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Over 1.8 million new colorectal cancer (CRC) cases and 881,000 deaths are estimated 
to occur in 2018.1 The incidence continues to rise to an estimated 2.2 million new cases 
annually by 2030.2 Death due to CRC is mainly the result of distant metastases, which 
occur in 50% of cases. The main sites of metastases are the liver and lungs (70%). 3 Despite 
improvements in surgical procedures, systemic therapy and local radiation techniques, 
the prognosis of patients with metastatic CRC remains poor with a five-year survival of 
only 15%.4 To date surgery is the only curative option, but only 25% of patients are eligible 
surgical candidates at disease presentation.5,6 Treatment options for the remaining 75% of 
patients are limited to systemic therapy or local ablation/radiotherapy. For these patients 
the current adjuvant systemic therapy prolong life expectancy approximately 2 years.7 
First line chemotherapy for CRC in the Netherlands consists of regiments with either 
capecitabine (tablet of prodrug 5-fluorouracil (5-FU)) and oxaliplatin (CAPOX) or 5-FU, 
leucovorin and oxaliplatin (FOLFOX). Interestingly, since the introduction of the FOLFOX 
regimen in 2004/058,9 and despite the development of multiple targeted therapies, 
including against vascular endothelial growth factor receptor (VEGF) and epidermal 
growth factor receptor (EGFR), the FOLFOX regimen has remained unchanged over the 
past 14 years.10 Current guidelines recommend the use of adjuvant systemic therapy in 
patients with high-risk stage II and stage III CRC. The CAPOX/FOLFOX regimens reduce 
the risk of distant recurrence after surgery from 50% to 35% in these patients. Thus, only 
15% of patients benefit from current adjuvant treatment regiments.11 This stresses the 
importance of developing new, more effective therapeutic strategies and methods for 
patient selection.

One of the major challenges in the treatment of CRC is the difficulty to predict accurate 
disease response to adjuvant therapy; it is currently impossible to predict which 
patients benefit most from which exact adjuvant therapy. Staging is a useful tool to 
stratify patients and assign specific therapies. Traditionally, CRC is staged solely on the 
basis of histopathological characteristics of the resected specimen. This Tumor, Nodes, 
Metastasis (TNM) classification system therefore has its limitations and fails to predict 
response to systemic therapy.12 In search for factors that predict therapeutic outcome,  
multiple molecular factors were identified. For example patients with high frequency 
microsatellite instable (MSI) tumors show significantly less benefit from 5-fluorouracil (5-
FU) in the adjuvant setting.13,14 In addition, mutant Kirsten Rat Sarcoma (KRAS) CRC are 
resistant to antibodies targeting the epidermal growth factor receptor (EGFR).13,15 These 
findings boosted the interest in tumor classification based on molecular features and 
led to the development of gene expression-based classification systems of CRC. Multiple 
of such systems were published with variable numbers of different subtypes.16–21 To 
create consensus among the different classification systems, facilitate clinical utility and 
advance drug development an international consortium was formed. The CRC Subtyping 
Consortium (CRCSC) coalesced six independent classification systems into four consensus 
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molecular subtypes (CMS) with their respective distinct characteristics: CMS1 (14%), 
hypermutated, microsatellite instable and with strong immune activation; CMS2 (37%), 
epithelial, chromosomally unstable with marked WNT and MYC signaling activation; CMS3 
(13%), epithelial, activating mutations in KRAS and evident metabolic dysregulation; CMS4 
(23%), mesenchymal, high transforming growth factor β (TGF-β) activation, extracellular 
matrix remodeling and angiogenesis. Survival analysis revealed patients with tumors 
classified as subtype CMS1-3 tumors have a similar prognosis, while patients with tumors 
classified as CMS4 have a significant worse prognosis.22 Therefore, this subtype is commonly 
referred to as the poor prognosis or aggressive subtype in CRC. 

The gene expression analyses used to develop the CMS classifier were performed on 
resection specimens of whole tumors. Thus, the RNA originated from both stromal and 
tumor cells. This raises the question which highly expressed genes belong to which cell 
type. Therefore, certain molecular features could be attributed to tumor cells, while others 
may be present in the stroma. Indeed, two reports show the genes used to classify the 
poor prognosis subtype of CRC (CMS4) are predominantly expressed by stromal cells.23,24 
These classifier genes are mainly mesenchymal. The mesenchymal phenotype of CMS4 
CRC could therefore be due to high levels of (mesenchymal) stromal fibroblasts, and/
or to epithelial-to-mesenchymal transition (EMT) in (neoplastic) tumor cells. EMT is a 
developmental process characterized by loss of epithelial characteristics (such as tight 
and adherens junctions and apico-basal polarity) and gain of mesenchymal properties 
(such as increased motility) and contributes to metastasis. Many studies have shown 
that EMT plays an essential role in cancer progression and metastasis in many types of 
malignancies, including CRC. 25,26 In chapter 2, we studied both the stromal and neoplastic 
compartment of tumors to better understand the role of mesenchymal gene expression 
in CRC. The invasive behavior of cancer cells does not only depend on the biology 
and signaling within the cancer cells itself, but is to a large degree due to the cancer 
associated stroma and its extracellular matrix (ECM). The ECM mainly consists of collagen 
and proteoglycans. Aside from providing the necessary physical support, the ECM also 
plays an important signaling role in cancer progression. For example, growth factors 
present in the ECM activate signaling pathways in tumors involved in progression and 
invasion.27 CRC patients with tumors containing high amounts of stroma have a worse 
prognosis.28,29 Cancer associated fibroblasts (CAFs) produce many components of the 
ECM and are one of the most abundant cell types in the stroma of poor prognosis CRC 
tumors.23,24 In chapter 3, we focused on the effect of different ECMs on invasive behavior 
of CRC organoids and designed a co-culture system with fibroblasts to study the tumor 
cell-fibroblast interaction.

Resistance to cancer chemotherapy is a common phenomenon and a major cause 
of cancer-related mortality. In CRC 40–50% of tumors survive the FOLFOX/CAPOX 
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regiments.30 This highlights the importance of unravelling resistance mechanisms to 
optimize therapy. Multiple resistance mechanisms have been described and are generally 
divided into non-cellular and cellular resistance mechanisms. Non-cellular mechanisms 
are extracellular factors, such as limited vascular accessibility and high interstitial pressure 
in the tumor microenvironment. Cellular mechanisms concern drug targets, enzymes and 
transport systems inside the cancer cells.31 For example the high expression levels of ABC 
transporters or enhanced active DNA repair mechanisms. In chapter 4, we studied the 
effect of chemotherapy on colorectal cancer liver metastasis (CRLM). We compared gene 
expression profiles of chemotherapy naïve versus chemotherapy treated liver metastases 
and found a significant upregulation of genes involved in cellular energy metabolism. 

As early as the eighteenth century, the French surgeon Le Dran made the observation that 
breast cancer patients with metastases in the axillary lymph nodes had a worse prognosis 
than patients without axillary lymph node involvement.32 Since then, lymphatic spread 
is considered as one of the most important prognostic factors in many cancer types, 
including CRC. Patients with primary colorectal cancer and no lymph node metastasis 
have 5-year survival rates of 87%, in contrast to 5-60% in patients with lymph node 
metastases.33 Therefore, lymphadenectomy is part of the standard surgical procedure to 
remove primary CRC. Partial hepatectomy in case of colorectal liver metastasis (CRLM) 
does not include standard lymphadenectomy. Approximately 1/3 of patients undergoing 
partial hepatectomy for CRLM has synchronous hepatic lymph node metastases.34–36 
Furthermore, the presence of lymph node metastasis in the hepatoduodenal ligament 
is the worst prognostic factor after partial hepatectomy for CRLM.37–39 However, routine 
lymphadenectomy did not improve survival after partial hepatectomy.40–42 In chapter 5, 
we studied lymphatic gene expression in relation to the different molecular subtypes in 
CRC and CRLM. We show lymphatic gene expression is associated with worse prognosis in 
both primary and metastatic CRC. Lymphatic factors Vascular Endothelial Growth Factor C 
(VEGF-C) and Neuropilin (Nrp) could function as a tool to identify CRC patients at risk for 
lymphatic dissemination. 

Systemic therapy for CRC has only a modest effect on long-term survival, and the individual 
response to therapy is hardly predictable. Molecular characterization of CRC led to the 
discovery of important oncogenes, such as KRAS, Rapid Accelerated Fibrosarcoma (RAF) 
and Phosphoinositide 3-kinase (PI3K) and tumor suppressor genes, such as Adenomatous 
Polyposis Coli (APC), Tumor Protein p53 (TP53) and Phosphatase and Tensin homolog 
(PTEN).43–45 Mutations in the RAS genes are among the most common mutations in CRC 
and are present in approximately 50% of all CRC patients.46 These mutations result in a 
permanently activated mitogen-activated protein kinase (MAPK) cascade that no longer 
relies on upstream signals from the EGFR or other receptor tyrosine kinases. Therefore, 
mutational status of KRAS is being used to exclude anti-EGFR therapy. Downstream of 
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KRAS are the 3 RAF kinases (ARAF, BRAF and CRAF/RAF1), which in turn also activate 
the MAPK pathway, which is a critical cell signaling pathway, involved in many cellular 
processes, including proliferation, differentiation, survival and apoptosis. The BRAF gene 
carries activating mutations in 10% of CRC and inhibition of BRAF in combination with 
EGFR- and/or MEK- inhibitors showed promising results in the clinic.47,48 Despite the fact 
that both ARAF and RAF1 can replace BRAF in activating the MEK-ERK pathway, these 
two other RAF kinases have received little attention in CRC research, mostly due to the 
absence of activating mutations in these genes. Interestingly, micro-array data show that 
RAF1 is highly expressed in human CRC.49–51 In chapter 6, we investigated the role of RAF1 
in CRC. Knockdown or pharmalogical inhibition of RAF1 reduced tumor growth, impaired 
clonogenic capacity and partially restored normal colonic architecture. 
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Abstract

Gene expression-based classification systems have identified an aggressive colon cancer 
subtype with mesenchymal features, possibly reflecting epithelial-to-mesenchymal 
transition (EMT) of tumor cells. However, stromal fibroblasts contribute extensively to the 
mesenchymal phenotype of aggressive colon tumors, challenging the notion of tumor 
EMT. To separately study the neoplastic and stromal compartments of colon tumors we 
have generated a Stroma Gene Filter (SGF). Comparative analysis of stromahigh and 
stromalow tumors shows that the neoplastic cells in stromahigh tumors express specific 
EMT drivers (ZEB2, TWIST1, TWIST2) and that 98% of differentially expressed genes 
are strongly correlated with them. Analysis of differential gene expression between 
mesenchymal and epithelial cancer cell lines revealed that Hepatocyte Nuclear Factor 4α 
(HNF4α), a transcriptional activator of intestinal (epithelial) differentiation, and its target 
genes are highly expressed in epithelial cancer cell lines. However, mesenchymal-type 
cancer cell lines expressed only part of the mesenchymal genes expressed by tumor-
derived neoplastic cells, suggesting that external cues were lacking. We found that 
collagen-I dominates the extracellular matrix in aggressive colon cancer. Mimicking the 
tumor microenvironment by replacing laminin-rich Matrigel with collagen-I was sufficient 
to induce tumor specific mesenchymal gene expression, suppression of HNF4α and its 
target genes, and collective tumor cell invasion of patient-derived colon tumor organoids. 
The data connect collagen-rich stroma to mesenchymal gene expression in neoplastic 
cells and to collective tumor cell invasion. Targeting the tumor-collagen interface may 
therefore be explored as a novel strategy in the treatment of aggressive colon cancer.
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Introduction

Gene expression profiling has recently been used to identify distinct molecular subtypes 
in colon cancer.4, 12, 25, 26, 31, 33, 34, 38 Of particular interest are the molecular subtypes with a high 
propensity to form distant metastases, which couples specific aspects of tumor biology 
to metastasis and survival. Several independent studies have shown that metastasis-
prone colon cancer is characterized by atypical gene expression patterns reflecting I) a 
more primitive stem-like phenotype25, 34 and II) a mesenchymal phenotype21, 33, 38. Recent 
data indicate that the stem-like and mesenchymal tumor subtypes are highly related12, 

35, which is in line with the notion that epithelial-mesenchymal-transition (EMT) of tumor 
cells generates aggressive stem-like cancer cells.17, 24, 46 Until recently, one aspect of colon 
cancer biology has remained relatively underexposed in the various classification studies: 
the gene expression profiles in these studies were generated from RNA that was isolated 
from unsegregated tumor tissue. This raises the possibility that some of the classifier-genes 
may be predominantly expressed in the stromal compartment and that stromal cells need 
to be taken into account when interpreting the differences in biology that are reflected 
by the differences in gene expression. For instance, colon tumors with microsatellite 
instability (MSI) are characterized by inflammatory gene expression,35 reflecting the high 
levels of infiltrating immune cells in such tumors.2, 32 Moreover, two recent studies have 
shown that stromal cells extensively contribute to the mesenchymal phenotype of poor 
prognosis colon tumors and to their signature-based identification. 7, 18 Indeed, a high 
content of tumor stroma, as judged by histology, had previously been associated with 
early relapse in colon cancer.27, 28 Together, these studies challenge the notion that tumor 
cell EMT is the biological basis for the aggressive tumor phenotype.  However, neither 
study has provided insight into the tumor cell-specific differences in gene expression in 
stromahigh versus stromalow tumors.7, 18  Therefore, we set out to examine the link between 
high stromal content and tumor cell EMT in aggressive colon cancer. We confirm that 
the mesenchymal nature of aggressive colon tumors is to a large extent determined by 
tumor stroma. We further show that the neoplastic compartment of stromahigh tumors is 
characterized by expression of a specific set of mesenchymal genes that is distinct from 
that expressed by stromal cells. We identify collagen-I as a causal link between high 
stromal content, mesenchymal gene expression in tumor cells, and collective tumor cell 
invasion. 
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Materials and methods

Experimental Design
To assess the contribution of stromal cells and tumor EMT to the mesenchymal phenotype 
of poor prognosis colon cancer, a stroma gene filter (SGF) was generated. The SGF was 
used to separate the gene sets that are predominantly expressed in the neoplastic and 
stromal compartments of colon tumors. In addition, we used gene expression profiles 
from previously classified cell lines. Comparative analysis of mesenchymal protein 
expression in tumor and stromal cells was performed on a large tissue micro-array. For in 
vitro experiments we used patient-derived organoid cultures and a recently developed 
system for studying colon cancer EMT.5, 13, 22, 40

 
Bioinformatics analyses 
All bioinformatics analyses were performed using the genomics analysis and visualization 
platform (r2.amc.nl). For details see Supplemental Materials and Methods.   
 
Organoid culture
Colon cancer organoids were established and cultured as described.5, 13, 22, 40 In accordance 
with the local ethical committee on human experimentation (protocol #09-145). Informed 
consent was obtained from all patients.
 
Collagen-invasion assay
Tumor organoids were cultured either in Matrigel (standard protocol) or in collagen-I 
(1.5 mg/ml mixed with standard culture medium; Ibidi). To avoid interaction with the 
plastic/glass bottom of the plate, a bottom layer of 2 mg/ml collagen-I dissolved in PBS 
was generated. A drop of organoid-containing collagen was placed on top of the bottom 
layer. After 2 hours polymerization at 37 degrees standard culture medium was added. 
For the supplemental movies standard culture medium was conditioned for 24 hours on 
freshly isolated cancer associated fibroblasts and filtered before use (stimulates invasion). 
The RNA used in RT-qPCRs was extracted from organoids cultured in either Matrigel or 
Collagen-I in standard culture medium. Data shown is a representation of 3 independent 
experiments with depicted the mean and s.e.m., the student t test (unpaired, 2-tailed) was 
performed to analyze statistically significant differences between groups.
  
Immunofluorescence
Organoids in collagen-I were fixed with 4% formaldehyde for 20 min at room temperature 
followed by permeabilization with 2% Triton X-100 for 1h. Lumican staining was performed 
overnight with an anti-Lumican antibody (ab168348, Abcam) and Alexa-568-conjugated 
secondary antibody (Invitrogen, A-11011). Nuclei were counterstained with DAPI. Stained 
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coverslips were analyzed using a Leica SP8 confocal microscope. Images were analyzed 
using ImageJ software (NIH). 
 
Immunohistochemistry
TMA sections were constructed from formalin-fixed and paraffin-embedded (FFPE) tumor 
tissue of 386 stage II and III colon cancer patients, as described earlier.5, 13, 22, 40 TMA slides 
were deparraffinized and rehydrated, and after antigen retrieval in a microwave incubated 
with antibodies directed against HTR2B (Sigma, HPA012867) 1:400 or SPARC (Invitrogen, 
33-550) 1:300 for 1 hour at room temperature. The secondary antibodies were from 
htVision (ImmunoLogic). For Versican staining, antigens were retrieved by microwaving 
for 30 min at 90W in 10 mM citrate buffer solution (pH 6.0). Primary mouse anti-versican 
antibody (clone 2-B-1, Seikagaku, Tokyo, Japan) was incubated at a 1:300 dilution in 
phosphate-buffered saline containing 1 % bovine serum albumin and 0.1 % Tween 20 
(Sigma-Aldrich, St. Louis, MO, USA) at 4°C overnight, and subsequently detected by a 
horseradish peroxidase– coupled anti-mouse polymer (Envision, Dako, Heverlee, Belgium) 
followed by incubation with diaminobenzidine (Dako). For Lumican staining, antigens 
were retrieved by autoclaving in 10 mM Tris/1 mM EDTA buffer (pH 9.0). The primary rabbit 
anti-lumican antibody (HPA001522; Atlas Antibodies, Stockholm, Sweden) was incubated 
at a dilution of 1:50 in antibody diluent (Dako) overnight at 4°C. Staining was detected by 
incubation with a horseradish peroxidase–coupled anti-rabbit polymer and incubation 
with diaminobenzidine (Dako). All sections were counterstained with Mayer hematoxylin. 
Sections were glass covered and scanned for digital immunohistochemical evaluation as 
described earlier.5, 13, 22, 40

 
EMT assay
L145 colonospheres expressing either GFP or mCherry were co-cultured with the EMT-
inducing cell line ‘Differentiated Tumor Cell line-1’ (DTC1) for 48 hours.5, 13, 22, 40 FACS 
sorting of GFP or mCherry positive cells was performed prior to analysis (RT-qPCR) of the 
expression of mesenchymal and epithelial markers.
 
RTqPCR
Total RNA was isolated from tumor organoids according to the manufacturer’s protocol 
(RNeasy Mini Kit, Qiagen). cDNA was synthesized using iScriptcDNA Synthesis Kit (Bio-
Rad Laboratories). 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 rpl13a.
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Statistical Analysis
For the various statistical tests used in the bioinformatics analyses see the respective 
section in the Supplementary Methods. The chi-square test was used to assess the 
association of expression values of Lumican, Versican and SPARC in the tumor and stroma 
compartments, as quantified by immunohistochemistry. The student’s t-test was used to 
assess the statistical significance of differences in RT-qPCR values.
 
 
Results
 
A stroma gene filter 
To identify the source of mesenchymal gene expression in relapse-prone colon tumors 
we identified all genes that are predominantly expressed by human tumor stroma. 
Transplantation of human tumors into mice leads to the replacement of human tumor 
stroma with that of mouse origin. Therefore, we analyzed expression profiles generated 
from 39 primary colorectal tumors and their paired xenografts20 and identified a set of 3105 
genes whose expression was significantly lower upon transplantation (p<e-6; Figure 1a 
and Supplementary Table S1). This list contains genes that I) are predominantly expressed 
by stromal cells and II) genes that are expressed in tumor cells but require the presence 
of human stroma. To identify the subset of genes that are predominantly expressed by 
stromal cell types we used gene expression profiles generated from FACS- or Laser Capture 
Microdissection (LCM)-purified tumor-derived fibroblasts and immune cells.6, 30 Of the 
3105 ‘down-in-xenograft’ genes approximately half (1576 genes; Supplementary Table S1) 
were predominantly expressed by stromal fibroblasts, immune cells, or both (Figure 1b 
and c). Thus, expression of these genes is largely lost in xenografts and is predominantly 
expressed in purified stromal cell types. We refer to this gene list as the ‘stroma gene filter’ 
(SGF). The remaining genes of the ‘down-in-XG’ list (1529 genes) were highly expressed 
in tumor cells, but in a human stroma-dependent manner, as their expression is lost in 
xenografts (Figure 1c).  

To further validate the SGF we compared its expression to an independently generated and 
recently published 141-gene stroma signature, called Estimate.48 There was an excellent 
correlation between the Estimate gene set and the SGF in three independent large 
colon tumor datasets (Figure 1d). 19, 25, 26, 39 The SGF was significantly higher expressed in 
mesenchymal-type (CCS3) and stem-like colon tumor subtypes than in the other subtypes 
(Figure 1d, inset and Supplementary Figure S1). This is line with the recent findings that 
stromal gene expression defines such tumors7, 18 and that the mesenchymal and stem-like 
molecular subtypes are highly related.35  
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Figure 1
High expression of stromal genes in mesenchymal-type colon cancer. 
(a) Strategy for the generation of the Stroma Gene Filter (SGF). (b) Heatmap of the expression of 
SGF genes in purified colon cancer cell types using dataset GSE39395. Red denotes high expression; 
Green denotes low expression. (c) Gene expression profiles generated from FACS- or Laser Capture 
Micro-dissection-purified tumor cell subtypes (GSE39395; GSE35602) were used to separate the 
genes that are significantly down-regulated in tumor xenografts (3105 genes; E-MTAB-991) into two 
separate categories: First, genes that are predominantly expressed by tumor cells (1529 genes, left 
two panels). Second, genes that are predominantly expressed by stromal cells (1576 genes, right 
two panels). The latter is referred to as the SGF. (d) Expression of the 1576 SGF genes and the 141 
genes making up the Estimate stroma-indicator were condensed into a single metagene expression 
value in R2. The dotplots show the correlation of SGF expression (all stroma-derived genes) with 
the stroma signature in relation to tumor subtypes in three large tumor cohorts. The inset shows 
expression values of the SGF in the different tumor subtypes. Yellow: epithelial, CCS1; Blue: MSI, 
CCS2; Purple: Mesenchymal-like, CCS3.      

A tumor cell-specific mesenchymal gene expression program in stromahigh tumors 
Stroma-expressed genes48 can separate colon tumor cohorts into subgroups with markedly 
different disease-free survival times (Figure 2a, see also7, 18). The stromahigh group contained 
the vast majority of previously classified mesenchymal-type (>90%) and stem-like (>95%) 
tumors (Figure 2b), further connecting high stromal gene expression to recurrence-prone 
colon cancer subtypes. This raises the question whether the mesenchymal nature of 
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such tumors is due to high stromal content, to tumor cell EMT, or to both. To address 
this, we identified the gene expression differences between the stromahigh and stromalow 
tumor subgroups (p<e-6; 2534 genes; Supplementary Table S2). Next, we used the SGF to 
distinguish between tumor-expressed (1631) and stroma-expressed (903) genes (Figure 
2b and Supplementary Table S2). Of the 1631 tumor-expressed genes, 925 were enriched 
in the stromahigh tumors and 706 were enriched in the stromalow tumors. To interpret the 
biology reflected by these gene lists we used the DAVID functional annotation tool.15, 16 

These analyses revealed that the tumor compartment of the stromahigh group was 
enriched in gene ontology (GO)-terms reflecting tumor cell adhesion and migration 
(Supplementary Table S3), while the stromalow group was enriched in GO-terms reflecting 
tumor metabolic and biosynthetic processes (Supplementary Table S3). Although EMT 
was not present in the list of enriched GO-terms in the stromahigh group we found that 
the core EMT-inducing transcription factors ZEB2, TWIST1 and TWIST2 were among the 
top 15% of genes that were highly expressed by tumor cells in stromahigh tumors, as were 
TGFβ1 and TGFβ2 (highlighted in Supplementary Table S2). To gain further insight into a 
possible relationship between high stromal content and EMT in the tumor compartment 
we analyzed which of the 1631 genes that were differentially expressed in the tumor 
compartment of stromahigh and stromalow tumors were correlated with the three tumor-
specific EMT drivers (ZEB2/TWIST1/TWIST2; Supplementary Table S4). Strikingly, almost 
all of these genes (1597; 98%) were highly significantly correlated with the ZEB2/TWIST1/
TWIST2 gene set (p<e-6), either in a positive fashion (910 genes; reflecting a mesenchymal 
phenotype) or in a negative fashion (687 genes; reflecting an epithelial phenotype) 
(Figure 2b and Supplementary Table S4). Without exception, the 910 genes reflecting a 
mesenchymal tumor cell phenotype were high in the stromahigh subgroup, whereas all 687 
genes reflecting a more epithelial phenotype were high in the stromalow subgroup (Figure 
2b and c). Finally, the 910 mesenchymal genes identified a poor prognosis subgroup of 
colon tumors containing 92% (93/101) of the tumors that were previously classified as 
CCS3 and 93% (125/134) of the stromahigh tumors (Figure 2d and e).

Together, these data show that separation of colon tumors on the basis of stromal gene 
expression links high stromal content to poor prognosis and a tumor compartment that 
is characterized by mesenchymal gene expression, increased cell-matrix adhesion, and 
tumor cell migration.
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Figure 2
Identification of a mesenchymal gene expression program in the tumor compartment of 
stroma-high colon tumors. 
(a) The 141-gene Estimate signature was used to cluster the 345 tumors of the MVRM cohort (batch-
corrected datasets GSE14333, GSE17536, GSE17537) into two groups: those with low and high 
expression of stromal genes. The Kaplan Meier curve shows the differences in disease-free survival 
between the generated groups. (b) The tumors in the MVRM cohort were clustered into subgroups 
using published gene sets. Tumors that were classified as ‘stem’ and ‘mesenchymal’-like tumors by 
each of these signatures are indicated in purple. NOS refers to Nanog/Oct4/Sox2. The plot shows 
the distribution of such tumors over the stroma-high and stroma-low tumor subgroups. Expression 
of the SGF in each of the tumors is color coded from blue (low) to red (high). All significantly 
differentially expressed genes between stroma-high and stroma-low tumors were identified with R2 
and the SGF was used to discriminate between genes that are predominantly expressed by tumor 
cells (1631 genes) and by stromal cells (903 genes). The list of 1631 differentially expressed genes 
in tumor cells was compared to a list of all genes significantly co-expressed with ZEB2, TWIST1 and 
TWIST2 in the tumor compartment (2724 genes; Supplementary Table S6). 1597/1634 genes (98%) 
was correlated with ZEB2/TWIST1/TWIST2 expression. Without exception, all mesenchymal genes 
(910) were high in the stroma-high subgroup and all epithelial genes (687) were high in the stroma-
low group. (c) Dot-plot showing the inverse correlation between the tumor-expressed epithelial 
and mesenchymal gene sets in relation to stromal content (blue=low; red=high). (d) The 910 tumor 
cell-expressed mesenchymal genes were used to cluster the 345 tumors of the MVRM cohort into 
two subgroups. The previous Estimate- and CCS-based classification of the same tumors is shown 
on the top. (e) The Kaplan Meier curve shows the differences in disease-free survival between the 
two groups generated in (d). 
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Mesenchymal gene expression in cancer-associated fibroblasts and in tumor cells 
after EMT 
A surprising finding was that the mesenchymal gene expression programs in stromal cells 
and tumor cells were so clearly separable, yet highly correlated. One of the markers that is 
used to identify mesenchymal-type colon cancers on histology is ZEB1,26, 34 which is part 
of the SGF (Supplementary Table S1) and is predominantly expressed by stromal cells.18 
Therefore, we analyzed how ZEB1 and N-cadherin expression levels in colon tumor cells 
after EMT in relation to expression of these genes in cancer-associated fibroblasts (CAFs). 
CAFs were freshly isolated from colon tumors and were expanded in vitro. We recently 
developed a co-culture system in which differentiated tumor cells (DTCs) induce EMT in 
colonosphere cultures (Supplementary Figure S2a).11 This resulted in classical features 
of EMT, including loss of E-cadherin (CDH1) expression, increased expression of CDH2, 
ZEB1, ZEB2, SNAI1, and VIM and deposition of FN1 at the colonosphere/DTC interface 
(Supplementary Figure S2b-d). However, RT-qPCR analysis showed that the expression of 
CDH2, VIM and FN1 in tumor cells after EMT was still ~50-500-fold lower than expression 
of these genes in multiple CAF cultures (Supplementary Figure S2e). These results show 
that small amounts of stromal fibroblasts could easily mask the differential expression of 
classical mesenchymal markers in the neoplastic compartment when analyzing EMT in 
unsegregated tumor material.  

Identification of stromahigh colon tumors by mesenchymal genes expressed in can-
cer cell lines 
If an EMT program is active in the tumor compartment it may also be identifiable in 
(stroma-free) colon cancer cell lines. We made use of the Broad panel of colon cancer 
cell lines that had previously been classified into molecular subtypes.26 We identified 
917 genes that were significantly differentially expressed between epithelial (CCS1-type; 
n=27) and mesenchymal (CCS3-type; n=19) cell lines of the Broad panel (Supplementary 
Table S5; ANOVA p<0.01). Of these, 305 genes were higher in CCS3 cell lines and 612 were 
higher in CCS1 cell lines. Applying the SGF to these gene sets revealed that the majority 
(196; 64%) of the 305 mesenchymal genes and almost all (602/612) of the epithelial genes 
were predominantly expressed in the tumor compartment of unsegregated tumors. In 
human colon tumors there was a highly significant correlation between the cell-line 
derived mesenchymal gene set (n=196), the tumor-expressed mesenchymal gene set 
(n=910) and the Estimate stroma-identifier (Figure 3a). Together the data firmly connect 
mesenchymal gene expression in the neoplastic compartment to a stroma-high context.   
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Figure 3
Tumor-specific mesenchymal gene expression is positively correlated with stroma and 
negatively with HNF4α target genes.
(a) First dotplot shows the correlation between tumor-expressed mesenchymal gene sets I) 
identified by applying the SGF to gene expression data of unsegregated tumors and II) identified 
in previously classified tumor cell lines. Second two dotplots show the correlation between tumor 
cell line-derived mesenchymal genes and the Estimate stroma identifier in two large colon tumor 
cohorts. (b) Transcription factor binding site analysis of the genes differentially expressed between 
CCS1 and CCS3 tumor cell lines identified HNF4α target genes to be overrepresented in CCS1 cell 
lines (Supplementary Table S6). The dotplots show the positive correlation of expression of the 
identified 50 HNF4α target genes with a previously identified set of 200 genes reflecting epithelial 
differentiation,10 in relation to the tumor-specific expression of EMT drivers in three large colon 
tumor cohorts. 

HNF4α target genes and colon cancer differentiation
Transcription factor binding site analysis of the promoters of the 917 genes differentially 
expressed between CCS1 and CCS3 cell lines revealed that genes with promoters 
containing binding sites for Hepatocyte Nuclear Factor 4-alpha (HNF4α were most 
significantly enriched (Supplementary Figure S3 and Supplementary Table S6). The 
vast majority of HNF4α target genes (50/56) were overexpressed in CCS1-type cell lines 
(Supplementary Figure S3). Interestingly, HNF4α is a transcriptional activator of genes 
inducing intestinal (epithelial) differentiation.3, 23, 42 In addition, HNF4α suppresses 
mesenchymal gene expression in hepatocytes36 and inhibits EMT and metastasis in colon 
cancer.47 Furthermore, proteogenomic analysis of The Cancer Genome Atlas (TCGA) colon 
cancer cohort shows that mesenchymal-type colon tumors express very low levels of 
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HNF4α49 We found that expression of the 50 HNF4α target genes derived from CCS1-type 
cell lines, were strongly and significantly correlated with a signature reflecting epithelial 
differentiation10, and inversely correlated with expression of the tumor-specific EMT 
drivers ZEB2, TWIST1 and TWIST2 (Figure 3b), completely in line with the experimental 
data on HNF4α function as an inducer of epithelial differentiation genes and a suppressor 
of mesenchymal genes3, 23, 36, 42, 47.  

Co-expression of mesenchymal markers in tumor and stromal cells
The data so far indicate that mesenchymal gene expression in the tumor compartment 
correlates with high stromal content. To further validate this on tissue sections we analyzed 
expression of HTR2B on tissue microarrays (TMAs) containing a large series of 386 stage II 
and III colon tumors.1 HTR2B is a marker of the mesenchymal subtype which is exclusively 
expressed by tumor cells and is part of an immunohistochemistry-based mini-classifier.26 

 

Figure 4
Co-expression of mesenchymal markers in tumor and stromal cells.
Representative TMA examples of colon tumors expressing high levels of HTR2B, VCAN, LUM and 
SPARC in both the tumor and stromal compartment. Significance of co-expression of these three 
mesenchymal markers in tumor- and stromal compartments is shown in Table 1. 

Among the stainings that were previously performed on these TMAs, we searched for 
proteins whose expression was associated with a mesenchymal phenotype and correlated 
significantly with the expression of HTR2B. We found that SPARC, Versican (VCAN) and 
Lumican (LUM), all markers of the core EMT program defined by systems analysis44 were 
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significantly co-expressed with HTR2B (all p values <0.05). In contrast to HTR2B, which is 
exclusively expressed by tumor cells, SPARC, VCAN and LUM are expressed by both tumor 
cells and stromal cells. Separate scoring of SPARC, VCAN and LUM in tumor cells and 
stromal cells revealed a highly significant positive correlation of the staining for each of 
these markers between the neoplastic and stromal compartments (Supplementary Table 1 
and Figure 4). These results support the concept that the neoplastic cells in mesenchymal-
type tumors express mesenchymal genes in a high-stroma context. 

Table 1

VUmc-386 SPARC-tumor Versican-tumor Lumican-tumor

Tissue microarry Chi-square P-value Chi-square P-value Chi-square P-value

SPARC-stroma 51.411 <0.001 8.061 0.528 9.606 0.383

Versican-stroma 11.095 0.269 83.610 <0.001 74.837 <0.001

Lumican-stroma 13.684 0.134 26.444 0.002 81.769 <0.001

Concordant expression of mesenchymal genes in the neoplastic and stromal compartments 
of colon tumors. 
Expression of SPARC, Lumican (LUM) and Versican (VCAN) in the tumor and stromal compartments 
of 386 colon tumors were analyzed by immunohistochemistry and scored in a blinded fashion. 
Correlations of the staining scores for each of the markers in both compartments were subsequently 
analyzed by using the chi-square test.  

Collagen-I promotes mesenchymal gene expression, suppresses HNF4α gene 
expression and stimulates tumor cell invasion 
To gain insight into the relationship between stroma and tumor cell EMT we analyzed the 
GO-terms enriched in recurrence-prone colon tumors in more detail. ‘Cell adhesion’ and 
‘extracellular matrix (ECM)’ were the GO terms that were most significantly enriched in 
those tumors. Collagen-I is among the most highly enriched genes in recurrence-prone 
tumors (Figure 5a). Collagens are predominantly produced by stromal cells, including 
CAFs and macrophages. To study the impact of collagen on the behavior of colon cancer 
cells we used the recently developed organoid technology.37 Colon cancer organoids 
are usually grown in Matrigel37 which largely consists of laminin and sheet-forming 
collagen IV, but lacks collagen-I. CRC organoids that are grown in Matrigel can readily be 
expanded and passaged but they do not grow invasively (Figure 5b and Supplementary 
Movie S1), not even in the presence of cancer-associated fibroblast (CAF)-conditioned 
medium. However, when embedded in collagen-I the CRC organoids adopt an invasive 
phenotype with tumor cells invading the surrounding collagen matrix (Figure 5b and 
c and Supplementary Movie S2).  Interestingly, most single tumor cells detaching from 
the tumor bulk did not survive, but larger groups of tumor cells survived detachment 
and invaded the collagen matrix collectively (Figure 5c and d). Strikingly, RTqPCR analysis 
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showed that culturing organoids in collagen-I alone strongly induced the expression of 
the mesenchymal genes previously identified via IHC: LUM, SPARC and HTR2B as well as 
core EMT transcription factors ZEB1, TWIST1 and TWIST2, and tumor specific mesenchymal 
genes CFL2, RIT1 and FRMD6 (Figure 5e and Supplementary Table S6, highlighted genes). 
Next to the induction of a mesenchymal program collagen-I also suppressed the expression 
of HNF4α and its target genes CLRN3, GPA33, LGALS4, MYO7B and NR1I2 (Figure 6 and 
Supplementary Table S6, highlighted genes). These results identify collagen-I as a causal 
link between high stromal content, (tumor specific) mesenchymal gene expression and 
collective tumor cell invasion.    
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Figure 5
Collagen-I promotes mesenchymal gene expression, downregulates HNF4α and stimulates 
collective tumor cell invasion. 
(a) Gene Ontology terms most significantly associated with mesenchymal-type tumors. The 
extracellular matrix in such tumors is shown as a STRING-generated network. The collagen-I 
chains are encircled. (b) Colon cancer organoid cultures derived from three patients were grown in 
Matrigel or collagen-I. Matrix invasion was quantified through morphometric analysis of the area 
of tumor cells outside the spherical organoid bulk. (c) Organoids were cultured either in Matrigel 
or in collagen-I. The organoid growth pattern and the expression of lumican was then assessed 
by immunofluorescence and confocal microscopy analysis. Nuclei were counterstained with DAPI. 
(d) A drop of collagen-I containing an organoid-initiated tumor-bulk was applied to a collagen-I 
base layer and was further cultured in CAF-conditioned medium for two days. Groups of tumor 
cells invaded the collagen base in a three-dimensional manner. Organoid invasion and expression 
of lumican was then assessed by immunofluorescence and confocal microscopy analysis. Nuclei 
were counterstained with DAPI. The number of live and dead cells outside the original collagen 
drop was then quantified in 36 different fields covering 672 z-positions in total. Cells with highly 
condensed DNA were considered dead. Dotted lines show the border between the collagen drop 
and the collagen-base.
(e) RNA was isolated from organoids 8 and 9 cultured in either matrigel or collagen-I for 4 days. 
Expression of the indicated genes was then analyzed by RT-qPCR. * p<0.05; ** p<0.01; **** p<0.0001
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Figure 6
Collagen-I downregulates HNF4α and its target genes.
RNA was isolated from organoid 9 cultured in either matrigel or collagen-I for 4 days. Expression of 
the indicated genes was then analyzed by RT-qPCR. * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001..
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Discussion

Multiple classification studies have reported the identification of a ‘mesenchymal’ colon 
cancer subtype, which has largely been interpreted to reflect tumor EMT. 4, 21, 26, 33, 38 
More recently, this has been challenged by two reports showing that the mesenchymal 
nature of this tumor subgroup is largely due to the tumor stroma and that stromal genes 
contribute to their signature-based identification. 7, 18 Our study unifies both viewpoints 
by showing that the neoplastic compartment of stroma-high tumors is characterized by 
a distinct mesenchymal gene expression program which, similar to stroma-derived gene 
sets, can identify aggressive colon tumors. In fact, virtually all genes that were differentially 
expressed in the neoplastic compartments of stromahigh and stromalow tumors were 
significantly correlated with tumor cell-expressed EMT drivers: All 910 mesenchymal 
genes were highly expressed in stromahigh tumors and all 687 epithelial genes were 
highly expressed in stromalow tumors. Perhaps surprisingly, gene ontology and gene set 
enrichment analyses failed to identify EMT as a defining feature of this 910/687 gene set. 
This may be due to the fact that ‘classical’ mesenchymal genes such as CDH2, ZEB1 and 
FN1 were excluded from the tumor-specific gene list, through application of the stroma 
filter. Indeed, while these genes are clearly expressed in tumor cells after EMT, the level of 
expression was still one-to-several orders of magnitude lower than that in CAFs. Second, 
many genes in the 910/687 gene set are simply not annotated as ‘EMT genes’ despite their 
close association with ZEB2/TWIST1/TWIST2, presumably because experimentally derived 
gene sets reflecting EMT not necessarily overlap with mesenchymal gene expression 
in tumors in cancer patients. Indeed, systems analysis of EMT has shown that there is 
surprisingly little overlap between the mesenchymal gene expression programs following 
EMT in different experimental model systems.44 The link between stroma and tumor 
cell EMT is further strengthened by the finding that TWIST1-positive cells are primarily 
localized within the stroma of human colon tumors.8 In addition, IHC studies on human 
tumors and analysis of spontaneous intestinal tumors in mice have further demonstrated 
that EMT is a real and sometimes widespread phenomenon in colon cancer.8, 9, 17, 41 Major 
basement membrane (BM) components are laminins and the sheet-forming collagen IV, 
while fibrillar collagens such as collagen-I make up the stromal matrix. Localized loss of BM 
integrity is associated with EMT and correlates with disease progression.41 An immediate 
consequence of the loss of BM integrity is exposure of tumor cells to the underlying 
collagen-I-rich stromal matrix. Our data identify collagen-I as a causal link between high 
stromal content, (tumor specific) mesenchymal gene expression and collective tumor cell 
invasion. We cannot exclude that collagen-I also induces single cell migration, but that 
the experimental conditions do not allow the survival of such cells. The results support a 
model in which increased contact of tumor cells with the stromal matrix promotes EMT 
and local tumor cell invasion. TGFβ was recently identified as an important tumor cell-
produced cytokine acting on nearby CAFs to secrete factors that promote metastasis and 
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tumor-initiating capacity.6, 7 While TGFβ fails to induce EMT in most colon cancer models – 
at least in part because the pathway is frequently inactivated to allow tumor initiation – it 
is also one of the most potent inducers of collagen expression and deposition,43 providing 
an additional link between TGFβ signaling, stroma biology, and tumor cell invasion. 
Non-TGFβ signaling pathways that promote EMT in colon cancer cells include WNT5A 
activation of FZD2,13 Jagged activation of NOTCH,5, 9 and hypoxia.14 Importantly, WNT5A, 
and NOTCH ligands are predominantly expressed by stromal cells and act on tumor cells 
to promote metastasis.5, 13, 22, 40 Interestingly, a recent report identified collagen stiffness 
as a key factor driving EMT by inducing TWIST1 entry into the nucleus of breast cancer 
cells.45 Another important factor regulating EMT in neoplastic cells is the activity of the 
HNF4α transcription factor, a powerful suppressor of mesenchymal gene expression.36, 47 
Proteogenomic characterization of colon cancer shows that the mesenchymal subtype 
(‘C’) is characterized by low protein and RNA levels of HNF4α and the absence of HNF4α 
amplification, while collagens and SPARC are highly expressed in C-type cancers.49 High 
HNF4α expression may therefore reduce the aggressive phenotype of colon tumors 
by promoting epithelial differentiation3, 23, 42 and by suppressing mesenchymal gene 
expression36, 47 in the neoplastic compartment.       

The reciprocal interaction of stromal cell types, the extracellular matrix, and neoplastic 
cells is highly complex and most likely varies between tumors. The challenge therefore is 
to identify the most important and general aspects of these interactions in the context of 
metastatic colon cancer progression. Indeed, therapeutic targeting of the central nodes 
in tumor-ECM-stroma signaling is considered to have great potential in the treatment of 
aggressive cancer types.29 Novel molecular diagnostic tools are needed to identify the 
tumors that may benefit from such treatment. The tumor specific mesenchymal gene 
expression program identified in this study could help developing such tools.   
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Supplementary information

Bioinformatics analysis 
All relevant datasets were uploaded into R2 for subsequent analysis. The MVRM dataset is 
compiled of three distinct datasets (GSE14333, GSE17536, GSE17537). The Marisa, GSE39582 
and the AJCCIIAMC90 dataset, GSE33113. Batch effects were diagnosed by Principle 
Component Analysis. ComBat was used to correct for the non-biological effects between 
the three groups. The option ‘Find differential expression between groups’ was used to 
create the ‘down-in-xenograft’ gene list and to distinguish between genes preferentially 
expressed by tumor- and stromal cells types, using a single gene p value (Anova) cut-off of 
<e-6. False Discovery Rate (fdr) was used to correct p values for multiple testing.

To visualize expression of particular gene sets in distinct tumor subgroups the option 
‘relate two tracks’ was used. Condensation of gene set expression into single values per 
tumor was performed with the ‘View Gene Set’ option and storing the obtained values as 
a track for subsequent analysis.    

All dotplots visualizing the comparative expression of gene sets were created using the 
‘relate two tracks option’. Pearson correlation (r) values and accompanying p-values were 
obtained by selecting the xy plot option.

The generation of tumor subgroups on the basis of differential expression of gene sets 
was performed using the k-means option (10x100 draws). The settings were as follows: 
Transform: zscore. Minimum number of present calls: 1. Floor data at 16. Minimal 
expression range at 48. Minimal maximum expression at 68. No sample or gene filters 
were applied unless specified in the text.   

Survival differences between groups were visualized in Kaplan Meier curves and p values 
were generated with the log rank test. Correction for multiple testing was done with the 
Bonferroni method.

Overlap between gene sets was identified with the web-based GeneVenn tool (http://
genevenn.sourceforge.net/).  

Gene ontology and analysis of enrichment of KEGG pathways in gene sets was performed 
with the Database for Annotation, Visualization and Integrated Discovery (DAVID ) v6.7.14, 15

Visualization of the extracellular matrix network was performed with the web-based 
STRING functional protein association networks tool (http://string-db.org/).   
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Supplementary Figure S1. Expression of gene sets identifying stem-like and mesenchymal-
type colon tumors are strongly correlated. 
Expression of published gene sets positively identifying mesenchymal- type tumors and stem-like 
tumors in the MVRM cohort were condensed into single ‘meta-gene’ expression values for each gene 
set and every tumor. Expression of two gene sets identifying stem-like tumors was then correlated 
to two gene sets identifying mesenchymal-type tumors in relation to expression of the SGF (blue = 
low; red = high).          

expression and tumor cell invasion
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Supplementary Figure S2. Expression of mesenchymal markers in tumor cells following EMT 
in relation to CAFs.
(a) Epithelial-mesenchymal transition was induced in mCherry-expressing L145 patient-derived 
colonospheres by co-culturing them with diff erentiated tumor cell line-1 (DTC1).11 Three days 
after co-culture, the colonosphere architecture was lost and cells started to detach from the 
spheroids. (b) mCherry-positive cells were FACS-sorted from the co-culture and were analyzed 
for expression of the indicated epithelial and mesenchymal markers by RT-qPCR and (c) western 
blotting. (d) Three days after co-culturing L145-GFP with DTC1 cells, the co-cultures were analyzed 
by immunofl uorescence for GFP (L145) and fi bronectin (FN1). Nuclei were stained with DAPI (blue). 
(e) Expression of the indicated mesenchymal markers in tumor cells before and after EMT was 
tested by RT-qPCR, in relation to expression of the same genes in 4 independent Cancer Associated 
Fibroblasts cultures (CAFs).          
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Supplementary Figure S3. HNF4α targets are highly expressed in CCS1 tumors and show an 
inverse correlation with collagen-I expression. 
(a) List of HNF4α target genes ordered to expression levels in CCS1 tumors. (b) Heatmap of the 
expression of HNF4α target genes in CCS1 and CCS3 tumors in the AMC90 colon tumor cohort. (c) 
Dotplot shows the correlation between HNF4α and its targets in the AMC90 colon tumor cohort. 
(d) Dotplots show the correlation between collagen-I and HNF4α targets in two large colon tumor 
cohorts. 

Supplemental tables 

can be downloaded at https://www.nature.com/articles/onc201660#supplementary-
information
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Abstract

Colorectal cancers (CRC) can be classified into four consensus molecular subtypes (CMS1-
4). Patients with CMS4 CRC have the highest chance of developing metastases and have 
the poorest prognosis. CMS4 tumours are characterised by a high stromal content and an 
extracellular matrix dominated by collagen type I. Here we show that collagen-I induces a 
CMS4-like gene expression program in human CRC organoids. We identify dasatinib as a 
candidate CMS4-targeting drug based on its affinity for tyrosine kinases highly expressed 
in CMS4. We show that dasatinib has a strong and long-lasting inhibitory effect on the 
regenerative potential of CRC organoids. Furthermore, it limits and reverses interface 
migration of three-dimensional CRC organoid cultures in fibrillar collagen. In a co-
culture system, fibroblasts directly interact with CRC organoids, and induce formation of 
invasive multicellular strands and detachment of cancer cell clusters from the organoids, 
reminiscent of invasion and local dissemination found in CRC resection specimens. 
Dasatinib treatment reduces the number of fibroblasts, disrupts heterotypic tumour 
cell-fibroblast interactions and induces apoptosis and regression in established invasion 
zones. With these combined effects, dasatinib impairs both the onset and progression of 
invasion and the detachment of cell clusters. These results indicate that stromal fibroblasts 
stimulate invasion, promote survival of invading tumour cells, and assist invasive cluster 
formation. By targeting tyrosine kinases that are expressed on both tumour cells and 
cancer-associated fibroblasts, dasatinib could interfere with the invasive phenotype of 
colorectal cancer in desmoplastic stroma. We therefore propose that dasatinib may have 
clinical utility in the treatment of stroma-rich mesenchymal-type CRC (CMS4).  
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Introduction

The development of distant metastases is the most important determinant of survival 
in patients with colorectal cancer (CRC) and most other types of cancer. Despite 
improvements in surgical procedures, chemotherapy, and local radiation techniques, 
prognosis of patients with metastatic CRC remains poor, with five-year overall survival of 
only 15%.1 To improve the outcome for patients with CRC, prevention of dissemination 
and outgrowth of metastases is crucial. Current adjuvant chemotherapy regimens reduce 
the risk of distant recurrence after primary CRC surgery in patients with stage III disease 
from 50% to 35%, which means that only 15% of these patients benefit from adjuvant 
treatment.2 Thus, there is an urgent need for novel treatment strategies that eliminate 
residual disease or prevent its outgrowth. The Consensus Molecular Classification system 
distinguishes four molecular subtypes of colorectal cancer (CMS1-4), based on recurrent 
patterns of gene expression. CMS4 is frequently referred to as the ‘mesenchymal subtype’, 
and is characterized by a high stromal content and expression of gene signatures 
reflecting epithelial-to-mesenchymal transition and a more stem-like phenotype. CMS4 
tumours have the highest propensity to form metastases.3-5 The processes of invasion 
and metastases in CRC are incompletely understood. Increasing evidence suggests that 
the tumour microenvironment plays an active role in tumour progression. High stromal 
content is associated with poor prognosis in CRC4-6, and the type and constitution of stroma 
further predict outcome.7 CMS4 cancers are particularly rich in desmoplastic stroma.8 We 
have previously shown that collagen type I dominates the extracellular matrix (ECM) of 
CMS4 CRC, and that interaction with collagen-I induces mesenchymal gene expression 
and collective tumour cell invasion in human colorectal cancer organoids.9 To search 
for potentially effective CMS4-targeting drugs, we explored the effects of collagen-I on 
CRC organoids and identified signalling intermediates potentially associated with CRC 
invasion. We selected existing FDA-approved tyrosine kinase inhibitors based on their 
affinity for kinases that are highly expressed in CMS4, and further explored the c-Src 
inhibitor dasatinib as a potentially effective inhibitor of CMS4 biology. Indeed, dasatinib 
strongly suppressed migration of organoids on a collagen-I matrix, and three-dimensional 
fibroblast-led invasion in collagen-I. Our results suggest that dasatinib could have clinical 
utility in the treatment of stroma-rich mesenchymal-type CRC.
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Materials and Methods

Cell culture
The patient-derived CRC organoids p8t, p9t, p19ta, p19tb, p9t, and p26t were established 
as part of a living biobank of CRC10, and were kindly provided by the HUB foundation 
(hub4organoids.eu). The patient-derived CRC organoids HUB-02-B2-028 (TOR8), HUB-
02-B2-031 (TOR9) and HUB-02-B2-040 (TOR10) were established at the Hubrecht Institute, 
within biobanking protocol HUB-Cancer TcBio#12-093 that was approved by the medical 
ethical committee of the University Medical Center Utrecht. Organoids were cultured in 
Matrigel (Corning, 356231) with basal medium 2+ containing advanced-DMEM/F12 (Life 
Technologies, 12634028), supplemented with penicillin (100 U/ml) and streptomycin (100 
µg/ml; PAA), Hepes (10 mM, Lonza, BE17-737E)), Glutamax (400 µM, Life Technologies, 
35050038), B27 (0.2X, Life Technologies, 17504044), N-Acetyl-L-cysteine (1mM, Sigma-
Aldrich, A9165-5G), Noggin (10%), A83-01 (500 nM, Biovision, 1725-1) and SB202190 (10 
µM, Sigma-Aldrich, S7067) at 37°C and 5% CO2. 

Human lung fibroblasts MRC5 were maintained in cell culture containing Dulbecco’s 
modified Eagle medium (DMEM; Gibco/Thermo Fisher Scientific), supplemented with 
10% fetal calf serum (FCS; Sigma Aldrich), penicillin (100 U/ml) and streptomycin (100 µg/
ml), L-glutamine (2 mM; Gibco/Thermo Fisher Scientific), and sodium pyruvate (1 mM; 
Gibco/Thermo Fisher Scientific) at 37°C and 5% CO2.
 
Colony formation assay
Organoids were dissociated into single cells with TrypLE™ Express (Thermo Fisher Scientific). 
Cell viability was assessed with trypan blue staining, and 500 or 1000 viable single cells 
were plated in 100ul 1.5 mg/ml collagen (10 mg/ml collagen-I (Ibidi, Martinried, Germany) 
mixed with BM2+, pH buffered with NaOH). Dasatinib (Sellenckchem, S1021) was diluted 
in DMSO to a stock concentration of 50uM, and further diluted in BM2+ medium. Plated 
cells were treated with 100nM dasatinib or 0.002% DMSO, starting 2 days after plating 
the cells, during 14 days. Medium was refreshed twice per week.  Colonies were counted 
with light microscopy (EVOS, Thermo Fisher Scientific). The experiments were performed 
in triplicate, and repeated three times for each cell line. For secondary colony formation 
assays, the colonies from one of the assays of p9t were dissociated into single cells. Cells 
were counted and viability was assessed with trypan blue; 500 viable cells were plated 
in 1.5mg/ml collagen-I. Cells from colonies treated with dasatinib were divided in two 
groups: one group received no further treatment; the second group was again treated 
with 100nM dasatinib. The experiment was performed in triplicate. 
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Collagen matrix interface migration assay
For gene expression analysis and matrix invasion assays, Matrigel was replaced by 1.5 
mg/ml collagen-I (10 mg/ml collagen-I (Ibidi, Martinsried, Germany) mixed with BM2+, 
pH buffered with NaOH). To stimulate collagen-I interface migration, a bottom layer of 
2 mg/ml collagen-I dissolved in phosphate-buffered saline was created and allowed to 
polymerise at room temperature for one hour. Droplets of collagen (5-10ul) with organoids 
were placed on top of this layer and also allowed to polymerise at room temperature for 
one hour, after which BM2+ medium with dasatinib (100nM; Sellenckchem, S1021) or 
DMSO (0.002%) was added and cells were placed in an incubator at 37°C. Micrographs 
were taken with the EVOS inverted microscope. 

To study whether dasatinib reverses the invasive phenotype observed on a collagen-I 
matrix interface, organoids were cultured in Matrigel until they reached a size of 0.75-5.0 
mm3 and then plated in collagen-I. Dasatinib treatment was started after five days, when 
invasive sheets had formed on the matrix interface.  
 
Co-culture invasion assay
Organoids and MRC5 fibroblasts were co-cultured in a 3D rat-tail type I collagen matrix 
(5 mg/ml; Corning, REF 3542495) to test the effects of dasatinib on CRC organoid growth, 
invasion and interaction with fibroblasts. Organoids were cultured in Matrigel until they 
reached a size of 0.75-5.0 mm3. Matrigel was dissolved with ice cold PBS and organoids 
were transferred to a 15ml falcon tube, followed by three washing steps with 10ml ice 
cold PBS and centrifugation in between (5 min, 111g, 4°C). Organoids were resuspended 
and kept on ice in BM2+ medium until embedding in collagen. MRC5 cells from 2D culture 
(80% confluency) were detached using Trypsin /EDTA (0.075%/2mM, Thermo Fisher 
Scientific) in PBS followed by addition of medium containing 10% FCS. Cells were spun 
down, resuspended in BM2+ and counted. Acidic collagen-I stock solution was mixed 
with 10x PBS, Milli-Q, and 1N NaOH to a final concentration of 5mg/ml at pH 7.4. 100-
150 organoids and 4000 MRC5 fibroblasts were mixed with the collagen and plated as 
drops (80 µl) in a 24-well plate and maintained at 37°C for 30 min until polymerization. 
For long-term culture, BM2+ medium, supplemented with 2.5% FCS to induce fibroblast 
elongation and maintain cell vitality, was added. Medium was refreshed at day 3 and 
every second consecutive day with the addition of dasatinib (final concentration: 100 nM) 
or DMSO (final concentration: 0.002%). At day 3, 7 and 12 after embedding, samples were 
fixed (4% PBS-buffered paraformaldehyde; 30 min at 21 °C), washed with excess PBS (5x5 
min) and stained for microscopy. 
 
Immunofluorescence
For epifluorescence microscopy of CRC invasion in 3D, samples were stained with DAPI 
and AlexaFluor548-phalloidin (18h at 4°C) and washed with PBS (5x5 min). Samples for 

organoids in collagen type I
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confocal microscopy of 3D invasion were incubated in blocking buffer (PBS/10% normal 
goat serum/0.1% BSA/0.1% Triton X-100; Sigma) for 2 h at 20°C, followed by incubation 
with rabbit monoclonal anti-vimentin (MA5-14564; Thermo Fisher Scientific) and mouse 
monoclonal anti-p120 antibody (BD610133, BD Biosciences) in blocking buffer overnight 
(4 °C on a shaking platform), washing with PBS (5x5 min) and incubation with secondary 
pre-absorbed goat anti-rabbit or anti-mouse IgG coupled to AlexaFluor -488 or 647 
(Invitrogen/Thermo Fisher Scientific), DAPI and AlexaFluor568-phalloidin in blocking 
buffer (18h at 4°C). After washing in PBS (5x5 min), samples were placed in a 3D glass 
chamber filled with PBS and analysed by bright-field and confocal microscopy. For 
confocal imaging of interface migration, samples were incubated with 1% w/v bovine 
serum albumin, 1% v/v dimethylsulfoxide and 0.2% v/v Triton X-100 in PBS (PBD02T) 
(4h at 20°C) followed by incubation with AlexaFluor488-phalloidin and DAPI in blocking 
buffer (18h, 4°C) followed 5x5 min washing in PBD02T. 
 
Imaging of 3D organoid co-cultures
Growth and invasion from overviews of multiple organoids were visualized with bright-
field and epifluorescence microscopy (Leica DMI6000B, 5x/0.12 air objective, 20µm inter 
slice distance, 400-1000µm z-size, tile scan of 20-30 images). Images were composed 
from multiple fields by automatic stitching. Confocal microscopy (Zeiss LSM880 scanner; 
40x/1.0 NA water-immersion objective) was performed with sequential single-channel 
scanning (5µm inter-slice distance). For bright-field time-lapse microscopy, organoids and 
fibroblasts were embedded in collagen-I as described above and recorded starting on day 
2 for 30h (Okolab 2.0, 37 °C , 5% CO2, 10x objective). 
 
Image analysis
Images were analysed with ImageJ/Fiji (version 1.51). Collagen matrix interface migration 
was analysed by measuring the surface area of the migratory sheet of the largest organoid 
in a collagen droplet relative to the total surface area of the organoid structure including 
the migratory sheet. 3D collagen invasion was quantified using maximum intensity 
projections (standard deviation) from 3D image stacks, as the number of invasive 
organoids and the percentage of invasive strands with detached clusters. The frequency 
of interaction between CRC cells and fibroblasts were manually counted using the 
phalloidin signal along the cell-cell interface. Apoptosis in invasion zones was detected as 
nuclear fragmentation from the DAPI signal. Fibroblasts were recognized by DAPI signal 
as elongated single nuclei. Unless stated otherwise, data represent three independent 
collagen cultures from one batch of organoids, including a total of 300-450 organoids. 
For the analysis of co-cultures (number of organoids, percentage of invasive strands with 
detached clusters or apoptotic tip, number of fibroblasts) at day 12, 6-8 replicates from 
two independent experiments representing 600-1,200 organoids were used. Graphs were 
created with GraphPad Prism version 7.02. 
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Luminex assay
Organoids were dissociated into single cells. Half of the cells were cultured in basement 
medium extract (Cultrex® Pathclear Reduced Growth Factor BME type 2, #3533-001-02) 
and the other half were cultured in collagen-I as described for the collagen matrix invasion 
assay. After three days medium was removed from the cells and immediately frozen down 
to -80°C. Medium was refreshed and again removed and frozen down four days later 
(seven days after first seeding the cells). CXCL1 and CXCL8 concentrations were measured 
using an in-house developed and validated (ISO9001 certified) multiplex immunoassay 
based on Luminex technology (xMAP, Luminex Austin TX USA). The assay was performed 
as described11.  In short, samples were incubated with antibody-conjugated MagPlex 
microspheres for one hour at room temperature with continuous shaking, followed by one 
hour incubation with biotinylated antibodies, and 10 min incubation with phycoerythrin-
conjugated streptavidin diluted in high performance ELISA buffer (HPE, Sanquin the 
Netherlands). Acquisition was performed with the Biorad FlexMAP3D (Biorad laboratories, 
Hercules USA) in combination with xPONENT software version 4.2 (Luminex). Data was 
analyzed by 5-parametric curve fitting using Bio-Plex Manager software, version 6.1.1 
(Biorad).
 
Bioinformatical analyses and statistics
Total RNA was isolated from tumour organoids according to manufacturer’s protocol 
(RNeasy Mini Kit, Qiagen, Hilden, Germany). Affymetrix microarray analyses were performed 
by the Department of Oncogenomics, Amsterdam Medical Centre. Fragmentation of RNA, 
labelling, hybridization to Human Genome U133 Plus 2.0 microarrays and scanning were 
performed following the manufacturer’s protocol (Affymetrix, Thermo Fisher Scientific). 
All bioinformatics analyses were performed using R2: Genomics Analysis and Visualization 
Platform (r2.amc.nl). To visualize expression of particular gene sets in distinct sample 
subgroups the option ‘relate two tracks’ was used. Condensation of gene set expression 
into single values per tumour/sample was performed with the ‘View Gene Set’ option and 
by storing the obtained values as a track for subsequent analysis. Dot plots visualizing 
the comparative expression of gene sets were created using the ‘relate two tracks option’. 
Pearson correlation (r) values and accompanying p-values were obtained by selecting the 
xy plot option. The generation of tumour subgroups on the basis of differential expression 
of gene sets was performed using the k-means option (10x100 draws). Survival differences 
between groups were visualized in Kaplan Meier curves and p values were generated 
with the log rank test. Correction for multiple testing was done with the Bonferroni 
method. Overlap between gene sets was identified with the web-based GeneVenn 
tool (http://genevenn.sourceforge.net/).  Data from invasion assays were analysed with 
Mann-Whitney test, ANOVA, or multiple t-test, as appropriate. P-values below 0.05 were 
considered statistically significant.

organoids in collagen type I
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Results
 
Interaction with type I collagen induces gene expression associated with CMS4 in 
human colorectal cancer organoids.
Three different human CRC organoid lines (p8t, p9t, and p26t) were grown in either 
Matrigel or collagen type I for seven days. Matrigel mainly consists of laminin, collagen 
type IV and entactin, similar to the basement membrane of a healthy colon, whereas 
collagen type I more closely resembles the interstitial ECM surrounding invading tumour 
cells that have breached the basement membrane.12 We used microarray gene expression 
profiling to identify differences in gene expression between organoids cultured in 
reconstituted type I collagen and Matrigel (Figure 1a, Supplemental Table 1). We selected 
the 250 genes that were most significantly upregulated in collagen-I (COL250), and 
analysed the expression of these genes in a composite cohort of colorectal tumours 
(n=3232) that were used to develop the CMS classification.3 Expression of the COL250 
gene set was significantly correlated with expression of signature genes that identify the 
mesenchymal subtype CMS4, and inversely correlated with expression of signature genes 
identifying the canonical epithelial subtype CMS2 (Figure 1b). We next used the COL250 
gene set to cluster the CMS-3232 cohort3 into three groups (low, intermediate, or high 
expression of COL250) by k-means clustering (Supplemental Figure 1a). The COL250-
high group consisted almost exclusively of tumours that had previously been classified 
as CMS4 (Figure 1c). A subset of CMS1 tumours also clustered in the COL250-high group, 
while nearly all CMS2 and CMS3 tumours were assigned to the low or intermediate 
groups. High expression of the COL250 gene set was associated with shorter disease-free 
and overall survival (Supplemental Figure 1b,c). These data indicate that switching the 
extracellular matrix from Matrigel to collagen type I induces a CMS4-like phenotype in 
human colorectal organoids.  

To gain insight into the mechanisms that drive collagen-I-induced gene expression 
changes in organoids, we searched for functional protein association networks by 
using STRING (string-db.org). This analysis revealed that collagen-I-induced genes form 
a network around the non-receptor tyrosine kinase c-Src (Figure 1d). c-Src activates 
multiple signal transduction pathways involved in proliferation, survival, angiogenesis 
and migration/invasion of cancer cells.13 c-Src activation results in increased expression 
of interleukin-8 (IL-8, CXCL8).14 Indeed, IL-8 was the most significantly upregulated gene 
(p=2.84E-6) in collagen-I compared with matrigel culture (Figure 1e). The structurally 
related chemokine CXCL1 (GRO1-alpha) was also upregulated in collagen-I (p= 1.12E-3). 
To validate these findings, we measured the production of these chemokines by three 
independent CRC organoid lines in BME and collagen-I with a luminex assay. 
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Figure 1
Collagen-I induced gene expression changes
a. Heatmap showing the 601 genes that were differentially expressed (ANOVA p<0.01) between 

cultures in matrigel and collagen-I. Colour codes: group – red = collagen-I, green = matrigel; 
organoid ID – blue = organoid p9t, green = organoid p8t, blue = organoid p26t.

b. Scatterplot showing the expression of CMS4 signature genes related to expression of COL250 
genes in the CMS-3232 cohort. Inset: Pearson correlation (r-value) of CMS1-4 signature gene sets 
with the COL250 gene set.  

c. Distribution of 3232 CMS classified tumours amongst the COL250 clusters. 
d. STRING network analysis identifies activation of a protein network around c-Src upon culturing 

in collagen-I.   
e. Volcano plot of ANOVA p-value versus fold change of gene expression from organoids cultured 

in collagen-I or in Matrigel. CXCL8 and CXCL1 are highlighted.   

organoids in collagen type I
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After three days, the CXCL8 concentration in medium from organoid TOR9 was 3.5 times 
higher in collagen-I culture, compared with BME culture, and after seven days it was 11 
times higher (Supplemental Table 2). No change in CXCL8 production was observed in 
the other organoid cultures. CXCL1 concentrations were elevated in medium from all 
three tested organoids (TOR8, TOR9 and TOR10). After three days, concentrations were 9 
times, 13 times and 3 times higher respectively in collagen-I compared with BME cultures. 
After seven days, TOR9 even produced 96 times more CXCL1 in collagen-I than in BME. 
Thus, the collagen-I induced upregulation of gene expression corresponds with increased 
production of the chemokines CXCL1 and CXCL8 in collagen-I compared with BME.  
 
Dasatinib as a candidate CMS4-targeting drug
To search for potential therapeutic targets in CMS4 CRC we focussed on the human kinome. 
We identified fifty-five kinases that are positively correlated with the CMS4 signature 
genes in two independent colon cancer cohorts (GSE3958215 n=566, and TCGA16 n=276; 
single gene p-values <e-6; Supplemental Table 2). Twenty-two of these were tyrosine 
kinases (TK), to which we refer as the 22TK panel (Supplemental Table 2). TKs are attractive 
therapeutic targets and a large number of approved TK inhibitors (TKIs) are available for 
the treatment of cancer and other diseases. We made use of a dataset reporting on the 
quantitative dissociation constants (Kd) of drug-target interactions for 72 distinct kinase 
inhibitors17. Two kinases from the 22TK panel (ROR1, ROR2) were missing in the dataset 
and could not be analysed. The Kds of each of the 72 kinase inhibitors for the remaining 
20 TKs are shown in Supplemental Table 3. The most potent inhibitor was foretinib, which 
binds 18 of the 20 queried CMS4 TKs with a Kd lower than 300 nM. The twenty-five most 
efficient 22TK inhibitors contained eight FDA-approved anti-cancer drugs, which are 
not currently indicated for the treatment of colon cancer: foretinib, dasatinib, cediranib, 
sorafenib, pazopanib, vandetanib, nilotinib, and imatinib (Table 1). 

Table 1

Affinity of eight FDA-approved TKIs for 20TKs correlated with CMS4.

When plotting the inhibition profiles of these eight drugs onto the human kinome, we 
found excellent overlap between the targets of foretinib and dasatinib and the CMS4 
22TK panel (Figure 2a). Dasatinib is a potent inhibitor of c-Src and the expression of a 
gene signature predicting sensitivity to dasatinib18 was significantly upregulated by 
embedding organoids in collagen-I (Figure 2b). Based on this overlap, and the superior 
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selectivity score of dasatinib compared with foretinib (0.27 versus 0.44, respectively (Table 
1)), we selected dasatinib for further studies.
 
Dasatinib reduces clone formation and inhibits two-dimensional sheet migration 
of CRC organoids 
We performed colony-formation assays to test the effect of dasatinib on regenerative 
capacity of organoids grown in three-dimensional (3D) collagen type I, and found a 
consistent reduction of colony formation by ~50% in two different organoid lines (p9t 
and p19tb, Figure 3a). After re-plating the resulting colonies in a second colony-formation 
assay, we found that, even in the absence of continued drug exposure, the regenerative 
capacity of dasatinib-treated cancer cells was strongly and significantly impaired (Figure 
3b). We recently showed that collagen-I induces emigration of cell sheets from human 
CRC organoids along the interface of two collagen-I matrix layers.9 Treatment with 100 
nM dasatinib (concentration based on 19) inhibited sheet migration invasion between 
collagen layers in three different organoid lines (Figure 3c). Moreover, treatment with 
dasatinib was sufficient to reverse the migratory phenotype: upon dasatinib treatment, 
we observed a marked reorganisation at the invasive front, leading to the formation of 
a sharply demarcated epithelial barrier (Figure 3d). This treatment effect may be more 
clinically relevant, as in patients, local cancer cell invasion will have occurred before 
initiation of dasatinib therapy. 
 
 

Figure 2
Identification of dasatinib as a potential anti-CMS4 drug
a. Activity spectra of dasatinib and foretinib (EXEL-2880) mapped on the human kinome. The size 

of each red spot reflects the dissociation constant of each drug for specific kinases. Larger spots 
indicate lower Kd and more efficient inhibition. Kinases from the 22TK panel are highlighted 
in blue. Images generated using TREEspot™ Software Tool and reprinted with permission from 
KINOMEscan®, a division of DiscoveRx Corporation, © DISCOVERX CORPORATION 2010.

b. Expression of gene signature of genes positively correlated with dasatinib response18 in organoids 
p26t, p8t and p9t in collagen-I and matrigel matrix.
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Figure 3
Dasatinib inhibits and reserves two-dimensional organoid invasion on collagen-I
a. Colony formation assays (CFA) with p19tb and p9t treated with dasatinib (100nM). Bars represent 

mean plus standard deviation (SD) of combined results from repeated experiments (p19tb n=2, 
p9t n=3), **p=0.0043, *p=0.0188 (Mann Whitney test).  

b. Secondary CFA with p9t after pre-treatment with dasatinib in the first CFA, with and without 
continued TKI treatment. Bars represent mean plus standard deviation (SD), **DMSO vs dasatinib 
continued p=0.0016, DMSO vs pre-treatment only p=0.0013 (one-way ANOVA, multiple 
comparisons test).

c. Dasatinib inhibits spreading of 3D organoids on the collagen-I matrix interface. Representative 
images of the collagen matrix interface migration assay with organoid p26t are shown (top = 
DMSO-treated, bottom = dasatinib-treated). The yellow line delineates the total surface area 
of the organoid, the red line surrounds the non-invasive organoid structure. The percentage of 
invasive area relative to the total surface area of the organoid is quantified in the graphs (p9t: 
n=5-6 organoids per condition, p19tb: n=9-10 organoids per condition, p26t: n=3 organoids per 
condition), bars represent mean plus standard deviation (SD), **p=0.0043, ***p=0.0003, ns=not 
significant (Mann Whitney test).

d. Dasatinib reverses collagen-I interface migration. Left panel: micrographs showing invasive 
behaviour of organoid p9t after five days in collagen-I culture (top), upon which treatment was 
started; dasatinib treatment (100nM) resulted in reorganisation of the invasive front after five days 
(bottom). Right panel: confocal microscopy images showing differences in actin organisation at 
the invasive front of DMSO-treated organoids (top) compared with dasatinib-treated organoids 
(bottom).  

 
Dasatinib inhibits fibroblast-led three-dimensional invasion in collagen-I
The ECM of CMS4 tumours is rich in dense stroma and cancer-associated fibroblasts.4, 5 
Collective invasion of tumour cells through the ECM requires track clearance by leader 
cells.20 Fibroblasts can function as leader cells, guiding the directional invasion of tumour 
cell strands in a range of cancer types.21 To study the role of fibroblasts in directing colorectal 
cancer cell invasion in collagen-I, we co-cultured p19ta organoids with MRC5 lung 
fibroblasts, which are considered to be activated fibroblasts22. Organoids embedded in 3D 
fibrillar collagen without fibroblasts showed continued growth but little invasion (mono-
culture, Figure 4a). In co-culture with fibroblasts however, 17% of the organoids formed 
multicellular strand-like invasion zones (Figure 4a-c). Fibroblasts approached and physically 
connected to tumour organoids prior to onset of invasion (supplemental material online, 
movies 1-4), consistent with reports on fibroblast-led collective tumour cell invasion23. 
After twelve days of co-culture, the tips of the invasive strands were either connected to 
fibroblasts (50%) or lacked physical connections to fibroblasts (50%, Supplemental Figure 
2a). Heterotypic interactions between fibroblasts and invasive cells emigrating from the 
CRC organoids contained high levels of F-actin and p120 catenin (Figure 4b), indicating 
cadherin-based cell-cell junctions between fibroblasts and tumour cells, as described21.  

organoids in collagen type I
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Figure 4
dasatinib inhibits fibroblast-induced invasion in three-dimensional collagen-I matrix
a. Top row: overview images of collagen-I matrices with p19ta mono-culture (left) and co-cultures 

of p19ta organoids with MRC5 fibroblasts without dasatinib treatment (middle) and with 
dasatinib treatment (right) after 12 days. Fluorescence shows F-actin (phalloidin) signal, scale bar 
= 200um. Bottom row: magnifications from top row, showing invasive strands emerging from the 
organoids (yellow arrow heads), scale bar = 1000um.  



3

Dasatinib inhibits fibroblast-led invasion and regenerative capacity of colorectal cancer   |   59

b. Confocal microscopy image showing interaction (intense p120 staining, yellow arrow heads) 
between an invasive organoid strand and a fibroblast. Scale bars = 20um. 

c. Quantification of fibroblast-induced invasion at day 12, bars represent mean plus standard 
deviation (SD) based on combined results from two repeated experiments with 3-4 gels per 
condition, ***p<0.0001 (one-way ANOVA, multiple comparisons test).

d. Dasatinib reduces the total number of fibroblasts in the co-culture over time. Co-culture gels were 
fixed and analysed at three time points: at day 3 (before start of dasatinib/DMSO treatment), and 
at day 7 and day 12. **p=0.004, ***p=0.0002 (Multiple t-test, Statistical significance determined 
using the Holm-Sidak method, with alpha = 0.05)

e. Dasatinib reduces the percentage of fibroblast-associated invasive strands in co-culture. Bars 
represent mean plus standard deviation (SD) based on two repeated experiments with 3-4 gels 
per condition measured at day 12, **p=0.0012 (Mann Whitney test).

f. Confocal microscopy image showing budding of a tumour cluster from the invasive strand, 
guided by a fibroblast, scale bars = 20um. 

g. Dasatinib decreases the number of invasive strands that show viable budding cells in co-culture. 
Bars represent mean plus standard deviation (SD) based on two repeated experiments with 
3-4 gels per condition measured at day 12, ** p=0.0093, the reduction in budding events with 
fibroblasts was significant (two-way ANOVA with multiple comparisons). 

h. Confocal microscopy image showing apoptotic nuclei (yellow arrow head) at the tip of an 
invasive strand, scale bars = 20um.

i. Dasatinib increases the percentage of invasive strands with apoptotic tips. Bars represent mean 
plus standard deviation (SD) based on two repeated experiments with 3-4 gels per condition 
measured at day 12, ** p=0.0081, the increase in apoptosis in strands without fibroblasts was 
significant (two-way ANOVA with multiple comparisons).

We next studied the effect of dasatinib on fibroblast-led 3D invasion. Treatment was 
started three days after establishment of the co-cultures, when invasion was initiated 
(Supplemental Figure 2b). Treatment with dasatinib reduced the number of fibroblasts 
with 44% from day 3 to day 12 while fibroblasts continued to proliferate in control 
culture (Figure 4d). CRC organoid invasion was reduced by 50% (Figure 4c) and 20% of 
the remaining invasive strands were connected to fibroblasts by day 12 (Figure 4e). In 
untreated co-cultures, release of ‘budding’ tumour cell clusters from invasive strands was 
observed in 23% of all invasive strands, and this rate was reduced by half by treatment 
with dasatinib (Figure 4f, g). Dasatinib further increased apoptotic events in the tips of the 
invasive strands, most prominently in strands lacking contact with fibroblasts (Figure 4h, 
i; 31% vs. 15% apoptosis, compared to DMSO). These data show that fibroblasts induce 
CRC invasion in 3D organoid culture. Interaction between fibroblasts and organoids 
trigger collective CRC cell invasion and budding, and both phenomena can be inhibited 
by dasatinib.

 

organoids in collagen type I
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Discussion

In the present study we found that collagen-I, which is particularly abundant in CMS4 
cancers9, instigates an invasive, CMS4-like phenotype in patient-derived CRC organoids. 
This is in line with our previous data showing that the epithelial tumour cells in CMS4 
cancers express a distinct set of mesenchymal genes.9 We identified the TKI dasatinib as a 
potentially effective CMS4-targeting drug. Dasatinib is currently indicated for treatment 
of chronic myeloid leukaemia and acute lymphatic leukaemia. Our results show that many 
dasatinib targets are highly expressed in CMS4 CRC, and that it binds relatively few non-
CMS4 targets. We found that dasatinib interferes with two major hallmarks of aggressive 
cancer behaviour in colorectal cancer organoids: cancer cell spread and regenerative 
capacity. Dasatinib inhibited – and even reversed – the invasive behaviour of colorectal 
cancer organoids in collagen-I by restoring epithelial integrity at the tumour-matrix 
interface. Our results are in line with previous studies documenting anti-invasive and anti-
metastatic effects of dasatinib in pre-clinical models of pancreatic adenocarcinoma 19, 24, 
colon cancer cancer cell lines25, thyroid carcinoma20, and prostate cancer26. To study the 
interaction between tumour cells and fibroblasts in collagen-I-rich ECM, we developed a 
co-culture system. The presence of fibroblasts induced invasion of CRC organoids in a 3D 
collagen matrix, whereas in 3D mono-culture hardly any invasion occurred. This indicates 
that cancer cells require a track or an interface (as in our 2D interface model) to be able to 
migrate. The invasive tumour cell strands were either connected to fibroblasts or lacked 
contact with fibroblasts. This suggests that there are multiple potential mechanisms by 
which fibroblasts induce CRC invasion, including transient contact with tip cells to lead 
CRC invasion21, formation of collagen tracks to enable autonomous CRC invasion27, and/
or paracrine signaling through cytokine release to induce ECM remodeling and invasion 
of CRC cells28. Treatment with dasatinib reduced the number of fibroblasts in the co-
culture, reduced the number of invasive strands, and caused apoptosis of tumour cells 
located at the tips of the invasive strands. Based on these results we propose that stromal 
fibroblasts lead CRC invasion and promote survival of invading tumour cell strands and 
clusters. By targeting tyrosine kinases that are expressed on fibroblasts and/or on tumour 
cells, dasatinib abrogates the invasive phenotype of colorectal cancer organoids in 
desmoplastic stroma. Dasatinib was originally developed as an inhibitor of BCR-ABL and 
c-Src, but the spectrum of its high-affinity targets includes many pro-metastatic tyrosine 
kinases. To what extent inhibition of the various targets contributes to the observed 
treatment effects in our models is difficult to discern and most likely context-dependent, 
since many of its targets have proven pro-metastatic activity. In the context of CMS4 CRC 
– with collagen-I dominating the ECM – it is interesting to note that dasatinib is a potent 
inhibitor of the collagen-receptor DDR2. Elevated DDR2 expression in gastric cancer cells 
has been associated with increased peritoneal dissemination, and either knockdown 
of DDR2 or treatment with dasatinib reduced peritoneal metastasis formation in vivo.29 
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Similarly, in head and neck squamous cell carcinoma, DDR2 overexpression was found 
to stimulate migration and invasion, which could be inhibited by dasatinib.30 The specific 
role of DDR2 and other members of the CMS4 22TK panel in colon cancer progression 
require further investigation. 

Although dasatinib had an anti-metastatic effect in an in vivo model of pancreatic 
adenocarcinoma, treatment did not result in survival advantage, due to continued 
growth of the primary tumour.19 Indeed, the concentration of dasatinib that was required 
to inhibit proliferation was markedly higher than the concentration required to inhibit 
c-Src.19 Likewise, dasatinib monotherapy had little effect on growth of colorectal cancer 
xenografts.31 Combination of dasatinib with chemotherapy may provide a promising 
treatment strategy, with chemotherapy targeting the actively proliferating tumour bulk 
and dasatinib targeting both the stromal fibroblasts and the invasive (non-proliferating) 
tumour cells. Two early clinical trials showed that addition of dasatinib to current 
standard chemotherapeutic regimens is safe.32, 33 Furthermore, oxaliplatin treatment was 
associated with increased Src activity in liver metastases, and Src activation correlated 
with shorter relapse-free survival.34 Dasatinib reversed resistance to oxaliplatin caused by 
high phospho-Src levels in vivo.35 This study shows how new insights into the biology of 
CRC subtypes can guide the design of targeted therapies. Collectively, the results suggest 
a model in which the collagen-rich ECM and stromal fibroblasts promote mesenchymal 
gene expression and invasion of tumour cells, and that targeting these interactions could 
be an effective therapy for CMS4 CRC. Based on our findings that dasatinib has anti-
invasive effects and limits the regenerative capacity of CRC organoids in collagen, and 
on clinical data showing that dasatinib can be safely combined with chemotherapy in 
CRC patients, we propose that this drug should be evaluated as a CMS4-targeting drug in 
clinical studies with pre-selected patients.  

organoids in collagen type I
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Supplementary information

Supplemental Figure 1
a. Heatmap showing the expression of the 250 genes upregulated by collagen-I in the three clusters 

derived from k-means clustering. 
b. Kaplan Meier curve of relapse-free survival based on clusters of COL250. 
c. Kaplan Meier curve of overall survival based on clusters of COL250. 

organoids in collagen type I
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Supplemental Figure 2 
a. Invasion of organoids p19ta in 3D collagen-I induced by fibroblasts; both guided by fibroblasts 

(green arrows, top row) and unguided (yellow arrows, bottom row) after 12 days. Fluorescence 
shows F-actin signal.

b. Fibroblast-led invasive strand formation over time. Co-cultures were fixed and analysed at three 
time points: at day 3 (before start of dasatinib treatment), day 7 and day 12. Images on the right 
show examples of fibroblast-led invasive strand formation at day 3, scale bar = 150 um. 
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Abstract
 
Purpose
Chemotherapy treatment of metastatic colon cancer ultimately fails due to the 
development of drug resistance. Identification of chemotherapy-induced changes in 
tumor biology may provide insight into drug resistance mechanisms. 
 
Experimental design
We studied gene expression differences between groups of liver metastases that were 
exposed to pre-operative chemotherapy or not. Multiple patient-derived colonosphere 
cultures were used to assess how chemotherapy alters energy metabolism by measuring 
mitochondrial biomass, oxygen consumption and lactate production. Genetically 
manipulated colonosphere-initiated tumors were used to assess how altered energy 
metabolism affects chemotherapy efficacy.    
 
Results
Gene ontology and pathway enrichment analysis revealed significant upregulation of 
genes involved in oxidative phosphorylation (OXPHOS) and mitochondrial biogenesis in 
metastases that had been exposed to chemotherapy. This suggested that chemotherapy 
induces a shift in tumor metabolism from glycolysis towards OXPHOS. Indeed, 
chemo-treatment of patient-derived colonosphere cultures resulted in an increase of 
mitochondrial biomass, increased expression of respiratory chain enzymes and higher 
rates of oxygen consumption. This was mediated by the histone deacetylase sirtuin-1 
(SIRT1) and its substrate, the transcriptional co-activator PGC1α. Knockdown of SIRT1 or 
PGC1α prevented chemotherapy-induced OXPHOS and significantly sensitized patient-
derived colonospheres, as well as tumor xenografts to chemotherapy.
 
Conclusion
Chemotherapy of colorectal tumors induces a SIRT1/PGC1α-dependent increase in 
OXPHOS that promotes tumor survival during treatment. This phenomenon is observed 
in chemotherapy-exposed resected liver metastases as well, strongly suggesting that 
chemotherapy induces long lasting changes in tumor metabolism that potentially 
interfere with drug efficiency. In conclusion, we propose a novel mechanism of tumor 
resistance that may be clinically relevant and therapeutically exploitable.
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Introduction

Colon cancer is one of the most common and deadliest types of cancer. Mortality is 
mainly the consequence of metastatic growth in secondary organs like liver and lungs. 
Chemotherapeutic drugs that have proven to be effective in the treatment of metastatic 
colon cancer are 5-fluorouracil (5-FU), oxaliplatin and irinotecan which together prolong 
median survival from ~6 months to ~2 years 1. However, most tumors are either intrinsically 
resistant to these drugs or acquire resistance during treatment. Consequently, disease 
progression following systemic therapy occurs in the vast majority of cases 1. In order to 
rationally develop therapeutic approaches that can overcome drug resistance, it is essential 
to understand the underlying mechanisms. ‘Omics’ technologies are nowadays increasingly 
used to determine the (epi-)genetic underpinnings of drug resistance 2, 3. In colon cancer 
this has resulted in the identification of gene signatures that can identify intrinsically drug-
resistant tumor subtypes 4-7. In the current study we use such technologies to study how 
drug resistance develops in colon cancer patients that are treated with chemotherapy. 
Normal, healthy cells mainly use OXPHOS for energy production. Cancer cells, however, 
face an impressive metabolic challenge due to rapid cell growth and frequent divisions, 
which forces them to adjust their energy metabolism in order to meet these demands 8. 
The key event in this reprogramming is a switch in metabolism from OXPHOS towards 
aerobic glycolysis (Warburg effect) 9. Tumor metabolism has received increased attention 
over the last decade, mainly in relation to proliferation and specific metabolic alterations. 
Only recently the metabolic state has been implicated in tumor drug resistance 10, 11. 
Targeting tumor metabolism is now actively being studied as an alternative approach to 
overcome this problem. Drugs that limit the uptake of nutrients or interfere with their use 
in anabolic pathways have shown efficacy as resistance-modulating agents in several pre-
clinical models 12-15. However, the link between tumor metabolism and drug resistance is 
highly complex, it depends on multiple parameters such as oxygen and nutrient availability 
or the specific drugs that are being used, and the underlying mechanisms still remain 
to be elucidated10. In the present study we used transcriptomics data of liver metastases 
from chemotherapy-treated and chemo-naive colon cancer patients to identify a novel 
pathway of drug resistance, involving a change in energy metabolism. We show that upon 
chemotherapy, cancer cells shift their metabolism from glycolysis towards OXPHOS. This 
process is regulated via SIRT1-PGC1α signaling pathway and, as a consequence, increases 
the resistance of cells to chemotherapy.
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Material and methods

Cell culture 
Human colonosphere cultures were isolated from patients undergoing colon or liver 
resection of primary or metastatic adenocarcinoma and were propagated as described 16. 
Briefly, colonospheres were cultured in advanced DMEM/F12 (Invitrogen) supplemented 
with 0,6% glucose (BDH Lab. Supplies), 2 mM L-glutamine (Biowhittaker), 9.6 μg/ml 
putrescin (Sigma), 6.3 ng/ml progesterone (Sigma), 5.2 ng/ml sodium selenite (Sigma), 25 
μg/ml insulin (Sigma), 100 μg/ml apotransferrin (Sigma), 5 mMhepes (Gibco), 0,005 μg/ml 
trace element A (Cellgro), 0,01 μg/ml trace element B (Cellgro), 0,01 μg/ml trace element C 
(Cellgro), 100 μM β-mercaptoethanol (Merck), 10 ml antibiotic-antimycotic (Gibco), 4 μg/
ml gentamicine (Invitrogen), 0.002% lipid mixture (Sigma), 5 μg/ml glutathione (Roche) 
and 4 μg/ml Heparin (Sigma). Growth factors (10 ng/ml b-FGF (Abcam)) were added to the 
cell culture medium freshly each week.

Flow cytometry
Mitotracker Green (Invitrogen) was added to the cultures at concentration of 300 nM for 
30’. Colonospheres were washed with PBS and dissociated into single cell suspension using 
Accumax (Innovative Cell Technologies). Cells were resuspended in PBS containing 0.5 
µg/ml propidium iodide (Sigma) to exclude dead cells and analyzed with flow cytometry 
(FACSCalibur, BD). Data were analyzed using Cell Quest Software (BD). Experiments were 
performed in triplicates, and the results are depicted as an average of at least three 
independent experiments. Data represented as mean ± SD. 

Antibodies and reagents
The following antibodies were used for western blotting: anti-SIRT1 (Millipore), anti-
cleaved caspase-3 and anti-cleaved PARP (Cell Signaling), MitoProfile Total OXPHOS Rodent 
WB antibody cocktail (Abcam), anti-β-actin (Novus Biologicals), HRP-labeled secondary 
antibodies(Dako). COX IV (Abcam) was used for immunohistochemistry. Oxaliplatin was 
obtained from Fresenius Kabi Oncology and 5-FU from TevaPharmachemie. For SIRT1 
inhibition we used nicotinamide (Sigma), EX527 (Sigma) and TV6 (Cayman Chemical).

Lentiviral transduction
The shSIRT1 plasmids were obtained from the MISSION® shRNA TRC library (Sigma) 
[TRCN0000018979] and [TRCN0000018983]. shSCR plasmid (SHC002) was used as a 
control. The shPGC1α construct was a kind gift from Prof. P. Puigserver from the Dana-
Farber Cancer Institute. Lentiviral particles were generated by transfecting 293T cells with 
pLKO and packaging vectors using Fugine (Roche). Transduced cells were selected with 
Puromycin (Sigma).



4

SIRT1/PGC1α-dependent increase in oxidative phosphorylation supports chemotherapy   |   73

Immunohistochemistry
COX IV staining was performed on formalin-fixed paraffin embedded sections from 
colorectal liver metastasis. Samples were deparaffinized and rehydrated. Citrate buffer 
(pH6.0) was used for antigen retrieval. The primary anti-COX IV antibody was obtained 
from Abcam (ab14744, dilution 1:1000). The secondary antibody was from htVision 
(ImmunoLogic).

Quantitative Real Time Polymerase Chain Reaction
Total RNA was isolated according to the manufacturer’s protocol (RNeasy Mini Kit, 
Qiagen) from colonosphere cultures or tissue samples. cDNA was synthesized using 
iScriptcDNA Synthesis Kit (Bio-Rad Laboratories). 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. The primers used for PGC1α 
were: Forward: GTAAATCTGCGGGATGATGG and Reverse: AATTGCTTGCGTCCACAAA. 
The primers used for RPL30 were: Forward: TTGCGCTTAGTAGTTCAATGG and Reverse: 
TGGTGAATTTGTGACGAATCC. All samples were analyzed in triplicates.

Animal experiments
Colonospheres were dissociated into single cell suspension with Accumax (Innovative 
Cell Technologies) and 5x104 cells stably expressing either SCR control or SIRT1shRNA 
were mixed with Matrigel (BD) at a 1:1 ratio and injected subcutaneously into the flanks 
of CBy.Cg-Foxn1nu/J mice. Tumor growth was measured every week and tumor volumes 
were calculated (V=axb2x0.5263), ‘a’ being the maximal width and ‘b’ maximal orthogonal 
width. Six weeks after the injection we started the chemo-treatment. Chemotherapy was 
administered intraperitoneally (i.p.) on weekly basis. Oxaliplatin (10 mg/kg) and 5-FU 
(100 mg/kg) were diluted in PBS. Control mice received PBS only. When tumors reached a 
volume of 1500 mm3 mice were sacrificed. For tumor analysis outliers (±>3 times SD from 
the mean) were excluded. For analysis of necrosis, the slides were digitized and analyzed 
via Aperio Imagescope (Leica Biosystems). The surface of necrotic areas (excluding the 
necrotic centre of the tumor) were measured and calculated as a percentage of the total 
area (excluding the necrotic centre). All experiments were performed in accordance with 
University of Utrecht institutional animal welfare guidelines.

Cell death analysis
Analysis of cell death was performed as follows: colonospheres were plated in 96-well 
plate and either treated or not with oxaliplatin (10 μg/ml) plus 5FU (10μg/ml) for 48h. 
Prior to the measurement, total cell population was labelled with DRAQ5™ (Abcam) and 
live cells were labelled with Calcein Green AM (Life Technologies). Fluorescence intensities 
were measured using the Arrayscan (ThermoScientific).The percentage of dead cells was 

resistance of colon cancer
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calculated by normalizing the levels of intensity to and expressed as a relative percentage 
of the plate-averaged vehicle treated control. Experiments were performed in triplicates, 
and the results display the average of at least three independent experiments. Data 
represented as mean ± SD.

Bioinformatics Analyses
We used our previously generated dataset containing gene expression profiles of 119 
liver metastases 17 deposited at Array Access E-TABM-1112. The dataset was uploaded 
into the R2 microarray analysis and visualization platform (http://r2.amc.nl) and analyzed. 
Differential gene expression between tumor groups was performed with the ‘Find 
differential expression between groups’ option (single gene ANOVA p<0.05), and selecting 
each available clinical variable separately. To find differentially represented pathways in 
chemotherapy-treated versus non-treated tumors the resulting gene list was analyzed for 
Gene Ontology overrepresentation. In addition, differentially represented pathways were 
analyzed with the ‘KEGG pathway finder’ (Minimal t test p<0.0001). 

OCR and ECAR measurement
The Seahorse XF96 Extracellular Flux Analyzer (Seahorse Biosciences) was used to obtain 
real-time measurements of oxygen consumption rate (OCR) and extracellular acidification 
rate (ECAR) in cells. Colonospheres treated with or without chemotherapy were harvested 
and dissociated to single cells using Accumax (Innovative Cell Technologies). Single cells 
were reconstituted in culture medium and seeded in 96-well Seahorse culture plates at 
a density of 40.000 cells/well. For analysis of ECAR, cells were reconstituted in Seahorse 
medium. Cells were allowed to settle for 1 hour prior to measurements. OCR and ECAR were 
analyzed using a 2 min mix followed by 3 min measurement cycle. Oligomycin (Sigma) 
was injected at a final concentration of 2 μM, carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP, Sigma) at 3 μM, antimycin A (Sigma) at 5 μM and rotenone  
(Sigma) at 2 uM. Basal OCR is the mean OCR from 0, 5, 10, 15 min and maximal OCR is 
the mean OCR from 37, 42, 47 min. For ECAR measurements 2-deoxyglucose (Sigma) was 
injected at a final concentration of 100 mM. OCR and ECAR were normalized to protein 
or DNA content as measured using the BCA assay or Cyquant assay (Invitrogen). Data are 
presented as mean ± SEM.

Statistics
All values are presented as mean ± SEM or SD. The Student t test (unpaired, 2-tailed) or 
one way analysis of variance (ANOVA) was performed to analyze if differences between 
the groups are statistically significant. Differences with a P value of less than 0.05 were 
considered statistically significant.
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Results

Chemotherapy of colorectal liver metastases induces lasting changes in gene ex-
pression 
The majority of patients with metastatic colorectal cancer receive chemotherapy, either 
alone or in combination with surgery. To identify mechanisms that could underlie 
chemotherapy resistance we used gene expression profiles of 119 liver metastases 
of which 64 had received neo-adjuvant chemotherapy (i.e. prior to resection)17. Of all 
clinical variables tested, neo-adjuvant chemotherapy was by far most strongly associated 
with changes in gene expression (Supplementary table S2). Variables that were not 
correlated with significant changes in gene expression included various clinical scoring 
systems, tumor recurrence, tumor size and location, CEA levels, extent of resection and 
disease-free and overall survival (Supplementary table S2). We identified 481 genes 
whose expression was significantly (p<0.05) down-regulated and 613 genes whose 
expression was significantly up-regulated in chemotherapy-exposed tumors (Fig. 1A, 
Supplementary table S1). Interestingly, since the mean interval time between the 
last cycle of chemotherapy and resection of the metastases was 17 weeks (5-35), the 
observed gene signatures are persistent and long-lasting changes in gene expression. 

Figure 1 
Chemotherapy of colon cancer liver metastases is associated with increased expression of 
genes involved in mitochondrial biogenesis and OXPHOS. 
A, Overview of the study design. B, Analysis of the interaction between genes that were 
significantly upregulated in chemotherapy-treated tumors by using the Search Tool for the 
Retrieval of Interacting Genes/Proteins (STRING; string-db.org). The clusters reflecting OXPHOS and 
mitochondrial biogenesis are shown. C, Cytochrome c oxidase (COX IV) immunohistochemistry 
on paraffin-embedded tissue sections of liver metastasis either treated or not with neo-adjuvant 
chemotherapy. D, Quantification of the COX IV staining intensity (n=8 per group). Significance was 
determined with the Student’s t test. ****p<0.0001.

resistance of colon cancer
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Genes regulating mitochondrial biogenesis and OXPHOS are upregulated in che-
motherapy-exposed liver metastases 
To identify the biological pathways that are represented by the differentially expressed 
genes between chemotherapy-exposed and chemotherapy-naive tumors, we 
performed gene ontology analysis. This showed that the ‘mitochondrial respiration chain’ 
(GO0005746) was most significantly different between the two tumor groups (p=2.2e-5). 
In addition, the ‘KEGG pathway finder’ identified OXPHOS as the most significantly up-
regulated pathway in chemotherapy-treated tumors (p=4.1e-4; Supplementary table S3). 
Similar results were obtained with Ingenuity Pathway Analysis (Supplementary table S3). 
The 14 differentially expressed OXPHOS pathway genes were all up-regulated in chemo-
treated tumors. The electron transport chain consists of 5 distinct enzyme complexes. 
Chemo-treated metastases expressed high levels of multiple components of complexes I, 
III, IV and V (Supplementary table S4 and Fig. 1B). In addition, we found that mitochondrial 
biogenesis genes, in particular mitochondrial ribosomal proteins, like Mrpl11, Mrps16 
and Mrps12, were also expressed to significantly higher levels in chemotherapy-treated 
tumors when compared to non-treated tumors (Supplementary table S4 and Fig. 1B). 
Next, we sought to validate the above results by performing immunohistochemistry 
analysis of the expression of COXIV, a component of mitochondrial complex IV and a 
frequently used marker for mitochondrial content, in pathological sections. For this, we 
used an independent series of colorectal liver metastases that had either received neo-
adjuvant chemotherapy (n=8) or not (n=8). Indeed, we identified a markedly higher 
intensity of COXIV staining in sections from liver metastases that were treated with neo-
adjuvant chemotherapy as compared to chemo-naive ones (Fig. 1C and Supplementary 
Fig. S1). Double-blind scoring of the stained sections confirmed that COXIV staining 
was significantly higher in treated compared to non-treated metastases (Fig. 1D). These 
findings establish that electron transport chain pathway is significantly upregulated in 
chemotherapy-treated liver metastases from two independent patient cohorts and that 
our gene expression findings can be translated to changes in actual protein levels of the 
electron transport chain.

Chemotherapy treatment induces oxidative energy metabolism in patient-derived 
colonospheres
Upregulation of mitochondrial biogenesis and electron transport chain pathways 
suggested that chemotherapy may alter energy metabolism in colorectal tumors by 
shifting cellular metabolism towards mitochondrial OXPHOS. To test this experimentally, 
we made use of a panel of colonosphere cultures established from primary colorectal 
tumors (CRC09, CRC16 and CRC29) and liver metastases (L145 and L167)16. First, we 
assessed how exposure of colonospheres to oxaliplatin and 5FU, the first line cytotoxic 
treatment for metastatic colorectal cancer, alters mitochondrial mass in these cells. 
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Figure 2 
Chemotherapy increases OXPHOS in colonosphere cultures. 
A, Colonosphere cultures derived from five distinct tumors were exposed to chemotherapy 
(oxaliplatin 10 μg/ml plus 5FU 10 μg/ml) for 72 hours. Mitotracker was used to determine 
chemotherapy-induced changes in mitochondrial content. FACSdot plots show an increase in 
mitotracker signal in colonosheres upon chemotherapy. Quantification of the FACS data is  shown 
on the right. B, Colonosphere cultures were treated as in A for 48 hours. Western blot demonstrates 
an increase in OXPHOS enzymes after chemotherapy. C, Colonosphere cultures were treated as 
in A for 48 hours. The basal and maximal OCRs and basal ECARs were measured on the Seahorse 
Bioanalyzer. Significance was determined with the Student’s t test. * p<0.05; **p<0.01; ***p<0.001.

Control and drug-exposed colonospheres were stained with the fluorescent Mitotracker 
probe and mitochondrial content was determined by FACS analysis. Chemotherapy 
significantly increased mitochondrial mass in 5 distinct colonosphere cultures, irrespective 
of whether they were derived from primary tumors (n=3) or liver metastases (n=2) (Fig. 
2A). Furthermore, similar to the upregulation of COXIV staining in chemotherapy treated 
tumors in vivo, protein levels of complex IV as well as complex I, II and III were strongly 
up-regulated following chemotherapy exposure (Fig. 2B), demonstrating that our 
colonosphere cultures reflected the changes we observed in vivo. Chemotherapy-induced 
increase in mitochondrial content and expression of OXPHOS enzymes suggested that 
chemotherapy-exposed tumor cells may switch from a glycolytic to a more oxidative 
energy metabolism. To test this directly, we determined oxygen consumption rates (OCR) 
and extracellular acidification rates (ECAR) of colonosphere cells by Seahorse analysis. 
Both basal and maximum OCRs were significantly increased in chemotherapy-treated 
colonopheres in three independent cultures (Fig. 2C). In parallel, ECAR was significantly 
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reduced. 2-deoxyglucose injection normalized the ECAR levels of both chemo-treated 
and non-treated cells to baseline levels. Both maximal and basal ECAR where reduced, 
demonstrating that the overall glycolytic capacity of the cells was reduced (Fig. 2D). 
Combined, lowered ECAR and enhanced OCR show that chemotherapy-treated 
colonospheres rely more on mitochondrial OXPHOS than non-treated ones.
 
Chemotherapy induces SIRT1 to promote oxidative energy metabolism 
To identify potential regulators of the observed chemotherapy-induced metabolic 
changes, we re-analyzed the gene list that was upregulated in chemotherapy-treated 
tumors and searched for factors that could regulate mitochondrial biogenesis and/or 
OXPHOS. 

Figure 3 
SIRT1 inhibition prevents chemotherapy-induced OXPHOS. 
A, The gene expression profiles of 119 liver metastases 18 were used to analyse SIRT1 expression in 
liver metastases that had been exposed to neo-adjuvant chemotherapy (n=64) and those that had 
not (n=55). The p-value was determined by one way analysis of variance (ANOVA). B, Colonosphere 
cultures were treated with oxaliplatin (10 μg/ml) plus 5FU (10μg/ml) for 24 hours. Western blot shows 
an increase in SIRT1 protein levels upon the treatment. C, The indicated colonosphere cultures were 
treated as in B for 48 hours, in the presence or the absence of the SIRT1 inhibitors nicotinamide 
(NAM; 30 mM), EX527 (30 μM) or TV6 (10 μM). Mitochondrial content was assessed as in Figure 2A. D, 
CRC29 colonospheres were treated with chemotherapy and NAM as in B for 48 hours. The basal and 
maximal OCRs were determined on the Seahorse Bioanalyzer. Significance was determined with the 
Student’s t test. * p<0.05; **p<0.01; ***p<0.001.

We identified SIRT1 as one of the most highly up-regulated genes in chemotherapy-
treated tumors (top 5%; Supplementary table S1; Fig. 3A). SIRT1 encodes sirtuin-1, a 
NAD+-dependent histone deacetylase which is activated in response to DNA damage 
and plays a key role in mitochondrial biogenesis 18,19. None of the other Sirtuins (SIRT2-
7) were enriched in chemotherapy-treated tumors. Treatment of colonosphere cultures 
with oxaliplatin and 5FU also greatly enhanced SIRT1 protein levels, thus demonstrating 
a causal relationship between chemotherapy and increased SIRT1 expression (Fig. 3B).
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Figure 4 
SIRT1 knockdown (KD) prevents chemotherapy-induced OXPHOS. 
A, Colonosphere cultures were transduced with lentiviral vectors expressing two independent 
shRNAs targeting SIRT1 or a control vector expressing a scrambled shRNA (SCR). SIRT1 protein levels 
in SCR and SIRT1 KD colonospheres were determined by Western blot analysis. B, SIRT1 KD and 
SCR colonospheres were treated with oxaliplatin (10 μg/ml) plus 5FU (10μg/ml) for 48 hours and 
mitochondrial content was analysed as in Figure 2A. C, SIRT1 KD and SCR colonosphere cultures were 
treated as in B.  Expression levels of OXPHOS enzymes were measured by Western blot. D, SIRT1 KD 
and SCR colonopsheres were treated with chemotherapy as in B. The basal OCRs were measured on 
the Seahorse Bioanalyzer. Significance was determined with the Student’s t test.*p<0.05; **p<0.01; 
***p<0.001.

Next we analyzed whether inhibition of SIRT1 would interfere with the increase in 
mitochondrial mass triggered by chemotherapy. To this end we used the sirtuin inhibitors 
nicotinamide (NAM), EX-527 and Tenovin-6 (TV-6). All three compounds impaired the 
chemotherapy induced enhancement of mitochondrial mass (Fig. 3C). Importantly, 
NAM also completely prevented the increase in basal and maximal OCR (Fig. 3D). Next, 
we analyzed whether genetically ablating SIRT1 would impact chemotherapy-induced 
increase in mitochondrial mass. We suppressed SIRT1 in CRC29 and L145 colonospheres 
by expressing two independent short-hairpin RNAs (shRNAs) and used scrambled (SCR) 
hairpins as controls (Fig. 4A). Consistent with the SIRT1 inhibitor data, we found that SIRT1 
knockdown (KD) prevented the chemotherapy-induced elevation in mitochondrial mass 
(Fig. 4B). Furthermore, expression of complex I-IV was upregulated by drug treatment, 
but was not induced in SIRT1 KD cells (Fig. 4C). Because NAM suppressed the increase in 
OCR upon drug-treatment, we performed similar Seahorse experiments in cells with KD 
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of SIRT1. Eliminating SIRT1 expression did not impact OCR in non-treated cells, whereas 
in chemotherapy treated cells OCR was greatly reduced (Fig. 4D), again demonstrating 
that SIRT1 is required for the induction of mitochondrial OXPHOS by chemotherapy. 
SIRT1 controls mitochondrial biogenesis by deacetylating and activating PGC1α, which 
is a master regulator of mitochondrial function 20. PGC1α has been shown to be essential 
for directing the transcriptional program for enhancing mitochondrial biogenesis and 
function 21. To test whether indeed mitochondrial biogenesis is activated in chemotherapy-
treated colonospheres via SIRT1, we expressed shRNAs directed against PGC1α in CRC29 
culture which resulted in efficient suppression of PGC1α protein expression (Fig. 5A). Again, 
chemotherapy caused an increase in mitochondrial mass and stimulated expression of 
OXPHOS enzymes in control cells, but in colonospheres where 

 

Figure 5 
PGC1α knockdown (KD) prevents chemotherapy-induced OXPHOS. 
A, CRC29 colonosphere cultures were transduced with a lentiviral vector expressing shRNA 
targeting PGC1α or a control vector expressing a scrambled shRNA (SCR). PGC1α mRNA levels were 
determined by qRT-PCR analysis. B, PGC1α KD and SCR colonospheres were treated with oxaliplatin 
(10 μg/ml) plus 5FU (10μg/ml) for 48 hours and mitochondrial content was analysed as in Figure 2A. 
Significance was determined with the Student’s t test. *p<0.05. C, PGC1α KD and SCR colonosphere 
cultures were treated as in B. Protein levels of OXPHOS enzymes were measured by Western blot.

PGC1α was suppressed, both mitochondrial mass and expression of OXPHOS enzymes 
were not induced by chemotherapy treatment (Fig. 5B and 5C). Combined these findings 
demonstrate that both SIRT1 and PGC1α are necessary for triggering mitochondrial 
biogenesis in response to chemotherapy in patient-derived colonosphere cultures.

SIRT1 and PGC1α protect colon cancer cells against chemotherapy
In addition to mitochondrial biogenesis, SIRT1 is involved in multiple DNA repair processes 
and both SIRT1 and PGC1α play a role in the defense against reactive oxygen species 
(ROS) generated in high amounts by chemotherapy 22. Furthermore, chemotherapy-
induced DNA damage greatly increases the ATP demand 23. Therefore we studied whether 
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suppression of SIRT1 or PGC1α would affect the sensitivity of cancer cells to chemotherapy. 
Strikingly, already after 16 hours of chemotherapy treatment of PGC1α KD cells, cleaved 
PARP and cleaved caspase-3 were detected, whereas in control cells only after 48 hours 
low levels of cleaved products became apparent (Fig. 6A). 

Figure 6 
SIRT1 and PGC1α protect colon cancer cells against chemotherapy. 
A, SIRT1 KD, PGC1α KD and SCR colonospheres were treated with chemotherapy for 16h and 48h. 
Cleaved PARP and cleaved caspase-3 levels were determined by western blot. Arrowheads indicate 
the 17 and 19 kDa cleaved forms of caspase-3. B, SIRT1 KD, PGC1α KD and SCR colonospheres were 
treated with chemotherapy for 48 hours and percentage of dead cells were measured by cytotoxicity 
assay, as described in Materials and Methods. C, SIRT1 KD and SCR colonospheres were injected 
subcutaneously into nude mice. From 6 weeks on, mice were treated with oxaliplatin plus 5FU or 
PBS as described in Materials and Methods. The experiment was terminated when the humane 
endpoint was reached (1500 mm3tumor volume). The tumor growth curves are plotted as mean ± 
SEM (n = 9 per group). Arrows indicate start treatment. D, Absolute change in tumor volume from 
start treatment (week 6) till stop treatment (week 8). E, SIRT1 protein levels in SIRT1 KD and SCR 
tumors were determined by Western blot analysis. F, Quantification of the necrotic areas in tumor 
tissue sections from SIRT1 KD and SCR tumors as described in Material and Methods. Significance 
was determined with the Student’s t test. * p<0.05; **p<0.01; ***p<0.001.
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Also in SIRT1 KD cells, drug treatment resulted in markedly increased levels of both cleaved 
PARP and cleaved caspase-3 as compared to treated control cells (Fig. 6A). Increased levels 
of cleaved PARP and cleaved caspase-3 indicate that SIRT1/PGC1α KD cells might commit 
to a cell death program faster than control cells. Therefore, we analyzed cell death using 
Arrayscan analysis upon drug treatment. Exposure of control cells to chemotherapy for 
48 hours resulted in ~35% cell death. Strikingly, in both PGC1α and SIRT1 KD cells, the 
percentage of cell death was two-fold higher (Fig. 6B), demonstrating that PGC1α and 
SIRT1 make the colonospheres more resistant to chemotherapy. Finally, to evaluate the 
impact of SIRT1 KD on tumor growth and chemo-sensitivity in vivo, control and SIRT1 
KD colonospheres were subcutaneously injected in nude mice. Mice were treated with 
oxaliplatin in combination with 5FU 6 weeks after injection of cells. As shown in Fig. 6C, 
SIRT1 KD tumors had a marked regression in response to oxaliplatin/5FU treatment. By 
contrast, chemotherapy did not induce regression of control tumors. Overall effect of 
chemotherapy at the end of the experiment was significantly more pronounced in SIRT1 
KD compared to control tumors (Fig. 6D). Western blot analysis showed that SIRT1 KD 
was maintained in the tumors throughout the entire experiment (Fig. 6E). Histochemical 
analysis of tumor tissue sections further showed that chemotherapy induced significantly 
more cell death resulting in tumor necrosis in SIRT1 KD tumors compared to control 
tumors (Fig. 6F). Collectively, these results demonstrate that chemotherapy induces a 
switch in energy metabolism of tumor cells from glycolysis to OXPHOS via SIRT1/PGC1α 
and this protects cells from cytotoxic damage.
 
 
Discussion

Preventing disease progression by overcoming drug resistance is a major goal in medical 
oncology. In the present study we have identified OXPHOS and the SIRT1/PGC1α pathway as 
an important contributor to therapy resistance and a potential therapeutic target. Cells may 
rapidly adapt their metabolic pathways in response to changes in the microenvironment, 
including the availability of growth factors, nutrients and oxygen 24. Our data indicate that 
genotoxic stress also alters energy metabolism. We show that colonospheres engage in 
a SIRT1/PGC1α-dependent reversion of the Warburg effect, shifting from glycolysis to 
OXPHOS in response to chemotherapy that subsequently improves their survival. This is in 
line with the previous reports correlating an increased mitochondrial, oxidative pathway 
to chemoresistance of tumor cells. Metabolic characterization of glioma cells revealed an 
enhanced oxidative metabolism in drug resistant cells compared to their drug-sensitive 
counterparts 25. Importantly, we show that tumors of chemotherapy-treated cancer 
patients show lasting gene expression changes that reflect activation of the OXPHOS 
program. This strongly suggests that chemotherapy-induced gene expression alterations 
could potentially underlie tumor resistance in a long run, making our data clinically 
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relevant.  Why would cancer cells switch their metabolism back to OXPHOS? Under 
normal conditions the amount of ATP produced through aerobic glycolysis is sufficient 
to support tumor cell growth and basal DNA repair activity. However, cellular demand is 
greatly increased following chemotherapy as many enzymes involved in DNA repair, drug 
efflux and drug detoxification require ATP to function 26, 27. For cells, OXPHOS is the most 
efficient way to generate ATP, thus it is not surprising that cancer cells would switch back 
to this pathway in times of high demand. The role of SIRT1 in cancer is still controversial as 
evidence for both tumor promoting and suppressing activities have been found and the 
impact of SIRT1 on cell viability seem to be highly context-dependent 28. In the present 
report we show that all tumor-derived colonosphere cultures and xenografts in which SIRT1 
(or PGC1 α) were suppressed, were significantly sensitized to drug treatment. This is in line 
with the previously published data showing that SIRT1 KD sensitized Saos2 osteosarcoma 
cells to doxorubicin although this study did not identify increased OXPHOS as the critical 
downstream SIRT1 effector pathway29. Likewise, high expression of PGC1α in melanoma 
cells causes an increase in oxidative energy metabolism, increased expression of ROS-
detoxifying enzymes and resistance to ROS-inducing drugs30. Upon PGC1α inhibition, 
such OXPHOS-dependent melanoma cells reverted to a glycolytic energy metabolism31. 
Mechanistically, chemotherapy-induced DNA damage results in increased expression of 
SIRT1, possibly via the multifunctional DNA repair protein and transcriptional co-activator 
APE1 32, 33. SIRT1-mediated de-acetylation reactions consume and require NAD+ as a 
substrate 34. NAD+ levels rise when cells experience an energy deficit, for instance during 
fasting or exercise, and presumably also after chemotherapy-induced DNA damage35. 
Indeed, SIRT1 is recruited to sites of DNA damage and participates in several DNA repair 
processes 36, 18. In addition, SIRT1 de-acetylates PGC1α, leading to its activation as a 
transcriptional co-activator 37. PGC1α acts in concert with several transcription factors to 
stimulate the expression of genes involved in mitochondrial biogenesis and respiration, 
resulting in increased OXPHOS 38, 39. Taken together our study provides insight into how 
colorectal tumors shift their energy metabolism when challenged with chemotherapy. 
We demonstrate OXPHOS to be upregulated in colon cancer cells via SIRT1/PGC1α upon 
treatment to foster their chemoresistance. Investigations targeting this program deserve 
further attention and may ultimately increase response rates to the treatment of colon 
cancer.

resistance of colon cancer
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Supplemental information

Supplementary figure S2
Expression changes of glycolytic and OXPHOS genes in response to chemotherapy. 
RT-qPCR analysis of mRNA levels of genes encoding glycolytic enzymes (pyruvate kinase M2 (PKM2), 
Phosphofructokinase, platelet (PFKP) and Hexokinase II), OXPHOS enzymes (NADH dehydrogenase 
iron-sulfur protein 3 (NDUFS3) and ATP synthase lipid-binding protein (ATP5G1) a subunit of 
mitochondrial ATP synthase) and SIRT1.  
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Supplementary fi gure S3
Oxygen consumption rates of colonospheres treated with chemotherapy +/- nicotinamide
Colonospheres were treated with oxaliplatin 10 μg/ml plus 5FU 10 μg/ml for 48 hours with or without 
nicotinamide (NAM) at a concentration of 30 nM. Oligomycin was injected at a fi nal concentration 
of 2 μM, carbonyl cyanide 4-(trifl uoromethoxy)phenylhydrazone (FCCP) at 3 μM, antimycin A at 5 
μM and rotenone at 2 uM. Oxygen consumption rates were measured over time with the Seahorse. 

resistance of colon cancer
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Supplementary tables

 
The supplementary tables can be downloaded at: 

http://clincancerres.aacrjournals.org/content/21/12/2870.figures-only
 
Supplementary table S1
Primers used for RT-qPCR analyses.
 
Supplementary table S2 
Clinical variables associated with differences in gene expression among 119 resected liver 
metastases.
 
Supplementary table S3
613 genes whose expression was significantly upregulated and 481 genes whose 
expression was significantly (p<0.05) down-regulated in chemotherapy-treated tumors 
compared to chemo-naive tumors.
 
Supplementary table S4
KEGG pathway finder analysis and Ingenuity Pathway Analysis of upregulated genes in 
chemo-treated compared to chemo-naive tumors.
 
Supplementary table S5
P-values of expression levels of genes involved in mitochondrial dysfunction, ubiquinone 
synthesis and mitochondrial biogenesis upregulated in chemo-treated compared to 
chemo-naive tumors.
 
 
Supplementary table S6 
(additional information regarding the calculation listed below)

ATP synthesis rates through glycolysis and OXPHOS. 

The rates of ATP synthesized by glycolysis are as follows:  

CRC09 (control): = ECAR= direct value from figure 2C: 321 pmoles/min/10^5 cells

CRC09 (chemo): = ECAR= direct value from figure 2C: 264 pmoles/min/10^5 cells

L145 (control):  = ECAR = direct value from figure 2C: 285 pmoles/min/10^5 cells

L145 (chemo): = ECAR= direct value from figure 2C: 156 pmoles/min/10^5 cells
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The rates of ATP synthesized by OXPHOS are as follows:  

ATP synthesized by OXPHOS = OCR sensitive to oligomycin (= decline in basal OCR after 
oligomycin injection) x (P/O ratio of 2.5) 

CRC09 (control): = 27 x 2.5 = 67.5 pmoles/min/10^5 cells

CRC09 (chemo): = 29 x2.5 = 72.5 pmoles/min/10^5 cells

L145 (control) = 26 x 2.5 = 65 pmoles/min/10^5 cells

L145 (chemo):  = 42 x 2.5 = 105 pmoles/min/10^5 cells

CRC29 (control): = 57 x 2.5 = 142.5 pmoles/min/10^5 cells

CRC29 (chemo): = 208 x 2.5 = 520 pmoles/min/10^5 cells

 
Glycolysis is the predominant source of ATP production in non-treated colonospheres: 
pmoles of ATP for CRC09: 321 (glyc) versus 67.5 (OXPHOS) and for L145: 285 (glyc) versus 
65 (OXPHOS). Furthermore chemotherapy increases ATP production via OXPHOS, while 
reducing ATP production via glycolysis.
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Abstract
 
Objectives
To investigate the relevance of lymphangiogenic gene expression in primary and liver 
metastasis of colorectal cancer (CRC) and identify determinants of lymphatic invasion

Background
Lymphatic development promoting vascular endothelial growth factor C (VEGFC) is 
associated with poor outcome in primary CRC. For colorectal liver metastasis (CRLM), 
intrahepatic lymph invasion and lymph node metastasis are poor prognostic factors. 
Exact biological factors promoting lymphatic involvement remain elusive, just as the 
association with molecular subtypes of CRC.

Methods
We designed a lymphangiogenic gene set (VEGFC, Nrp-2, PDPN, LYVE-1, MRC1, CCL-
21) and applied it to large datasets of CRC. Gene expression of the lymphangiogenic 
signature was assessed in resected CRLM specimens by Rt-QPCR. In vitro experiments 
were performed with colon cancer cell line Colo320 (high Nrp-2 expression) and human 
dermal microvascular lymphatic endothelial cells (LECs).

Results
Lymphangiogenic gene expression was associated with poor prognosis in both primary 
and liver metastasis of CRC. CRLM with high expression of consensus molecular subtype-4 
identifier genes also exhibited high lymphangiogenic gene expression. Lymph node 
recurrence following CRLM resection was associated with high expression of VEGFC and 
Nrp-2. Blocking Nrp-2 significantly reduced invasion of Colo320 cells through an LEC 
monolayer. 

Conclusions
Lymphangiogenic gene expression is correlated with worse prognosis and consensus 
molecular subtype-4 in both primary and liver metastatic CRC. VEGFC and Nrp-2 expression 
may be predictive of lymph node involvement in recurrence after resection of CRLM. Nrp-
2, expressed on both tumor and LECs, may have a mechanistic role in lymphatic invasion 
and is a potential novel target in CRC.
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Introduction

Colorectal Liver metastases (CRLM) ultimately occur in 60% of colorectal cancer patients 1.  
While liver-directed treatment including partial hepatectomy may lead to cure in ~35% 
of cases, post-surgery recurrence still presents a formidable problem in the majority of 
patients and therapeutic efficacy remains low 2. Therefore, molecular factors and genetic 
characteristics that can be used to predict, or exploited to treat, recurrence or progression 
of CRLM are needed. In primary CRC recent work has identified four Consensus Molecular 
Subtypes (CMS1-4) based on RNA expression analysis 3. These molecular subtypes are 
reflections of differences in activity of specific signaling pathways. Where CMS1-3 have 
comparable prognosis, CMS4 has a statistically significant and clinically relevant worse 
prognosis. For CRLM these subtypes have not been defined so far. Another established 
prognostic marker in primary CRC is lymph node metastasis. In resectable CRLM, 
hepatic lymph node metastasis (i.e., lymph nodes in the hepatoduodenal ligament) 
was shown to be present in 15-28% of patients undergoing systematic hepatoduodenal 
lymph node dissection and to significantly worsen prognosis 4–7. Moreover, intrahepatic 
lymphatic invasion is associated with decreased survival in resected CRLM 8. Surprisingly, 
systematic hilar lymph node dissection is not a standard procedure during partial 
hepatectomy for CRLM. Interestingly, direct molecular evidence of lymphangiogenic 
or lymphatic metastasis-promoting pathways in CRLM is lacking. Vascular endothelial 
growth factor (VEGFC) is a major driver of lymphangiogenesis, lymphatic hyperplasia, 
and lymphatic metastasis 9 and is associated with lymph node metastasis and clinical 
outcome parameters in many cancer types 10.  VEGFC binds to VEGFR2 and VEGFR3 and 
activation of these receptors induces angiogenesis and lymphangiogenesis 11. In primary 
CRC, VEGFC expression is clearly associated with shorter disease free/overall survival 12–14. 
VEGFC mainly signals through VEGFR-3 to induce sprouting of lymphatic endothelial 
cells, with Neuropilin-2 (Nrp-2) acting as a co-receptor 15–17. Blocking Nrp-2 inhibits the 
formation of functional lymphatic vessels within tumors and inhibits the development 
of metastasis. Importantly, this is partly independent of VEGF receptor activation 18. This 
makes VEGFC and Nrp-2 the most important stimulants of lymphatic cancer dissemination 
documented to date. However, the relevance of lymphangiogenic gene expression in CRC 
and CRLM has not been investigated. In this study, we set out to find molecular factors 
that identify CRLM patients at risk for lymph node dissemination and provide data on 
the signaling pathways involved. Therefore, we devised a lymphangiogenic gene set and 
used unsupervised clustering analysis and show that this gene set is predictive of poor 
prognosis and of an aggressive mesenchymal molecular subtype in both primary CRC 
and CRLM. Second, using clinical follow up data from patients who had undergone partial 
hepatectomy for CRLM, we further validated the prognostic impact of VEGFC and Nrp-
2 in post-resection lymph node recurrence. Last, we explored the potential mechanistic 
role of Nrp-2 in colorectal cancer cell invasion of lymphatic endothelium using in vitro 



96   |   Chapter 5

models and fluorescence microscopy. Taken together, these novel findings contribute to 
the characterization of aggressive CRC and provide a tool to select CRLM patients at high 
risk of developing lymph node recurrence. Surgically, these data may aid in identifying 
patients who may benefit from hilar lymphadenectomy during partial hepatectomy for 
colorectal liver metastasis. Oncologically, these data point to the VEGFC-VEGFR3 and Nrp-
2 signaling pathways as potential targets in this patient population. 

Material and methods

Bioinformatics analysis 
For gene expression analysis we used the Guinney composite cohort (compiled of 18 CRC 
datasets), the Khambata-Ford cohort and our own previously generated dataset containing 
gene expression profiles of 119 CRLM deposited at Array Access E-TABM-1112 3,19,20. The 
datasets were uploaded into the R2 microarray analysis and visualization platform for 
subsequent analysis. Survival differences between groups were visualized using Kaplan 
Meier curves and p values were generated with the log rank test. Correction for multiple 
testing was done with the Bonferroni method. Composite values of expression of the 
lymphangiogenesis gene signature were generated by using the ‘view geneset’ option 
and storing the resulting values as a separate track. Expression of the lymphangiogenic 
signature within tumor subgroups (e.g. CMS1-4, or LM1-3) was analyzed by using the 
‘relate 2 tracks’ option. The LA high/intermediate/low subgroups were generated by 
k-means clustering using the LA gene set. K-means clustering is a method for organizing 
gene expression data by clustering patients with similar gene expression of one gene or 
multiple genes (signature) in groups of high, (intermediate) and low expression. 
 
Lymphangiogenic gene set
The lymphangiogenic gene set is a 6 gene signature, including the 2 main drivers of 
lymphangiogenesis, vascular endothelial growth factor C (VEGFC) and Neuropilin-2 (Nrp-
2). The other 4 genes of the signature are all markers of lymph endothelial cells, including 
lymphatic vessel endothelial hyaluronan receptor 1 (LYVE-1), mannose receptor-C type 1 
(MRC1), Chemokine (C-C motif ) ligand 21 (CCL-21) and podoplanin (PDPN) 21.
 
Lymph node recurrence after partial hepatectomy for CRLM.
Our previous study involved 265 CRLM patients undergoing liver surgery 22. Patients 
were categorized according to site of tumor recurrence. Of the 129 patients with 
post-hepatectomy recurrence, lymph node recurrence was present in 31 cases. 
Lymphanedectomy was not routinely performed at the time of initial hepatic surgery. 
102 patients with post-hepatectomy recurrence had neo-adjuvant and/or adjuvant 
chemotherapy. Stored samples of the resected CRLM specimen were retrieved of these 
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patients. Inclusion for RNA extraction was based on bio-availability of patient material 
and informed consent. Total RNA was isolated according to the manufacturer’s protocol 
(RNeasy Mini Kit, Qiagen).
 
Cell culture
Lymphatic endothelial cells were purchased from Lonza. HMVEC-dLyNeo-Der Lym Endo 
Cells, EGM-2MV, CC-2812. Colo320 cells were purchased from Sigma-Aldrich. Cells were 
cultured according to the manufacturers’ protocol. 
 
Immunofluorescence
Cells were fixed with 4% paraformaldehyde, permeabilized with 0,1% Triton X-100 in PBS, 
blocked with 1% BSA in PBS. After incubation with primary antibodies for 2h at RT, cells 
were washed 3xPBS and incubated with the secondary antibody for 30’ at RT. Following 
the final washing step, cells were incubated with 5ug/ml DAPI.
 
Antibodies and reagents
For the Nrp-2 neutralization experiments we used the Nrp-2 antibody AF-2215 from R&D 
systems at a concentration of 20 µg/ml. For immunofluorescence and western blotting 
the Nrp-2 antibody from Santa Cruz was used (sc-13117).  To track the colo320 cells during 
immunofluorescence they were stained with cell tracker orange (C2927), from Thermo 
Fisher Scientific. For PDPN western blotting we used PDPN antibody ab10288 from Abcam 
at 1/1000.
 
Matrigel invasion experiments 
To test for invasion we used Corning Biocoat Matrigel Invasion Chambers, product 
#354480. For 8 hours LECs were allowed to form a monolayer, followed by seeding 200.000 
colo320 cells on top. Colo320 cells were serum-starved for 8 hours. Medium in the top 
chamber was endothial growth medium (EGM). Medium in the bottom chamber was EGM 
+ bulletkit minus VEGF and 1:1000 hepatocyte growth factor and 10% FBS were added. 
Colo320 cells were labeled with cell tracker orange, Thermo Fisher Scientific. After 22 
hours membranes of the invasion chambers were harvested according to manufacturer’s 
protocol. Subsequently the membranes were photographed by digital microscopy and 
uploaded into ImageJ. By using ImageJs threshold function the cells were selected. Next 
the number of cells was counted using analyze particles. All experiments were performed 
in triplicate. Data are representative of three independent experiments.
 
Quantitative Real Time Polymerase Chain Reaction
cDNA was synthesized using iScriptcDNA Synthesis Kit (Bio-Rad Laboratories). The 
amplification was performed in an iCyclerthermocycler (Bio-Rad Laboratories) using iQ 
SYBR Green Supermix (Bio-Rad Laboratories). mRNA expression levels were quantified 
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using iCycler software (Bio-Rad Laboratories) and were normalized to B2M. All patients 
provided informed consent for the use of their tumor material for research purposes.

Statistics

All values are presented as mean (SEM). Student t test (unpaired 2-tailed) was used to 
compare statistical differences between groups. Differences with a P-value<0.05 were 
considered statistically significant.

Results

Lymphangiogenic gene expression is associated with mesenchymal-type CRC and 
poor prognosis.
To study whether VEGFC expression was associated with a particular CMS we used a 
large composite cohort consisting of over three thousand primary CRC tumors 3. Figure 
1A shows that VEGFC expression is significantly higher in mesenchymal-like (CMS4) 
colon tumors than in any of the other subtypes. Furthermore, VEGFC expression alone 
is associated with a significantly shorter disease-free survival (p= 0.0021) (Fig. 1B). We 
generated a signature combining both factors that stimulate lymphangiogenesis and 
markers of lymph endothelial cells (VEGFC, Nrp-2, CCL21, LYVE1, MRC1, PDPN). This 
signature was subsequently used to identify ‘lymphangiogenic-prone’ tumors and to 
assess the potential relationship of its expression with survival. To this end, the tumors 
of the composite CMS cohort were clustered (k-means) into LymphAngiogenic LA-LOW, 
LA-INTERMEDIATE, and LA-HIGH subgroups. These respective subgroups showed an increasing 
worse relapse free survival (Fig. 1C). Two relatively small CRC datasets in the r2 platform 
contain overall survival (OS) data: the Smith dataset, containing 232 tumors 23 and the 
AMC 90 set 24, comprised of 90 tumors. We divided these datasets into two clusters of 
respectively high and low expression of the LA signature.  In the Smith dataset high LA 
expression is associated with significantly worse OS (p=0.011) and for the AMC 90 dataset 
there is a trend towards worse OS with high LA expression (p=0.157) (Supplemental Fig. 
S1A,B). Furthermore, the LA-HIGH group largely consisted of mesenchymal-like (CMS4) 
tumors, whereas the LA-LOW subgroup was mostly epithelial-like (CMS2, CMS3; Fig. 1D). 
This suggests that lymphangiogenic gene expression may be a previously unrecognized 
hallmark of poor-prognosis CMS4-type CRC. Next, we studied whether lymphangiogenic 
gene expression is associated with poor survival in patients with CRLM treated with an 
intentionally curative partial liver resection. To this end, we used a previously generated 
dataset containing gene expression profiles from resected liver metastases with clinical 
follow-up 19. 
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Figure 1
Lymphangiogenic gene expression is associated with mesenchymal-type CRC and poor 
prognosis. 
(A) Box plot of VEGFC expression among the different consensus molecular subtypes (CMSs) in the 
Guinney composite cohort 3. VEGFC is highest expressed in mesenchymal type CMS4. (B) Kaplan-
Meier analysis of relapse free survival for CRC patients of the composite CMS cohort 3 according to 
VEGFC expression, the cutoff is median expression. (C) Kaplan Meier analysis of relapse free survival 
of the composite cohort according to expression of lymphangiogenic (LA) signature (based on 
k-means clustering). (D) Composite bar chart showing the distribution of the different CMSs in the 
LA-LOW, LA-INT and LA-HIGH groups.

Consensus clustering identified three molecular subtypes (Liver Metastasis (LM) 1-3) in 
this dataset, including subtype LM3 associated with worse overall survival (p=1.5e-3) (Fig. 
2A). Of these three LM subtypes, LM3 displayed a significantly higher expression of the 
lymphangiogenic signature (Fig. 2B). In line with this, we found that expression of the 
lymphangiogenic signature was strongly correlated with expression of CMS4-identfying 
signature genes in CRLM (r=0.830 p=2.0e-21) in an independently generated gene 
expression dataset 20 (Fig. 2C).
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Lymph node recurrence following liver metastasis resection is associated with high 
expression of VEGFC and Nrp-2.
To validate the microarray data on patient material and relate to clinicopathological data 
we made use of our previously published paper concerning recurrence locations after 
hepatectomy for CRLM 22. 

Figure 2
Lymph node recurrence following liver metastasis resection is associated with high 
expression of VEGFC and Nrp-2. 
(A) Kaplan-Meier analysis of overall survival for CRLM patients treated with partial hepatectomy 
according to molecular subtype of the CRLM, as identified by k-means clustering. (B) Box plot 
of lymphangiogenic gene expression in CRLM. Lymphangiogenic gene expression is highest 
in poor prognosis CRLM subtype LM3.  (C) Dot plot representing the correlation between the 
lymphangiogenic signature and the CMS4 signature in an independently generated gene expression 
dataset (r=0.830) 20. (D) RT-qPCR analysis of VEGFC and Nrp-2 expression in CRLM. VEGFC and Nrp-2 
are significantly higher expressed in CRLM of patients with lymph node involvement in their post-
hepatectomy recurrence.

31 patients (24%) had recurrence with lymph nodes included in their recurrence 
locations. We extracted RNA from resected liver metastases of patients with lymph node 
involvement in their recurrence location (n=15) and from liver metastases of patients with 
recurrence and no lymph node involvement (n=15). RTqPCR analysis showed that the 
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levels of the main drivers of lymphangiogenesis and lymphatic invasion (VEGFC and Nrp-
2) were significantly higher expressed in liver metastases that recurred with lymph node 
involvement than in those recurring without lymph node involvement (resp. p=0.0332 and 
p=0.0147) (Fig. 2D). The other 4 genes of the signature: PDPN, LYVE-1, MRC1 and CCL-21, 
all markers of lymphatic endothelial cells, were not significantly different between the two 
groups (Supplemental Fig. S2). Similar to VEGFC, Nrp-2 was highly expressed in primary 
CMS4-type tumors and high Nrp-2 expression was associated with decreased relapse free 
survival (p= 0.0001) (Fig. 3A, B).
 
 

Figure 3
Nrp-2 is highly expressed in primary CMS4 tumors and associated with early relapse.
(A) Box plot of Nrp-2 expression in the different CMSs. Nrp-2 is highest expressed in mesenchymal 
type CMS4. (B) Kaplan-Meier analysis of relapse free survival for CRC patients of the composite CMS 
cohort 3 according to Nrp-2 expression, the cutoff is median expression. (C) Colorectal cell lines of the 
Cellline Cancer Encyclopedia (Broad Institute) sorted from low to high Nrp-2 expression. These cell 
lines have previously been classified into molecular subgroups according to the CCS classification. 
Colo320 is classified as poor prognosis subtype CCS3. (Yellow CCS1, blue CCS2, purple CCS3). 

 
Nrp-2 mediates invasion of colon cancer cells through a monolayer of LECs.
To study the role of Nrp-2 in CRC invasion, we searched the Cellline Cancer Encyclopedia 
(Broad Institute) for (a) colorectal cancer cell line(s) expressing Nrp-2. These cell lines 
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have previously been classified into molecular subgroups 24. We found that 4 out of 
4 cell lines expressing the highest levels of Nrp-2 RNA were classified as mesenchymal 
(Fig. 3C). Based on these analyses we chose Colo320 as a model (mesenchymal-type) cell 
line in subsequent in vitro experiments. Western blot analysis confirmed Nrp-2 (but not 
PDPN) expression in Colo320 cells, while LECS expressed both markers (Supplemental 
Fig. S3). As expected 25, transwell assays showed the capacity of Colo320 cells to invade 
a basement membrane (BM) layer (Fig. 4A). Blocking Nrp-2 function with a neutralizing 
antibody (AF-2215, R&D systems, 20 µg/ml) did not affect the capacity of Colo320 cells to 
invade through BM. Next, we generated an additional barrier consisting of a monolayer of 
LECs on top of the BM. After the monolayer had reached confluency, Colo320 cells were 
seeded on top, either in the presence or absence of the Nrp2-neutralizing antibody or an 
isotype control antibody. Colo320 cells invaded through the LEC-monolayer and the BM, 
although with somewhat lower efficiency than through BM alone. The neutralizing Nrp-2 
antibody almost completely prevented the invasion of Colo320 cells through the LEC-BM 
layer, while the isotype control antibody had no effect (Fig. 4B). 

Figure 4
Nrp-2 mediates invasion of colon cancer cells through a monolayer of LECs.
(A) The percentage of invaded Colo320 cells in an invasion chamber assay. Ctrl, addition of Nrp-2 
antibody or isotype control antibody. (B) The percentage of Colo320 cells that surpassed the LEC 
monolayer and matrigel layer of an invasion chamber assay. Nrp-2 antibody significantly impaired 
Colo320 invasion through a LEC monolayer (p=0.0322). (C) Immunofluorescence analysis of Nrp-2 
in a LEC-Colo320 coculture. Data indicate higher Nrp-2 expression where colo320 cells interact with 
LEC. 



5

   |   103

To visualize the interaction between Colo320 cells and LECs immunofluorescence of a co-
culture was performed. To distinguish the different cell types, Colo320 cells were stained 
with the fluorescent dye cell tracker orange. A confluent monolayer of LECs was created 
and orange Colo320 cells were placed on top. After 22 hours the coculture was fixed and 
stained with dapi and Nrp-2. 10% of the Colo320 cells interacted with the LEC bottom 
layer. Immunofluorescence analysis showed that Nrp-2 protein was localized to sites of 
interaction between colo320 cells and LECs (Fig. 4C).

Discussion

Although regional lymph node involvement in CRLM is a clinically relevant phenomenon 4–7 
and intrahepatic lymphatic invasion predicts liver-lymph node metastasis 8, supporting 
molecular data on involved pathways and associated CRC subtypes does not exist. Using 
bioinformatics analysis in large gene expression datasets of both primary and liver-
metastatic CRC, we here provide the first evidence that lymphangiogenic gene expression 
is a previously unrecognized feature of aggressive mesenchymal-type primary colorectal 
tumors, which is preserved in the liver-metastatic setting. We identified Nrp-2 and VEGFC 
as predictors of lymph node recurrence after liver surgery for CRLM. Our in vitro data 
point out to an important role of Nrp-2 in facilitating LEC invasion. The poor prognosis 
subtype in primary CRC, CMS4 is characterized by high expression of mesenchymal 
genes, epithelial to mesenchymal transition activation, transforming growth factor beta 
signaling and matrix remodeling 3. K-means clustering analysis of our data identified 3 
genetic subtypes in CRLM. Subtype LM3 is associated with worse prognosis and exhibits 
high expression of both the CMS4 identifier genes and the lymphangiogenic signature. 
Nrp-2 and Nrp-1 make up the neuropilins, transmembrane glycoproteins that are 
activated by class III semaphorins and VEGFA/C. Nrp-2 is implicated in small lymphatic 
vessel development  and is associated with lymphatic invasion in breast, papillary 
thyroid, clear renal cell and pancreatic cancer 17,26–28. A large multi-institutional analysis of 
1669 CRC patients showed the majority of patients (66%) had colorectal primaries with 
locoregional lymph node metastases 29. Follow up of these patients identified as most 
frequent sites of metastasis the liver, followed by lymph nodes. This affirms the lymphatic 
system as a common metastatic route in CRC. The exact mechanism cancer cells use to 
enter the lymphatic system is unknown. VEGFC increases the delivery of cancer cells to 
lymph nodes 30. In addition, our data pointed to Nrp-2 as an important factor in facilitating 
entry into the lymphatic system. Co-targeting of VEGFC and Nrp-2 could limit lymphatic 
dissemination and provide better containment for unresectable CRC metastases. Lymph 
nodes are the second most frequent site of CRC recurrence 29. In CRLM hepatic lymph 
node invasion occurs in 15-28% 4–7. Post partial hepatectomy 24% of patients develop 
recurrence that includes one or more lymph nodes. Ogura et al. demonstrated the value of 

Lymphangiogenic gene expression is associated with lymph node recurrence and poor 
prognosis after partial hepatectomy for colorectal liver metastasis



104   |   Chapter 5

extended lymphadenectomy in CRC with isolated synchronous extraregional lymph node 
metastasis. Lymph node resection was associated with a significantly better prognosis31. 
A clinical consequence of our data could be that Nrp-2/VEGFC analysis allows us to select 
patients that may benefit from an added standard liver lymphadenectomy to the partial 
liver resection for their colorectal liver metastases. Alternatively such patients may also 
benefit from adjuvant lymph-angiogenesis targeting drugs (such as inhibitors of the 
VEGFR family, including VEGFR3) following liver resection.
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Supplemental fi gures

Supplemental fi gure S1
(A) Kaplan Meier analysis of overall survival (OS) of the Smith cohort according to expression of 
lymphangiogenic (LA) signature (high versus low cluster). High expression of the LA signature is 
associated with signifi cantly worse OS (p=0.011). (B) Kaplan Meier analysis of OS of the AMC 90 
cohort according to expression of lymphangiogenic (LA) signature (high versus low cluster). High 
expression of the LA signature shows a trend towards worse OS (p=0.157).
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Supplemental fi gure S2
RT-qPCR analysis of lymphatic vessel endothelial hyaluronan receptor 1 (LYVE-1), mannose 
receptor-C type 1 (MRC1), Chemokine (C-C motif ) ligand 21 (CCL-21) and podoplanin (PDPN) 
expression in CRLM.

Supplemental fi gure S3
Western blot analysis of Nrp-2 and PDPN protein levels in Colo320 and LECs. LECs express both 
PDPN and Nrp-2 protein, Colo320 cells only express Nrp-2 protein.
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Abstract

Background and Aim
Colorectal cancer (CRC) remains one of the leading causes of cancer-related death. Novel 
therapeutics are urgently needed, especially for tumors with activating mutations in KRAS 
(~40%). Here we investigated the role of RAF1 in CRC, as a potential, novel target. 
 
Methods
Colonosphere cultures were established from human tumor specimens obtained from 
patients who underwent colon or liver resection for primary or metastatic adenocarcinoma. 
The role of RAF1 was tested by generating knock-downs (KDs) using three independent 
shRNA constructs or by using RAF1-kinase inhibitor GW5074. Clone- and tumor-initiating 
capacities were assessed by single-cell cloning and injecting CRC cells into immune-
deficient mice. Expression of TJs proteins, localization of polarity proteins and activation 
of MEK-ERK pathway was analyzed by western blot, immunohistochemistry and 
immunofluorescence.
 
Results
Knock-down or pharmacological inhibition of RAF1 significantly decreased clone- and 
tumor-forming capacity of all CRC cultures tested, including KRAS-mutants. This was not 
due to cytotoxicity but, at least in part, to differentiation of tumor cells into goblet-like 
cells. Inhibition of RAF1-kinase activity restored apico-basal polarity and the formation 
of tight junctions (TJ) in vitro and in vivo, without reducing MEK-ERK phosphorylation. 
MEK-inhibition failed to restore polarity and TJs. Moreover, RAF1-impaired tumors were 
characterized by normalized tissue architecture. 
 
Conclusion
RAF1 plays a critical role in maintaining the transformed phenotype of CRC cells, 
including those with mutated KRAS. The effects of RAF1 are kinase-dependent, but MEK-
independent. Despite the lack of activating mutations in RAF1, its kinase domain is an 
attractive therapeutic target for CRC. 



6

Inhibition of RAF1 kinase activity restores apico-basal polarity and impairs tumor growth in   |   113
human colorectal cancer

Introduction

Colorectal cancer (CRC) is the third most common cancer worldwide. Unless resectable, 
CRC has a dismal prognosis and continues to be a major cause of mortality. Systemic 
therapy has prolonged the life-expectancy of patients with metastatic CRC (mCRC) 
to approximately two years, but therapy resistance is virtually unavoidable. Standard 
chemotherapy regimens consist of fluoropyrimidines, combined with either oxaliplatin 
or irinotecan. More recently, monoclonal antibodies targeting VEGF and EGFR have 
also been approved for the treatment of mCRC. Anti-VEGF therapy has become part of 
the standard treatment, but predictors of response are currently missing. Resistance to 
anti-EGFR therapy can be caused by RAS pathway activation, most commonly through 
activating mutations in the KRAS oncogene1. Activating mutations in KRAS result in a 
constitutively active protein which no longer relies on upstream signals from the EGFR, 
providing a rationale for the observed resistance. Currently, assessing the mutational 
status of KRAS is being used to exclude patients for EGFR-targeted therapy. Therefore, the 
treatment of CRC, and mutant KRAS tumors in particular, remains a huge challenge and 
novel therapeutic strategies need to be identified.   

The RAF-kinases (ARAF, BRAF, CRAF/RAF1) are well known activators of the classical MEK-
ERK pathway. CRCs frequently carry activating mutations in KRAS (~40%) or BRAF (~10%) 
leading to constitutive activation of this pathway. Surprisingly, activating mutations in 
ARAF or RAF1 are infrequent in human CRC (<1%, COSMIC), despite the fact that both 
kinases can replace BRAF in activating the MEK-ERK cascade, although with less potency. 
Even though RAF1 has been extensively studied as a link between RAS activation and 
downstream MEK-ERK signaling, genetic ablation studies in mice have revealed that it 
is not essential for activating this pathway, but rather for suppressing apoptosis during 
embryonic development and in adult, healthy tissue 2;3. Intriguingly, RAF1 suppresses 
apoptosis by inhibiting pro-apoptotic kinases independently of its kinase activity4;5. RAF1 
also regulates RHO signaling in a kinase-independent manner, which has at least two 
context-dependent effects. First, RAF1-mediated ROK inhibition results in a decreased 
sensitivity to death receptor-mediated apoptosis and hence increases tumor cell survival6;7. 
Second, in epidermal cells RAF1/ROK interaction prevents keratinocyte differentiation 
and this is essential for the formation of squamous cell carcinomas (SCC) driven by mutant 
RAS8. Likewise, RAF1 is critical for development of KRAS-mutated lung cancer 9.

RAF1 has received relatively little attention in the context of CRC biology, at least in part due 
to the lack of activating mutations10. However, microarray data of multiple colon cancer 
cohorts show that RAF1 is highly expressed in virtually all human CRCs (Cartes d’Identité 
des Tumeurs (CIT)=GSE39582; MVRM =GSE14333, GSE17536, GSE17537)11-13. Therefore, 
we set out to elucidate its role in CRC. We show that RAF1 knockdown (KD) or inhibition of 
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its kinase activity strongly decreased clone- and tumor-forming capacity in CRC cells with 
different genetic backgrounds, including KRAS-mutants. Suppression or pharmacological 
inhibition of RAF1 restored apico-basal polarity and functional tight junctions (TJs). This 
was observed both in vitro and in vivo. In RAF1-impaired tumors, cancer cells grew in 
ordered monolayers while control tumors grew as disorganized masses. Furthermore, 
RAF1-KD or treatment with kinase inhibitor promoted differentiation of tumor cells 
into goblet-like lineage. By contrast, MEK kinase inhibition did not restore polarity or TJ 
formation, pointing to a RAF1 kinase-dependent, but MEK-independent pathway. We 
conclude, thus, that RAF1-kinase domain is a compelling therapeutic target for CRC.
 
 
Material and methods
 
Cell culture
Human colonosphere cultures were isolated from patients undergoing colon or liver 
resection of primary or metastatic CRC and were cultured as described previously14. For 
polarity experiments, cells were plated on collagen-coated plates.
 
Colony forming assay
Colonospheres were dissociated with Accumax (Innovative Cell Technologies) into singe 
cell suspension, filtered through 40µM filter and 1000 cells/well were plated in matrigel 
(BD) in 6-well plates. Fresh  medium was added and refreshed every two days. Colonies 
were counted after two weeks and  colonosphere-forming efficiency was calculated as the 
percentage of seeded cells that formed colonospheres.
 
Inhibitors and antibodies
Antibodies: RAF1 (BD), beta-actin (Novus Biologicals), Occludin (Invitrogen), JAM-A 
(Sigma), E-cadherin (BD), Alexa Fluor 488 phalloidin (Invitrogen), Ezrin (BD), Villin (Leica), 
Par3 (Millipore), aPKC (Santa Cruz), p-Erk (Cell Signaling), ERK (Cell Signaling), Muc2 (Santa 
Cruz), Ki67 (Novocastra), Cleaved caspase 3 (Cell Signaling), Alexa Fluor 488 (Invitrogen), 
p-MEK (Cell Signaling), MEK (Cell Signaling). Inhibitors: GW5074 (Enzo), U0126 (Cell 
Signaling), Selumetinib (Selleckchem).

Treatment of cells with the inhibitors was done as follows: Cells were treated either with 
1µM GW5074, 1µM selumetinib or 10µM U0126. For all the inhibitors experimental setup 
(timing) was the same, depending on what was measured. For measuring phosphorylation 
of MEK and ERK, cells were treated 3 and/or 24 hours with the inhibitor. Restoration 
of polarity and expression of tight junction proteins was measured three days after 
incubation with the inhibitor, and in colony forming assay inhibitor was refreshed two 
times per week for two weeks.
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Tumor formation
Control and RAF1-KD spheroids were dissociated into single cell suspension using 
Accumax, resuspended in aliquots containing ~10.000 cells and mixed with Matrigel 
(BD) at 1:1 ratio (total volume 100 μl) prior to subcutaneous injection into the flanks of 10 
weeks old BALB/c nu/nu mice. 

GW5074 treatment experiment: mice were injected with ~50.000 cells and randomly 
divided in two groups. Immediately upon the injection, treatment group received 10mg/
kg of GW5074  and control group PBS intraperitoneally, and mice were injected 3x/week 
until they were sacrificed. 

Mice were sacrificed when tumors reached a maximum of 1cm3. All experiments involving 
the use of animals were performed in accordance with University of Utrecht institutional 
animal welfare guidelines.
 
Lentiviral transduction
The shRNA-RAF1 plasmids were obtained from the MISSION® shRNA TRC library (Sigma) 
#4[TRCN0000196264], #5[TRCN0000195646] and #7[TRCN0000197115]. shSCR plasmid 
(SHC002) was used as a control. RAF1-WT was a kind gift from prof. W.Kolch and BRAF-
WT from prof. D.J.Maly. Lentiviral particles were generated by transfecting 293T cells with 
pLKO and packaging vectors using Fugine (Roche). Selection of transduced cells was done 
with Puromycin (Sigma).
 
Immunofluorescence and immunohistochemistry
Immunofluorescence: Cells were fixed with 4% paraformaldehyde, permeabilized with 
0,1% Triton X-100 in PBS, blocked with 1% BSA in PBS. After incubation with primary 
antibodies for 2h at RT, cells were washed 3xPBS and incubated with the secondary 
antibody for 30’ at RT. Following the final washing step, cells were incubated with 5ug/
ml DAPI. 

Immunohistochemistry: Tumor tissue samples were deparaffinised, antigens were 
retrieved with 10mM sodium citrate buffer pH6, followed by peroxide blocking (1%H2O2 
in methanol) and serum blocking, after which primary antibody was incubated at RT for 
2h. For detection Powervision (Immunologic) and DAB solution (DAKO) were used, and 
counterstaining with haematoxylin.
 
 

human colorectal cancer
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Statistics
All values are presented as mean (SEM). Student t test (unpaired 2-tailed) was used to 
compare statistical differences between groups. Differences with a P-value<0.05 were 
considered statistically significant.
 
Microarray data analysis
Gene-expression analysis was performed using the genomics analysis and visualization 
platform R2 (http://r2.amc.nl). To find differentially expressed genes between the groups, 
we used FDR-corrected p-values of <0.1 (ANOVA). This yielded a list of 223 upregulated and 
186 downregulated genes following RAF1-KD (supplementary table 1), that were further 
submitted to “Gene Ontology Analysis” to get significant GO classifications. Lincscloud 
analysis (http://www.lincscloud.org) was performed by submitting these genesets (up 
& downregulated as a single signature) to the ‘Query’ tool. To assess the relationship 
between these genesets in normal versus tumor cells we used a dataset containing 
expression profiles of tumor and normal colonic organoids  from the same patients15. All 
organoids were assigned two z-scores each; one for 223 upragulated and another for 186 
downregulated genes upon RAF1-KD by using the ‘View Geneset’ option in R2 and saving 
the resulting z-values as a new track. The compiled z-scores were then plotted in an XY-
graph, assigning different colors to normal and tumor organoids. 
 
 
Results
 
RAF1-KD reduces clonogenic and tumorigenic capacity of CRC cells
In order to investigate the role of RAF1 in CRC cells, we used ‘colonosphere’ cultures with 
high RAF1 expression and different genetic backgrounds, established from resected 
primary CRC or liver metastases (supplementary fig 1A and supplementary table 2). 
RAF1 expression was suppressed in three independent cultures (CR16, CRC29, L145) by 
stable expression of RAF1-targeting shRNA (fig 1A). We used three different constructs 
to establish efficient RAF1-KD in all three cell cultures (#4, #5, #7). All the experiments 
were done with at least two different KDs. shRNA construct targeting GFP was used as a 
control. First, we determined whether RAF1-KD had an effect on clone-forming capacity. 
RAF1-KD cells formed significantly less colonies when compared to control cells in all 
three colonosphere cultures and with both KD constructs (fig 1B). Next, we investigated 
whether tumor-forming capacity was affected by RAF1-KD. When injected into nude mice, 
control L145 cells readily generated fast growing tumors, but the tumor-forming capacity 
of RAF1-KD cells (2 independent shRNAs) was significantly impaired (fig 1C). Due to the 
changes we observed on clonogenicity and tumorigenicity upon RAF1-KD, we measured 
if any of the cancer stem cell markers are altered (supplementary fig 1B).  
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Figure 1
RAF1-KD impairs clonogenicity and tumorigenicity of CRC cells 
(A) Generating RAF1-KDs in CRC cultures CR16, CRC29 and L145, using three independent 
shRNAs #4, #5 and #7 resulted in significant down-regulation of RAF1, measured by WB. Numbers 
represent quantification of the bands on the WBs. (B) Clonogenic assay demonstrated that RAF1-
KD colonospheres (CR16, CRC29 and L145) have decreased sphere-forming ability. Statistical 
significances: *P<0.05, **P<0.01 and ***P<0.001. (C) Tumor-forming capacity of L145 RAF1-KD5 and 
KD7 is significantly impaired. (D) Muc2 staining showing differentiation of L145 RAF1-KD5 tumors  
into goblet cells.

We measured Aldefluor activity (ALDH), CD133 expression and CD44v6 levels and did not 
detect any significant change in the expression of these markers upon RAF1-KD. This could 
be explained by already published reports showing that CSC markers are not reliable criteria 
(proper read-out) for selecting tumorigenic cells as tumor cells negative for those markers 
can exhibit similar tumorigenic and proliferative capacities16-18. RAF1 plays an important 
role in suppressing apoptosis4;5. Thus we investigated whether increased apoptosis in the 
RAF1-KD cultures could explain their diminished clonogenic and tumorigenic capacity. 
However, the percentage of apoptotic cells was comparable between control and RAF1-
KD cells in vitro and in vivo (supplementary fig 1C and D). Rather, we found that RAF1-KD 
tumors displayed a strongly reduced number of proliferating (Ki67+) cells (supplementary 
fig 1D). When analyzing the morphology of the tumors we noticed that, unlike control 
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tumors, the majority of RAF1-KD tumor cells had large vacuoles and a goblet-like 
morphology, suggesting a more pronounced differentiation in this group. Muc2 and PAS 
staining confirmed a goblet-like phenotype of cancer cells in RAF1-KD tumors (fig 1D and 
supplementary fig 1E). Unlike Muc2, staining for FABP1 and Chromogranin A showed 
no significant difference between control and RAF1-KD group, suggesting that other 
differentiation lineages were unaltered upon RAF1-KD (supplementary fig 1F).
 
RAF1-KD restores functional tight junctions in CRC cells
During the culturing of control and RAF1-KD colonospheres, we noticed a striking 
morphological difference: RAF1-KD cultures formed larger, more tightly packed spheroids 
than control cultures (supplementary fig 2A). Phalloidin staining showed increased and 
more ordered cortical actin organization between neighboring cells in RAF1-KD spheroids, 
suggesting increased formation of junctional complexes and cell-cell interactions (fig 2A 
and supplementary fig 2B). Western blot and immunofluorescence analysis revealed that 
expression of the TJ proteins JAM-A and Occludin was significantly increased in RAF1-
KD cultures (fig 2B, 2C; supplementary fig 2C). By contrast, adherens junction protein 
E-cadherin was unaffected by RAF1-KD (supplementary fig 2D). Moreover, comparing gene 
expression  profiles of RAF1-KD and control tumors revealed that genes involved in actin 
cytoskeleton organization, intercellular junctions and establishment of cell polarity are 
significantly upregulated in RAF1-KD (fig 2D). Consistent with the previous experiments, 
these results also confirm major phenotypic change in RAF1-KD. In the normal intestinal 
epithelium, TJs form a physical barrier for peri-cellular transport of macromolecules and 
bacteria, and this is (partially) lost during oncogenic transformation. The re-establishment 
of TJs in RAF1-KD cultures prompted us to analyze epithelial barrier function by using 
fluorescently labeled dextran. In control cultures Dextran-Red readily diffused between 
the cells and accumulated throughout the spheroids. However, in RAF1-KDs Dextran-Red 
was retained on the surface of the monolayer, demonstrating the re-establishment of 
epithelial barrier function (fig 2E). 
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Figure 2
RAF1-KD restores TJs in CRC cells 
(A) Phalloidin staining demonstrated more organized cortical actin between neighboring cells 
in L145 RAF1-KD7 compared to control. (B) Staining for TJ protein JAM-A showed significant 
upregulation in RAF1-KD5 and KD7, in all three colonosphere cultures, quantification depicted on 
the graphs. Statistical significance: ***P<0.001. (C) TJ protein Occludin was significantly upregulated 
in all the RAF1-KDs (#4, #5, #7) of CR16, CRC29 and L145, measured by WB. Numbers represent 
quantification of the bands on the WBs. (D) Gene ontology analysis demonstrated significant 
enrichment in genes involved in actin organization, cell-cell junctions and cell polarity in L145 RAF1-
KD5 xenografts compared to Control samples. (E) Incubation with Dextran-Red demonstrated that 
newly formed TJs retain Dextran-Red on the surface of the L145 RAF1-KD5 cells whereas in control 
samples it infiltrates in-between the cells due to the lack of functional TJs.

RAF1-KD restores cell polarity in CRC cells in vitro and in vivo
TJs help the establishment and maintenance of cell polarity in untransformed tissues. They 
are essential for maintenance of epithelial barrier function, preventing the lateral diffusion 
of membrane-associated proteins between the apical and baso-lateral domains, thus 
preserving the specialized function of each region19. Loss of polarity and downregulation 
of TJs are commonly associated with cancer. Therefore, we analyzed whether cell polarity 
was normalized upon RAF1-KD. When seeded on adherent plates, control cells retained 
their spherical architecture. By contrast, RAF1-KD cells spread out to form a monolayer 
(supplementary fig 3A). To study cell polarity, we analyzed the localization of apical 
markers. In RAF1-KD tumor cells, Ezrin and Villin distribution was specifically localized at 
the actin-rich apical side of the tumor cells and excluded from the basal side (fig 3A). 
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Figure 3
RAF1-KD restores polarity in tumor cells in vitro and in vivo 
(A) IF staining for apical markers (Actin, Ezrin, Villin, Par3, aPKC) on L145 revealed uniform distribution 
of these proteins in control samples and apical localization in RAF1-KD5 and KD7. (B) H&E staining 
of L145 xenografts demonstrated that RAF1-KD5 cells form monolayers in tumors as opposed to 
control samples where tumors grew as disorganized mass. (C) Staining for Ezrin and aPKC confirmed 
polarization of cells in L145 RAF1-KD5 tumors; these proteins are exclusively localized on the apical 
side of the KD cells and uniformly distributed throughout control tumors. (D) Normal and tumor 
tissue can be separated based on genes altered upon RAF1-KD. Upregulated genes upon KD show 
a strong correlation with normal tissue, whereas downregulated genes show a strong correlation 
with tumor tissue.

By contrast, in control cells these proteins were uniformly distributed. Furthermore, in 
control cells both Par3 and aPKC polarity proteins were distributed in a non-polarized 
fashion. However, they were restricted to the apical part of RAF1-KD cells, further 
confirming the restoration of polarity (fig 3A). Next, we analyzed histological sections of 
control and RAF1-KD tumors from figure 1C to determine if the effect on polarity also 
occurs in tumors. There was a striking difference in tissue organization. Whereas L145 
control tumors grew as disorganized masses, RAF1-KD5 tumors mainly consisted of highly 
organized monolayer structures (fig 3B). Immunohistochemistry for apical markers (Ezrin, 
aPKC), revealed a uniform distribution of these proteins throughout the tumor tissue in 
the control group. However, both markers were exclusively localized on the apical side 
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of RAF1-KD tumor cells, confirming restoration of polarity (fig 3C). Accordingly, staining 
for tight junction protein Occludin demonstrated apical localization in RAF1-KD tumors 
compared to control group (supplementary fig 3B). Interaction between epithelial 
cells and extracellular matrix is critical aspect of cell polarization. Body of literature 
demonstrated vinculin to be the key regulator of focal adhesions, enabling cells to adhere 
to variety of ECM proteins 20;21. Thus we performed Vinculin staining on L145 Control and 
RAF1-KD xenografts. Vinculin expression was increased in the RAF1-KD tumors  compared 
to the control samples (supplementary fig 3C). This correlates with microarray data also 
demonstrating increased RNA levels of Vinculin in RAF1-KD xenografts compared to 
Control group (supplementary fig 3C). These results are in line with the higher degree of 
clustering and attachment of RAF1-KD cells that we observe in the rest of our experiments, 
as well as with their restored polarity. Microarray data further support normalization of 
tumor tissue upon RAF1-KD. Strikingly, genes altered upon RAF1-KD can completely 
separate healthy colon tissue from tumor tissue (fig 3D). Genes upregulated upon RAF1-
KD show a strong correlation with normal colon tissue, and downregulated genes are 
strongly associated with tumor tissue. These data further confirm that KD of RAF1 can 
fully reestablish cell polarity and normalize the structure of the tissue.
 
Effects of RAF1-KD on clonogenicity and polarity are kinase-dependent
RAF1 can act in a kinase-dependent and -independent manner.  In order to assess 
whether the control of cell polarity and clone/tumor-forming capacity by RAF1 depends 
on its kinase activity, we used the RAF1-kinase inhibitor GW5074. This inhibitor potently 
suppressed the kinase activity of ectopically expressed RAF1, as measured by p-MEK 
levels, and had hardly any effect on BRAF-induced MEK phosphorylation (supplementary 
fig 4A and 4B). Also, it strongly decreased clonogenic capacity of colonospheres (fig 4A). In 
addition to L145, we included two additional KRAS-mutant CRC cultures: L169 (spheroid) 
and p9t (organoid) (supplementary table 3). The colony-forming capacity of both cultures 
was significantly affected by GW5074 treatment (supplementary fig 4C). However, the 
effect was dependent on the presence of the inhibitor. Once the inhibitor was removed, 
cells regained their growth potential (supplementary figure 4D). Furthermore, treatment 
with the GW5074 inhibitor also induced expression of TJ proteins in vitro and in vivo (fig 
4C, 4D, supplementary fig 4E). Importantly, GW5074 treatment also restored the polarity in 
colonospheres and this was accompanied by the formation of large spheroid aggregates, 
an effect also observed in RAF1-KD (fig 4B and supplementary fig 4F, 4G). Localization 
of adherens junction protein, E-cadherin, was also normalized upon GW5074 treatment 
(supplementary figure 4H). These results demonstrate that RAF1-kinase activity is required 
for regulation of cell polarity and clone-forming capacity in human CRC cells.
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Figure 4
Effects of RAF1 on TJs and polarity are kinase-dependent 
(A) Clonogenic capacity of CRC cells CR16 and L145 is significantly decreased when treated 
with RAF1-kinase inhibitor GW5074 (1µM). Statistical significances:  *P<0.05 and ***P<0.001.  (B) 
Treatment with GW5074 restores cell polarity in L145 colonospheres, demonstrated by apical 
localization of Ezrin, Villin and tight junction protein Occludin. (C) GW5074 treatment increased 
Occludin expression in CR16, CRC29 and L145 compared to control, measured by WB.  (D) JAM-A 
is elevated upon treatment with GW5074 inhibitor compared to control samples in CR16, CRC29 
and L145, quantification depicted on the graphs. Statistical significances: **P<0.01 and ***P<0.001.

Effects of RAF1-KD on clonogenicity and polarity are MEK-ERK independent
We next investigated whether RAF1 regulates TJs and cell polarity through MEK-ERK 
signaling.  Analysis of p-ERK and p-MEK in colonospheres and tumors showed that this 
pathway was not inhibited upon RAF1-KD. The levels of p-ERK and p-MEK were either 
comparable between the samples or increased upon RAF1-KD, consistent with previous 
studies (fig 5A, 5B)22. Moreover, we used Lincscloud database to compare the profiles of 
differentially regulated genes in RAF1-KD with the profiles generated after the treatment 
with various MEK-inhibitors (fig 5C). The closer the score is to 100 the more significant the 
match to the signature created by the compound is. 4 out of 5 MEK-inhibitors tested on 
55 cell lines induced the changes in gene expression that had no correlation (or even an 
inverse association) with the changes in gene expression following RAF1-KD. This is in line 
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Figure 5
(A) p-ERK and p-MEK levels are not decreased upon RAF1-KD, as shown in CR16, CRC29 and L145 
when comparing Control samples to RAF1-KD5 and KD7, measured by WB. (B) p-ERK staining in 
L145 RAF1-KD5 and control xenografts demonstrated comparable levels between the groups, 
quantification depicted in the graph. (C) Lincscloud analysis comparing RAF-KD profiles with 
the signatures generated by the listed MEK-inhibitors using two different thresholds. (D) WB 
demonstrated that p-ERK and p-MEK levels are not inhibited by GW5047 treatment in any of the 
CRC cultures (CR16, CRC29 and L145). (E) Cell polarity is not restored in L145 upon U0126 treatment, 
judging by the uniform distribution of Ezrin and Villin. (F) Phosphorylation of ERK is significantly 
decreased, while Occludin levels are unaltered upon treatment with MEK-inhibitor U0126 in CRC29 
and L145, measured by WB.

with the notion that the effects of RAF1-KD are largely independent of MEK-ERK signaling. 
In addition, p-ERK and p-MEK levels were not decreased by GW5074 treatment, but were 
unaltered or even upregulated (fig 5D and supplementary fig 5A). This points to a MEK-
ERK-independent effect of GW5074, which is in line with a recent study in hepatocellular 
carcinoma cells23. Treatment with the MEK-inhibitors U0126 or selumetinib successfully 
inhibited MEK-ERK signaling, but did not restore polarity, nor did it induce an increase in 
Occludin expression (fig 5E, 5F, supplementary fig 5B, 5C). These data demonstrate that 
the kinase-dependent effects of RAF1 do not occur via canonical MEK-ERK signaling.
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Inhibition of RAF1-kinase activity reduces tumor growth and restores polarity of 
CRC cells
The above data show that RAF1-kinase activity plays a role in maintenance of the 
transformed phenotype of human CRC cells.  We next investigated whether this feature 
can be exploited therapeutically. Mice carrying subcutaneous L145 (KRAS-mutant) 
tumors were treated with either RAF1-kinase inhibitor GW5074 or with saline as a control. 
As shown in figure 6A, tumor growth was significantly reduced in GW5074 treated mice. 
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Figure 6
Inhibition of RAF1-kinase activity impairs tumorigenic capacity and restores tissue polarity
(A) Treatment with RAF1-kinase inhibitor GW5074 impairs tumorigenic capacity of L145 CRC cells. (B) 
Clonogenic capacity of L145 cells isolated from GW5074-treated tumors is significantly decreased 
compared to control samples. (C) H&E staining shows monolayers of cells in L145 GW5074-treated 
tumors in contrast to control tumors that grew as disorganized mass. IHC for Ezrin showed apical 
localization of this protein in treated mice, and uniform expression in control samples. (D) Unlike 
control tumors, majority of cells in L145 GW5074-treated tumors differentiated into goblet cells, 
demonstrated by Muc2 staining. (E) p-ERK staining in L145 GW5074 treated and control tumors  and 
quantification, demonstrating comparable expression between the groups.

This was not due to increased apoptosis, but rather to decreased proliferation 
(supplementary fig 6A). Moreover, cells isolated from GW5074 treated tumors had 
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significantly reduced colony-forming capacity when compared to cells isolated from 
control tumors (fig 6B). Comparable to RAF1-KD tumors, but unlike control, GW5074 treated 
tumors were characterized by low cell density and highly organized monolayers (fig 6C). 
Furthermore, immunohistochemistry for Ezrin showed that cell polarity was restored in 
tumors treated with the inhibitor (fig 6C). In addition, the majority of cells in GW5074 
treated tumors expressed high levels of mucin-2, indicating goblet-like differentiation (fig 
6D and supplementary fig 6B). Thus, inhibition of RAF1-kinase activity severely affected 
tumor growth and pushed cells into a goblet-like differentiation pathway, acting in a MEK-
ERK independent manner (fig 6E). In order to see if the effect of inhibitor is permanent, 
we serially transplanted L145 xenografts from Fig 6A. As shown in the supplementary 
figure 6C, tumors that were treated with GW5074 started growing with a significant delay. 
However, eventually they equalized their growth with the control tumors. Thus, reduced 
tumor growth is dependent on the presence of the inhibitor.
 
 
Discussion

In the present study we provide evidence that RAF1 is required for maintenance of the 
clonogenic and tumorigenic capacity of human CRC cells, including those carrying 
KRAS mutations. This is in line with previous studies showing that deletion of RAF1 is 
detrimental for tumor initiation and maintenance of RAS-driven SCC and lung cancer8;24. 
Strikingly, we found that RAF1-KD or pharmacological inhibition of its kinase activity 
caused a profound re-establishment of apico-basal polarity and restoration of functional 
TJs. To our knowledge, this is only the second report in which modulation of the activity 
of a single protein has such a dramatic effect on (tumor) cell polarity. A previous study 
showed that, similar to RAF1-KD/inhibition, LKB1 activation by STRAD causes complete 
polarization of intestinal epithelial cells25. Restored polarity could have major implications 
for the tumorigenesis. Reduced cell-cell contacts and loss of polarity are commonly 
associated with oncogenic transformation, especially with advanced malignant tumors. 
In fact, in human cancers crucial cell polarity proteins are directly targeted by oncogenes 
or tumor-suppressor genes such as ErbB2, TGBFβ or PTEN and data from Drosophila show 
clearly that loss of polarity and changes in adhesion can be initiating events in tumor 
formation26. The disruption of apico-basal polarity helps tumor cells to extrude from 
epithelial sheets at the basal side, rather than being shed apically into the lumen27. This 
not only helps establishing a multi-layered tumor mass, but also promotes invasion of 
the surrounding tissue. In line with these studies, our data show that RAF1 suppression 
or inhibition yields tumors with restored polarity, and is accompanied by the formation of 
monolayer structures with apoptotic tumor cells being predominantly found in the lumen 
that is encased by them. Thus, RAF1 suppression is sufficient to cause normalization of 
tissue architecture and epithelial growth. 
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Re-expression of TJ proteins in cancer cells induced apoptosis and suppressed metastasis 
in several cancer models, supporting the notion that a reduction in TJs is critical for 
maintenance of the transformed phenotype28-30. Moreover, leaky TJs may help the diffusion 
of growth factors and nutrients through multi-layered tumor cell masses and can thereby 
promote tumor growth31. TJ formation following RAF1 suppression or inhibition was 
accompanied by increased expression of the core TJ proteins Occludin and JAM-A. This 
result extends previously published data showing that overexpression of a constitutively 
active RAF1 suppresses Occludin expression in salivary gland epithelial cells32. The effect 
of RAF1 suppression/inhibition on diminished clonogenicity and tumorigenicity could 
thus be, at least in part, the consequence of newly restored TJs and polarity. Furthermore, 
in the SCC model RAF1 ablation induced terminal differentiation of tumor cells8. Likewise, 
our results show that RAF1 impaired tumors were significantly enriched in differentiated 
goblet-like cells which could, in addition to restored polarity, also effect tumor growth.

The effects of RAF1 were kinase-dependent, but were not accompanied by inhibition of 
the MEK-ERK pathway and could not be phenocopied by MEK inhibition. This is in line 
with previous studies showing that RAF1 supports tumorigenesis primarily in a MEK-
ERK-independent fashion 8;9;24. What are the clinical implications of our findings? Large 
clinical trials with agents targeting RAF or MEK have shown that such drugs do not 
dramatically improve survival. Activation of feedback pathways and the fact that these 
studies were done in unselected patient populations may underlie this failure. Indeed, 
BRAF inhibitors fail to be effective in BRAF mutant CRCs due to activation of an EGFR-PI3K 
feedback pathway33. Upregulation of PI3K/ERBB3 appears to mediate resistance to MEK 
inhibitors in KRAS-mutant CRC 34;35. Thus, re-activation of feedback signaling pathways 
is greatly undermining the efficacy of these treatments. Selective RAF1 inhibition, 
without concomitant BRAF inhibition, is not expected to affect MEK-ERK activity and, 
in all likelihood, would not cause activation of these rescue pathways. Recent reports 
demonstrated indeed that suppression of RAF1 dramatically increased the efficiency of 
MEK inhibitors in KRAS mutant tumors, leading to permanent MEK-ERK inhibition and 
apoptosis 36;37. We propose that, in addition to preventing MEK-ERK re-activation following 
BRAF or MEK inhibition, RAF1 inhibition simultaneously causes tumor cell polarization 
and differentiation in a MEK-ERK-independent manner and impairs tumor growth. The 
development of potent and specific RAF1-kinase inhibitors could have an impact on 
(colon) cancer treatment and should be tested as a novel RAF-targeting strategy for 
improving the treatment of CRC.
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Supplementary Figure 1 
(A) RAF1 expression in three different CRC cultures used in the study, CR16, CRC29 and L145, 
measured by WB. (B) FACS profiles of ALDH activity in L145, CD133 expression in CRC29 and CR16 
and WB of CD44v6 in all three CRC cultures. (C) Measuring DNA fragmentation by Nicoletti assay 
demonstrated apoptotic rates to be comparable between control and RAF1-KD samples.  (D) 
IHC for Ki67 and cleaved caspase 3 revealed significantly lower proliferation rates in L145 RAF1-
KD5 tumors compared to control tumors, whereas apoptotic rates were comparable between 
the groups. Quantification of Ki67 and cleaved caspase 3 positive cells is depicted on graphs. (E) 
H&E and Pas staining revealed that majority of tumor cells differentiated into goblet cells in L145 
RAF1-KD5 tumors unlike control cells. (F) FABP1 and Chromogranin A staining on xenografts 
showed no significant difference in protein expression between L145 control and RAF1-KD5 group, 
quantification depicted on the graphs.
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Supplementary Figure 2 
(A) RAF1-KD cells (#4, #5 and #7) cluster more and form larger spheroids compared to control 
samples in all three CRC cultures (CR16, CRC29 and L145). (B) Phalloidin staining demonstrated 
more organized cortical actin between neighboring cells in CR16 and CRC29 RAF1-KD4 compared 
to the control. (C) TJ protein Occludin was significantly upregulated in RAF1-KD4 and KD7 samples, 
measured by IF. (D) E-cadherin, AJ protein, is equally expressed in RAF1-KDs and control samples in 
all three CRC cultures, measured by WB and IF. 
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(A) Upon plating, L145 RAF1-KD5 cells form a monolayer while control samples continue to grow in 
clumpy, multilayered fashion. (B) IHC staining for Occludin demonstrated apical localization of this 
tight junction protein in L145 RAF1-KD5 tumors. (C) Vinculin staining on L145 Control and RAF1-KD5 
xenografts, quantification depicted on the graph. Right graph: microarray data showing an increase 
of VCL expression in RAF1-KD xenografts compared to Control.
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Supplementary Figure 4 
(A) p-ERK inhibition upon titration of RAF1-kinase inhibitor GW5074 in 293T cells with overexpressed 
RAF1-WT protein. (B) p-MEK inhibition upon titration of GW5074 in 293T cells overexpressing RAF1-
WT protein compared to BRAF-WT overexpression, both constructs FLAG-tagged. The setup of the 
experiment was as follows: Day 0- cells were transfected using Fugine; Day 1- the transfection reagent 
was washed off; Day 2- 1µM GW5074 was added for 24 hours; Day 3-samples were harvested and 
lysed for WB.  The left panel shows overexpression of the constructs by increased FLAG expression in 
transfected samples for both RAF1 and BRAF (labeled on top), and MEK-ERK changes upon GW5074 
treatment upon their overexpression. The very right panel shows RAF1 and BRAF expression in those 
same samples. (C) Treatment of L169 and p9t with 1µM GW5074 significantly decreased clonogenic 
capacity of CRC cells. (D) L145 and L169 CRC cultures were seeded for colony forming assay as a 
control and GW5074 treated group, and after two weeks both groups were re-seeded under the 
same conditions (+/- 1µM GW5074). (E)  IHC staining for Occludin demonstrated apical localization 
of this tight junction protein in L145 GW5074 treated xenografts (F) Treatment of CR16, CRC29 and 
L145 cultures with  GW5074 inhibitor induced cell clustering, comparable to RAF1-KDs. (G) p9t CRC 
organoids restore polarity upon treatment with 1µM GW5074, unlike control sample, measure by 
localization of apical marker ezrin and tight junction protein occludin. (H) Localization od adheres 
junction protein E-cadherin is normalized upon treatment with RAF1-kinase inhibitor GW5074. 
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Supplementary Figure 5 
(A) WB demonstrated p-ERK and p-MEK levels not to be inhibited by GW5047 treatment in L169 and 
p9t. (B) MEK-ERK phosphorylation is inhibited upon treatment with 1µM Selumetinib in organoid 
p9t, measured by WB (C) Polarity is not restored in p9t and L145 upon 1µM Selumetinib treatment, 
judging by Ezrin and Occludin distribution. 

human colorectal cancer



138   |   Chapter 6

Supplementary Figure 6 

***

Control

H&E

GW5074

S6A S6B

ns

Control GW5074

Ki67

Cleaved caspase 3
Control

Control

GW5074

GW5074

%
 C

le
av

ed
ca

sp
as

e
3

po
si

tiv
e

ce
lls

%
 K

i6
7 

po
si

tiv
e

ce
lls

S6C

L145

*
* * *

*

***

Supplementary Figure 6 
(A) Ki67 and cleaved caspase 3 staining revealed decreased rates of cycling cells in L145 GW5074 
treated tumors as compared to control group, whereas amount of apoptotic cells was comparable. 
Quantification of positive cells is depicted on graphs. (B) H&E staining demonstrated mucin vacuoles 
in majority of cells in L145 GW5047 tumors, showing their differentiation into goblet-like cells. (C) 
L145 CRC cells were isolated from the xenografts (Figure 6A) and re-injected into new mice. Growth 
curve shows that tumors previously treated with RAF1-kinase inhibitor GW5074 regain their  growth 
capacity upon the removal of the inhibitor and equalize in size with  control group.
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Supplementary Table 1
List of 223 upregulated and 186 downregulated genes following RAF1-KD, when 
comparing RAF1-KD and Control xenografts

Supplementary Table 2
Mutational status of CRC cultures CR16, CRC29 and L145

Supplementary Table 3
Mutational status of L169; for the details on mutational status of p9t see: van de 
Wetering et al15, Cell, 2015

Supplementary Table 1,2 and 3 can be downloaded at: https://gut.bmj.com/content/66/6/1106
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CRC is a leading cause of cancer-related deaths worldwide. Initial patient management 
is determined by the TNM stage at diagnosis, based on depth of colon wall invasion, 
lymph node involvement and distant metastasis.1 The TNM classification is widely used 
and clinically useful in terms of its good correlation with 5-year overall survival. Current 
guidelines for the treatment of CRC limit the use of adjuvant chemotherapy to patients 
with high-risk stage II and stage III disease, leading to possible undertreatment of 
certain CRC patients, and overtreatment of others. In case of stage IIb CRC, the risk of 
undertreatment is even more pronounced. Patients with T1-2N1M0 tumors (stage IIIA) 
treated with adjuvant chemotherapy have significantly better survival rates than patients 
with less advanced stage IIB tumors, who did not receive adjuvant chemotherapy.2 Taken 
together, these observations indicate that the TNM classification fails to accurately select 
patients who might benefit from adjuvant therapy. In search of factors that influence 
therapy outcome, multiple molecular factors have meanwhile been identified.3–5 This 
prompted the development of several classifications of CRC based on gene expression 
profiling.6–12 Six of these molecular classifications were coalesced by the CRC Subtyping 
Consortium (CRCSC) into 1 Consensus Molecular Subtype (CMS) classification.13 This CMS 
classification defined 4 different consensus molecular subtypes of CRC (i.e. CMS1-4), each 
reflected by specific molecular features. The different molecular subtypes all have their 
distinct prevalence. In the analyzed datasets 14% of tumors were clustered to CMS1, 37% 
to CMS2, 13% to CMS3 and 23% to CMS4.  In terms of prognosis, CMS1-3 have similar 
survival rates, unlike CMS4, which has a dismal prognosis. Therefore, CMS4 is referred to as 
the poor prognosis subtype in CRC. 

The molecular subtypes identified in CRC are based on RNA isolated from bulk tumor 
material. Consequently, the RNA analyzed in these arrays originated from cells of both the 
neoplastic and stromal compartment of tumors. High stromal content is characteristic of 
CMS4 and two studies challenged the ‘true’ mesenchymal nature of CMS4 tumors. These 
reports show that the mesenchymal genes defining the poor prognosis subtype are 
expressed by the stromal cells rather than the cancer cells.14,15 In another study 55 patient-
derived CRC organoids were generated and classified according to the CMS classification.16 
However, none of these classified as CMS4, despite the fact that CMS1-3 were represented 
and statistically 23% of 55 = +/- 13 organoids should have been assigned to CMS4. This lack 
of identification of CMS4 CRC organoids again questions the existence of a mesenchymal 
subtype in CRC. In chapter 2, we set out to answer this question and designed a stromal 
gene filter (SGF) to separately study the neoplastic and stromal compartment of CRC. Our 
study showed the neoplastic compartment of stroma-high tumors is actually characterized 
by a distinct mesenchymal gene expression program. Although gene ontology and 
gene set enrichment analyses failed to identify EMT as a defining feature of this distinct 
gene expression program, there was a good correlation with the gene set of core EMT 
inducing transcription factors ZEB2, TWIST1 and TWIST2. Possibly these analyses failed to 
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identify EMT since the ‘classical’ EMT genes CDH2, ZEB1 and FN1 were excluded as being 
part of the SGF. RT-qPCR analysis of EMT markers CDH2, VIM and FN1 in tumor cells, that 
underwent EMT versus the expression in cancer associated fibroblasts (CAFs), revealed 
the expression of these genes in tumor cells was 50-500 fold lower compared to the CAFs. 
So even a small amount of CAFs could easily overshadow the differential expression of 
classical mesenchymal markers in the neoplastic compartment when analyzing EMT in 
whole-tumor material.  A recent study by Linnekamp et al. confirmed that CMS4 can be 
classified without stromal contribution and support the idea that the tumor cells of CMS4 
are responsible for the stromal influx.17 Furthermore, Eide et al. developed an algorithm 
for CMS classification in the absence of human tumor stroma. The genes in this algorithm 
are all tumor-intrinsic and takes stroma out of the equation to identify CMS subtype.18 
This algorithm is known as the CMScaller and recently Sveen et al. showed it can robustly 
classify patient tumors, cell lines and patient derived xenografts.19 

The organoid system is an effective way to generate patient derived CRC tumors in 
vitro. CRC organoids maintain a high degree of similarity to the original tumor.16,20 The 
organoid system was originally developed to culture human intestinal stem cells. The 
human intestinal system was mimicked by providing a support system of Matrigel, and 
specific factors (EGF, Noggin, R-Spondin, Wnt-3A, TGF-β inhibitor and p38 inhibitor). 
Subsequently, this 3D organoid culture system was adapted for human CRC cells. The only 
adjustment required was omitting Wnt-3A and R-Spondin-1, two substances essential 
for human healthy intestinal organoids. Without Wnt-3A and R-Spondin-1 it resulted in 
selective expansion of CRC cells.21 In the human intestine the basement membrane (BM) is 
mainly composed of laminins and collagen type IV, like Matrigel. So Matrigel is the optimal 
choice in a system designed to stimulate intestinal crypt formation. We identified collagen 
type I as one of the most significantly enriched genes in the extracellular matrix (ECM) of 
mesenchymal type CRC. Collagen type I is mostly part of the underlying stromal matrix 
of the intestine and localized loss of BM integrity is associated with EMT and correlates 
with disease progression.22 To resemble the ECM of mesenchymal type CRC, we replaced 
Matrigel with collagen type I in the organoid culture system. Embedded in collagen type I, 
the organoids displayed an invasive phenotype with tumor cells invading the surrounding 
collagen matrix. And indeed, collagen I induced the expression of genes part of the 
previously identified tumor specific mesenchymal gene expression program and core EMT 
transcription factors ZEB1, TWIST1 and 2. In concert with upregulation of mesenchymal 
genes, there was downregulation of epithelial transcription factor Hepatocyte Nuclear 
Factor 4-alpha (HNF4α) and its target genes. Collagen type I is mainly produced by 
fibroblasts and CAFs are one the most abundant cell types in the stroma of CMS4 
tumors.14,15 One of the characteristics of CMS4 is activated Transforming Growth Factor 
Beta (TGF-β) signaling and high levels of circulating TGF-β1 in CRC patients are a predictive 
factor for liver metastasis.13,23 TGF-β increases collagen deposition by fibroblasts24 and 
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TGF-β pre-treated CAFs boost tumor initiating capacity.15 Our data provide a connection 
between collagen I, mesenchymal gene expression and TGF-β signaling. Another line of 
evidence for the relation between stroma and poor prognosis is presented by the amount 
of stroma, irrespective of its exact composition. This is known as the tumor-stroma ratio 
and has recently been reviewed by van Pelt et al.25 High stromal content in CRC is a strong 
predictor of prognosis and the authors propose that scoring the tumor stroma ratio should 
be added to the routine diagnostic practice. This underscores the importance of designing 
novel therapeutic interventions (co-)targeting the tumor-stroma interface. 

In chapter 3, we searched for drugs to interfere with the tumor-ECM-stroma interaction. 
We generated gene expression profiles of CRC organoids cultured in collagen I and 
identified proto-oncogene tyrosine-protein kinase Src as possible central regulator, and 
the c-Src inhibitor dasatinib as a potentially effective CMS4-targeting drug. Dasatinib 
is approved by the Food and Drug Administration (FDA) and is currently used in the 
treatment of chronic myeloid leukemia and acute lymphatic leukemia. In our study 
dasatinib significantly inhibited the invasive behavior of CRC organoids in collagen type 
I, restored the epithelial integrity at the tumor-matrix interface and caused apoptosis of 
collagen-invading tumor cells. These results are in line with previous studies demonstrating 
anti-invasive and anti-metastatic effects of dasatinib in pre-clinical models of pancreatic 
adenocarcinoma, CRC cell lines, thyroid and prostate cancer.26–30 To study the effects of 
intercellular interaction and therapeutic intervention we developed a co-culture system 
for CRC organoids and fibroblasts. Fibroblasts promoted the development of invasive 
strands by CRC organoids. Dasatinib reduced the number of fibroblasts, the number 
of invasive strands and caused apoptosis of tumor cells located at the tips of invasive 
strands. Unfortunately, monotherapy with dasatinib failed to show any survival benefit 
in our in vivo experiments. This was in concordance with an in vivo model of metastatic 
pancreatic adenocarcinoma. Dasatinib reduced metastasis, but had no effect on survival 
due to continued growth of the primary tumor. The concentration of dasatinib required 
to inhibit proliferation is higher than the concentration required to inhibit c-Src. This first 
concentration was not reached during the in vivo experiments.30 Likewise, dasatinib 
monotherapy had little effect on growth of colorectal cancer xenografts.31 Combination 
therapy could provide a promising alternative strategy. Standard chemotherapy to target 
the proliferation of the tumor bulk and dasatinib to target both the stromal fibroblasts 
and the invasive (non-proliferating) tumor cells. One phase I and one phase IB/II study 
showed that addition of dasatinib to current standard chemotherapeutic regimens is 
safe.32,33 Currently, metastatic CRC is treated irrespective of molecular subtype and KRAS 
mutational status and MSI status are the only criteria used in treatment selection. The 
discovery of different molecular subtypes should be considered a breakthrough in CRC 
research. It opens the door to improve patient selection, staging and therapeutic outcome. 
For example, if a CMS4 targeting drug is developed that has a response rate of 50% in this 
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particular subgroup, this would greatly improve survival in this subset of patients. Without 
knowledge of the different CMSs, the drug would be tested in the entire CRC population 
resulting in a response rate of 23%/50% = 11,5%. Probably, the drug would be wrongfully 
discarded.34 Subtype analysis can also work the other way around and reveal that current 
therapies are ineffective in certain subtypes. Song et al. reported that patients with the 
stemlike subtype of CRC did not benefit from adjuvant oxaliplatin treatment.35 Conversely, 
some therapies are highly effective in certain subtypes, as is demonstrated in a study by 
Del Rio. They identified one molecular subtype that was highly sensitive to irinotecan.36 In 
this study multiple classification systems were used and the irinotecan sensitive subtype 
identified, was classified as subtype C5 in the classification of Marisa et al.10 Important 
to note is that the majority of the tumors classified as subtype C5 were also classified 
as CMS4. However, there was no significant relation between irinotecan responders and 
CMS4.  Recently, two studies have shown that the CMS classification can successfully be 
deployed to evaluate chemotherapy efficacy.35,37 Sveen et al. demonstrated the feasibility 
of using the CMS classification to design subtype targeted therapy.19

Chemotherapy resistance is the innate and/or acquired ability of cancer cells to evade 
the effects of chemotherapeutics and is one of the major challenges in cancer therapy. 
In chapter 4, we generated gene expression profiles from resected livermetastases from 
chemonaïve versus chemo-treated (oxaliplatin and 5-FU) patients to study mechanisms 
of chemotherapy resistance. Gene expression analysis revealed a difference in cellular 
energy metabolism between the two groups. The energy metabolism of cancer cells 
is characterized by the well-known Warburg effect: a high rate of aerobic glycolysis.38 
This is in contrast to healthy cells, which use oxidative phosphorylation (OXPHOS) as 
their main energy metabolism. There are multiple explanations why the Warburg effect 
is beneficial for cancer cells. Aerobic glycolysis is the fastest way to generate ATP and 
generates biomass, which is fuel for proliferation.39 Lactic acid, the excreted byproduct of 
aerobic glycolysis lowers extracellular pH and this favors tumor invasion.40 Interestingly, 
our data demonstrate that first line chemotherapy of CRC (oxaliplatin and 5-FU) changes 
the energy metabolism in CRC colonospheres and that this confers a tumor survival 
advantage. Oxaliplatin and 5-FU induce upregulation of OXPHOS in CRC colonospheres. 
Enhanced oxidative phosphorylation is also linked to drug resistance in other cancer 
types. Chemotherapy resistant glioma and prostate cancer cells also exhibit enhanced 
OXPHOS. 41,42 A 2018 report by Lee et al. demonstrated irinotecan resistant non small lung 
cancer cells (NSCLC) also showed increased OXPHOS.43 We identified the SIRT1/PGC1α 
axis as responsible for the upregulation of OXPHOS. In melanoma cells high expression of 
PGC1α causes an increase in OXPHOS, ROS-detoxifying enzymes and resistance to ROS-
inducing drugs.44 PGC1α is responsible for mitochondrial biogenesis and drives metastasis 
in invasive breast cancer cells.45 Knock-down of SIRT1/PGC1α improved chemosensitivity 
of CRC colonospheres in vitro and in vivo. Increased OXPHOS in response to acute and 
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chronic DNA damage seems to be a general survival strategy in cells.46 Our data indicate 
that exploiting the (post) chemotherapy metabolic changes in CRC cells may be an 
effective strategy to improve chemotherapy efficacy. This idea is supported by a recent 
report by Lee et al., showing synergistic effects of the combination of irinotecan with two 
OXPHOS targeting agents (gossypol and penformin) in NSCLC in vitro and in vivo.43

CMS4 CRC has the highest propensity to form distant metastasis.13 Metastasis or cancer 
cell dissemination occurs both via the hematogenous and lymphatic route. The lymphatic 
system is considered a significant route of cancer spread. Unlike vascular vessels, 
lymphatic vessels are highly permeable. The flow rate of lymph is approximately 100–500x 
slower and coupled with less shearing stress due to vasodilation. As a tumor continues 
to grow, intratumoral interstitial fluid pressure rises and interstitial fluid is released as 
the body attempts to maintain extracellular homeostasis, facilitating entry of tumor cells 
into the lymphatic system.47,48 In chapter 5, we identified CMS4 as the CRC subtype with 
highest enrichment of lymphangiogenic genes. In primary CRC lymphadenectomy of 
locoregional lymph nodes is a fundamental part of CRC surgery. Cancer spread to lymph 
nodes is part of the TNM classification and the number of lymph nodes removed is a direct 
parameter of surgical performance. In partial hepatectomy for liver metastases the role 
of lymphadenectomy has yet to be determined. Partial hepatectomy for liver metastases 
has an overall 5-year survival of >50%.49 Lymph node metastases in the hepatoduodenal 
ligament is the worst prognostic factor with 5-year survival dropping to around 17%.6,50,51 
Multiple studies found lymph node metastases in up to 28% of patients undergoing partial 
hepatectomy.6,52–55  Lymphadenectomy combined with partial liver resection significantly 
improved survival in patients with liver metastases and suspected hepatic lymph node 
involvement.55,56 However, 3 studies showed no survival benefit of performing routine 
lymphadenectomy during partial hepatectomy.55,57,58 Which makes sense, because 72% 
of patients do not have lymph node metastases and performing a lymphadenectomy 
will not remove more cancer cells and therefore not improve survival. In these cases 
lymphadenectomy only increases operation time and has potential complications, 
including postoperative bleeding, lymphatic leakage and ischemic bile duct stricture. This 
suggest performing lymphadenectomy during partial hepatectomy is only justified in 
case of suspected lymphatic disease. Identifying these patients has proven to be difficult, 
as both CT and MRI have a positive predictive value of around 50%. In staging for primary 
colorectal cancer two reports show FDG-PET imaging can help improve diagnostic 
accuracy.59,60 More studies are needed to confirm its value in the detection of hepatic 
lymph node metastases. We demonstrated higher VEGF-C and Nrp-2 expression in liver 
metastases of patients subsequently developing lymph node metastases. Therefore, 
VEGF-C and Nrp-2 could be used to identify patients at risk for lymph node dissemination 
and serve as a selection tool for patients that might benefit from lymphadenectomy and/
or targeted therapy. Two recent reports highlight the potential danger of lymph node 
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metastases. Both reports show in mouse models that lymph node metastases are not 
confined to the lymphatic system. Intralymphatic cancer cells make use of lymph node 
blood vessels and colonize distant organs.61,62 This suggest that (potential) lymph node 
metastases might require a more aggressive approach. 

Oncogenic KRAS is one of the most frequently occurring oncogenes in CRC (50%) and 
causes resistance to anti-EGFR therapy. EGFR activates RAS, which via activation of RAF 
leads to activation of MEK-ERK. ERK translocates to the nucleus and activates multiple proto-
oncogenes (c-myc, c-jun, c-fos), all involved in cell proliferation, survival and metastasis. 
There are 3 RAF kinases: ARAF, BRAF and CRAF/RAF1 of which BRAF is well known and most 
frequently mutated (10%). Although activating mutations in RAF1 are rare in CRC (<1% 
COSMIC, the Catalogue Of Somatic Mutations In Cancer), gene expression data in multiple 
cohorts show that RAF1 is highly expressed in virtually all human CRC.10,63,64 In chapter 6, 
we investigated the role of RAF1 in CRC. We show inhibition of RAF1 causes tumor cell 
polarization and differentiation in a MEK-ERK-independent manner and impairs tumor 
growth. In order for CRC cells to metastasize they need to break free from the primary 
tumor and invade surrounding tissues. Tight junctions (TJs) maintain epithelial integrity 
and thereby prevent movement of individual cells. Downregulation of TJs and subsequent 
loss of apico-basal polarization is a requisite for EMT.  Re-expression of TJs in cancer cells 
induced apoptosis and suppressed metastasis in several cancer models.65–67 Furthermore, 
leaky TJs help the diffusion of growth factors and nutrients through multilayered tumor 
cell masses and can thereby promote tumor growth.68 Our data indicate inhibition of RAF1 
results in upregulation of core TJ proteins occludin and JAM-A and restored epithelial 
integrity. Poor prognosis subtype CMS4 has the highest tendency to metastasize and 
specific inhibition of RAF1 in these patients could provide a strategy to reduce metastasis. 
 
Taken together, the experimental work described in this thesis advocates further 
delineation and characterization of molecular signatures in cancer in general and CRC in 
particular. It provides new insights into the molecular background of the poor prognosis 
subtype CMS4 and its interaction with the ECM and stromal cells. It emphasizes the 
potential of targeted therapy in conjunction with standard chemotherapy regimens 
to optimize treatment and confirms the promising results of disrupting the tumor-
ECM-stroma interaction. It contributes to further insights into how CRLM react to 
chemotherapy at the molecular level and presents cellular energy metabolism as a novel 
strategy to reduce chemotherapy resistance in metastatic CRC patients. It provokes the 
use of lymphatic gene expression in the context of CRLM and presents RAF1 as a novel 
target in the treatment of metastatic CRC. The response to systemic therapy remains 
limited in metastatic CRC and with rapidly expanding treatment options patient selection 
and therapy prediction will become essential. Molecular signatures of CRC have great 
potential in optimizing treatment outcome by guiding the design of targeted therapies.  
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In 2018 kregen wereldwijd naar schatting meer dan 1.8 miljoen mensen darmkanker en 
stierven er 881.000 mensen aan de gevolgen van deze ziekte. In veruit de meeste gevallen 
is het overlijden te wijten aan uitzaaiingen elders in het lichaam. De lever is met 50% 
de meest frequente locatie van deze uitzaaiingen. Ondanks vele verbeteringen in de 
behandeling van darmkanker, blijft de prognose van uitgezaaide darmkanker zeer somber. 
15% van de patiënten leeft na 5 jaar nog. Een operatie is de enige behandeling die kans 
geeft op genezing, maar deze is slechts bij 1 op de 4 patiënten mogelijk. De overige 75% 
heeft uitzaaiingen op het moment van diagnose en is dus overgeleverd aan chemo- en/
of lokale ablatie/radiotherapie. De huidige chemotherapie bij darmkanker in Nederland 
bestaat uit 5-fluorouracil (5-FU) en oxaliplatin. In het geval van stadium III darmkanker 
reduceert chemotherapie het risico op het krijgen van uitzaaiingen van 50 naar 35%. Dit 
betekent dat slechts 15% van deze patiënten voordeel heeft van de chemotherapie in 
huidige vorm. 

Darmkanker wordt momenteel ingedeeld volgens het TNM-classificatie systeem, waarbij 
de T staat voor tumor, N voor node (lymfeklier) en M voor metastasen (uitzaaiingen). Het 
T stadium wordt bepaald door de mate waarin de tumor zich uitbreidt in de verschillende 
lagen waaruit de darm is opgebouwd. N is het aantal lymfeklieren, waarin tumorcellen 
worden aangetoond. M de aanwezigheid van uitzaaiingen. Aan de hand van het TNM 
stadium wordt de behandeling bepaald. Het TNM systeem is alleen gebaseerd op deze 
anatomische/pathologische factoren en laat onder andere de moleculaire factoren buiten 
beschouwing. Een tekortkoming van deze classificatie is het onvermogen te voorspellen 
welke patiënten voordeel zullen ondervinden van aanvullende chemotherapie. Jaren 
geleden was de KRAS mutatiestatus 1 van de eerste factoren die een relatie liet zien met 
de werkzaamheid van chemotherapie. Later kwamen BRAF en MSI status hier nog bij. 
Deze ontwikkelingen droegen bij aan verdere moleculaire karakterisatie van darmkanker. 
De afgelopen jaren verschenen meerdere moleculaire classificaties van darmkanker, 
waarbij op basis van moleculaire eigenschappen verschillende subtypen konden worden 
onderscheiden. Om consensus tussen de verschillende classificaties te bereiken werd 
een consortium gevormd die zes verschillende gen expressie databases samenvoegde 
en hieruit 4 verschillende subtypen destilleerde. De zogenaamde Consensus Moleculaire 
Subtypen (CMS1-4). Deze CMS hebben elk een verschillende moleculaire achtergrond 
en wat betreft de prognose zijn CMS1-3 vergelijkbaar, maar CMS4 heeft een significant 
slechtere prognose in vergelijking met de andere subtypen. CMS4 wordt daarom 
het agressieve of slechte prognose subtype van darmkanker genoemd. CMS4 wordt 
gekenmerkt door een verhoogde expressie van mesenchymale genen, verhoogde TGF-β 
activiteit, herstructurering van kankerbindweefsel en vaatnieuwvorming. Mesenchymale 
genen, in tegenstelling tot epitheliale genen (welke voornamelijk tot uiting komen in 
darmcellen), zijn genen die bijdragen aan de mobiliteit van cellen. TGF-β is een eiwit dat 
in darmkanker geassocieerd wordt met het optreden van uitzaaiingen. 



8

Summary in Dutch – Nederlandse samenvatting   |   157

Een tumor bestaat uit kankercellen en stroma (bindweefsel). Bij het uitvoeren van 
de gen expressie analyses (RNA) is tumormateriaal gebruikt, waarbij kankercellen en 
bindweefsel niet van elkaar zijn gescheiden. Het is daarom achteraf niet vast te stellen 
of het geanalyseerde RNA afkomstig was uit  kanker- of de bindweefselcellen. Twee 
artikelen laten zien dat de genen die de mesenchymale signatuur van CMS4 bepalen, tot 
expressie komen in de bindweefsel cellen. Met deze bevinding wordt gesuggereerd dat 
de kankercellen van het CMS4 subtype mogelijk niet mesenchymaal zijn. In hoofdstuk 2 
hebben we een bindweefsel genen filter ontworpen om de bindweefselcomponent en 
kankercellen component van een tumor apart van elkaar te kunnen bestuderen. We laten 
zien dat er wel degelijk mesenchymale genen tot expressie komen in de kankercellen van 
CMS4 tumoren. Echter dit zijn niet de bekende mesenchymale genen. We laten zien dat 
de bekende mesenchymale genen ook tot expressie komen in de kankercellen, alleen 50-
500 keer lager dan in bindweefsel cellen (fibroblasten). Deze mate van de expressie valt 
dus makkelijk in het niet bij de mate van expressie in bindweefselcellen.

Om darmkanker te bestuderen is het essentieel om een zo waarheidsgetrouw model te 
gebruiken. De laatste jaren is het organoidsysteem ontwikkeld. Dit systeem bleek zeer 
succesvol in het kweken van darmcellen. Darmcellen van patiënten konden buiten het 
lichaam groeien in zogenaamde matrigel. Matrigel bleek een goede vervanger van 
het basaalmembraan te zijn, waarop in het menselijk lichaam de darmcellen groeien. 
Ook darmkankercellen konden goed buiten het lichaam worden gekweekt met het 
tumor organoid systeem.  Het aanpassen van het omliggende bindweefsel is 1 van de 
moleculaire eigenschappen van CMS4. Uit onze analyses blijkt dat het bindweefsel van 
CMS4 tumoren voornamelijk uit collageen 1 bestaat. Het tumor organoid systeem is net 
zoals het originele organoid systeem gebaseerd op Matrigel. Matrigel bestaat uit laminine 
(de belangrijkste component van de basaalmembraan). In hoofdstuk 3 hebben we de 
genexpressie vergeleken van tumor organoids, die groeiden in collageen I (de natuurlijke 
habitat van CMS4) ten opzichte van organoids in Matrigel. Deze analyse liet zien dat 
mesenchymale genen sterker tot expressie kwamen in collageen I ten opzichte van de 
Matrigel. Verdere analyse liet zien dat het proto oncogene eiwit Src mogelijk een centrale 
rol in dit effect speelt. Mede op basis hiervan en de genen signatuur van CMS4 hebben 
we Src-remmer dasatinib onderzocht. Dasatinib remt in vitro het agressieve phenotype 
van de tumor organoids. Het meest voorkomende celtype in het bindweefsel van CMS4 
tumoren zijn de fibroblasten. Om het effect van fibroblasten op de tumor organoids te 
kunnen bestuderen hebben we een co-culture systeem ontwikkeld. Het toevoegen van 
fibroblasten aan tumor organoids in collageen I stimuleerde de tumor organoids tot het 
vormen van uitlopers. Dasatinib reduceerde het aantal uitlopers van de tumor organoids. 

Resistentie tegen chemotherapie is een lastig probleem bij de behandeling van 
darmkanker. Op den duur worden vrijwel alle darmkankercellen resistent tegen de 
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gangbare chemotherapie. Het is daarom van essentieel belang om deze resistentie 
mechanismen te bestuderen om zo de effectiviteit van chemotherapie te verbeteren. In 
hoofdstuk 4 hebben we genexpressie profielen van uitzaaiingen van darmkanker naar 
de lever bestudeerd. Hierbij vergeleken we de profielen van uitzaaiingen afkomstig van 
patiënten die niet behandeld waren met chemotherapie met de profielen van uitzaaiingen 
van patiënten, die wel met chemotherapie waren behandeld. De genen die het sterkst 
tot expressie waren gekomen, hadden te maken met het energie metabolisme. Gezonde 
cellen maken voornamelijk gebruik van hun mitochondriën om ATP (energie) te maken. Dit 
proces heet oxidatieve phosphorylering (OXPHOS). Bij het ontstaan van kanker verandert 
ook het energie metabolisme. Kankercellen ondergaan het zogenaamde Warburg effect: 
verhoogde aerobe glycolyse activiteit. We laten zien dat de eerstelijns chemotherapie bij 
darmkanker, 5-FU en oxaliplatin verhoogde OXPHOS activiteit tot gevolg heeft. Dit wordt 
in werking gesteld door SIRT1/PGC1α en het uitschakelen van SIRT1/ PGC1α leidt tot een 
verhoogde gevoeligheid voor chemotherapie.

Het verspreiden van kanker naar de lymfeklieren is geassocieerd met een slechte 
prognose in nagenoeg alle vormen van kanker. Naast het verwijderen van het stuk darm 
waar de tumor zich bevindt, is het verwijderen van de locoregionale lymfeklieren een 
belangrijk onderdeel van de operatie bij primaire darmkanker. Het aantal verwijderde 
lymfeklieren is onderdeel van de stadiëring van de tumor (TNM-classificatie) en geldt 
als directe maat voor de kwaliteit van de operatie. Bij de operatie van uitzaaiingen in de 
lever worden niet standaard de locoregionale lymfeklieren verwijderd. Meerdere studies 
hebben laten zien, dat dit geen overlevingswinst oplevert. Bij 28% van de patiënten met 
uitzaaiingen in de lever zijn tegelijkertijd ook uitzaaiingen in nabijgelegen lymfeklieren 
aanwezig. In hoofdstuk 5 hebben we een signatuur ontworpen, bestaande uit genen 
betrokken bij het lymfatische systeem. We laten zien dat deze lymfatische genexpressie 
sterker is vertegenwoordigd in het slechte prognose subtype CMS4. Patiënten met 
leveruitzaaiingen, die verhoogde expressie van deze lymfatische genen signatuur laten 
zien, krijgen ook vaker lymfekliermetastasen na de operatie. Deze lymfeklier signatuur 
zou gebruikt kunnen worden om patiënten met leveruitzaaiingen op te sporen, die een 
verhoogde kans hebben op uitzaaiingen naar de lymfeklieren. Deze groep patiënten zou 
dan bijvoorbeeld vaker gecontroleerd kunnen worden op lymfeklieruitzaaiingen of in 
aanmerking komen voor aanvullend gerichte medicamenteuze therapie of een operatie. 

Bij het ontstaan van darmkanker speelt een mutatie in het RAS-gen een belangrijke 
rol. De helft van alle gevallen van darmkanker heeft een mutatie in KRAS. RAS is een 
onderdeel van de moleculaire pathway EGFR-RAS-RAF-MEK-ERK. Het activeren van deze 
pathway leidt onder meer tot proliferatie, het verhinderen van celdood en uitzaaiingen. 
Mutaties in het KRAS-gen zorgen ervoor dat het RAS eiwit continu actief blijft en niet 
meer reageert op negatieve feedback, via bijvoorbeeld de EGFR receptor. Dit is de reden 
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waarom anti-EGFR therapie niet werkt bij patiënten met deze mutatie. De tweede stap 
in deze pathway betreft de activatie van de RAF kinasen: ARAF, BRAF en CRAF/RAF1. 
Van deze 3 is BRAF de bekendste en in 10% van de darmkanker patiënten heeft een 
activerende mutatie in dit gen. Ondanks dat activerende mutaties in ARAF of CRAF (RAF1) 
zeer zeldzaam zijn in darmkanker (<1%), tonen gen expressie analyses aan dat RAF1 hoog 
tot expressie komt in darmkanker. Om deze reden hebben we in hoofdstuk 6 de rol van 
RAF1 in darmkanker bestudeerd. We laten zien dat het uitschakelen van het RAF1 gen 
de tumorgroei en tumorvormende capaciteit verminderd. Zowel in vivo als in vitro. Het 
uitschakelen of medicamenteuze onderdrukking van RAF1 leidde tot het herstel van de 
zogenaamde tight junctions (verbindingen tussen cellen, noodzakelijk om de normale 
darmarchitectuur te behouden) en er trad normalisatie van de apico-basale gradiënt 
op (belangrijke eigenschap van epitheliale darmcellen). Dit maakt RAF1 een interessant 
doelwit in de behandeling van darmkanker.
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