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Silencing NIK potentiates anti-VEGF therapy in a novel 3D model 
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ABSTRACT

Angiogenesis is essential for colorectal cancer (CRC) progression, as demonstrated 
by the beneficial clinical effects of therapeutics inhibiting VEGF signaling. However, 
alternative mechanisms of neovascularization can develop, resulting in treatment 
failure. Previously we demonstrated NF-κB-inducing kinase (NIK) contributes 
to pathological angiogenesis. Here, we investigate NIK as a therapeutic target in 
endothelial cells (EC) in CRC. To determine NIK expression levels in CRC tissues, we 
immunostained both primary colorectal tumors and tumors metastasized to the liver. 
Additionally, a 3D tumor-stromal cell interaction model was developed including EC, 
fibroblasts and CRC cells to study tumor angiogenesis. This model tested efficacy 
of NIK-targeting siRNA (siNIK) in EC alone or in combination with the anti-VEGF 
antibody, bevacizumab. Both primary CRC and liver metastases contained blood 
vessels expressing NIK. In patients receiving chemotherapy plus bevacizumab, 
immature NIK+ vessels (p < 0.05) were increased as compared to chemotherapy 
alone. Activation of NIK by lymphotoxin-beta receptor (LTβR) induced increases in 
pro-angiogenic mediators, including interleukin (IL)-6, IL-8, chemokine (C-X-C motif) 
ligand (CXCL)1 and CXCL5 in EC and fibroblasts, accompanied by sprouting in the 3D 
model, which was blocked by siNIK in EC. Treatment with bevacizumab plus siNIK 
in EC resulted in a synergistic effect and reduced VEGF and bFGF-induced sprouting 
(p < 0.05). Here, we demonstrate a role for NIK in CRC-associated angiogenesis. 
Targeting NIK in EC in combination with anti-VEGF antibody bevacizumab may hold 
therapeutic potential to increase efficiency in blocking tumor neovascularization, 
either to prevent treatment failure due to activation of accessory pathways such as 
NF-κB signaling or as a rescue treatment. 
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INTRODUCTION

Over the past decades, colorectal cancer (CRC) 
incidence has steadily risen and is currently the third 
most common type of such malignancy, accounting for 
approximately 10% of cancer related deaths in Western 

countries [1, 2]. A crucial component of cancer progression 
is angiogenesis, which is defined as the formation of new 
blood vessels from pre-existing vasculature, as an increase 
in oxygen and nutrient availability is needed for sustained 
tumor growth to occur [3]. Moreover, angiogenesis is 
also thought to facilitate metastasis formation, although 
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its influence in this capacity can vary between cancers 
[4]. In CRC, metastasis and angiogenesis are strongly 
linked, with several studies demonstrating that targeting 
molecules which enhance angiogenesis can also affect 
metastasis [5–7]. 

Vascular endothelial growth factor (VEGF) is a key 
cytokine in blood vessel formation and is a therapeutic 
target of the monoclonal antibody bevacizumab, currently 
one of the most widely used inhibitors of angiogenesis. 
In the context of colorectal cancer, it is considered 
a first-line treatment as it has been demonstrated to 
increase overall survival when combined with various 
regimens of chemotherapy [8]. However, refractoriness to 
treatment often occurs, and neovascularization resumes, 
which then allows for tumor growth to proceed [9, 10]. 
Resistance to VEGF inhibition generally develops 
through compensatory mechanisms of angiogenesis, 
including activation of alternative signaling pathways 
in endothelial cells (EC) by other growth factors and/
or inflammatory molecules. The latter can also activate 
surrounding stromal and immune cells within the tumor 
microenvironment, helping to further ignite and enhance 
tumor neovascularization [11, 12].

Inflammation and pathological angiogenesis are two 
processes that are closely linked, and the NF-κB family of 
transcription factors is known to be important to both [13, 
14]. NF-κB signaling can be activated via the canonical and 
the noncanonical pathways. The canonical NF-κB pathway 
is central to regulating inflammatory responses and can be 
triggered by ligands such as tumor necrosis factor alpha 
(TNFa), interleukin (IL)-1, IL-6 and lipopolysaccharide 
(LPS) [15]. Several studies have demonstrated that this 
pathway contributes to neovascularization in various 
models of tumor angiogenesis [16, 17]. The noncanonical 
pathway is more specific in its function and is essential 
for adaptive immune responses and the development of 
lymph nodes [18]. Increasing evidence also suggests the 
involvement of noncanonical NF-kB signaling in cancer 
pathogenesis, as many of the activating receptors of this 
pathway, such as the lymphotoxin-beta receptor (LTβR) 
and cluster of differentiation (CD) 40, are present in the 
tumor microenvironment and have been implicated in 
processes such as tumorigenesis [19–21]. Interestingly, 
the main regulating kinase of the noncanonical pathway, 
NF-κB inducing kinase (NIK), was recently found to 
be upregulated in colorectal cancer tumor tissues and 
determined to be important for tumor progression [22].

Previously, we demonstrated that NIK is highly 
expressed in blood vessels of primary colorectal cancer 
tissues, but not in healthy human colon [23]. Furthermore, 
activation of the noncanonical NF-kB pathway promotes 
angiogenesis, suggesting that NIK may be contributing 
to tumor neovascularization [23]. Here, we expand 
upon those initial studies and further characterize NIK 
expression in primary and metastatic CRC tissues. More 
specifically, we examine tissues from patients being 

treated with the anti-angiogenic agent bevacizumab, as 
we hypothesize that NIK-induced noncanonical NF-κB 
signaling may act as an accessory pathway when classical 
angiogenic mechanisms are blocked. Furthermore, we 
describe a novel 3-dimensional (3D) in vitro model of 
CRC to study tumor stromal cell interaction in the context 
of angiogenesis and ultimately test if combined targeting 
of NIK and VEGF can have synergistic effects in blocking 
tumor vascularization. 

RESULTS

NIK+ blood vessels are present in CRC liver 
metastasis with increased levels of immature 
NIK+ vessels in patients treated with 
bevacizumab

Previously, we reported active noncanonical NF-
κB signaling in the blood vessels of various tumors, 
with the detection of stable NIK expression in the 
vasculature of tumor tissues but not in healthy tissues 
[23]. Here, we report that primary CRC biopsies contain 
a remarkably high level of NIK positive (NIK+) blood 
vessels (Figure 1A) whereas a complete absence of 
NIK is observed in blood vessels of healthy colon tissue 
(Figure 1B). To determine if vascular NIK expression was 
characteristic only of primary CRC tumors or was also 
present in metastases, we investigated the levels of NIK 
stabilization in blood vessels of CRC liver metastases. 
Using colorectal cancer metastases removed during 
liver surgery, we found that NIK stabilization was also 
occurring in blood vessels at these sites of secondary 
tumor growth (Figure 1C), whereas it was not observed in 
healthy liver (Figure 1D). This indicates that noncanonical 
NF-κB signaling is occurring within the metastatic tumor 
vasculature and suggests that activating mechanisms of the 
pathway are not restricted to primary tumors. 

Within our cohort, patients received one of three 
different treatment regimens before undergoing the 
resection procedure: 1) no treatment, 2) chemotherapy 
alone or 3) a combination of chemotherapy and the VEGF-
targeting antibody bevacizumab. Immunohistochemical 
staining for the EC marker CD31, blood vessel 
maturation marker smooth muscle actin (SMA), and 
NIK, demonstrated that NIK is expressed in both mature 
(SMA+) and immature (SMA-) blood vessels (Figure 1E). 
The analysis also revealed that although there were no 
differences in the percentage of total NIK+ blood vessels 
between the 3 patient groups, there was a significant 
increase (p = 0.0417) in the percentage of immature NIK+ 
vessels in patients receiving chemotherapy in combination 
with bevacizumab as compared to those undergoing 
chemotherapy alone (Figure 1F). A similar trend was also 
observed between the bevacizumab group and patients 
receiving no treatment (p = 0.0782). These findings 
suggest that the blockade of VEGF signaling may result in 
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Figure 1: NIK expression in colorectal cancer tissues. Immunohistochemical stain of NF-kappaB inducing kinase (NIK) in (A) 
healthy colon, (B) colorectal cancer primary tumor, (C) healthy liver and (D) colorectal cancer associated tumor metastasis of the liver (n 
= 5). (E) Immunofluorescent image of metastatic tumor associated vasculature of the liver using the endothelial marker CD31, NIK and 
smooth muscle cell marker SMA. (F) Quantification of NIK positive vessels in metastatic liver tissue of patients undergoing no treatment 
(n = 13), chemotherapy (Chemo only; n = 10) or chemotherapy plus Bevacizumab (Chemo +Bev; n = 9). 
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increased activation of the noncanonical NF-κB pathway 
in immature blood vessels in metastatic CRC. 

Activation of the noncanonical pathway induces 
angiogenesis in a novel 3D tumor stroma 
interaction model

To determine whether activation of the noncanonical 
NF-κB pathway can indeed promote angiogenesis 
associated with CRC, we developed a novel 3D tumor 
stroma interaction model, consisting of CRC cells 
(Colo320-HRS), EC (HUVEC) and fibroblasts (NHDF), 
which are combined to make singular tumor spheroids. 
To visualize the different cell types within the spheroids, 
we pre-labeled cells using cell tracker dye, tagging the 
EC green, the fibroblasts red and the CRC cells violet 
(Figure 2A). Next, we used the cumulative sprout 
length of vessel like structures formed by EC (green) to 
compare differences in sprout formation. Interestingly, 
we also observed that the EC and fibroblasts were often 
overlapping, particularly in the formation of sprouts, 
suggesting a support network between the two components 
of the stromal compartment (Supplementary Figure 1). 

In order to activate the noncanonical NF-κB pathway, 
we stimulated spheroids with ligands of the lymphotoxin 
beta receptor (LTβR), specifically lymphotoxin (LT) or 
TNF super family member 14 (TNFSF14), also known 
as LIGHT, and then compared them to those stimulated 
with the growth factors (GF), VEGF and basic fibroblast 
growth factor (bFGF), which acted as classical promoters 
of angiogenesis. Upon stimulation with LT or LIGHT, we 
measured significant increases in cumulative sprout length 
(p < 0.01; p < 0.001), resulting in a near 2-fold increase 
(Figure 2B) as compared to untreated control spheroids. 
Immunofluorescence staining revealed that NIK was 
activated in the spheroid EC as co-localizaion was observed 
between NIK and CD31 positive cells (Supplementary 
Figure 2). These levels of sprouting however, did not 
reach that of those induced by growth factors (p < 
0.0001), suggesting that sprouting promoted by the LTβR 
is not as potent as that of the VEGF and bFGF signaling 
cascades. Interestingly, the same increase of LTβR-induced 
sprouting was also observed under hypoxic conditions 
(Supplementary Figure 3). These results demonstrate that 
multicellular tumor-like spheroids can be generated and 
used as a readout for angiogenesis, and more importantly, 
that activation of the noncanonical NF-κB pathway supports 
CRC-associated neovascularization.

LTβR activation in stromal cells leads 
to transcriptional upregulation of the 
proangiogenic cytokines IL-6, IL-8, CXCL5 and 
CXCL1

 To gain insight into possible mechanisms behind 
the observed sprout formation, we further examined 

how the individual cell types responded to activation 
of the noncanonical NF-κB pathway enhancing vessel 
formation in the 3D model. To investigate this, cell 
types were cultured individually and transcript levels of 
VEGF in addition to several cytokines known to be both 
pro-inflammatory and pro-angiogenic, were measured. 
VEGF was detected in all three cell types under basal 
conditions and as expected, was increased in hypoxia 
(Supplementary Figure 4). LTβR activation did not 
increase the transcript levels in normoxic conditions, 
while in hypoxia, VEGF was heightened in fibroblasts 
stimulated with LIGHT (Supplementary Figure 4). With 
respect to the inflammatory molecules, only stromal 
cells had measurable values. In EC, significant increases 
in IL-6 (p < 0.01; p < 0.01), IL-8 (p < 0.01; p < 0.01), 
chemokine (C-X-C motif) ligand (CXCL) 1 (p < 0.01; 
p < 0.05) and CXCL5 (p < 0.05; p < 0.01) were observed 
following LTβR activation by LT or LIGHT, respectively 
(Figure 3A–3D). To confirm activation of the noncanonical 
pathway, increased transcript levels of NIK following 
LT and LIGHT stimulation were observed, in addition 
to enhanced p100 processing to p52, which is indicative 
of NIK activation (Supplementary Figure 5). Likewise, 
these transcripts were significantly upregulated in NHDF 
(Figure 3E–3H). Notably, we again measured similar 
trends under low oxygen conditions (Supplementary 
Figure 6) suggesting that the noncanonical pathway is not 
affected by hypoxia.

Targeting NIK in ECs abrogates LTβR-induced 
sprouting and potentiates the angiostatic effects 
of bevacizumab

Following the determination that NIK is stably 
expressed in blood vessels of both primary CRC and 
liver metastases, and that NIK-mediated activation of the 
noncanonical NF-κB pathway induces angiogenesis, we 
further investigated whether targeting of NIK in ECs alone 
could abrogate sprouting in the tumor stroma interaction 
model. To answer this, we pre-treated EC with either NIK 
targeting (siNIK) or non-targeting siRNA (siControl) 
before incorporating them into spheroids, followed by 
stimulation with LT, LIGHT or GF. Importantly, sprout 
formation promoted through the induction of LTβR-
signaling was significantly reduced in the spheroids 
containing siNIK-treated EC as compared to siControl 
(Figure 4A). These observations were specific to LT and 
LIGHT stimulated spheroids, as no significant reduction 
in cumulative sprout formation was recorded in cells 
activated by GF, which was anticipated, as growth factor 
signaling is not directly linked to the noncanonical NF-
κB pathway. Taken together, these data demonstrate 
that LTβR-induced sprouting in CRC spheroids is NIK 
dependent, whereas GF-induced sprouting is not.

Since our findings suggest that the noncanonical 
NF-κB pathway is activated in CRC blood vessels and 
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Figure 2: Activation of the non-canonical pathway induces angiogenesis in the 3D tumor-stroma model. (A) Confocal 
microscopic images of spheroids containing ECs (HUVEC), fibroblasts (NHDF) and colorectal cancer cells (Colo320) stimulated with 
activators of the non-canonical pathway lymphotoxin (LT) or LIGHT as compared to controls unstimulated and growth factors VEGF/
bFGF (GF). (B) Quantification of cumulative sprout length in spheroids unstimulated or stimulated with LT, LIGHT or GF. (n = 19–38 
spheroids per condition). (**represents p < 0.01; ***represents p < 0.001, ****represents p < 0.0001).
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Figure 3: Activation of the non-canonical NF-kappa B pathway induces expression of pro-angiogenic factors in stromal 
cells. HUVEC gene expression of (A) interleukin 6 (IL-6) (B) IL-8 (C) chemokine (C-X-C motif) ligand 1 (CXCL1) and (D) CXCL5, 
upon stimulation with LT or LIGHT, by real-time quantitative polymerase chain reaction (n = 6). Similarly, NHDF transcript levels of (E) 
IL-6, (F) IL-8, (G) CXCL1 and (H) CXCL5 (n = 6) following activation of the LTβR. (*signifies p < 0.05; **signifies p < 0.01).
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may be acting as an alternative pathway promoting 
angiogenesis, especially when VEGF signaling is 
blocked, we postulated that targeting of NIK could 
impede this secondary mechanism contributing to tumor 
neovascularization. Using the 3D model, we compared 
the ability of targeting NIK in ECs versus bevacizumab 
in blocking angiogenesis, and then further investigated 
whether there was a possible synergistic effect in the 
combination of treatments. For this, we compared 
spheroids containing EC pre-treated with either siControl 
or siNIK, with or without the addition of bevacizumab 
(Supplementary Figure 7).

Spheroids stimulated with LT again showed a 
significant decrease in sprout formation after siNIK-
treatment of EC (p < 0.05), however, bevacizumab did 
not demonstrate an additive effect (Figure 4B). Further 
analysis revealed that cumulative sprout formation 

induced by LIGHT however, was significantly reduced 
not only by siNIK but by bevacizumab as well (p < 0.05),  
which was further enhanced when the two treatments 
were combined (p < 0.001). Lastly, the addition 
of bevacizumab to spheroids stimulated with GF 
resulted in a stark drop in cumulative sprout formation 
(p < 0.001) as compared to untreated siControl, 
however the levels of sprouting were still significantly 
higher than those of unstimulated spheroids with 
siControl (p < 0.001). When siNIK-treatment of EC 
was combined with bevacizumab, GF-induced vessel 
formation declined even further, with sprout length 
reaching similar levels as the basal non-stimulated CRC 
spheroids (p < 0.05), suggesting an additive effect of 
combining the two treatments. These observations are 
striking as the synergistic impact of targeting NIK and 
VEGF has not yet been described.

Figure 4: Targeting NIK in HUVEC attenuates angiogenesis in the 3D tumor stroma model. (A) Cumulative sprout 
formation of spheroids containing HUVEC pretreated with a non-targeting (siControl) or NIK targeting siRNA (siNIK), combined with 
non-treated NHDF and Colo320 cells. Spheroids were stimulated with activators of the non-canonical pathway lymphotoxin (LT) and 
LIGHT or with the growth factors VEGF/bFGF (GF), (n = 4–6 spheroids per condition). (B) In addition to pretreating cells with either 
non-targeting or NIK targeting siRNA, the VEGF blocking antibody Bevacizumab (125 µg/mL) was also administered and cumulative 
sprout formation determined (n = 7–12 spheroids per condition). (*signifies p < 0.05; **signifies p < 0.01, ***signifies p < 0.001; ****signifies  
p < 0.0001; #signifies p < 0.001 as compared to unstimulated, siControl).
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DISCUSSION

The current treatment strategies targeting VEGF 
signaling in CRC through compounds such as bevacizumab 
have proven their clinical utility by improving progression 
free survival, as well as overall survival [24]. However, 
challenges still remain, as durability of the response is 
limited and resistance to treatment likely. Thus it is critical 
to understand the mechanisms driving resistance and, 
importantly, targeting of such secondary processes could 
improve patient outcomes.

Here we describe the noncanonical NF-κB pathway 
as a possible alternative mechanism supporting tumor 
angiogenesis. Stable expression of the signaling cascade’s 
main regulating kinase, NIK, is found extensively 
throughout the tumor vasculature both in primary 
CRC and at secondary sites of liver metastases. This 
phenomenon is wholly related to pathological tissue, as 
NIK expression is not found in healthy colon or liver. 
Importantly, the stabilization and subsequent activation of 
NIK appears in both mature and immature vessels, but it 
is the number of immature NIK+ vessels that is increased 
in patients treated with bevacizumab. This may indicate 
that the noncanonical NF-κB pathway is activated in 
newly formed vessels and acts as a substitute mechanism 
for neovascularization when VEGF signaling is blocked. 
However, as tumor-associated vascular networks are 
generally deemed messy and immature in nature, it is 
unclear whether these vessels are truly nascent or if the 
lack of VEGF acts only as a catalyst for activation of NIK 
in the existing endothelium.

As tumor angiogenesis is a complex process 
involving several different cell types, we developed a 
model that included the key elements of tumor stroma 
interactions and can be used for studying CRC-related 
angiogenesis. Utilizing this tool, we have demonstrated 
that activation of the LTβR, and subsequently the 
noncanonical NF-κB pathway, induces sprouting of 
vessel like structures in spheroids containing CRC cells, 
fibroblasts and ECs. Of relevance, the activating ligands 
of this receptor, LT and LIGHT, are highly expressed in 
CRC tissues [25]. Examining the cell types individually 
upon LTβR stimulation, we determined that the stromal 
components of the spheroids produce proangiogenic 
molecules IL-6, IL-8, CXCL1 and CXCL5. This highlights 
the importance of stromal cells in tumor angiogenesis 
and is in line with mounting evidence describing the 
fundamental role that the tumor microenvironment plays 
in this process. Together these data support the hypothesis 
that noncanonical NF-κB signaling in tumor associated 
vasculature assists in tumor angiogenesis.

One of the benefits of the 3D model is that each cell 
type can be manipulated individually before incorporation 
into spheroids, making it possible to delineate cell specific 
mechanisms and contributions to angiogenesis. Here, we 
targeted NIK in ECs, as these are the cells expressing NIK 

in relevant patient tissues, and subsequently we found that 
NIK expression is critical for LTβR-induced angiogenesis 
associated with colorectal cancer, whereas it does not 
seem to affect GF-induced sprouting. This is in line with 
previous findings [23, 26]. Interestingly, in the context of 
LIGHT stimulation, the effect of siNIK is enhanced with 
the addition of bevacizumab, suggesting that LIGHT is 
to some extent linked to VEGF signaling. This has been 
described in a few cases in which VEGF was reported to 
up-regulate expression of LIGHT in macrophages [27] 
and alternatively, when tumors overexpressing LIGHT 
were xenografted onto mice, this led to an increase in 
VEGF in the tumors [28]. This may also explain our 
observation of increased VEGF transcripts in fibroblasts 
stimulated with LIGHT under hypoxia (Supplementary 
Figure 4). Additionally, this supports previous data 
indicating that LIGHT plays a role in angiogenesis as 
we have demonstrated that LIGHT stimulated vessel 
formation both in EC cultures and ex vivo murine aortic 
ring explants, and more recently, others showed that 
LIGHT-deficient mice exhibit reduced angiogenesis in a 
skin fibrosis model [23, 29].

Furthermore, our finding that targeting of NIK in 
EC can have a synergistic effect with bevacizumab in 
blocking vessel formation promoted by growth factors is 
remarkable. This has not been previously described and 
may have important implications for treatment strategies 
that focus on blocking classical activators of angiogenesis, 
such as VEGF, in addition to alternative facilitators, such 
as inflammatory molecules. Interestingly, a preclinical 
trial has already been conducted in which tumors resistant 
to anti-VEGF treatment xenografted onto mice were 
subsequently treated with a combination of a VEGF- and 
an IL-6 receptor inhibitor. This resulted in a total blockade 
of tumor growth, which was not achieved when either 
treatment was administered individually [30]. Particularly 
notable in that study was the enhanced production of IL-6, 
IL-8 and CXCL1 in the tumor lines resistant to anti-VEGF 
treatment, the same cytokines that were upregulated 
in stromal cells upon LTβR stimulation in our study. 
Consequently, targeting NIK or other components of the 
noncanonical NF-κB pathway in mice may yield similar 
results. The evidence presented here in conjunction with 
recent literature, suggests that further research into the 
contributions of the noncanonical NF-κB pathway to CRC 
angiogenesis are justified and may prove to be beneficial 
to improve treatment of the disease, particularly when 
combined with current therapeutic regimens that include 
bevacizumab.

MATERIALS AND METHODS

Patient material

Primary colorectal tumor tissues were received from 
the Department of Pathology of the Academic Medical 
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Center (AMC). Specimens of liver metastasis of colorectal 
cancer were obtained during resection procedure from 
patients receiving no neoadjuvant treatment, chemotherapy 
alone or a combination of chemotherapy and bevacizumab 
prior to the operation. In patients receiving bevacizumab, as 
part of the preoperative systemic treatment, bevacizumab 
was withheld 6-8 weeks before surgery and the last cycle 
of chemotherapy was administered approximately 4 
weeks before surgery. The present study was conducted in 
accordance with the Declaration of Helsinki and according 
to the guidelines of the ethics committee of the AMC. 
Detailed information on patient demographics and regimens 
of chemotherapy received before surgery are summarized in 
in Supplementary Table 1. 

Reagents

The following reagents were purchased from R&D 
systems (Rochester, MN, USA) and diluted to these final 
concentrations: LTβ (100 ng/mL), LIGHT (TNFSF14, 
100 ng/mL), VEGF (10 ng/mL) and bFGF (10 ng/mL).  
Bevacizumab (Avastin, Basel, Switzerland) was a 
kind gift from the Pharmacy of the Academic Medical 
Center (Amsterdam, the Netherlands) and used at a final 
concentration of 125 µg/mL.

Tissue immunohistochemistry

Healthy human colon, liver and CRC tissues were 
immunostained for NIK as previously described [23]. Liver 
metastasis tumor biopsies were formalin fixed, paraffin 
embedded and sectioned into 5μm slices and antigen 
retrieval completed using sodium citrate. CRC tissues were 
stained using antibodies against CD31 (JC70A DAKO, 
Glostrup, Denmark), SMA (M0851 DAKO, Glostrup, 
Denmark) and NIK (ab19144 Abcam, Cambridge, UK) 
in combination with secondary antibodies conjugated 
with alexa 647 (Invitrogen, Carlsbad, California, USA), 
alexa 568 (Invitrogen, Carlsbad, California, USA) or alexa 
488 (Invitrogen, Carlsbad, California, USA). Subsequent 
imaging was performed at 40× magnification by confocal 
microscopy (Leica, Wetzlar, Germany). 

Cell culture

Primary human umbilical vein ECs (HUVEC) 
were cultured on gelatin-coated culture plates in Medium 
199 (M199; Gibco, USA) supplemented with 0,1 μg/ml 
penicillin and streptomycin (pen/strep; Gibco, USA), 
10 mM L-glutamine (Lonza, Switzerland), 0,025 U/ml 
heparin, 18,75 ng/ml EC growth serum (ECGS; Gibco, 
USA), and 20% fetal bovine serum (FBS; Biowest, 
France). When 80% confluent, cells were trypsinized 
(0.05% trypsin in phosphated buffered saline (PBS), 
Fresenius Kabi, Netherlands) and replated in a 1:3 density. 
Cells were used between passage 2 and 6. Normal human 

dermal fibroblasts (NHDF, Promocell GmbH, Heidelberg, 
Germany) were cultured in Dulbecco’s Modified Eagle’s 
Medium (DMEM; Gibco, USA) supplemented with 
0,1 μg/ml pen/strep, 10 mM L-glutamine, 10 mM N-2-
hydroxyethylpiperzine-N-2-ethane sulfonic acid (HEPES; 
Gibco, USA), 0.5 mg/ml Gentamicin (Gibco, USA), and 
10% FBS. When 80–90% confluent, cells were trypsinized 
(0.05% trypsin in PBS) and replated in a 1:5 to 1:10 
density. Colo320-HRS cells (ATCC, Manassas, USA) were 
cultured in Roswell Park Memorial Institute 1640 medium 
(RPMI; Gibco, USA) supplemented with 0,1 μg/ml  
pen/strep, 10 mM L-glutamine, and 10% FBS. When 80% 
confluent, cells were trypsinized (0.05% trypsin in PBS) 
and replated in a 1:10 density.

3D tumor stroma model

3D spheroid co-cultures were set up and 
immunostained using a similar approach as described 
previously [31], using EC Growth Medium-2 (EGM-2)  
(Lonza, Basel, Switzerland), 2% FCS (v/v), 
Hydrocortisone, Epithelial Growth Factor (EGF), 
Insulin-like Growth Factor-1 (IGF-1), ascorbic acid, 
GA-100, Heparin and bFGF/VEGF. Methocel solution 
was prepared by dissolving 6g methylcellulose in 500 ml 
M199 medium. Cells were incubated in 2 mM solution 
of CellTrackerTM green CMFDA, CellTrackerTM orange 
CMRA or CellTrackerTM deep red dye (Molecular 
probes, Invitrogen, UK). 750 HUVEC, 375 NHDF and 
375 CRC (Colo320-HRS) cells were added to each well 
of 96 U-well suspension plate (Greiner BioOne, UK) in 
150 µL of EGM-2 with 20% methocel(v/v). Cells formed 
spheroids overnight at 37° C. Afterwards, a solution of 
1.5 mg/ml of rat-tail collagen type-I (BD Biosciences, 
UK) was prepared in EGM-2 medium and pH neutralized 
by 1 M NaOH. Initial layer was deposited in the center 
of wells of 4 well chamber slide (iBidi, Martinsried, 
Germany,) as droplets and set at 37° C. Spheroids were re-
suspended in an equivalent solution of collagen type-I and 
deposited over first layer, and incubated at 37° C for 1h. 
After collagen gels set, 700 ul of RPMI medium containing 
10% FCS, 100 ug/mL Pen/Strep, and 2 mM L-Glutamine 
including stimulants or inhibitors were added to wells and 
spheroids formed sprouts for 48hrs before fixation with 
4% PFA (w/v) in HBSS (Invitrogen, Carlsbad, CA, USA). 
Sprouting was imaged by Leica TCS SP8-X confocal 
microscopy (Leica Camera AG, Wetzlar, Germany), 
using 10× magnification. Confocal images corresponding 
to pre-dyed EC sprouting were quantified using Leica 
QWin Plus (Leica Camera AG, Wetzlar, Germany) image 
analysis software. Of note: Different cancer cell lines grow 
at different rates and as such, varying ratios of CRC can 
be tested when trying to set up the model with other cell 
lines. Here we use HUVEC:NHDF:CRC at a ratio of 2:1:1 
for the Colo320-HRS cell line. 
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Gene expression

To analyze mRNA expression levels for VEGF, IL-
6, IL-8, CXCL1 and CXCL5, cells were lysed and RNA 
was isolated using GenEluteTM Mammalian Total RNA 
Miniprep Kit (Sigma-Aldrich, Netherlands) according 
to protocol. cDNA was made using Thermofisher Strand 
cDNA synthesis kit (Thermofisher, USA). Subsequently, 
samples were plated in a 96 well plate containing 
sample cDNA, SybrGreen (Applied Biosystems, USA), 
and appropriate primers (VEGF; Fwd-ACTGCCATC 
CAATCGAGACC, Rev-GATCCGCATAATCTGCATGG 
TG, IL-6; Fwd-TGCAATAACCACCCCTGACC, Rev-AC 
TCCTTAAAGCTGCGCAGA, IL-8; Fwd-CAGGAATT 
GAATGGGTTTGC, Rev-AAACCAAGGCACAGTGGA 
AC, CXCL1; Fwd-GCTCCTGGTAGCCGCTG, Rev-T 
GTGGCTATGACTTCGGTTT, CXCL5; Fwd-AGACCA 
CGCAAGGAGTTCAT, Rev-TCCTTGTTTCCACCGTC 
CAA). qPCR was performed and analyzed using StepOne 
Plus (Applied biosystems, USA). 

siRNA transfection

HUVECs were plated 250,000 cells per well 
in a 6-well plate and incubated overnight. Cells 
were transfected with either non-targeting or NIK-
targeting siRNA at 50 nM final concentration (GE 
Dharmacon, Pittsburgh, PA, USA) using Dharmafect I 
(GE Dharmacon, Pittsburgh, PA, USA) as previously 
described [26]. Cells were collected 36 hours 
post-transfection and incorporated into spheroids. 
Confirmation of transcriptional knockdown of NIK is 
demonstrated in Supplementary Figure 8.

Author contributions

 Conceived and designed the experiments: 
C.X.M., K.J., A.S., H.W.M.L and S.W.T. Performed the 
experiments: C.X.M., K.J. and B.H. Analyzed the data: 
C.X.M., K.J., B.H., A.S., H.W.M.L and S.W.T. Wrote the 
manuscript: C.X.M, K.J., T.M.G, H.W.M.L. and S.W.T.

CONFLICTS OF INTEREST

None.

FUNDING

This work was supported by a Clinical Fellowship 
(ZonMw; grant 90700359) to S.W.T. C.X.M. was 
supported by a research grant from the Academic Medical 
Center/University of Amsterdam.

REFERENCES

 1. Kuipers EJ, Grady WM, Lieberman D, Seufferlein T, Sung 
JJ, Boelens PG, van de Velde CJ, Watanabe T. Colorectal 
cancer. Nat Rev Dis Primers. 2015; 1:15065. https:// 
doi.org/10.1038/nrdp.2015.65. 

 2. Mousa L, Salem ME, Mikhail S. Biomarkers of 
Angiogenesis in Colorectal Cancer. Biomark Cancer. 2015; 
7:13–19.

 3. Folkman J. Role of angiogenesis in tumor growth and 
metastasis. Semin Oncol. 2002; 29:15–18. https:// 
doi.org/10.1053/sonc.2002.37263. 

 4. Steeg PS. Targeting metastasis. Nat Rev Cancer. 2016; 
16:201–18. https://doi.org/10.1038/nrc.2016.25. 

 5. Li MZ, Wang JJ, Yang SB, Li WF, Xiao LB, He YL, Song 
XM. ZEB2 promotes tumor metastasis and correlates with 
poor prognosis of human colorectal cancer. Am J Transl 
Res. 2017; 9:2838–51.

 6. Liu Z, Yang Y, Zhang X, Wang H, Xu W, Wang H, Xiao F, 
Bai Z, Yao H, Ma X, Jin L, Wu C, Seth P, et al. An Oncolytic 
Adenovirus Encoding Decorin and Granulocyte Macrophage 
Colony Stimulating Factor Inhibits Tumor Growth in a 
Colorectal Tumor Model by Targeting Pro-Tumorigenic 
Signals and via Immune Activation. Hum Gene Ther. 2017; 
28:667–80. https://doi.org/10.1089/hum.2017.033. 

 7. Zhang F, Lu YX, Chen Q, Zou HM, Zhang JM, Hu YH, 
Li XM, Zhang WJ, Zhang W, Lin C, Li XN. Identification 
of NCK1 as a novel downstream effector of STAT3 in 
colorectal cancer metastasis and angiogenesis. Cell Signal. 
2017; 36:67–78.

 8. Strickler JH, Hurwitz HI. Bevacizumab-based 
therapies in the first-line treatment of metastatic 
colorectal cancer. Oncologist. 2012; 17:513–24. https:// 
doi.org/10.1634/theoncologist.2012-0003. 

 9. Ronca R, Benkheil M, Mitola S, Struyf S, Liekens S. Tumor 
angiogenesis revisited: regulators and clinical implications. Med 
Res Rev. 2017; 37:1231–74. https://doi.org/10.1002/med.21452.

10. Bergers G, Hanahan D. Modes of resistance to anti-
angiogenic therapy. Nat Rev Cancer. 2008; 8:592–603. https:// 
doi.org/10.1038/nrc2442. 

11. De Palma M, Biziato D, Petrova TV. Microenvironmental 
regulation of tumour angiogenesis. Nat Rev Cancer. 2017; 
17:457–74. https://doi.org/10.1038/nrc.2017.51. 

12. Sennino B, McDonald DM. Controlling escape from 
angiogenesis inhibitors. Nat Rev Cancer. 2012; 12:699–709. 
https://doi.org/10.1038/nrc3366. 

13. Karin M. Nuclear factor-kappaB in cancer development 
and progression. Nature. 2006; 441:431–36. https:// 
doi.org/10.1038/nature04870. 

14. Kreuger J, Phillipson M. Targeting vascular and leukocyte 
communication in angiogenesis, inflammation and 
fibrosis. Nat Rev Drug Discov. 2016; 15:125–42. https:// 
doi.org/10.1038/nrd.2015.2. 



Oncotarget28455www.oncotarget.com

15. Perkins ND. The Rel/NF-kappa B family: friend and 
foe. Trends Biochem Sci. 2000; 25:434–40. https:// 
doi.org/10.1016/S0968-0004(00)01617-0. 

16. Ben-Neriah Y, Karin M. Inflammation meets cancer, with 
NF-κB as the matchmaker. Nat Immunol. 2011; 12:715–23. 
https://doi.org/10.1038/ni.2060. 

17. Sakamoto K, Maeda S. Targeting NF-kappaB for colorectal 
cancer. Expert Opin Ther Targets. 2010; 14:593–601. 
https://doi.org/10.1517/14728221003769903. 

18. Sun SC. The non-canonical NF-κB pathway in immunity 
and inflammation. Nat Rev Immunol. 2017; 17:545–58. 
https://doi.org/10.1038/nri.2017.52. 

19. Bauer J, Namineni S, Reisinger F, Zöller J, Yuan D, 
Heikenwälder M. Lymphotoxin, NF-ĸB, and cancer: the 
dark side of cytokines. Dig Dis. 2012; 30:453–68. https://
doi.org/10.1159/000341690. 

20. Wolf MJ, Seleznik GM, Zeller N, Heikenwalder M. The 
unexpected role of lymphotoxin beta receptor signaling in 
carcinogenesis: from lymphoid tissue formation to liver and 
prostate cancer development. Oncogene. 2010; 29:5006–18. 
https://doi.org/10.1038/onc.2010.260. 

21. Karin M, Cao Y, Greten FR, Li ZW. NF-kappaB in cancer: 
from innocent bystander to major culprit. Nat Rev Cancer. 
2002; 2:301–10. https://doi.org/10.1038/nrc780. 

22. Qu LL, He L, Zhao X, Xu W. Downregulation of miR-
518a-3p activates the NIK-dependent NF-κB pathway in 
colorectal cancer. Int J Mol Med. 2015; 35:1266–72. https://
doi.org/10.3892/ijmm.2015.2145. 

23. Noort AR, van Zoest KP, Weijers EM, Koolwijk P, 
Maracle CX, Novack DV, Siemerink MJ, Schlingemann 
RO, Tak PP, Tas SW. NF-κB-inducing kinase is a key 
regulator of inflammation-induced and tumour-associated 
angiogenesis. J Pathol. 2014; 234:375–85. https:// 
doi.org/10.1002/path.4403. 

24. Lubner SJ, Uboha NV, Deming DA. Primary and acquired 
resistance to biologic therapies in gastrointestinal 
cancers. J Gastrointest Oncol. 2017; 8:499–512. https:// 
doi.org/10.21037/jgo.2017.01.16. 

25. Uhlén M, Fagerberg L, Hallström BM, Lindskog C, 
Oksvold P, Mardinoglu A, Sivertsson Å, Kampf C, 

Sjöstedt E, Asplund A, Olsson I, Edlund K, Lundberg 
E, et al. Proteomics. Tissue-based map of the human 
proteome. Science. 2015; 347:1260419. https:// 
doi.org/10.1126/science.1260419. 

26. Maracle CX, Kucharzewska P, Helder B, van der Horst C, 
Correa de Sampaio P, Noort AR, van Zoest K, Griffioen 
AW, Olsson H, Tas SW. Targeting non-canonical nuclear 
factor-κB signalling attenuates neovascularization in a novel 
3D model of rheumatoid arthritis synovial angiogenesis. 
Rheumatology (Oxford). 2017; 56:294–302. https:// 
doi.org/10.1093/rheumatology/kew393. 

27. Petreaca ML, Yao M, Ware C, Martins-Green MM. Vascular 
endothelial growth factor promotes macrophage apoptosis 
through stimulation of tumor necrosis factor superfamily 
member 14 (TNFSF14/LIGHT). Wound Repair Regen. 2008; 
16:602–14. https://doi.org/10.1111/j.1524-475X.2008.00411.x. 

28. Kanodia S, Da Silva DM, Karamanukyan T, Bogaert L, Fu YX, 
Kast WM. Expression of LIGHT/TNFSF14 combined with 
vaccination against human papillomavirus Type 16 E7 induces 
significant tumor regression. Cancer Res. 2010; 70:3955–64. 
https://doi.org/10.1158/0008-5472.CAN-09-3773. 

29. Herro R, Antunes RD, Aguilera AR, Tamada K, Croft M. The 
Tumor Necrosis Factor Superfamily Molecule LIGHT Promotes 
Keratinocyte Activity and Skin Fibrosis. J Invest Dermatol. 
2015; 135:2109–18. https://doi.org/10.1038/jid.2015.110. 

30. Eichten A, Su J, Adler AP, Zhang L, Ioffe E, Parveen AA, 
Yancopoulos GD, Rudge J, Lowy I, Lin HC, MacDonald 
D, Daly C, Duan X, Thurston G. Resistance to Anti-VEGF 
Therapy Mediated by Autocrine IL6/STAT3 Signaling 
and Overcome by IL6 Blockade. Cancer Res. 2016; 76: 
2327–39. https://doi.org/10.1158/0008-5472.CAN-15-1443. 

31. Correa de Sampaio P, Auslaender D, Krubasik D, Failla AV, 
Skepper JN, Murphy G, English WR. A heterogeneous in 
vitro three dimensional model of tumour-stroma interactions 
regulating sprouting angiogenesis. PLoS One. 2012; 
7:e30753. https://doi.org/10.1371/journal.pone.0030753. 

https://doi.org/10.1016/S0968-0004(00)01617-0
https://doi.org/10.1016/S0968-0004(00)01617-0

	https://doi.org/10.1016/S0968-0004(00)01617-0.

