholoog uitgevoerd worden. Ons systeem is niet het enige classificatiesysteem wat 
darmkanker patiënten met een slechte prognose kan identificeren. Oncotype DX en 
ColoPrint zijn voorbeelden van commerciële methoden om patiënten te stratificeren en 
zijn gebaseerd op gen expressie analyse. Dit is direct ook hun nadeel. Deze methoden 
kunnen niet zonder al te veel aanpassingen in de dagelijkse praktijk worden ingevoerd. 
Daartegenover staat dat ons immunohistochemie-gebaseerd classificatiesysteem wel alle 
potentie heeft om in de kliniek te worden geïmplementeerd.

De meerderheid van de voorspellende modellen identificeert dezelfde groep darmkanker 
patiënten met een slechte prognose. Toch wordt inzicht in tumor biologie en tumor gedrag 
alleen door middel van CMS classificatie verkregen. De CMS1 groep bestaat uit MSI 
tumoren, en laat een verrijking voor BRAF mutaties zien. Bij verdere analyse valt op dat 
er in deze CMS1 tumoren een sterke infiltratie van de tumor micro-omgeving is met 
immuuncellen. Chromosomale instabiliteit wordt in alle CMS groepen waargenomen, 
behalve in CMS1. CMS2 tumoren zijn epitheliale tumoren waarbij downstream targets 
van Wnt en MYC opgereguleerd zijn. CMS3 tumoren zijn ook epitheliale tumoren, maar 
zij hebben een metabole herprogrammering ondergaan en de groep is verrijkt met 
tumoren die activerende mutaties van KRAS bevatten. De CMS4 subgroep bestaat uit 
tumoren, die worden gekenmerkt door hun mesenchymaliteit en stamcelachtige 
kenmerken. Deze aanzienlijke verschillen zullen waarschijnlijk leiden tot specifieke 
therapieën voor de verschillende subtypen tumoren. Uit ons onderzoek bleek dat KRAS/
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BRAF wild-type epitheliale tumoren beter reageren op behandeling met cetuximab dan 
mesenchymale tumoren. Dit komt overeen met de literatuur waaruit blijkt dat 
mesenchymale uitzaaiingen (onafhankelijk van de mutatiestatus van KRAS/BRAF) 
ongevoelig zijn voor behandeling met middelen gericht tegen EGFR. Daarnaast blijkt ook 
dat oxaliplatin geen toegevoegde waarde heeft bij de adjuvante chemotherapie van 
patiënten met mesenchymale darmtumoren. Ons op immunohistochemie-gebaseerde 
classificatiesysteem kan helpen met de selectie van darmkanker patiënten voor adjuvante 
behandeling. Momenteel is ons classificatiesysteem nog niet zo ontwikkeld dat het de 
twee subtypen epitheliale tumoren kan onderscheiden. Ondanks dat deze subtypen 
epitheliale tumoren dezelfde prognose hebben, willen we ons classificatiesysteem 
uitbreiden met metabole markers, zoals bijvoorbeeld GLUT1. Desalniettemin kan ons 
classificatiesysteem momenteel worden gebruikt om te voorkomen dat patiënten met 
mesenchymale tumoren worden blootgesteld aan de bijwerkingen van ineffectieve 
adjuvante behandeling.

De moleculaire classificatie van darmkanker heeft correlaties aangetoond tussen subtypes, 
de neiging om uit te zaaien en therapierespons. Om uit te kunnen zaaien moet een tumor 
cel afkomstig van de primaire tumor een aantal opeenvolgende stappen succesvol afleggen. 
Zo’n kanker cel moet door het originele weefsel heen groeien, de bloedbaan binnen treden, 
overleven in de bloedbaan, uit de bloedbaan treden en als laatste koloniseren in het orgaan 
waar het wil uitzaaien. Ongeveer 0.02% van het totaal aantal cellen dat in de bloedbaan 
terecht komt, lukt het om uit te groeien tot een uitzaaiing. Bij darmkanker komen de 
meeste uitzaaiingen voor in de lever (~70%) en de longen. Andere organen waar 
uitzaaiingen gevonden kunnen worden zijn het buikvlies, de hersenen en de botten. 
Tegenwoordig kunnen uitzaaiingen in de lever, longen en zelfs in het buikvlies verwijderd 
worden door middel van een operatie. Hierdoor hebben we de beschikking over gepaarde 
tumormonsters van primaire tumoren en uitzaaiingen van darmkanker. Desondanks is 
er geen rechtlijnigheid in de literatuur over de concordantie tussen deze gepaarde 
tumoren. Deze inconsistente resultaten reflecteren de heterogeniteit in gebruikte 
methoden, grootte van de groepen, variëteit in de plaats van de uitzaaiingen en tumor 
biologie. Om een voorbeeld te geven, zijn er studies die een 100% concordantie voor KRAS 
expressie rapporteren, daar tegen over staan studies met tot 40% discordantie. 
Desalniettemin is de samengenomen concordantie voor KRAS mutaties in gepaarde 
darmtumoren met 92% hoog. Tot op heden zijn classificatiesystemen alleen gebaseerd 
op de primaire tumoren. Of de moleculaire subtypes in de uitzaaiingen gehandhaafd 
blijven en of classificatie van primaire tumoren ook leidend kan zijn voor de behandeling 
van uitzaaiingen is op dit moment niet bekend. In hoofdstuk 4 vergelijken we gepaarde 
darmtumoren op basis van hun moleculaire classificatie door middel van ons op 
immunohistochemie-gebaseerde classificatie systeem. Hieruit kwam naar voren dat 
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neoadjuvante chemotherapie een mesenchymaal fenotype induceert in rest tumor cellen. 
Dit fenomeen zagen we in vitro maar ook in primaire darmtumoren en uitzaaiingen in de 
lever. Deze resultaten samengenomen met de therapie resistentie die we zien bij 
mesenchymale tumoren suggereren dat behandeling gericht op CMS4 tumoren ook wel 
eens effectief zou kunnen zijn als adjuvante behandeling voor rest tumor cellen met een 
verworven mesenchymaliteit.

Voorheen heeft onze onderzoeksgroep laten zien dat PDGFR en KIT receptoren tot 
expressie komen in mesenchymale tumoren. Expressie van PDGFR en KIT correleert met 
ziekte vrije overleving. Remming van PDGFR en KIT zorgt voor vermindering van 
invasiviteit, neiging tot uitzaaien en stamcelachtige karakteristieken. Imatinib is een 
PDGFR en KIT remmer, welke gebruikt wordt in de behandeling van verschillende soorten 
leukemie en GIST. Imatinib zou een nieuwe behandeloptie kunnen zijn voor mesenchymale 
tumoren. Momenteel wordt de effectiviteit van Imatinib in een proof-of-concept studie 
(ImPACCT trial) getest. 
Studie protocollen voor nieuwe medicijnen includeren vaak patiënten met uitgezaaide 
ziekte, die geen reguliere behandelopties meer hebben. Deze patiënten zitten in het 
eindstadium van hun ziekte en hebben vaak al meerdere cycli chemotherapie gehad. Deze 
patiënten zijn op geen enkele manier vergelijkbaar met patiënten die net de diagnose 
darmkanker hebben gekregen. Verschillende behandelingen die in patiënten zonder 
reguliere behandelopties effectief waren, bleken bij de onbehandelde, net gediagnosticeerde 
darmkanker patiënt niet van toegevoegde waarde. Om dit te voorkomen, is het belangrijk 
dat er een omslag komt in hoe we klinische trials opzetten. Idealiter zouden potentiële 
medicijnen getest moeten worden in geselecteerde, onbehandelde patiënten. De ImPACCT 
trial heeft zo’n opzet. Patiënten met mesenchymale tumoren worden geselecteerd aan de 
hand van een test op biopsieën die tijdens de colonoscopie afgenomen zijn. Tijdens de 
preoperatieve periode worden de geselecteerde patiënten behandeld met Imatinib. De 
studieopzet van de ImPACCT trial kan als voorbeeld gebruikt worden voor proof-of-
concept studies voor subtype specifieke behandelingen. Idealiter zou bij alle patiënten 
die een colonoscopie ondergaan de tumor worden getypeerd volgens CMS. Ons op 
immunohistochemie-gebaseerd classificatiesysteem kan hiervoor gebruikt worden, en is 
makkelijk te implementeren in de standaard zorg.

Darmtumoren met een slechte prognose worden gekenmerkt door een typische expressie 
van mesenchymale genen. Dit komt zowel door het stroma, als door tumorcellen die zich 
in het stroma bevinden. Stromarijke tumoren danken hun capaciteit om uit te zaaien aan 
fibroblasten, die in het stroma van de tumor te vinden zijn. De tumor micro-omgeving 
bevat naast fibroblasten nog vele andere verschillende soorten cellen, waaronder ook 
immuuncellen. Tumor geassocieerde immuuncellen kunnen een anti-tumorgeen effect 
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hebben en celdood induceren. Daarnaast is ook beschreven dat zij een rol spelen in de 
pathogenese van kanker en het ontstaan van uitzaaiingen. In hoofdstuk 5 beschrijven we 
dat gen-signaturen van macrofagen sterk geassocieerd zijn met veel fibroblasten en een 
slechte prognose in verschillende cohorten van primaire darmtumoren en uitzaaiingen 
in de lever. Het gezamenlijk kweken van macrofagen met 3D cellijnen leidt tot afscheiden 
van kleine groepjes tumor cellen van de bulk (budding). Tumorcel budding is een fenomeen 
dat bekend staat als voorspeller van een slechte prognose. Daarnaast is het geassocieerd 
met het bestaan van uitzaaiingen in de lymfeklieren bij darmkanker. Macrofagen zorgen 
er voor dat eiwitten in de zona occludens worden afgebroken en cel-cel interacties worden 
ontwricht. Dit kan resulteren in een verstoorde epitheliale polariteit, wat het losmaken 
van cellen uit de epitheliale laag faciliteert en tumorvorming bevordert. De behandeling 
richten op deze tumorcel geassocieerde macrofagen bij patiënten met een slechte prognose 
zou een aantrekkelijke optie zijn. Preklinisch onderzoek in hersentumoren (glioblastoma 
multiforme) laat zien dat je macrofagen kan heropvoeden door middel van CSF1R inhibitie. 
Deze heropvoeding van macrofagen zorgt voor een repolarisatie naar het M1 (anti-
tumorgeen) fenotype.  Dit leidt tot een verbeterde overleving en afname in tumorgrootte. 
Jammer genoeg hebben we in onze handen in darmkanker deze resultaten nog niet kunnen 
herhalen. Toch denken we dat behandeling gericht op stroma-componenten een 
toegevoegde waarde kan hebben bij de behandeling van darmkanker.

De huidige chemotherapeutische behandeling van uitgezaaide darmkanker bestaat uit 
5-FU, oxaliplatin en/of irinotecan. De gemiddelde overleving wordt hierdoor verlengd tot 
2 jaar. Behandeling met medicijn gericht tegen EGFR is voorbehouden aan darmkanker 
patiënten met wild type KRAS. Tumoren die niet meer reageren op een bepaalde 
behandeling, kunnen bij een andere behandeling wel weer reageren. Dit wekt de suggestie 
dat er verschillende resistentie mechanismen zijn en dat er sprake is van tumor 
heterogeniteit. Matige penetratie van chemotherapie in tumoren wordt gezien als een van 
de oorzaken van een slechte therapie respons. Het actief uitpompen van chemotherapeutica 
door pompen op de celmembraan, bijvoorbeeld ABC-transporters, is geassocieerd met 
een slechte uitkomst. In hoofdstuk 6 onderzochten we de voorspellende waarde van 
ABC-transporter expressie voor de respons op irinotecan. Jammer genoeg kan de ABC-
transporter expressie niet gebruikt worden om de respons op irinotecan te voorspellen. 
Daarnaast is de ABC-transporter expressie van de primaire tumor ook geen voorspeller 
voor de prognose van patiënten met uitgezaaide darmkanker. 

Darmkanker is een van de eerste soorten kanker die moleculair geclassificeerd is. Er zijn 
verschillende genen en signaleringsroutes betrokken bij het ontstaan en de groei van 
tumoren. De ontwikkeling van goedaardig gezwel tot kwaadaardige tumor, de adenoma-
carcinoma sequentie, werd voor het eerst beschreven in de jaren negentig. Verschillende 
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tumorsupressor en oncogenen, zoals APC, TP53, SMAD4, KRAS en PI3K, spelen een rol bij 
het ontstaan en de progressie van darmkanker. 90% van de darmkanker patiënten hebben 
een genetische afwijking in de Wnt/β-catenine signaleringsroute. Activatie van het APC 
gen is het meest voorkomend, terwijl mutaties van β-catenine minder vaak voorkomen. 
DDX3 wordt gezien als een activator van de Wnt signaleringsroute. We weten dat DDX3 
een rol speelt bij het ontstaan van borst-, prostaat- en longkanker. In hoofdstuk 7 
beschrijven we dat DDX3 ook een rol speelt in het ontstaan van darmkanker. In 39% van 
de darmtumoren is er overexpressie van DDX3. Het remmen van DDX3 resulteert in minder 
Wnt-signalering en een cel cyclus arrest. Dit maakt DDX3 een aantrekkelijk 
aangrijpingspunt voor behandeling. Om dit te testen, hebben we 2D en 3D cellijnen 
behandeld met een DDX3 remmer, RK-33. De behandeling van cellijnen met RK-33  leidt 
tot remming van groei en cel dood. De klinische relevantie van het remmen van Wnt-
signalering lijkt immens. Niet alleen komen genetische afwijkingen in de Wnt/β-catenine 
signaleringsroute het meest voor bij darmtumoren, maar vergevorderde darmtumoren 
met APC mutaties zijn ook nog eens afhankelijk van Wnt signalering activiteit. Al met al 
maakt dit remmers van DDX3 zoals RK-33 een veelbelovende behandeling voor 
darmkanker. Tot op heden zijn er nog geen klinische trials met RK-33 verricht. Voordat 
we hiermee willen starten, willen we eerst de associatie tussen DDX3 expressie en de CMS 
classificatie onderzoeken. Hiermee hopen we de juiste patiënten voor de therapie te 
kunnen selecteren. 

Kanker medicijnen zijn waarschijnlijk het meest effectief in geselecteerde patiënten. Het 
CMS classificatie systeem biedt een goed platform voor stratificatie van patiënten. 
Momenteel is MSI de enige marker die wordt gebruikt om de behandeling van darmkanker 
patiënten aan te passen. Daarnaast is uit een recente studie is gebleken dat remming van 
PD1 alleen werkt in daarvoor geselecteerde patiënten met MSI tumoren. Dit is het eerste 
voorbeeld van een succesvolle op een subtype gerichte therapie. 
Idealiter zou patiëntenselectie in een vroeg stadium plaatsvinden. Tijdens colonoscopie 
wordt, indien mogelijk, van alle patiënten tumor weefsel afgenomen. Op dit weefsel 
worden immunohistochemische kleuringen verricht om de diagnose darmkanker te 
kunnen stellen. We hopen in de toekomst hier bijvoorbeeld de kleuringen voor ons op 
immunohistochemie-gebaseerd classificatiesysteem aan toe te voegen, zodat we patiënten 
vroeg volgens de CMS kunnen classificeren. Verdere personalisatie van de behandeling 
kan worden bewerkstelligd door het opzetten van 3D cellijnen van iedere patiënt die een 
tumor resectie heeft ondergaan. Op deze persoonlijke 3D cellijnen kunnen dan 
verschillende medicijnen getest worden, zodat effectieve en ineffectieve behandelingen 
per patiënt geïdentificeerd kunnen worden. Momenteel zijn er klinische trials gaande die 
onderzoeken hoe de respons in vitro en in de patiënt zich verhouden. Uiteindelijk kan dit 
leiden tot de ontwikkeling van subtype ofwel patiënt specifieke behandelingsstrategieën.
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LIST OF ABBREVIATIONS 

L I S T  O F  A B B R E V I AT I O N S 

2D Two-dimensional
3D Three-dimensional
5-FU 5-fluorouracil
95% CI 95 percent confidence interval 
ABC ATP-binding cassette
APC Adenomatous Polyposis Coli 
ATP Adenosinetrifosfaat
BCA  Bicinchoninic acid
BRAF Rapid accelerating fibrosarcoma type B 
BrdU Bromodeoxyuridine
CAF Cancer associated fibroblast
CAPOX Capecitabine and oxaliplatin
CDX2 zinc finger E-box binding homeobox 1
CFP  Cyan fluorescent protein 
CIMP CpG island methylator phenotype
CK20 CytoKeratin 20 
CMS Consensus Molecular Subtypes
CRC Colorectal Cancer
CSC Cancer stem cell 
DAB 3,3’-diaminobenzidine
DDX DEAD-box helicase 
DFS Disease-free survival
DMSO DiMethyl SulfOxide 
DNA DeoxyriboNucleic Acid 
DRAQ5 DNA dye 
EGFR Epidermal Growth Factor Receptor
EMT Epithelial–mesenchymal transition
FACS Fluorescense-activated cell sorting 
FFPE  formalin-fixed paraffin-embedded 
FGF Fibroblast Growth Factor 
FOLFOX 5-fluorouracil, leucovorin and oxaliplatin
FRMD6 FERM domain containing protein 6
GFP Green fluorescent protein
GLUT1 Glucose transporter 1
HER2 Human Epidermal growth factor Receptor 2
hMLH1 human MutL homolog1
hMSH2 human MutS homolog 2
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hMSH6 human MutS homolog 6 
HNF4a Hepatocyte nuclear factor 4 alpha
hPMS2 human PMS1 homolog 1 
HR Hazard ratio
HRP Horseradish peroxidase
HTR2B 5-hydroxytryptamine receptor 2B
ICC intraclass correlation coefficient
IHC Immunohistochemistry
IL-10 Interleukin 10
KER Pancytokeratin
KRAS Kirsten Rat Sarcoma
LM liver metastases
MDM monocyt derived macrophage
MMP Matrix metalloprotease 
MSI Microsatellite instability 
MSS Microsatellite stability
MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-

2H-tetrazolium) 
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
mut  mutant
NFκB nuclear factor kappa B 
OCLN Occludin
OCT4 organic cation transporter 4
OLFM4 Olfactomedin4
OS Overall survival 
PBMC Periferal blood mononuclear cell
PBS Phosphate buffered saline
PFS Progression free survival
PI Propidium Iodide
PI3K Phosphoinositide 3-kinase
PIK3CA phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha
RNA RiboNucleic Acid 
RT-qPCR Real time quantitative polymerase chain reaction 
SCnorm  keratin-normalized scores
SMAD4 SMAD family member 4
TAM Tumor associated macrophage
TBS Tris buffered saline
TCF4 Transcription factor 4
TMA Tissue microarray 
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LIST OF ABBREVIATIONS 

TNM Tumor, Nodes, Metastasis
TP53 Tumor protein p53
VEGF vascular endothelial growth factor
wt  wildtype
YFP Yellow fluorescent protein 
ZEB1 Zinc finger E-box binding homeobox 1
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