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Abstract

Disruption of the intricate balance in paracrine communication between epithelial cells and 
intestinal stromal cells disturbs intestinal homeostasis and can result in spontaneous polyp 
formation. As during homeostasis, interactions between epithelial tumor cells and the 
tumor stroma play an important often pro-tumorigenic role during colorectal cancer (CRC) 
progression. Previously, we showed the importance of the transforming growth factor-β 
(TGF-β) co-receptor endoglin on cancer-associated fibroblasts (CAFs) in CRC metastasis, 
suggesting a role in the interaction between tumor cells and CAFs. To determine the role 
of endoglin on fibroblasts in intestinal tumorigenesis, we generated a tamoxifen-inducible, 
fibroblast-specific endoglin knock out mouse. Tumor formation was induced using 
azoxymethane followed by dextran sodium sulphate (AOM/DSS). We observed a high 
increase in the number of AOM/DSS-induced lesions upon fibroblast-specific endoglin 
deletion. Lesion size was not affected by endoglin deletion. In lesions from endoglin 
knockout mice, both total stroma content and the number of activated fibroblasts were 
increased, although this did not affect total collagen deposition. Additionally, increased 
infiltration of macrophages and neutrophils in tumors was observed. Moreover, expression 
profiles of immunoregulatory genes were changed in endoglin knock out fibroblasts in 
vitro and in lesions from mice after fibroblast-specific endoglin deletion. Together, these 
data suggest an important role for endoglin on fibroblasts during tumorigenesis, possibly 
via altered recruitment of macrophages and neutrophils.
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Introduction

The intestinal epithelium is very dynamic, with a high proliferation rate in the colonic 
crypts and differentiation and apoptosis at the luminal surface of the intestine (1, 2). 
This homeostatic process is tightly regulated by paracrine signaling between epithelial 
and stromal cells in the intestine. Major players in intestinal homeostasis are the bone 
morphogenetic protein/transforming growth factor-β (BMP/TGF-β) and Wnt signaling 
pathways (3-6).
As for intestinal homeostasis, paracrine interactions between malignant epithelial cells 
and their microenvironment play a crucial role in colorectal cancer (CRC) progression and 
metastatic spread (7, 8). The tumor microenvironment (TME), consists of endothelial cells, 
immune cells and cancer-associated fibroblasts (CAFs) (9). CAFs are a main component 
of the TME and have been shown to be involved in tumor progression and invasiveness, 
e.g. by remodeling the extracellular matrix (ECM), secreting proteases and regulating the 
immune status of the tumor (10-12). CAFs are a heterogeneous cell population with a 
fibroblast morphology, expressing vimentin, α-Smooth Muscle Actin (αSMA) and fibroblast 
activation protein (FAP) (13). Although extensively studied, the cell-of-origin of CAFs is still 
under debate. One commonly accepted hypothesis is that local fibroblasts are activated 
under the influence of tumor-derived cytokines, mainly TGF-β (14-16). 
The TGF-β co-receptor endoglin is highly expressed on activated endothelium and was 
shown to be indispensable for developmental angiogenesis (17-19). In endothelial 
cells, endoglin is involved in signal transduction of its ligands TGF-β and BMP-9 (20, 21), 
ultimately leading to a pro-angiogenic phenotype, characterized by increased endothelial 
proliferation and migration (22-25).
We and other groups have observed that, next to endothelial cells, endoglin is expressed 
on CAFs, mainly at the invasive borders of solid tumors (chapter 7). Endoglin on CAFs can 
play an important role in CRC metastasis, which is further strengthened by the fact that 
treatment with the endoglin neutralizing antibody TRC105 decreased metastatic spread 
in an in vivo model for CRC metastasis, rendering endoglin on CAFs a potential therapeutic 
target in CRC (chapter 7).
In this project we addressed the role of endoglin on fibroblasts during CRC initiation and 
progression, using the azoxymethane/dextran sodium sulphate (AOM/DSS) model (26). 
This most commonly used model for colitis-associated cancer generates tumors which 
show resemblance to human CRC (27). 
We generated a tamoxifen-inducible collagen1α1-specific endoglin knock out mouse 
(ENGFib-/-). When we chemically induced tumor formation, a significant increase in the 
number of lesions was observed in ENGFib-/- mice, when compared with control mice. Tissue 
analysis and in vitro experiments revealed that collagen1α1-specific, further referred to 
as fibroblast-specific, endoglin knock out resulted mainly in an expansion of the stromal 
compartment of lesions. Moreover, deletion of endoglin in fibroblasts resulted in enhanced 
recruitment of macrophages and neutrophils to AOM/DSS-induced lesions. Together, these 
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data imply that endoglin expression on fibroblasts might play a role in initiation of CRC, 
potentially by regulating immune cell infiltrate in early lesions.

Materials and methods

Cell culture, preparation of CM and signaling assays
Mouse fibroblasts and the mouse CRC cell line MC38 (28) were cultured in in DMEM/F12, 
supplemented with 10% fetal calf serum (FCS), 10 mM HEPES, 50 μg/mL gentamycin, 100 IU/
mL penicillin and 100 μg/mL streptomycin (all ThermoFisher, Waltham, MA, USA). Mouse 
CRC cell line CT26 (29) was maintained in RPMI 1640, supplemented with 10% FCS, 100 IU/
mL penicillin and 100 μg/mL streptomycin (all ThermoFisher). Murine embryonic fibroblasts 
(MEFs) were obtained from E12.5 embryos as described before (30), from an endoglin 
flox/flox mouse strain in which exons 5 and 6 are flanked by LoxP sites (31). MEFs and the 
mouse myoblast cell line C2C12 were maintained in DMEM, supplemented with 10% fetal 
calf serum (FCS), 100 IU/mL penicillin and 100 μg/mL streptomycin (all ThermoScientific). 
Constructs expressing Cre recombinase (pLV.mPGK.iCRE.IRES.PuroR, kindly provided by 
Dr. M. Goncalves, Dept. Molecular Cell Biology, Leiden University Medical Center) or an 
empty vector control were delivered using lentiviral transduction using polybrene (4 μg/
mL, Hexadimethrine bromide, Sigma Aldrich) to 80% confluent MEFs and after 48 hours, 
transduced cells were selected by 1.5 µg/mL puromycin (Sigma Aldrich).
Conditioned medium (CM) from MEFs was prepared by serum starving subconfluent cells 
for four days. CM used for proliferation assays was two-fold diluted with culture medium, 
containing 5% FCS.
BMP signaling was determined using a Bre-Luc reporter construct as described earlier (32) 
and TGF-β signaling was assessed as described before (8). In short, MC38 or C2C12 cells 
were transfected using polyethylenimine (PEI; Polysciences Inc., Warrington, PA, USA). After 
four hours, medium was changed to normal culture medium and the next day cells were 
serum-starved overnight. Cells were stimulated with 5 ng/mL TGF-β (33), 100 ng/mL BMP-6 
(PeproTech, London, UK), or conditioned medium from MEFs. After 6 hours of stimulation, 
cells were washed, lysed and luciferase activity was measured according to manufacturers’ 
instructions (Promega, Leiden, The Netherlands). 

MTS proliferation assay
5000 CT26 or MC38 cells were seeded in 96-well plates in triplicate. After 16 hours, medium 
was replaced with 100 µL CM, from either control or endoglin knock out MEFs or with non-
conditioned medium. At indicated time points 20 µL MTS substrate (Promega, Madison, WI, 
USA) was added to each well and absorbance was measured at 490 nm using a VersaMax 
plate reader (Molecular Devices, Sunnyvale, CA, USA).
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Mice
All animal experiments were approved by the Dutch animal ethics committee. Next to its 
expression in osteoblasts (34), collagen1α1 is expressed in fibroblasts (35-37), including 
those of the intestine (38). In this study we have used the collagen1α1 promoter in order 
to delete endoglin from fibroblasts, without affecting its expression on endothelial 
cells. Collagen1α1-CreERT2 mice were purchased from Jackson Laboratory (strain 
B6.Cg-Tg(Col1a1-cre/ERT2)1Crm, Bar Harbor, ME, USA). ENGfl/fl mice in which exons 5 
and 6 of the endoglin gene are flanked by LoxP sites were generated by Allinson et al. 
(31). Before tamoxifen induction mice were divided into two groups, based on sex 
and body weight. Cre-mediated recombination was induced at 8 weeks of age by 
oral administration of 50 uL tamoxifen (100 µg/mL, Sigma-Aldrich, Zwijndrecht, The 
Netherlands) dissolved in sunflower oil, on three consecutive days. Control mice had the 
same genotype, but were not treated with tamoxifen. Collagen1α1-CreERT2.ENGfl/fl and 
ENGfl/fl mice were used for control experiments as described. Mice were genotyped by 
PCR for the presence of the Cre recombinase and endoglin LoxP gene using the following 
primers; Cre recombinase Fw 5’-ACGAGTGATGAGGTTCGCAA -3’, Cre recombinase Rev 
5’-AGCGTTTTCGTTCTGCCAAT -3’, endoglin LoxP Fw 5’-CCACGCCTTTGTCCTTGC-3’, endoglin 
LoxP Rev 5’-GACGCCATTCTCATCCTGC-3’ (all Invitrogen Carlsbad, CA, USA).

AOM/DSS model
Two weeks after tamoxifen induction male and female Collagen1α1-CreERT2.ENGfl/fl mice 
received one intraperitoneal injection with 10 mg/mL azoxymethane (AOM; Sigma-Aldrich, 
Zwijndrecht, The Netherlands) dissolved in saline. Two days later, the first 7-day cycle with 
1.5% dextran sodium sulphate (DSS; MP Biomedicals, Santa Ana, CA, USA) dissolved in 
drinking water, supplemented with artificial sweetener (Natrena), was started. After seven 
days, drinking water was changed to standard conditions for 14 days. This three-week 
cycle was repeated twice more during the experiment. During DSS cycles mice weight and 
overall health were monitored daily, while during the “off” period animals were weighted 
and checked every other day. Two weeks after the third DSS cycle, mice were sacrificed 
and blood and tissue samples were collected. Colons were fixed in 4% formaldehyde and 
photographed. Lesion volume was measured in photographed colons by ImageJ (National 
Institute of Health) and tumor volume was calculated (tumor volume = (width2 × length)/2). 

RT-qPCR
Tissue samples were disintegrated using a TissueLyser (Qiagen, Hilden, Germany) and 
RNA was isolated using Nucleospin RNA kit (Bioké, Leiden, The Netherlands), according 
to manufacturers’ instructions. For in vitro experiments, MEFs were grown to confluency, 
harvested and RNA was isolated as described above. RNA concentration and purity 
were determined using NanoDrop 3300 (Thermo Scientific, Breda, The Netherlands). 
Complementary DNA synthesis was performed using 1 µg RNA using RevertAid First 
Strand cDNA synthesis kit, according to manufacturers’ instructions (ThermoScientific). 
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Quantitative PCR analyses were performed as described before (8), using primers as 
described in supplementary table S1 (Invitrogen). All values were normalized by GAPDH 
expression.

Fluorescence-activated cell sorting 
Tumor material was minced with scalpels and digested with Liberase (Roche, Basel, 
Switzerland) according to manufacturer’s protocol. Single cell suspensions were made and 
stained with antibodies against CD45, CD11b (both eBioscience, Vienna, Austria), F4/80, 
Ly6C and Ly6G (all BioLegend, San Diego, CA, USA). FACS analysis was performed on a LSR 
II system (Becton Dickinson, Breda, The Netherlands). Data was analyzed using FlowJo data 
analysis software (FlowJo, Ashland, OR, USA).

Tissue analysis
Immunohistochemical stainings were performed as described previously (39), using 
primary antibodies against vimentin, cleaved caspase 3 (both Cell Signaling Technologies, 
Danvers, MA, USA), αSMA (Progen, Heidelberg, Germany), Ki67 (Millipore, Amsterdam, 
The Netherlands), Ly6G (BioLegend), F4/80 (eBioscience) and endoglin (R&D systems, 
Abington, UK). For quantification of total collagen, tumor sections were stained with Sirius 
red (Klinipath, Duiven, The Netherlands). In short, paraffin sections were deparaffinized, 
stained with 0.1% Sirius red in picric acid, washed in 0.01M HCl and subsequently 
dehydrated and mounted in entellan. Three to five representative pictures per mouse were 
taken with an Olympus BX51TF microscope (Olympus Life Science Solutions, Zoeterwoude, 
The Netherlands) and staining was quantified using ImageJ software (National Institutes 
of Health). Quantification of macrophage infiltration was scored based on F4/80 staining. 
Score 1; ≤5% stroma positive, score 2; 5-25% stroma positive, score 3; 25-50% stroma 
positive, score 4; ≥50% stroma positive.

Statistical analysis
Tissue analysis was performed in a blinded manner by two independent observers. Data 
indicate mean ± s.e.m. or SD, as indicated in figure legends. Differences between groups 
were calculated using Students’ t-test or Mann-Whitney analysis. P-values ≤0.05 were 
considered statistical significant. 

Results

Fibroblast-specific endoglin knock out enhances AOM/DSS-induced 
adenoma formation
In order to assess the effect of inducible collagen1α1-specific endoglin deletion on AOM/
DSS-induced tumor formation, collagen1α1-Cre-ERT2 mice were crossbred with ENGfl/
fl mice, generating collagen1α1-CreERT2.ENGfl/fl mice. Cre-mediated recombination 
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was induced in 8-week old animals by oral administration of tamoxifen, generating 
ENGFib-/- mice. Animals were exposed to the AOM/DSS protocol as described in figure 
1A. Throughout the course of the experiment, mice in both groups showed weight loss 
during DSS supplementation, which recovered during the “off” periods (Supplementary fig. 
S1A). Upon termination of the experiment, the number of lesions in the colorectum was 
quantified. The occurrence of colonic lesions was strongly increased in the ENGFib-/- group 
when compared with control mice (Fig. 1B and C). Although the number of tumors differed, 
average lesion size was similar in both groups (Fig. 1D). In the ENGFib-/- group serious 
complications, including rectal blood loss, rectal prolapse or substantial weight loss, were 
more often observed, reflecting the more severe phenotype resulting in premature animal 
sacrifice. The number of lesions per mouse was not dependent on sex of the animals 
(Supplementary fig. S1B). Lesions were analyzed by H&E staining and characterized by a 
pathologist as adenomas with high grade dysplasia (Fig. 1E). Throughout the course of our 
experiments, no neoplastic growth at other locations than the colorectum was observed. 
These data suggest that endoglin on fibroblasts plays an important role in chemically-
induced colorectal tumorigenesis.

Fibroblast-specific endoglin knock out does not induce spontaneous 
adenoma formation
To exclude that endoglin deletion in fibroblasts results in spontaneous neoplastic growth, 
collagen1α1-CreERT2.ENGfl/fl mice were induced with tamoxifen. Animals were housed for 
13 weeks, identical to the time course of the experiment, and were not treated with AOM or 
DSS. At the end of the experiment lesion formation in the colorectum was assessed. In both 
ENGFib-/- and control mice, no lesions in the colorectum were observed (Supplementary 
fig. S1C). Additional histological analysis did not reveal any morphological changes in the 
colon (data not shown). This suggests that fibroblast-specific endoglin knock out does not 
result in spontaneous neoplastic growth during the course of our experiments.
Additionally, to assess the effect of tamoxifen administration on tumor induction, ENGfl/
fl mice without the Cre recombinase, as a negative control, received oral tamoxifen and 
were subsequently exposed to the AOM/DSS regimen as described in figure 1A. After 13 
weeks, the number of lesions in the colorectum of tamoxifen-induced ENGfl/fl mice was 
similar to non-induced Collagen1α1-CreERT2.ENGfl/fl mice treated with AOM and DSS 
(Supplementary fig. S1C). This implies that tamoxifen administration does not affect AOM/
DSS-induced lesion formation in our model. 

Fibroblast-specific endoglin knock out increases stromal content
Disturbance of paracrine signaling between stromal and epithelial cells can result in increased 
proliferation or decreased apoptosis rates, thereby contributing to tumor formation. 
Therefore, we analyzed adenomas from control and ENGFib-/- mice to assess changes in 
these processes. First, we determined the proliferation rate in AOM/DSS-induced lesions 
using Ki67 expression, the cellular marker for proliferation, by immunohistochemistry 
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and quantified the number of Ki67 positive cells. Upon quantification, similar numbers of 
proliferating cells were observed in both groups (Fig. 2A). Next, we stained for the apoptotic 
marker cleaved caspase 3 and counted the number of apoptotic cells in the adenomas. The 
number of apoptotic cells was similar in both control and ENGFib-/- mice (Fig. 2B).
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Figure 1. Fibroblast-specific endoglin knock out enhances AOM/DSS-induced neoplastic growth. A. 
Experimental set-up. At 8 weeks of age, mice were induced with tamoxifen. After two weeks, AOM was 
injected, followed by three 21-day DSS cycles. Two weeks after the last DSS cycle, experiments were 
terminated. B. Representative pictures of colons obtained from control and fibroblast-specific endoglin 
knock out (ENGFib-/-) mice at end of the experiment. C. Neoplastic growth was highly increased in ENGFib-/- 
mice, although size of the lesions did not differ between the groups (D). E. Histological analysis of AOM/
DSS-induced lesions revealed adenomas with high grade dysplasia. Graphs represent mean of 29-25 mice/
group from two independent experiments. ****P≤0.0001.
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Since fibroblasts are the major component of the tumor stroma, the effect of  
fibroblast-specific endoglin deletion on total stroma content of the lesions was assessed 
by vimentin staining. Lesions from ENGFib-/- mice showed a significant increase in vimentin 
positive cells, when compared with control mice (Fig. 2C). Next, αSMA staining was used to 
determine the proportion of activated fibroblasts in the stroma. As observed for vimentin, 
the percentage of αSMA-positive content was increased in ENGFib-/- lesions compared with 
the control (Fig. 2D). Although more αSMA-positive fibroblasts were observed in ENGFib-/- 
lesions, total collagen production as determined using Sirius red staining, did not differ 
between the two groups (Fig. 2E). Together, these data imply that, without affecting the 
balance between proliferation and apoptosis in intestinal epithelium, expansion of the 
stromal compartment might contribute to neoplastic growth in our model. 

Enhanced immune infiltration in fibroblast-specific endoglin knock out 
adenomas
Cancer-associated fibroblasts have been shown to secrete chemoattractants and hereby 
regulate recruitment of immune cells to the tumor (12). Moreover, immune cells are proven 
to be an important part of the tumor microenvironment and promote tumor initiation and 
progression (40-43). Therefore, we determined the extent and composition of immune 
infiltrate in the AOM/DSS-induced lesions. Upon termination of the experiment, neoplastic 
tissues of three mice per group were subjected to flow cytometry. Total immune infiltrate, 
based on CD45 expression, was not significantly changed between the control and 
ENGFib-/- group (Fig.3A). However, when we determined the percentage CD11b-expressing 
cells (monocytes and macrophages) in the CD45+ population, increased infiltration was 
observed in ENGFib-/- lesions (Fig.3B). In order to further specify this CD11b+ population, 
the abundance of macrophages was determined using Ly6C expression. Although Ly6C+ 
monocytes appeared to be increased in the ENGFib-/- group, this did not reach statistical 
significance (Fig.3C). The percentage of Ly6C- macrophages, though, was significantly 
increased in ENGFib-/- lesions, when compared with controls (Fig.3D). Increased macrophage 
recruitment to ENGFib-/- lesions was confirmed by quantification of immunohistochemical 
staining for the macrophage marker F4/80 (Fig.3E). 
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Figure 2. Endoglin deletion in fi broblasts increases stromal component in AOM/DSS-induced lesions. A. 
Cellular proliferation in tumors was assessed by Ki67 staining and was similar in the control and ENGFib-/- 
group. B. Apoptosis was determined by cleaved caspase 3 staining, which did not show a diff erence between 
the two groups. C. Total stroma content as quantifi ed by vimentin staining and the abundance of activated 
fi broblasts as assessed by αSMA staining (D), proved to be increased after fi broblast-specifi c endoglin 
deletion. E. Total collagen deposition as measure by Sirius red was not aff ected by endoglin knock out in 
fi broblasts. Data represent 24/23 mice per group from two independent experiments, average number of 
positive pixels or average number of cells per high power fi eld. *P≤0.05, ***P≤0.001. 

Additionally, we assessed neutrophil infi ltration in tumors using Ly6G expression. Flow 
cytometry showed that the percentage of Ly6G+ cells in the CD45+ population was 
strongly increased in the ENGFib-/- group, when compared with control mice (Fig.4A). The 
number of Ly6G+ cells in adenomas was also assessed by IHC, and this analysis confi rmed 
higher neutrophil infi ltrate upon fi broblast-specifi c endoglin knock out (Fig. 4B). These 
data suggest that fi broblast-specifi c deletion of endoglin results in enhanced recruitment 
of immune cells, mainly macrophages and neutrophils.
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Figure 3. Increased macrophage recruitment to ENGFib-/- lesions. Immune cell infi ltrate in the lesions was 
determined using fl ow cytometry. CD45+ cells were gated out of the life cell population (A). Subsequently, 
CD11b+ cells were gated out of CD45+ (B). Next, F4/80 expressing cells were selected from the CD11b+ 
population. Using Ly6C expression, subdivision between Ly6C+ monocytes (C) and Ly6C- macrophages (D) 
was made, showing increased macrophage infi ltration in ENGFib-/- lesions. (n=3 tumors/group) E. The extent 
of macrophage infi ltration was scored based on F4/80 IHC. Score 1; ≤5% stroma positive, score 2; 5-25% 
stroma positive, score 3; 25-50% stroma positive, score 4; ≥50% stroma positive. (n= 11-12 tumors/group). 
*P≤0.05. 
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Figure 4. Fibroblast-specifi c endoglin deletion increases neutrophil recruitment. A. Flow cytometry showed 
increased neutrophil infi ltrate in ENGFib-/- lesions. Neutrophils were selected by gating for Ly6G from the 
CD45+/CD11b+ population. (n=3 tumors/group) B. IHC for Ly6G confi rmed increased neutrophil infl ux 
in ENGFib-/- lesions. Graph represents 24/23 mice per group from two independent experiments, average 
number of Ly6G+ cells. *P≤0.05, **P≤0.01. 
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Endoglin knock out in MEFs affects expression of inflammation-related 
genes in vitro
In order to confirm our in vivo observations that endoglin deletion in fibroblasts does not 
lead to increased epithelial proliferation in AOM/DSS induced lesions, in vitro proliferation 
was assessed. Since shRNA-mediated knockdown of endoglin in fibroblasts results in a 
lethal phenotype in vitro (chapter 7), we made use of murine embryonic fibroblasts (MEFs) 
from ENGfl/fl mice. Using lentiviral transduction, Cre recombinase was introduced in these 
cells, resulting in genetic deletion of endoglin (Fig. 5A). Conditioned medium (CM) from 
empty vector and endoglin knock out MEFs was prepared to assess paracrine signaling 
to mouse epithelial cells. CT26 and MC38 mouse CRC cells were stimulated with CM from 
either empty vector control or endoglin knock out MEFs and proliferation was measured. 
Over the course of three days, proliferation rates between non-stimulated cells, control 
CM or endoglin knock out CM stimulated cells were similar in both CT26 (Fig. 5B) and 
MC38 cells (Fig. 5C). This suggests that endoglin on fibroblasts does not directly affect 
epithelial tumor cell proliferation by secreting paracrine factors in vitro, confirming our in 
vivo findings. When we stimulated MC38 CRC cells with CM and assessed BMP signaling 
using the Bre-Luc reporter construct, response to control and endoglin knock out CM was 
similar and did not induce BMP signaling (Fig. 5D). Since MC38 cells were not responsive to 
TGF-β stimulation, we have used the mouse myoblast cell line C2C12 to determine effects 
of MEF CM on TGF-β signaling. Preliminary data show that TGF-β signaling was significantly 
induced by TGF-β stimulation and CM from control MEFs, whereas CM from endoglin knock 
out MEFs did not induce a response (Fig. 5E).

Next, considering the role of fibroblasts in immune cell recruitment by secretion of 
immunomodulatory factors, we assessed gene expression of these factors after endoglin 
knock out in MEFs. For this, RT-qPCR analysis was performed on empty vector control and 
endoglin knock out MEFs. Endoglin knock out in MEFs resulted in upregulation of IL-7 and 
MMP-9 (Fig. 6A) and downregulation of IL-8, TNFα, CXCR2, BMP-6, CXCL1 and all isoforms 
of TGF-β (Fig.6B). These data show that endoglin knock out in fibroblasts affects expression 
of TGF-β/BMP ligands and immunoregulatory factors.

Fibroblast-specific endoglin knock out changes immunoregulatory 
expression profiles in vivo
Based on the increased immune filtration in the lesions and differential expression of 
immunomodulatory factors in MEFs, we next assessed gene expression profiles of immune 
modulators in AOM/DSS-induced adenomas. As expected, endoglin expression was lower 
in lesions obtained from ENGFib-/- mice, when compared with controls (Fig.7A). Additionally, 
as observed in MEFs, BMP-6 was expressed at lower levels in ENGFib-/- lesions (Fig.7A). 
Although not significantly changed, we observed downregulation of CCL2, IL-2 and IL-7 
in ENGFib-/- lesions (Fig. 7B). Furthermore, mRNA expression of IL-6, IL-10, PDGFβ, IFNγ and 
SDF-1 was also decreased upon fibroblast-specific endoglin deletion (Fig. 7B). Moreover, 
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upregulation of the neutrophil attractant CXCL2 was observed in lesions from ENGFib-/- 
mice (Fig. 7C), which is in agreement with increased neutrophil influx. Combined, these 
data show that fibroblast-specific endoglin deletion changes gene expression profiles of 
immunoregulatory genes in vivo.
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Figure 5. Conditioned medium from endoglin knock out MEFs lacks TGF-β-activating paracrine factors. 
A. MEFs were transduced with a Cre expressing lentivirus or empty vector control, significantly reducing 
endoglin expression after transduction with Cre recombinase. Graph represents mean of three independent 
experiments. Stimulation with conditioned medium from MEFs, either empty vector (CM – Control) or 
endoglin knock out (CM – Endoglin KO), did not affect tumor cell proliferation in CT26 (B) or MC38 cells 
(C). Graphs represent mean of three independent experiments performed in triplicate. D. Stimulation with 
CM from either empty vector or endoglin knock out MEFs did not enhance BMP signaling in a luciferase 
reporter assay. Graph represents mean of three experiments, performed in triplicate. E. TGF-β signaling was 
determined using the CAGA-Luc reporter construct, showing that CM from control MEFs induced TGF-β 
signaling in C2C12 cells, whereas CM from endoglin knock out MEFs did not. Graph represents single 
experiment, performed in triplicate. **P≤0.01, ***P≤0.001.
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Figure 6. Endoglin knock out changes expression of chemokines in MEFs. RT-qPCR was performed to assess 
expression patterns of immunoregulatory genes. Endoglin knock out resulted in increased IL-7 and MMP-9 
expression (A), while mRNA levels of IL-8, TNFα, CXCR2, BMP-6, CXLC1 and all TGF-β isoforms were decreased 
(E). Graphs represent data from three independent experiments. *P≤0.05, **P≤0.01, ***P≤0.001.
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Figure 7. ENGFib-/- lesions display changed expression of immunoregulatory genes. A. Lesions from ENGFib-/- 
mice showed decreased expression of endoglin and BMP-6 at mRNA levels. B. A trend in decreased expression 
in the ENGFib-/- group was observed for CCL2, IL-2, IL-7, IL-6, IL-10, PDGFβ, IFNγ and SDF-1. Expression of CXCL2 
appeared to be increased (C). Graphs represent 9-5 lesions/group from two independent experiments. 
*P≤0.05, **P≤0.01.
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Discussion

In this study we show that fibroblast-specific endoglin deletion increases tumorigenesis in 
a mouse model for inflammation-associated CRC. Fibroblast-specific endoglin deletion did 
not affect epithelial cell proliferation in adenomas, but resulted in stromal expansion and 
increased influx of macrophages and neutrophils into the lesions.
In intestinal homeostasis, the interplay between stroma and epithelium is crucial. When 
disrupted, imbalance in this interaction leads to decreased epithelial apoptosis or an 
increase in stem cell proliferation (44, 45), both resulting in spontaneous polyp formation. 
As shown by Beppu et al., inactivation of the BMP receptor type II (BMPRII) in intestinal 
stromal cells, increased epithelial cell proliferation and resulted in local polyp formation 
in the mouse colorectum (46). Similar effects have been observed for TGF-β receptor type 
II (TβRII) deletion in fibroblasts, resulting in neoplastic growth in the prostate and invasive 
stomach carcinoma in vivo (47). Inactivation of BMPRII or TβRII leads to tumor formation 
within seven weeks in the colorectum or stomach, respectively (46, 47). In our study, we did 
not observe spontaneous tumor formation after endoglin deletion in fibroblasts during 
the 13-week experimental period. This observation is supported by our in vitro proliferation 
data, where stimulation with conditioned medium from endoglin knock out MEFs did 
not affect proliferation in two mouse CRC cell lines. These data suggest that endoglin 
expression on fibroblasts is not involved in regulating proliferation or apoptosis through 
paracrine factors.
Although no spontaneous tumors developed, fibroblast-specific endoglin deletion 
enhanced chemically-induced adenoma formation. One of the differences between lesions 
from the control and ENGFib-/- group, was the increase of activated fibroblasts upon endoglin 
knock out. The ENGFib-/- mice show worse survival due to complications of the high number 
of tumors. In CRC patients, the abundance of tumor stroma was reported to be prognostic 
for both overall and metastasis-free survival (48). This could imply that ENGFib-/- lesions 
would be more aggressive and could have a higher metastatic potential. However, the 
severity of discomfort in our model does not allow for a prolonged experimental period, 
therefore tumor progression and metastatic spread could not be evaluated.
Contradictory to our observations reported here, our own recently published data 
show that treatment with the endoglin neutralizing antibody TRC105 reduced αSMA-
positive tumor content in an in vivo breast cancer model (49). Additionally, a study in 
endoglin heterozygous mice reported that αSMA-positive content in prostate tumors was 
decreased, when compared to endoglin wild type mice (50). A major difference between 
aforementioned studies and our current research is that heterozygote endoglin deletion 
and TRC105 affect all cells expressing endoglin, which might explain the differential effects 
observed when compared to fibroblast-specific endoglin deletion. 
In cancer, increased presence of activated fibroblasts in the stroma is known to regulate 
a TGF-β-induced fibrotic response, thereby stimulating tumor progression (51, 52). 
However, contradictory results have been published suggesting endoglin as either a 
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negative or a positive regulator of fibrosis (reviewed in (53)).The importance of endoglin 
in the fibrotic response was shown by decreased cardiac fibrosis in endoglin heterozygous 
mice (54). Moreover, in a mouse model for wound healing endoglin heterozygosity 
resulted in persistence of activated fibroblasts in wounds, which is related to fibrosis 
(55). This persistence could be an underlying mechanism for the increased presence of  
αSMA-positive cells in the ENGFib-/- lesions in our study. Interestingly, during liver fibrosis, 
both cellular expression of endoglin and plasma levels of soluble endoglin, cleaved from 
the membrane by MMP-14 (56), are increased. These levels are even further enhanced 
in patients with both hepatocellular carcinoma (HCC) and liver cirrhosis, implying a role 
for endoglin in fibrosis-mediated disease progression (57). However, in our experiments 
total collagen deposition, as a marker for fibrosis, was similar in both groups. Yet, fibrosis 
is a highly TGF-β-dependent process (58). Therefore, the decreased expression of TGF-β 
after endoglin knock out (Fig. 6B) might partly explain the unaffected levels of collagen 
deposition in AOM/DSS-induced lesions. 

Besides directly stimulating tumor progression, CAFs also produce cytokines and 
chemokines which can regulate the influx of immune cells. Immune cells can either inhibit 
or enhance tumor progression and metastasis (59). Heterozygous expression of endoglin 
has been shown to result in progression of acute inflammation to chronic inflammation after 
a single high dose of DSS, whereas in wild type mice inflammation was resolved after two 
weeks (60). Increased expression of vascular endothelial growth factor (VEGF) in endoglin 
heterozygous mice was proposed to be responsible for the persistent inflammation. Both 
in vitro and in AOM/DSS-induced adenomas, we did not observe a significant change 
in VEGF expression after endoglin knock out (Supplementary fig.S2). This discrepancy 
might be caused by the specific deletion of endoglin in fibroblasts, excluding other  
endoglin-positive VEGF producing cells, like endothelial cells. 
Macrophages were shown to be one of the immune cells that have tumor promoting 
effects by, amongst others, releasing growth factors and proteases (61-63). Dependent on 
macrophage subset, these cells can be either tumor-promoting or -suppressive (61, 64). 
Infiltration of macrophages is generally correlated to worse prognosis in various types of 
cancer (65-71). However, in CRC high macrophage infiltration has been shown to correlate 
with a better prognosis, although macrophage subsets also play a differential role in this 
type of cancer (72-76). In our model, the ratio of M1/M2 macrophages could be informative 
regarding changed macrophage abundance in ENGFib-/- adenomas and should therefore be 
assessed in future experiments.
Based on flow cytometry and IHC, we also observed increased neutrophil infiltration in 
lesions from ENGFib-/- mice. Tumor promoting and pro-metastatic roles were reported for 
neutrophils, mainly via protease activation and secretion of pro-angiogenic factors (77-81). 
Moreover, neutrophils were shown to play a crucial role in AOM/DSS-induced tumorigenesis, 
since neutrophil depletion resulted in significantly reduced tumor initiation (82, 83). We 
observed a trend to increased CXCL2 expression in lesions from ENGFib-/- mice, which is a 
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neutrophil attracting chemokine that is highly expressed by tumor stroma (83), thereby 
explaining increased neutrophil recruitment. Additionally, decreased IL-6 levels, as seen in 
tumors from ENGFib-/- mice, were shown to result in increased neutrophil recruitment (84), 
posing another explanation for increased neutrophil infiltration. Both CXCL2 and IL-6 are 
highly produced by CAFs in CRC (14). Our data suggest opposite regulatory mechanisms 
of endoglin on fibroblasts in CXCL2 and IL-6 expression. Therefore, endoglin deletion in 
fibroblasts could simultaneously increase neutrophil attracting and reduce neutrophil 
repellant cytokines, thereby increasing overall neutrophil recruitment, as observed in our 
study.

BMP-6 was the only factor which was significantly downregulated in both endoglin knock 
out MEFs and ENGFib-/- lesions. High levels of BMP-6 were shown to inhibit proliferation of 
breast cancer and myeloma cells in vitro (85-87) and appear to reduce aggressiveness of 
breast cancer cells in a zebrafish model (88). Lower levels of BMP-6 could therefore relieve 
inhibitory effects on epithelial cell proliferation and enhance tumor growth. However, since 
we did not observed effects on epithelial proliferation, BMP-6 does not seem to regulate 
neoplastic growth in our model.
Furthermore, BMP-6 reduces macrophage proliferation (89), suggesting that the decreased 
levels of BMP-6 in ENGFib-/- lesions could release inhibition of macrophage proliferation, 
thereby posing an explanation for the increased presence of macrophages. However, 
mRNA levels do not directly reflect BMP-6 protein and activity levels, of which the latter is 
regulated by proteolytic cleavage (90), complicating definitive conclusions based on mRNA 
expression.
In summary, we show here that fibroblast-specific endoglin knock out results in enhanced 
initiation of neoplastic growth in a chemically-induced model for CRC. Based on our results 
we suggest that fibroblast-specific endoglin deletion results in changed expression profiles 
of immunoregulatory factors, thereby leading to increased immune cell recruitment and 
enhanced tumorigenesis. More specifically, due to the crucial role of neutrophils in AOM/
DSS-induced tumors, we propose that increased neutrophil recruitment in ENGFib-/- mice 
greatly contributes to chemically-induced neoplastic growth. To confirm that endoglin 
deletion in fibroblasts results in increased neutrophil-mediated tumorigenesis, experiments 
in ENGFib-/- mice, in the context of neutrophil depletion should be performed.
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Supplementary data

Supplementary table S1 Primer sequences as used for RT-qPCR analysis

Gene Forward Reverse
GAPDH AACTTTGGCATTGTGGAAGG ACACATTGGGGGTAGGAACA
Endoglin CTTCCAAGGACAGCCAAGAG GTGGTTGCCATTCAAGTGTG
IL-7 ACAGCCAGAGGAGTTGGAGA GGGCTGACTGAAGTCTCAGG
MMP-9 TACAGGGCCCCTTCCTTACT TGCCTGTGTACACCCACATT
IL-8 CGGCAATGAAGCTTCTGTAT CCTTGAAACTCTTTGCCTCA
TNFα TAGCCAGGAGGGAGAACAGA TTTTCTGGAGGGAGATGTGG
CXCR2 AGCAGAGGATGGCCTAGTCA TCCACCTACTCCCATTCCTG
BMP-6 AGCACAGAGACTCTGACCTATTTTTG CCACAGATTGCTAGTTGCTGTGA
CXCL1 ACTGCACCCAAACCGAAGTC TGGGGACACCTTTTAGCATCTT
CCL2 AGCACCAGCCAACTCTCACT CGTTAACTGCATCTGGCTGA
IL-2 AAGCTCTACAGCGGAAGCAC ATCCTGGGGAGTTTCAGGTT
IL-6 GTATGAATAACGATGATGCACTTG ATGGTACTCCAGAAGACCAGAGGA
IL-10 CCAGGGAGATCCTTTGATGA AACTGGCCACAGTTTTCAGG
PDGF-β TTTGGAGACTTGGGCTGGGA ACGGACCCCCAGATCAGAA
IFNγ GCTTTAACAGCAGGCCAGAC GGAAGCACCAGGTGTCAAGT
SDF-1 GAAAGGAAGGAGGGTGGCAG TCCCCGTCTTTCTCGAGTGT
CXCL2 ATCCAGAGCTTGAGTGTGACG GTTAGCCTTGCCTTTGTTCAG
TGF-β1 CAACAATTCCTGGCGTTACC TGCTGTCACAAGAGCAGTGA
TGF-β2 CCGCCCACTTTCTACAGACCC GCGCTGGGTGGGAGATGTTAA
TGF-β3 GTTTGCAGCATTTGTGATCG TGCTCTGAGTGCTCCCTATG
VEGF ACCAGCGAAGCTACTGCCGT TAACTCAAGCTGCCTCGCCT
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Non-induced Collagen1α1-CreERT2.ENGfl/fl, with AOM/DSS treatment 

ENGFib-/-, without AOM/DSS treatment 

ENGfl/fl, with AOM/DSS treatment 

Supplementary figure S1. A. Mouse weights dropped during DSS supplementation, but recovered during 
the two weeks on normal drinking water. B. The number of lesions observed in the AOM/DSS model is 
independent of animal sex, in both the control and ENGFib-/- group. C. Fibroblast-specific endoglin deletion 
without AOM/DSS treatment did not induce neoplastic growth over the course of 13 weeks (n=8). ENGfl/fl 
mice, which received tamoxifen, showed similar number of lesions as non-induced collagen1α1-CreERT2.
ENGfl/fl mice after AOM/DSS (n=9).
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Supplementary figure S2. A. VEGF expression was determined by RT-qPCR and expression levels were 
not changed upon endoglin knock out in MEFs. B. VEGF mRNA levels were not changed in AOM/DSS-
induced adenomas when endoglin was deleted in fibroblasts. Graph represents 9-5 lesion/group from two 
independent experiments.
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