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Chapter 1
General introduction

Partly adapted from NDRG4, an early detection marker for colorectal cancer, is specifically
expressed in enteric neurons
Nathalie Vaes, Marjolein H.F.M. Lentjes, Marion J. Gijbels, Glenn Rademakers, Kathleen L.
Daenen, Werend Boesmans, Kim A.D. Wouters, Anneleen Geuzens, Xianghu Qu, Hellen. P.J.
Steinbusch, Bart P.F. Rutten, Scott H. Baldwin, Keith A. Sharkey, Robert M.W. Hofstra, Manon
van Engeland, Pieter Vanden Berghe and Veerle Melotte
Neurogastroenterol Motil. 2017;29(9).

General Introduction

COLORECTAL CANCER EPIDEMIOLOGY

1

Colorectal cancer (CRC) is the third most prevalent cancer type in both men and women with
over 1.8 million new cases diagnosed in 2018 worldwide1. Additionally, CRC is the secondleading cause of cancer-related death worldwide with approximately 881,000 deaths per
year1. Predictions estimate that the global burden of CRC will increase to more than 2.2
million new cases and 1.1 million deaths by 20302. The burden of CRC is most prevalent
within regions with a high human development index (HDI). Due to advances in screening,
diagnosis and treatment options, the incidence and mortality numbers have stabilized in North
America and Western Europe1, 3. However, these numbers have been increasing in Western
Asia and Eastern Europe as a result of their increasing HDI, which is associated with a more
‘westernized lifestyle’3, 4 and related modifiable risk factors such as alcohol consumption5-7,
smoking7, 8, diet9 and physical activity/sedentary behavior10. Besides these modifiable risk
factors, factors like genetic- and epigenetic predisposition, older age (>50 years), familial
history of CRC, and inflammatory bowel diseases have been described as non-modifiable
risk factors11-16.

COLORECTAL CANCER DEVELOPMENT
Cancer development is a multistep process of accumulating genetic alterations which drive the
process of transforming normal human cells into malignant cells17. The genetics of CRC tumorigenesis
has been well described by Eric Fearon and Bert Vogelstein in the classical adenoma-carcinoma
model18-22. Although originally it was thought that approximately seven specific mutations were
required for colorectal tumorigenesis, it has been identified that, on average, colorectal tumors
harbor 80 mutations, of which 15 mutations act as key drivers23, 24. The adenoma-carcinoma
sequence is considered as the basis for the largest groups of CRCs, the sporadic subtype, which
comprises 60-80% of all CRCs and is primarily defined by the chromosomal instability (CIN)
pathway25, 26. The CIN pathway is characterized by an accelerated rate of numerical or structural
chromosomal alterations, increased rate of loss of heterozygosity and with genetic mutations (gain/
loss of functions) in key driver genes involved in cancer, in particular tumor suppressor genes (APC,
DCC, TP53 and SMAD4) which become inactivated in CRC while oncogenes (β-catenin, KRAS,
BRAF) become highly active due to the genetic modifications18-22, 27-37.
An alternative route to sporadic CRC is initiated via the serrated pathway, which is less common
than the CIN pathway comprising 10-30% of all sporadic CRCs38-40. In the serrated pathway,
sessile serrated adenomas, traditional serrated adenomas and hyperplastic polyps progress
towards CRC with distinct histological characteristics such as the presence of epithelial
serrations, abundant eosinophilic or clear cytoplasm, vesicular nuclei, absent necrosis, mucin
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production, and the presence of cell balls and rods40-42. Molecularly, the serrated pathway is
characterized by BRAF point mutations or KRAS mutations, although the latter is also common
in the CIN pathway, and the CpG island methylator phenotype (CIMP)38-40, 42.
Epigenetic alterations, including CpG island methylation, histone modification, nucleosome
positioning chromatin looping and the expression of noncoding RNAs also plays a prominent
role in colorectal carcinogenesis43, 44. CpG island methylation in the promoter region can
interfere with gene expression and has been described for both tumor suppressor and
DNA mismatch repair (MMR) genes43-46. These MMR genes have been defined in a separate
molecular pathway leading to CRC, characterized by genetic instability of MLH1, PMS2,
MSH2 and MSH6 (MSI pathway)47-49 leading to accumulations of frameshift mutations in
microsatellites47-49. The MSI pathway is found in both the adenoma-carcinoma sequence and
the serrated pathways42, 47-49.
Besides sporadic CRC, 20-40% of all CRCs are defined as either hereditary CRC or familial
CRC11, 25, 50, 51. Hereditary CRC is characterized by germline mutations in CRC genes, thereby
facilitating carcinogenesis through inactivation of the other normal allele copy in order to
induce CRC development without the multiple mutational steps that are needed in sporadic
CRC11, 50. Two hereditary CRC syndromes are familial adenomatous polyposis (FAP) and
hereditary non-polyposis CRC (HNPCC, otherwise known as Lynch syndrome) which increase
the risk of developing CRC with 100% and 80% respectively11, 50. In contrast, familial CRC does
not increase the risk for CRC as strong as the hereditary syndromes. Overall, an individual,
who has a first degree relative who suffered from sporadic CRC, has a two-three fold increased
risk for the development of CRC although no predefined genes have been identified which
can clarify this genetic predisposition50, 51.
Cancer has long been regarded as a disease caused by genetic and epigenetic alterations,
however it is now recognized that tumors are complex tissues which are supported by its direct
environment, the tumor microenvironment (TME)52, 53. Due to the reciprocal communication
between the cancer cells and the stromal cells, the normal microenvironment will shift to a
cancer TME which becomes a crucial supporting factor for cancer cell growth, migration and
metastasis52, 53. The TME predominantly consists of tumor-infiltrating cells including cancerassociated fibroblasts, endothelial (progenitor) cells, platelets, mesenchymal stem cells, nerve
cells and a variety of immune cells52, 53. In general, these cell types release molecules such
as growth factors, ECM/matrix-associated molecules or cytokines which can either positively
or negatively influence tumor growth, epithelial-mesenchymal transition (EMT), invasion/
metastasis, tumor angiogenesis or immunosuppression52, 53.
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COLORECTAL CANCER CLASSIFICATION
AND PROGNOSIS

1

In order to predict the prognosis and to identify the most suitable treatment for each patient,
CRC is classified in different stages or subtypes54. The tumor-lymph node-metastasis (TNM)
staging system is currently regarded as the gold standard for CRC classification and prognosis
which categorizes five stages (0-IV) of CRC54-56. Accurate assessment of CRC stage is
imperative as the 5-year overall survival decreases significantly from more than 90% in early
stage disease (stage 0 and I according to TNM classification) to less than 10% in advanced
stages (stage IV)57. Besides the TNM classification system, the identification of distinct
histomorphological variants, histological grade of differentiation and lymphovascular invasion
are also assessed for CRC prognosis in combination with clinical features like preoperative
level of serum carcinoembryonic antigen and molecular features like MSI status, RAS and
BRAF mutations58-60. Currently, other histological features like tumor budding are currently
being investigated. Tumor budding is defined as a single tumor cell or isolated cancer cell
clusters of up to four tumor cells at the invasive front of the tumor (peritumoral budding) or in
the tumor center (intratumoral budding)61. Numerous studies, including several meta-analyses,
have identified tumor budding as independent predictor of lymph node metastases in early
stage CRC as well as an independent predictor of survival in stage II CRC patients and thus it
could be advantageous for identifying patients who might benefit from adjuvant therapy61-63.
Additional histological features are also being investigated, including the presence of immune
cells not only within the tumor but also in the TME, a method referred to as the ‘Immunoscore’.
A significant correlation was observed between the immune cell density in two regions of the
tumor, the tumor core and the invasive margin, and patient outcome in CRC64. Initial evidence
indicates the potential of the Immunoscore as it has been shown to be associated with diseasefree survival, disease-specific survival and overall survival65, 66. These results have been validated
in a large-scale international study, where the Immunoscore had the highest relative contribution
to all clinical parameters, leading to the proposal that Immunoscore should become incorporated
in the TNM staging system, hereby developing the TNM-Immune staging system67.
A different approach towards CRC classification is the use of molecular markers to identify
molecular subtypes of CRC. The molecular markers mostly studied, in the context of a CRC
classification system, are related to frequently mutated genes in CRC, and the three molecular
pathways: microsatellite instability, chromosomal instability and epigenetic alterations such as CpG
island methylator phenotype68. Examples include KRAS and NRAS mutations which predict innate
resistance to epidermal growth factor receptor (EGFR) targeted treatment while the BRAF V600E
mutation is described as adverse prognostic factor in stage IV CRC69. In addition, CIN, MSI, and
CIMP have been associated with a poor (CIN and CIMP) or more favorable prognosis (MSI)70-72 73.
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The abovementioned molecular pathways have also been investigated by six expert teams
who worked together using different cohorts, platforms and subtyping methods to identify
distinct CRC molecular subtypes based on the mutation and molecular status74. This led to
the development of a new taxonomy of CRC based on four subgroups labelled consensus
molecular subtypes (CMS) 1-4. Each CMS subgroup has distinct molecular features and
prognosis. CMS1 or the MSI-Immune subgroup comprises 14% of all CRCs and is characterized
by high MSI and CIMP, hypermutation, BRAF mutation, immune infiltration and activation, and a
very poor survival after relapse74. The second CMS group, the canonical group, is the largest
group of CRCs with 37% and is characterized by a high number of somatic copy number
alterations (SCNA) and WNT/MYC activation74. The metabolic subtype (CMS3, 13%) is identified
by its mixed MSI status, low SCNA and CIMP, KRAS mutations and the presence of metabolic
deregulation74. The mesenchymal group (CMS4, 23%) is the group with the poorest prognosis
and is characterized by high SCNA, stromal infiltration, TGF-β activation and angiogenesis74.
Due to the clear distinction in CMS subgroups, the CMS classification could lead to advances
in the identification of novel prognostic markers and the development of new treatment
strategies74. Interestingly, using Immunoscore, tumors with highest immune cell density have
the best overall prognosis for overall survival and recurrence65, 67, however, the CMS4 group,
which has high immunogenic features, was associated with the worst overall survival and the
CMS1, another high immunogenic group was correlated with worst survival after relapse74-76.
On the other hand, the two CMS groups with low immunogenic characteristics had the overall
best prognosis while, based on Immunoscore, these were the worst performing groups.
Immunoscore is based on histopathological features of specific immune cells (CD3, CD8
and/or CD45RO cells) while CMS is examined via molecular analyses studying a broader set
of features involved in inflammation in addition to other mutational events and TME features,
thus additional studies are required to compare CMS and Immunoscore67, 74, 75. Overall, both
Immunoscore and CMS are promising prognostic methods and could lead to improved
strategizing in CRC treatment. However, before these can be clinically translated, sufficiently
powered, protocol-driven and prospective studies are necessary.

COLORECTAL CANCER TREATMENT
Treatment of CRC is dependent on the progression/stage of the cancer. Based on the
characteristics of the tumor, defined by the TNM stage, molecular background (in more
advanced stages) and patient characteristics concerning co-morbidities, first-line treatment
is determined77. For stage I patients, surgery alone is sufficient78-80. Surgery is also the firstline treatment for stage II CRC patients, although adjuvant chemotherapy is applied in a
specific subgroup of patients who have an increased risk of recurrence defined by the
presence of one or more factors: 1) high grade cancer, 2) cancer growth localized nearby
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blood and/or lymph vessels, 3) removal of more than 12 lymph nodes during surgery, 4)

1

cancer in the margins (edges) of surgically removed tissue, 5) obstruction and/or perforation
of the colon78-80. In these patients, adjuvant chemotherapy in the form of 5-fluorouracil (5FU), leucovorin, oxaliplatin, or combinations of these treatments, is recommended78-80. Based
on the European Society of Medical Oncology (ESMO) guidelines, stage III patients receive
adjuvant (combination) treatments of oxaliplatin, 5-FU and leucovorin (FOLFOX) or capecitabin
and oxaliplatin (CapeOx) which promote disease-free survival (DFS)80-82.
For most stage IV CRC patients, surgery as a primary treatment is often not feasible due
to the occurrence of metastases. These can only be treated by surgery if few and small
regions of organs are affected83. In all other cases, neoadjuvant chemotherapy is regarded
as the main treatment for stage IV CRC patients. The primary goal of neoadjuvant therapy in
these patients is to reduce the size of the tumor and metastases to achieve resectability of
initially unresectable cancer78. In patients with resectable liver metastases, treatment with the
FOLFOX regimen leads to slight improvements of progression-free survival83. For patients
with initially unresectable liver metastases, a combination of 5-FU, oxaliplatin and irinotecan
(FOLFOXIRI) has led to a major improvement in achieving resectability with a response rate
approximately 66%, however it is only selectively used due to concerns on its toxicity78, 83-85.
In cases of unresectable disease, palliative therapy is offered to increase survival, reduce
symptoms and improve the overall quality of life83, 86. In first-line palliative chemotherapy,
fluoropyrimidine (e.g. 5-FU) and leucovorin in combination with either oxaliplatin or irinotecan
are the preferred option as it allows for better tumor control compared to fluoropyrimidines
alone83, 86. In cases of non-effective first-line chemotherapy, patients with good performance
and adequate organ function receive a second-line chemotherapy regimen using an altered
combination of cytotoxics86.
An important advancement in cancer treatment is the development of targeted therapies.
The principle of targeted therapy is that suitable cell surface antigens that are overexpressed,
mutated or selectively expressed by tumors in comparison to normal tissue are targeted and
through which functional alterations are induced by influencing antigen or receptor functions,
modulating the immune system or specific drug delivery87. Vascular endothelial growth factor
(VEGF) and epidermal growth factor receptor (EGFR), have been shown to improve overall
survival in metastatic CRC when efficiently targeted88. VEGF is released upon activation of
the hypoxia-inducible factor 1α (HIF-1α) and is able to initiate angiogenesis/neovascularization
of the tumor hereby enabling rapid growth and metastasis89. Three anti-VEGF therapies
(bevacuzimab, ziv-aflibercept and ramucirumab) have been approved by the Food and Drug
Administration (FDA) and European Medicine Agency (EMA)88, 89. The EGFR signaling pathways
have been identified as an important driver for CRC development and progression88. Binding
of EGFR ligands (EGF, amphiregulin, epiregulin) causes activation of an intracellular signaling
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cascade via the mitogen-activated protein kinase (MAPK) pathway and the PI3K-AKT-PTENmTOR pathway which have been implicated in cancer initiation, invasion, angiogenesis,
inhibition of apoptosis and metastasis88. Two anti-EGFR agents have been developed and
approved: cetuximab and panitumumab, both of which are recombinant antibodies blocking
the EGF receptor88. Phase III clinical trials show an increase in progression-free survival, overall
survival, response rate and quality of life, independent of introduction as monotherapy or in
combination with different lines of treatment90-92.
Promising novel therapies are based on the development of immune checkpoint inhibitors93.
These inhibitors are monoclonal antibodies which target MHC-TCR signaling pathways by
targeting co-inhibitory molecules, amongst which PD-1, PD-L1 and CTLA-494. When activated,
these co-inhibitory molecules suppress the immune system, a mechanism which is exploited
by tumors93, 94. Although promising results of CTLA-4 and PD-1 inhibitors have been obtained in
other cancers, the effects of these inhibitors in CRC were disappointing until it was observed
that advanced MMR-deficient CRC patients benefit from CTLA-4/PD-1 inhibitors95-97.

COLORECTAL CANCER SCREENING
Early detection is essential to adequately manage CRC, thereby increasing the overall survival
and improving health care cost-effectiveness98, 99. The gold standard for CRC screening,
colonoscopy, has been shown to be highly effective in reducing CRC incidence and mortality
rates100, 101 and CRC risk ten years after the test102. However, colonoscopy is costly, timeconsuming, invasive and, although rare (<1%) can lead to severe complications (perforations,
bleedings, sedation analgesia)103. Finally, the participation rate of colonoscopy is suboptimal
(24.6%)104. For these reasons, non-invasive screening can be applied by examining stool
for the presence of blood e.g. the fecal immunochemical test (FIT). Although FIT performs
well for carcinoma detection (CRC sensitivity: 79-91%, specificity: 94-95%), colonoscopy still
has a better detection rate for carcinomas (sensitivity: 92-99%) but especially for (advanced)
adenomas (sensitivity: 88-98%) where FIT (sensitivity 32-53%) is suboptimal104-106. Studies have
shown that the participation rate for the FIT is higher and additionally the test can easily
be performed on a regular basis104. Therefore, in many screening programs (Netherlands,
Spain, United Kingdom, France, Ireland, Italy, Lithuania, Slovenia, Czech Republic, Japan,
South Korea, Taiwan, Thailand and Australia), FIT is used as first-line screening followed-up
by colonoscopy after a positive FIT result101, 107.
To improve or complement FIT, the search towards more accurate and non-invasive screening
CRC methods continues. Promoter CpG island DNA hypermethylation markers have been
reported as promising, sensitive and cost-effective alternatives for non-invasive detection of
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cancer, including CRC46, 108, 109. In 2009, Melotte et al. identified N-myc downstream-regulated

1

gene 4 (NDRG4) as a candidate tumor suppressor gene and potential biomarker for CRC110.
In this study, NDRG4 promoter methylation was detected in 70-86% of colorectal cancers
compared to 4% in noncancerous colonic mucosa. The sensitivity of NDRG4 promoter
methylation in fecal DNA was 53-61% with a specificity of 93-100%, establishing NDRG4 as one
of the best single markers for CRC110. After independent validation, NDRG4 was incorporated
into a multitarget stool DNA test Cologuard, which was developed by Exact Sciences111-113. In
a prospective screening study, Cologuard has been reported to detect 92.3% of CRCs, with
only 73.8% of the CRCs detected using the FIT test. Cologuard also detects more advanced
adenomas (42.4%) and sessile serrated polyps (42.4%) (> 1 cm) with only a small decrease in
specificity (86.6%) demonstrating the potential of this DNA test111, 112.

NDRG4, A CANDIDATE TUMOR SUPPRESSOR
GENE, IS SPECIFICALLY EXPRESSED WITHIN
THE (ENTERIC) NERVOUS SYSTEM(S)
OF BOTH MOUSE AND MAN
Due to the strong performance of NDRG4 as an early detection biomarker in CRC, the function
of NDRG4 within the gut and CRC was further investigated. Melotte et al. described that
overexpression of NDRG4 in colonic epithelial cell lines (HCT116 and RKO) led to a reduced
cell proliferation and less invading cells which indicates that NDRG4 has tumor suppressive
properties110. Characterization of NDRG4 expression in the gastrointestinal (GI) tract (i.e.,
stomach, small and large intestine) of Ndrg4+/+ and Ndrg4-/- mice using immunohistochemistry,
revealed that NDRG4 is specifically expressed within the nervous system of the gut, i.e., the
enteric nervous system (ENS, figure 1). The ENS, often referred to as the ‘brain of the gut’,
consists of ganglia containing neurons and glial cells which are mainly located in ganglions in
the submucosal and myenteric plexus. The main function of the ENS is to preserve intestinal
homeostasis by controlling gut motility, mucosal permeability, exchange of fluids, blood flow
and the secretion of neuromediators. NDRG4 is expressed in the cytoplasm of cell bodies
inside ganglia of the myenteric plexus, located between the outer longitudinal and inner
circular muscle layer along the entire GI tract and within the ganglia of the submucosal plexus
(figure 1A). The nerve fiber bundles connecting the ganglia in both plexuses also showed
NDRG4 expression. Furthermore, the nerves innervating the outer and inner muscularis
externa, muscularis mucosae and those projecting into the mucosa also showed NDRG4
immunoreactivity. Specificity of the antibody was monitored by NDRG4 immunohistochemistry
on the gut of Ndrg4-/- mice. Representative immunohistochemical images (figure 1A) show that
the intestinal tract of Ndrg4-/- mice still contains all the ENS structures described above, i.e.,

17

Chapter 1

ganglia of the myenteric and submucosal plexus and interconnecting nerve fibers, but does not
display NDRG4 immunoreactivity, confirming the absence of NDRG4 expression. Furthermore,
in situ mRNA hybridization confirmed that NDRG4 is specifically expressed within the ENS
of Ndrg4+/+ mice, but not in Ndrg4-/- mice (figure 1A). Similar as described in mouse, human
intestinal specimens displayed NDRG4 immunoreactivity in the ganglia of both plexuses, in
nerve fibers connecting these ganglia and within the fibers innervating both muscle layers of
the muscularis externa and muscularis mucosae, as shown in figure 1B. Compared to mice,
the mucosal projecting nerve fibers showed more robust NDRG4 immunoreactivity.
Moreover, whole-mount preparations of the submucosal and myenteric plexuses of the
Ndrg4+/+ and Ndrg4-/- small and large intestine were used to explore what types of enteric
neurons express NDRG4. Similar results were observed in the abovementioned wholemount preparations, only data from the colonic myenteric plexus are shown (figure 2).
Immunofluorescent triple labeling revealed that within the gut of Ndrg4+/+ mice, NDRG4 is
exclusively expressed within the cytoplasm of enteric neurons, as NDRG4 positive cells were
always labeled for the pan-neuronal marker HuC/D, but never co-expressed the glial cell
marker GFAP (figure 2). Even though NDRG4 is localized in enteric neurons throughout all
areas of the ENS, not all enteric neurons (HuC/D positive) expressed NDRG4 (figure 2). The
unexpected cellular localization of NDRG4 led us to not only further investigate the underlying
mechanism of NDRG4 in both the ENS and CRC but also to explore the potential association
between enteric neurons and CRC development/progression.
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Figure 1: NDRG4 is localized within the ENS of mouse and human. A. Representative
immunohistochemical staining (IHC) of the GI tract (i.e., stomach, small intestine (duodenum) and colon)
and colonic in situ mRNA hybridization (ISH) of Ndrg4+/+ and Ndrg4−/− mice. NDRG4 RNA and protein
is expressed in myenteric and submucosal ganglia (black and open arrowhead, respectively.), within
interconnecting nerve fibers throughout the plexus, muscularis externa, muscularis mucosae (gray
arrowhead) and mucosae (black arrow). Deletion of Ndrg4 is confirmed at protein and RNA level. B.
NDRG4 expression in human colonic specimens is analogous to mouse, with more robustly stained
mucosal projecting nerve fibers (black arrows). Scale bars, 50 μm in A; and 100 μm in B.
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Figure 2: NDRG4 is expressed in different subsets of enteric neurons. Representative fluorescently
labeled whole-mount preparations of colonic myenteric plexus of Ndrg4+/+ and Ndrg4−/− mice. NDRG4
always co-localized with HuC/D (green versus red) but never with GFAP (green versus blue). Ndrg4−/−
mice do not express NDRG4, but still possess enteric neurons (red) and glial cells (blue). Scale bars,
5 μm.
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AIM AND OUTLINE OF THE THESIS

1

The aim of this thesis is (i) to explore the biological role of NDRG4 in CRC and (ii) to improve
CRC early detection and prognosis assessment by identifying novel diagnostic and prognostic
biomarkers. In chapter 2, we describe the overall structure and functions of the ENS and
the current knowledge on how the ENS is involved in CRC. In chapter 3, we examine the
contribution of NDRG4 in the development/progression of CRC using several in vivo and in
vitro experiments. Here we identify that NDRG4 represses intestinal tumor progression by
regulating two extracellular matrix proteins: nidogen-1 and fibulin-2. In chapter 4, we show
that early CRC detection methylation markers, that we identified using publicly available TCGA
data, are associated with neuronal gene ontologies and pathways. Finally, in chapter 5, we
study the prognostic value of two well-described neuronal proteins (neurofilament and protein
gene product 9.5) in a population-based CRC series. In chapter 6, we summarize and discuss
the data presented in this thesis and reflect to the future implications and potential of the
(enteric) nervous system in both biological and translational research in CRC.
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ABSTRACT
The enteric nervous system (ENS) is the intrinsic neural network of the gastrointestinal tract,
which is essential for regulating gut functions and intestinal homeostasis. The importance
of the ENS is underscored by the existence of severe gastrointestinal diseases, such as
Hirschsprung’s disease and intestinal pseudo-obstruction, which arise when the ENS fails to
develop normally or becomes dysregulated. Moreover, it is known that enteric neurons are
involved in intestinal inflammation. However, the role of the ENS in colorectal cancer (CRC)
carcinogenesis remains poorly understood, even though processes like perineural invasion
and neoneurogenesis are important factors in the CRC. Here, we summarize how enteric
neurons are affected during CRC and discuss the influence of enteric neurons, either direct
or indirect, on the development and/or progression of CRC. Finally, we illustrate how the
ENS could be targeted as a potential anti-cancer therapy, establishing the ENS as an integral
part of the tumor microenvironment.

Enteric neurons and colorectal cancer

INTRODUCTION
Over the last twenty years, the enteric nervous system (ENS), the complex neural network
embedded in the wall of the gastrointestinal (GI) tract, has become an increasingly important

2

topic in the study of developmental gastrointestinal diseases, functional GI disorders and
even diseases of the central nervous system, such as Parkinson’s disease1, 2. The ENS, also
referred to as the ‘second brain’ or ‘minibrain’3, 4, consists out of an extensive network of
enteric neurons and enteric glial cells organized in ganglia interconnected by nerve fiber
bundles5, 6. Enteric nerve fibers innervate the entire thickness of the gut wall, and are in close
contact with the intestinal epithelium. Enteric ganglia are arranged in two major plexuses: the
submucosal plexus and the myenteric plexus7. The submucosal plexus in humans is composed
of an inner plexus located at the border of the muscularis mucosae and the submucosa,
and an outer plexus that lies adjacent to the circular muscle. In all species, the submucosal
plexus is exclusively located in the small and large intestines, but is not found in the stomach8.
The myenteric plexus, on the other hand, is found along the length of the entire GI tract and
is located between the circular and longitudinal muscle layers8, 9. The ENS controls every
function of the GI tract via signaling involving both enteric neurons as well as enteric glial cells1,
. When GI disease severely impacts the ENS, gut functions are seriously compromised,
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which can even be life-threatening14. Although the ENS has been extensively studied in the
context of developmental, inflammatory and functional diseases, its role in the development
and progression of colorectal cancer (CRC) is understudied and poorly understood.
CRC is the third most common cancer worldwide with estimated 1.4 million new cases per
year15. Additionally, with a mortality rate of 8.5%, corresponding to 700,000 people, CRC
is also the third most common cause of cancer death in the world15. The highest incidence
and mortality of CRC is found in developed countries in North America and western Europe,
with an increasing incidence found in countries which are becoming more westernized16,
. Initially, the development and progression of CRC was considered to be caused by

17

the accumulation of genetic and epigenetic events18, 19. Nowadays it has been recognized
that the tumor microenvironment plays a key role in carcinogenesis20. Within the tumor
microenvironment a large variety of cell types has been identified, including endothelial
cells, pericytes, fibroblasts, myofibroblasts, immune cells and nerve cells 20, 21. The cells
in the microenvironment are able to promote cancer cell growth, proliferation, survival,
invasion/metastasis, and angiogenesis via the release of many different growth factors and
cytokines21-24. While some cell types of the microenvironment, like endothelial or immune
cells, have been extensively studied and show promising results as therapeutic targets in
CRC, the putative role of the ENS in the development and progression of CRC is largely
unknown. Recently, different landmark papers described the importance of neurons as
critical microenvironmental determinants of cancer progression in prostate25, pancreatic26,
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skin27 and gastric28, 29 cancers. In addition, it has been shown that enteric neurons have an
important role in gut homeostasis and regeneration12, 29 which address a central role for
enteric neurons in colorectal carcinogenesis. Most mechanisms described so far, by which
enteric neurons interact with epithelial and tumor cells to promote gut homeostasis and/
or malignant growth and invasion, involve the release of neuromodulators. In this review,
we give a brief account of the physiology of the ENS and explore the current knowledge
of enteric neurons on epithelial homeostasis/ inflammation, and their involvement in the
development and progression of CRC.

THE MAJOR FUNCTION
OF THE ENTERIC NERVOUS SYSTEM
Enteric neurons number between 400 and 600 million in humans and 1.2 million in mice; the
sheer size of the ENS suggests it is important1, 30, and this is borne out by developmental studies
showing that its absence has lethal consequences14. Many subtypes of enteric neurons have
been identified based on differences in morphology, electrical properties, projections and
function1, 6, 31. It is now widely accepted that these subtypes of enteric neurons are functionally
relevant and are able to control motility, and regulate intestinal permeability, secretion, blood
flow and other activities of the gut1, 12, 13.
The ENS plays an important role in the regulation of gastrointestinal motility via a peristaltic
reflex circuit. The reflex is initiated by the release of enteroendocrine hormones, notably
serotonin (5-HT) or direct mechanical stimulation of intestinal primary afferent neurons. These
intestinal primary afferent neurons project to local interneurons which innervate motor neurons
upstream and downstream of the origin of the stimulus32-34. The ascending interneurons
activate excitatory motor neurons in order to initiate contractions of the smooth muscle via
the release of acetylcholine (ACh) and substance P, while downstream interneurons activate
inhibitory motor neurons which release nitric oxide (NO) and vasoactive intestinal peptide (VIP),
to relax the descending portion of the gut32-34. Together this pattern of upstream contraction
and downstream relaxation establishes a pressure gradient that leads to propagation of
luminal content and forms the basis of propagated gastrointestinal motility32-34. Segmental
motility of the intestine, where local movements occur to aid digestion, has also been well
defined35, 36.
Intestinal epithelial barrier function is tightly regulated and controls the permeability
of the intestines which is essential to prevent microbial products, microbes, antigens
and other harmful substances from leaving the lumen and entering the bloodstream.
ACh and substance P released by enteric neurons causes an increase in paracellular

34

Enteric neurons and colorectal cancer

and transcellular permeability12, 37, while VIP reduces intestinal permeability38. Therefore
VIP is able to balance the effects caused by permeability-increasing factors like ACh,
substance P, but also inflammatory mediators and pathogens38, 39. Intestinal barrier function
is regulated by enteric neurons in the short term through post-translational modification
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of the myosin light chain phosphorylation, but also over more extended periods of time
through changes in the expression of tight junction proteins38-40. The ENS also regulates
secretion of H2O, electrolytes and mucus, and plays a role in fluid exchange between

the intestinal lumen and the gut mucosa. Active secretion and fluid exchange is initiated
by intrinsic enteric reflexes13. Stimulation of intestinal primary afferent neurons activates

secretomotor neurons which initiate secretion by the release of ACh, VIP, adenosine
triphosphate (ATP), and substance P, while inhibition of the secretomotor neurons is
mainly regulated via the sympathetic nervous system and by interneuronal-released
somatostatin41, 42.
Overall, less is known about the role of enteric neurons in the regulation of proliferation,
repair, wound healing and blood flow. Even though it is well known that the enteroendocrine
peptide glucagon-like peptide 2 (GLP-2) exerts trophic effects on the mucosal epithelium,
it remains to be determined which other neuromodulators are involved in this process.
Several studies have suggested that ACh, substance P and VIP are important stimulators
for epithelial cell proliferation although contradictory evidence indicates that VIP also has
antiproliferative effects43-46. Other neuromodulators that take part in the regulation of the
epithelium/epithelial homeostasis are 5-HT, which is involved in epithelial growth47 and
endocannabinoids have a role in mucosal healing48. Finally, enteric neurons can regulate
blood flow within the gut in order to maintain a proper balance between the absorption
of nutrients and fluid exchange12, 42. Acetylcholine released by vasodilator/secrotomotor
neurons interacts with the blood vessels to release NO from the endothelium hereby
inducing vasodilation42. Guan et al. showed that also GLP-2 is able to stimulate blood flow.
As GLP-2 receptors are localized on neurons expressing NO and VIP, it is suggested that
these neurotransmitters act as additional regulators for blood flow49. Calcitonin gene-related
peptide (CGRP) and substance P are also neurotransmitters with vasodilatory effects, but
the signaling of these transmitters in the context of vasodilatory modulation originates from
splanchnic primary afferent neurons which have their cell bodies located in the dorsal
root ganglia50. However, signaling from the sympathetic nervous system (SNS) for blood
flow is also essential for intestinal vasoconstriction. The SNS stimulates vasoconstriction
via α1-adrenergic pathways in particular induced by norepinephrine/noradrenaline (NE)51.
Additionally, dopamine, the precursor of NE, and neuropeptide Y, which is regarded as a
co-transmitter with NE in the SNS, exert vasoconstrictor effects, although several lines of
evidence indicate that these transmitters can also attenuate vasoconstriction depending
on the binding to specific subtypes of receptors52-54.
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This brief overview of the functions of the ENS outlines many of the major transmitters
and provides important background about the importance of the ENS. Currently most of
our knowledge of the ENS in intestinal pathophysiology is based on studies on genetic
ENS diseases, like Hirschsprung’s disease, and on intestinal inflammatory conditions, like
IBD. This needs to be considered when examining the role of enteric neurons and enteric
neurotransmitters in intestinal inflammation and CRC.

LINKING GUT INFLAMMATION,
A PREDECESSOR FOR CRC, AND THE ENS
The ENS plays a pivotal role in orchestrating the inflammatory processes in the gastrointestinal
tract. Margolis et al. showed how an altered enteric neuronal density can contribute to the
severity of gut inflammation55. They treated two different mouse models, each characterized
with an altered number of neurons with 2,4,6-trinitrobenzenesulfonic acid (TNBS) and dextran
sodium sulfate (DSS) to chemically induce colitis55. Interestingly, they observed that Hand2+/mice, which have a decreased number of neurons, had less severe colitis compared to their
wildtype counterparts while NSE-noggin mice, characterized by an increased number of
neurons, suffered from more severe colitis, compared to wildtype animals55.
Many studies describe the impact of different types of neuropeptides, transmitters and
hormones on intestinal inflammation. Literature indicates that neuromodulators can be
produced and secreted by enteric neurons in response to inflammation and can serve
different roles, which can be divided roughly into a homeostasis-restoring function (figure
1) and a pro-inflammatory function (figure 2). Homeostasis-restoring neuromodulators and
hormones as VIP46, 56, 57, GLP-258-60, pituitary adenylate cyclase-activating polypeptide (PACAP)61,
galanin62, 63, glial-derived neurotrophic factor (GDNF)64, oxytocin (OT)65, prostaglandin D2
(PGD2)66, somatostatin67, 68, dopamine69 and GABA70, inhibit the amount of pro-inflammatory
cytokines, stimulate anti-inflammatory cytokines, decrease intestinal permeability and promote
neuronal survival. On the other hand, inflammation-maintaining modulators as neurotensin
(NT)71, substance P72, 5-HT41, 73, neuropeptide Y (NPY)74, 75 and nerve growth factor (NGF)76
mainly promote pro-inflammatory cytokines and increase intestinal permeability.
In addition, the interaction of the enteric neurons with immune cells has been studied.
Enteric neurons interact with muscularis macrophages, which are located closely to enteric
neurons and nerves and can regulate enteric neuronal activity thereby affecting motility and
contractility77. On the other hand, neurons themselves are involved in the development of
macrophages, macrophage homeostasis and polarization. Interestingly, upon enteric bacterial
infection, the muscularis macrophages enhanced their tissue-protective programs, which was
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caused by activation of extrinsic signaling resulting in norepinephrine release followed by
binding to the β2-adrenergic receptor located on the macrophages. Although the extrinsic
signaling is key in this process, the importance of the enteric neurons cannot be ruled out77,
. The shift in macrophage programming is also recognized in CRC, and specific subsets of

78

2

macrophages are associated with a specific prognosis although it remains debated whether
macrophages exert a pro- or anti-tumor activity79. Thereby it is well established that the ENS is
an essential player in the regulation of intestinal inflammation. Overall, these findings between
the ENS and inflammation also need to be considered when studying the role of enteric
neurons in other intestinal diseases, like CRC.
Intestinal inflammation has also been identified and well-described as an important risk
factor for CRC. In most literature, CRC which is associated with intestinal inflammation is
referred to as colitis-associated cancer (CAC). This variant of CRC affects approximately 20%
of IBD patients, and almost 50% of these patients will die80, 81. Although the genetics and the
stages of development are highly similar, there are clear differences between CRC and CAC
concerning the contribution of inflammatory signaling82. First, the activated immune system is
able to induce further genetic mutations and epigenetic alterations by the release of reactive
oxygen species (ROS) or reactive nitrogen species (RNS) which are known to cause DNA
damage83. This damage may mutate p53 and mismatch repair genes while cytokines can
induce epigenetic alterations or deregulate the expression of miRNAs causing changes in
gene silencing84-87. Second, inflammatory signals, often released cytokines, are able to induce
CRC development via different mechanisms than in non-CAC. The nuclear accumulation of
β-catenin has been found to be regulated via pro-inflammatory factors like tumor necrosis
factor alpha (TNF-α) and prostaglandin E2, or even by pro-inflammatory pathways such as

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) or AKT serine/threonine
kinase (Akt)88-90. Within both sporadic CRC and CAC, the immune system is active. However, in

sporadic CRC there is an equilibrium in normal immunosurveillance cells and tumor promoting
cells, whereas in CAC more tumor promoting immune cells are detected that can secrete
pro-inflammatory cytokines which, together with chemokines, function as growth factors or
pro-angiogenic factors for the tumor82, 91. Important cytokines for both intestinal inflammation
as well as tumor development like TNF-α, interleukin (IL)-1 and IL-6 are upregulated in IBD
and CAC indicating a similar disease-promoting role92-99. Finally, the high inflammatory status
of the tumor microenvironment also affects processes of invasion and metastasis as proinflammatory factors can activate NF-κB and signal transducer and activator of transcription
(STAT) 3 which consequently induce the epithelial-mesenchymal transition and the expression
of proteases leading to increased migration and thus invasion/metastasis of tumor cells100.
For more detailed descriptions on the mechanisms of CAC, we refer the interested reader to
the reviews by Terzic et al, Rubin et al, Van der Kraak et al, and Axelrad et al.82, 101-103. Overall,
it can be concluded that there is a strong association between intestinal inflammation and
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the possibility for the development of CRC/CAC and with the current knowledge on the
importance of the ENS in intestinal inflammation, the role of (enteric) innervation in CRC should
not be underestimated.
Finally, one should take into account that many studies also describe a decrease of enteric
neurons after an inflammatory insult. In dinitrobenzene sulfonic acid (DNBS), TNBS and DSS
animal models, the occurrence of inflammation is associated with a significant loss ranging
from 20%-50%, of enteric neurons76, 104-107. Additionally, in ulcerative colitis patients the neuronal
density in the myenteric plexus was decreased up to 61%108. How these data could be linked
to the damaging role of the enteric neurons in the development of gut inflammation, seen
by Margolis et al.55, and CAC/CRC is still unclear. It could be dependent on whether gut
inflammation or ENS dysregulation is the primary event. Additionally, it is unknown whether
specific subtypes of neurons, and related neurotransmitters and their receptors, are affected.
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Figure 1: Enteric neuronal mechanisms of homeostatic restoration in inflamed conditions via
neuromodulators. Via neuromodulation, pro-inflammatory cytokines (red) are inhibited, anti-inflammatory
cytokines (green) are stimulated, neuronal survival (yellow) is increased and intestinal functions (blue)
are normalized. Abbreviation: GLP-2 = glucagon-like peptide 2, GLP-2R = glucagon-like peptide 2
receptor, VIP = vasoactive intestinal peptide, PACAP = pituitary adenylyl cyclase activating peptide,
GABA = γ-aminobutyric acid, GDNF = Glial-derived neurotrophic factor, L-PGDS = lipocalin prostaglandin
D synthase, PGD2 = prostaglandin D2.
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Figure 2: Imbalances in neuromodulators can enhance or maintain inflammation in the gut via several
enteric neuronal mechanisms: increase of pro-inflammatory cytokines (red), disruption of normal
intestinal functions (blue) and inhibition of neuronal survival (yellow). Abbreviations: NT = neurotensin,
NK-1 = neurokinin 1, 5-HT = serotonin, NPY = neuropeptide Y, NGF = nerve growth factor.

INNERVATION IN CANCER
It was originally believed that the nervous system only indirectly influences the development/
progression of cancer, as tumors spread along nerve fibers in a process called perineural
invasion (PNI)109. Detection of perineural invasion and related nerve cell markers in tumors is
correlated with a poorer disease outcome and/or increased malignancy25. This correlation
is found in head and neck, prostate, breast, cervical, esophageal, gastric and colorectal
cancer110-121. For CRC, PNI has been identified as an independent prognostic marker for
the outcome and survival in multiple studies110, 121-125. Burdy et al. was one of the first to
investigate the potential prognostic value of PNI in CRC and found that it was associated
with high risk of tumor recurrence and decreased survival in T3-T4 node negative CRC
patients123, 124. In stage II CRC patients, PNI was significantly associated with the depth of
tumor invasion and lymphovascular invasion. More importantly, it was also an independent
prognostic factor for disease-free survival but not overall survival in stage II patients and a
strong predictor in stage III patients122. Additionally, PNI is correlated with more advanced
and aggressive disease110, 121, 126. However, Liebl et al. could not validate this independent
prognostic potential of neural invasion in CRC despite their observation that increased neural
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invasion is associated with shorter survival127. In 2016, Knijn et al. confirmed the impact of PNI
as an independent prognostic factor in 5-year disease free survival (based on 9 studies),
5-year cancer-specific survival (based on 6 studies) and 5-year overall survival (based on
14 studies) in a systematic review and recommended that PNI should be implemented in
standard reporting of CRC125.
Next to this passive role for nerves in carcinogenesis, is the existence of reciprocal interactions
between cancer cells and nerves that nowadays has become widely accepted. Cancer cells
make use of factors released by nerve fibers to generate a microenvironment positive for cell
survival and proliferation. In addition, tumor cells can secrete neurotrophic/neurogenic factors
and axon guidance molecules and are therefore able to stimulate their own innervation (via
paracrine/autocrine signaling) in a similar way as angiogenesis and lymphangiogenesis128-131.
This process of the active formation of new nerve fibers and the infiltration into tumors is
called neoneurogenesis, and was first described by Entschladen et al.128, 132. In recent years,
neoneurogenesis has been identified as an important process in breast and pancreatic cancer,
and also in CRC111, 133, 134. Albo et al. were the first to describe the importance of neoneurogenesis
in CRC. Using both in vitro and in vivo models, the group observed that there was a higher
nerve density in cancerous regions compared to healthy regions. Additionally, high levels of
neurogenesis in CRC was described to be an important marker for tumor aggressiveness as
5-year overall survival is decreased with 50% in patients with high neurogenesis compared
to patients with no/low neurogenesis111. These data in combination with the knowledge on the
role of perineural invasion clearly depict the essential role of innervation in CRC development
and progression.
Recently, a number of landmark papers described the importance of innervation as critical
microenvironmental determinants of cancer progression in prostate25, pancreatic26, skin27
and gastric cancers28, 29. Magnon and colleagues demonstrated that prostate tumors
are infiltrated by both sympathetic and parasympathetic nerves, originating from normal
prostate tissue, indicating that tumors are able to recruit newly developing nerves which are
present in the microenvironment. Further investigation regarding the role of the autonomic
nerves has shown that sympathetic nerves contribute to cancer development whereas the
parasympathetic nerves are able to promote invasion and metastasis25. The presence of
higher nerve density within the tumor has also been associated with a poorer outcome,
indicating the potential role of nerve fiber density as a prognostic marker for prostate
cancer25. Zhao et al. and Hayakawa et al. show a similar role for nerve fibers in gastric
cancer. Regions of the stomach with higher vagal innervation have an increased chance
of tumor development and when these areas are denervated, the number of tumors and
progression of the cancer is attenuated28. Zhao et al. described that neurons co-cultured
with gastric organoids showed neurite outgrowth and this resulted in enhanced gastric
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organoid growth, working through cholinergic induced Wnt signaling28. This was further
studied by Hayakawa et al. who showed that the release of ACh from nerves, as well as
tuft cells (a specialized epithelial cell involved in immune regulation and “tasting” luminal
content), which are intermediary cells dependent on innervation135, stimulates epithelial cells
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to release NGF thereby increasing enteric neurons (HuC/D immunoreactive cells) and neurite
outgrowth causing a positive feedback loop29, 136. Via this loop, ACh can promote epithelial
proliferation via muscarinic signaling and subsequently yes-associated protein (YAP)-Wnt
signaling hereby promoting tumor growth, particularly after loss of adenomatous polyposis
coli29. In addition to prostate and gastric cancer, tumor development and progression in
pancreatic ductal adenocarcinoma (PDAC), is also accompanied by several neuroplastic
changes. PDAC is associated with hypertrophy of the nerve bundles, and an increase
in sensory innervation and pancreatic neurotrophic factor mRNA expression26. Finally,
it is well-established that the Hedgehog pathway is an important hallmark of basal cell
carcinoma. However, Peterson et al. recently observed that only specific innervated stem
cell populations, located within the mechanosensory touch dome epithelia, show activated
Hedgehog signaling and are highly tumorigenic upon loss of Patched1. Moreover, they
observed that surgical denervation decreases touch dome derived tumors, emphasizing
the importance of cutaneous sensory nerves in the development of skin cancer27.
These studies indicate that innervation in the periphery can affect different processes in the
development of cancer and have shown and/or discussed the importance of nerve-derived
release of neurotransmitters like ACh and growth factors like NGF as key factors to promote
cancer development. Overall, these papers set the stage to further investigate the potential
role of the ENS in the development and progression of CRC.

ENTERIC NERVOUS SYSTEM
AND COLORECTAL CANCER
In addition to the hallmark papers described above that highlight the importance of peripheral
neurons in carcinogenesis, several papers provide preliminary evidence consistent with a link
between the ENS and CRC development/progression. We recently described that N-mycdownstream-regulated-gene 4 (NDRG4), an established biomarker for the early detection of
CRC, is specifically expressed in the ENS137-139. It has been described that NDRG4 has a role in
vesicular transport in cells, because of its interaction with blood vessel epicardial substance,
which has been shown to regulate docking of vesicle associated membrane protein 3 (VAMP3, a SNARE-protein) positive vesicles to the cell surface and the subsequent cargo delivery
(e.g. fibronectin) 140. Moreover, NDRG4 controls vesicle membrane fusion during exocytosis as
NDRG4 knockdown has been associated with a sharp reduction in the level of another vesicle-
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SNARE protein, Synaptosomal-associated protein 25 (SNAP25)141. Although the exact function
of NDRG4 in the gut still has to be investigated, we hypothesize that NDRG4 is able to modulate
subcellular vesicle trafficking and exocytotic release of neurotransmitters. Another interesting
observation linking the ENS and CRC is that patients with megacolon which have decreased
innervation of the intestine (a symptom associated with Chagas disease), have reduced risks
for developing CRC. Garcia et al. tested 802 patients with megacolon and identified that none
of these patients presented CRC and only three patients were found with intestinal polyps142.
The same outcome was observed by Vespúcio et al. who described that Wistar rats with a
reduced number of myenteric neurons had diminished preneoplastic markers, like aberrant
crypt foci, crypt fission index, β-catenin accumulated crypts, and epithelial cell proliferation,
after treatment with a carcinogenic drug, compared to rats with normal numbers of myenteric
neurons143. Other evidence for an association between the ENS and CRC can be found within
the netrin-1 signaling pathway144. Netrin-1 is a protein which is involved in axonal guidance in
both the CNS and the ENS, and its receptor DCC (Deleted in Colorectal Cancer) was found to
be expressed in the developing ENS145, 146. DCC induces apoptosis, unless it is affianced by its
ligand, netrin-1, and its expression is often reduced in CRC147-149. Because of the important role
of netrin-1 and its receptor in both ENS and CRC, Ko et al. also debated that the ENS could
be an important contributor to CRC development144.
In addition to the innervation promoting tumor development and progression, CRC-induced
alterations within the ENS have also been described. Godlewski et al.150 described that
a tumor is able to displace the myenteric and submucosal plexuses often with loss of
nerve fibers and neurons. If the invasion pattern of the tumor is more dispersed, the tumor
can surround the submucosal layer thereby destroying it. Due to the loss of innervation,
markedly altered gut functions could occur, causing symptoms such as alterations in bowel
movements, constipation, diarrhea and pain150. Other studies investigated the increase
or decrease of specific neurotransmitter-expressing neurons and nerve fibers within the
ENS in the region adjacent to the cancer invaded area in the intestines of patients with
CRC151-153. A decrease of NPY and CGRP, substance P, somatostatin and PACAP-expressing
neurons is observed within the submucosal plexus and a decrease of CGRP, NPY and in a
lesser extent somatostatin-expressing neurons is observed in the myenteric plexus. Only
galanin-expressing neurons were increased in the myenteric plexus in CRC. No changes
were observed for VIP in both myenteric and submucosal plexus151-153. However, rats with
chemically induced colonic adenocarcinoma showed an increased number of substance
P and VIP immunoreactive nerve fibers while nitric oxide synthase (NOS) immunoreactive
nerve fibers were decreased154. Together these data indicate that the neurochemical coding
of neurons and nerve fibers in CRC conditions are significantly different compared to a
healthy situation.
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NEUROMODULATORS AND THEIR ROLE
IN CRC DEVELOPMENT AND PROGRESSION
As described above, neuromodulators have major influences on gut function. Current research
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is predominantly focused to identify which neurotransmitters and neurotrophic factors are
involved in cancer development as there is increasing evidence that these factors can affect
migration, invasion and metastasis155. Tumor cells express different neurotransmitter receptors
and react with different neurotransmitters156. In addition, tumor cells can produce endogenous
neurotransmitters in response to several environmental stimuli156.
The first neurotransmitter that was associated with CRC was VIP. As early as the 1970’s it
was demonstrated that VIP receptors were present in the malignant colonic cell line HT-29.
Alleaume et al. showed that the addition of VIP increases proliferation of HT29 cells157 and
this was confirmed in the in vivo study of Iishi et al., who studied the effects of VIP on colonic
tumors in azoxymethane (AOM)-treated Wistar rats158. Regular injections with VIP in this rat
model of CRC led to a higher incidence of colonic tumors158. When using a VIP antagonist
in AOM-treated Sprague Dawley rats, the volume, staging, number of dysplastic crypts, and
lymphocyte infiltrate in the tumors was reduced159. One proposed mechanism of how VIP
could influence these effects is via the production and accumulation of cyclic adenosine
monophosphate (cAMP) and the activation of extracellular signal-regulated kinases (ERK),
which can both lead to enhanced proliferation157. However, opposite results have been shown
by Ogasawara et al., who studied the effect of VIP on invasion and migration of murine
colon 26-L5 adenocarcinoma cells and concluded that VIP is able to inhibit migratory/invasive
processes of 26-L5 adenocarcinoma cells160. Moreover, it has been described that treatment
with VIP and the VIP analogue PACAP, reduces cell growth in HCT116, SW403, DLD-1 and
Caco-2 cell lines, but also in HT29 cells161, 162. How VIP exerts these different effects remains
to be determined. However, as observed for other neurotransmitters, e.g. PACAP, it might be
reliant on the activated receptor. PACAP has been associated with a diversity of functions,
for example the regulation of cell division, cell differentiation and apoptotic cell death in
neuronal and some non-neuronal cell types163. Interestingly, PACAP can both stimulate and
inhibit proliferation of one cell type which is dependent on the distribution of the PACAP
receptors: PAC1-R-s or PAC1-R-hop. PAC1-R-s is able to stimulate proliferation, whereas PAC1-R-

hop functions via another signaling pathway to inhibit proliferation164. Interestingly, in an in vivo

study, it was observed that DSS-treated PACAP-/- mice spontaneously developed aggressive
colorectal tumors, while control mice only displayed minor neoplastic changes 61. In addition,
tumors of the PACAP-/- mice also had a more aggressive-appearing pathology compared to the
tumors of control mice61. Together, these data suggest that PACAP has a tumor suppressor role
in CRC, although the underlying mechanisms are still unknown. Following the discovery that
VIP and its analogue PACAP are able to affect cancer development, various groups started to
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investigate the possible role of neuropeptides/transmitters in cancer. An increasing number
of studies have now investigated the role of different neuromodulators in the development
and progression of CRC, which we will summarize below.
The substance P/neurokinin 1 receptor complex is involved in mitogenesis, angiogenesis, cell
migration and metastasis165. Substance P can bind to all members of the neurokinin receptor
family although its binding with the neurokinin-1 (NK-1) receptor has been most fully investigated.
The NK-1 receptor was identified in colon adenocarcinomas by Rosso et al., who reported
that low concentrations of substance P are able to increase growth of SW-403 cells and that
blocking the receptor using an NK-1 antagonist could inhibit growth and induce cell death via
apoptosis166. These results were confirmed by inhibiting substance P using anti-substance
P antibodies in HT29 and HCT116 cancer cells167. Garnier et al. described that by using NK-1
receptor antagonists in DLD1 cell lines, the canonical Wnt signaling was inhibited giving an
insight into the mechanism of substance P/NK-1 signaling in cancer168. Thus, substance P has
been found to play a stimulating role in the development of CRC. Because substance P can
promote tumor growth in other types of tumor besides CRC as neuroblastomas, gliomas,
retinoblastoma, melanomas, pancreatic carcinomas and gastric carcinomas, the possibility
of using NK-1 receptor antagonists as a therapeutic has led to the development of several
different antagonists169. Despite their structural differences, Aprepitant, benzylether piperidine
(L-733,060) and N-Acetyl-L-tryptophan-3,5-bis(trifluoromethyl)-benzyl-ester (L-732,138) bind
the NK-1 receptor with a similar specificity thereby inhibiting tumor growth170, 171. Besides the
direct antitumoral effect of the NK-1 receptor antagonists, Alfieri et al. have shown that the use
of these antagonists reduced side effects caused by chemotherapy and/or radiotherapy172.
However, aprepitant has also been found to induce CYP3A4 and when aprepitant is coadministered with drugs metabolized by CYP3A4, it could lead to increased plasma levels.
Therefore the usage of aprepitant in combination with chemotherapeutic agents metabolized
by CPY3A4 should be investigated thoroughly as this combination could potentially result
in altered drug efficacy or toxicity due to the interactions between aprepitant and the
chemotherapeutic agent173. Therefore, more research of NK-1 receptor antagonists in CRC is
needed to optimize their potential as broad-spectrum antitumor drugs.
Serotonin, a biogenic amine found in nerves and enterochromaffin cells throughout the GI
tract is another neurotransmitter that has been studied in the context of CRC development.
In vivo and in vitro studies suggest an inhibitory effect of 5-HT on CRC. Tutton et al. showed
that treatment with 5-HT reuptake inhibitors (citalopram and fluoxetine) has a suppressive
effect on proliferation in dimethylhydrazine-induced colonic tumors in rats and mice with
xenografted carcinomas174. Following this study, Xu et al. discovered that the daily use of 5-HT
reuptake inhibitors (commonly used antidepressants) is associated with a reduced risk for
developing CRC in a population based nested case-control study175. These findings have been
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supported by several other studies176-178, although a Danish population-based study described
no association between 5-HT reuptake inhibitor use and CRC risk178. In contrast, other studies
revealed stimulating effects of 5-HT on CRC, when using an 5-HT receptor antagonist. In a
study by Barkla et al., the effects of 5-HT were prevented by treating xenografted carcinomas
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in mice with a 5-HT receptor antagonist (BW 501c), which resulted in decreased tumor growth .
179

In order to get a better understanding of the impact of 5-HT on CRC, Ataee et al. conducted
several studies investigating the involvement of the 5-HT receptors and described that 5-HT1B,

5-HT3 and 5-HT4 are expressed in HT29 cells and that binding of 5-HT with all three receptors

stimulates cell proliferation and that 5-HT antagonists inhibited cancer cell growth180, 181. The

activation of different intracellular signaling cascades triggered by the different 5-HT receptors
could explain the diverse effects of 5-HT182.
Neuropeptide Y plays an important role in the regulation of immune cells, gastrointestinal
motility and intestinal secretion during healthy conditions74. It has been described that NPY and
its Y2 receptor are upregulated in mouse models of CRC (treated with the carcinogen AOM and
the inflammatory agent DSS). Further in vitro data showed that NPY can promote the angiogenic
potential through Y2 receptors and thus may act as an important factor in the development of
CRC183. The calcium binding protein, calretinin is mainly present in secretomotor/vasodilator
neurons which innervate the secretory glands and which also regulate the blood flow through
arterioles42. Calretinin is expressed in 10 different colorectal cell lines, generally known as
cells with a high proliferation rate.: i.e. HT-29, WiDr, LoVo, LS180, CO112, CO115, SW480,
SW620, COLO205 and SK-CO-1, In contrast, SW1116 and Caco-2, slow proliferating cells, do
not express calretinin indicating a role for calretinin in proliferation184. Expression of calretinin
has also been studied in a series of human colorectal adenocarcinomas where the expression
levels increased with tumor progression, being associated with increased malignancy and
metastasis, while calretinin expression is lacking in normal multiplying cells185, 186.
Two other enteric neurotransmitters that have been studied in CRC are GABA and the
catecholamine dopamine. GABA acting at GABAB receptors can inhibit metastasis of CRC
in mice injected with the KM12SM, HT29 or RKO cell lines, and migration of SW480 cells187,
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. In contrast, increased levels of GABA have been observed within human tumors. Thus

its exact role remains unclear187, 188. Dopamine, a catecholamine within the autonomic and
enteric nervous system, has been associated with the inhibition of cancer growth. By
stimulating dopamine receptors, an inhibitory effect on CRC growth is observed induced via
an antiangiogenic action of dopamine189.
The catecholamines, epinephrine and norepinephrine originate from the central nervous
system (CNS). The CNS and the ENS are able to communicate and therefore the CNS can
modulate the ENS which is important for the brain-gut axis3. Epinephrine and norepinephrine
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can reduce the release of neurotransmitters like 5-HT and substance P42. Both epinephrine
and norepinephrine have been found to stimulate the migratory activity of SW480 cells190.
Additionally, (nor)epinephrine, which activates β-adrenergic receptors, has also been found
to promote metastasis in CRC190. It has been described that these catecholamines can be
stimulated via acetylcholine (receptors) in colon cancer191. Next to stimulating catecholamines,
stimulation of the ACh receptors was shown to primarily promote tumor development. This
was achieved by stimulating the nicotinic as well as the muscarinic receptors with a variety of
agonists. The activation of nicotinic ACh receptors by nicotine led to increased cell proliferation
in HT29, Caco-2 and HCT-8 cells and decreased apoptosis in the Caco-2 and HCT-8 cells191,
. On the other hand, the muscarinic ACh receptors that were stimulated with ACh had a
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stimulatory effect on cancer cell migration and invasion in H508 and HT29 cells193, 194.
In addition to neurotransmitters, some enteroendocrine peptides have been studied during
colorectal carcinogenesis. Glucagon-like peptide 2, found in L cells in the intestinal epithelium
has been identified as a potential mediator of intestinal epithelial proliferation195. Due to these
proliferative properties, Thulesen et al. studied the effect of GLP-2 on cancer development
in 1,2-dimethylhydrazine (a carcinogen) treated mice, where the additional treatment with
GLP-2 increased the tumor load indicating a pro-cancerous role of GLP-2196. This cancerpromoting potential was confirmed in several models, including in an AOM-induced CRC
rodent model where treatment with GLP-2 led to increased high-grade dysplasia and
treatment with a GLP-2 antagonist decreased dysplasia197. Therefore GLP-2 is considered as
a potential target for anti-cancer therapy198. Neurotensin, another enteroendocrine peptide,
also stimulates the growth of CRC as shown in different colon cancer cell lines (SW480,
SW620, HT29, HCT116, LoVo, and MC-26) and in tumors xenografted into nude mice199201

. However, later studies showed that neurotensin receptor-1 is specifically involved in

promoting tumor development in sporadic cancers (AOM-model) but not in CAC (AOM/
DSS)202. In 2011, it was discovered that neurotensin signaling activates microRNA 21 and
155 which subsequently activated Akt thereby promoting tumor growth in HCT116-xenograft
tumors. Blocking of the microRNAs slowed tumor growth203.
Currently, the role of enteroendocrine peptides, as an alternative/additional treatment
for chemotherapy and radiotherapy in cancer, is under investigation. While hormonal
manipulation in breast and prostate cancer is well established, it is barely used as a
treatment option for CRC patients. In 1989 it was investigated that CRC patients could benefit
from hormonal therapy with antigastrin drugs204. Hormones like gastrin have been shown
to play a role in cancers of the GI tract205. Ciccotosto et al. observed that gastrin levels are
significantly elevated in CRC patients compared to a control group206. Gastrin is able to exert
trophic effects via endocrine, autocrine and paracrine pathways as shown in studies using
CRC lines (HT29, HCT116) and colorectal xenografts in nude mice207-210. Somatostatin, one of
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the most widely distributed gut hormones, is known to have an inhibitory effect on gastric
acid secretion, intestinal absorption and motility211. The first studies concerning somatostatin
originate from the 1980s where contradictory results were described regarding the effect of
different somatostatin-analogues in CRC. One of the earliest and best studied analogues for
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somatostatin, in the context of CRC, is octreotide. In an early study, no inhibitory effect on
tumor growth was observed after the treatment with this somatostatin-analogue in a AOMinduced CRC rat model212. However, in later studies, it was described that octreotide could
inhibit tumor growth in vitro and in vivo using xenograft mice models213. Similarly, another
analogue for somatostatin, AN-162, was also able to inhibit tumor growth as found in HT29, HCT-15 and HCT-116 cell lines214. Mono-treatment with octreotide in SW620 cells led to
a reduction of viable cells, but when octreotide was used in combination with 5-HT and
galanin, the effects were enhanced215. The positive outcome of this combination treatment
was confirmed in vivo in C578L/6jBom-nu nude mice injected with cells of an N-methylN-nitroguanidine-induced rat colon carcinoma, by the decreased tumor volume due to
increased apoptosis and necrosis, and reduction of blood vessel density215-218. Evidence
for a role of galanin in CRC development was described in the 1990’s by Iishi et al., who
showed that galanin treatment leads to a decreased incidence of colonic tumors in Wistar
rats during a limited follow-up period219. It was not until 2007, that Kim et al. observed with
microarray analysis that galanin expression is increased in colon cancer tissue (51 colon
adenocarcinomas) compared to normal tissue (15 normal colons)220. In addition, it has been
described that galanin-positive neurons are increased in the myenteric plexus of diseased
regions affected by CRC compared to non-diseased areas220. Moreover, Nagayoshi et al.
discovered that galanin is important in cancer invasiveness and that high expression of
galanin is associated with a more aggressive form of CRC with a poorer prognosis for stage
II patients221. Although further studies are necessary, it is suggested that galanin signaling
may act as prognostic and potentially therapeutic target for stage II patients specifically.
Finally, besides the release of neurotransmitters and hormones, the importance of specific
receptors found within the ENS should also be considered. Receptors that are important
in calcium influx, calcium-dependent processes and are involved in purinergic signaling
as part of the neuron-to-glial cell communication within the ENS, are the P2X receptors222,
223

. Overall, it has been accepted that purinergic signaling functions via P2X purinoceptor

7 (P2X7R) is involved in the maintenance of gut homeostasis by regulating both motor and
secretory functions224-226. Gulbransen et al. have described an essential role of P2X7R in
the development of IBD, as described above, but more recently Hofman et al. have also
shown that P2X7R is involved in the development of CAC227. Whereas P2X7R inhibitors can
reduce neuronal cell death and hereby the development of IBD107, this study also showed
that blockage of P2X7R can enhance proliferation of intestinal epithelial cells and reduce
apoptosis, which increases the risk of CAC107, 227.
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Overall, studies investigating the role of neuromodulators and specific receptors in cancer
have shown that CRC development and progression can be modulated by neural invasion
and a variety of enteric transmitters. We have summarized the effect of the above described
neuromodulators on different hallmarks of cancer in table 1. Neurons producing factors
like somatostatin, PACAP, dopamine and GABA will be able to inhibit the progression of
cancer while substance P, galanin, NPY, epinephrine, norepinephrine, and ACh are able to
promote proliferation, growth, migration, invasion and angiogenesis, as summarized in figure
3. Many neurotransmitters that have been found to stimulate CRC, have also been studied
in the context of gut inflammation, as described in figures 1 and 2. It is interesting to see that
NPY and substance P, for example, promote CRC and inflammation, and that PACAP has a
protective effect on both inflammation and CRC. As the link between inflammation and CRC
development is well established, one might assume that neuromodulators have the same
positive or negative effects on cancer and inflammation in the intestines82.

Inhibitory actions (-)
SOM
PACAP

+/- actions
5-HT
VIP

Stimulatory actions (+)
galanin
substance P
NPY

dopamine
GABA

(nor)epinephrine

GLP-2

ACh
Neurotensin

Tumor growth/
CRC
Figure 3: Proposed effects, either inhibitory (green), stimulatory (red), or dual (inhibitory and
stimulatory, blue) on the development of CRC by neuromodulators. Abbreviations: SOM = somatostatin,
PACAP = pituitary adenylyl cyclase-activating peptide, GABA = γ-aminobutyric acid, GLP-2 = glucagonpeptide 2, NPY = neuropeptide Y, ACh = acetylcholine.
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The neuromodulators discussed in this review have been mostly studied by their
exogenous administration to cells or by administering them as a treatment, but all of these
neuromodulators are also endogenously present in the ENS. Whether these can be harnessed
to prevent the development or progression of CRC remains to be determined. Most of these
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neurotransmitters are produced and released in both the autonomic and enteric nervous
systems and might thus affect CRC development or progression, however, as described, little
knowledge is available about the exact contribution of the ENS in CRC. Nonetheless, the ability
of the neuromodulators to affect cancer development and progression could be of significant
value for future therapeutic targets.

TARGETING INNERVATION IN
CANCER – THERAPEUTIC POTENTIAL
In general, both PNI as well as the presence of neurogenesis have been associated with
poorer prognosis and decreased survival in CRC110, 111, 121-125, 127. Because of the good prognostic
potential of PNI and neurogenesis in CRC, these factors could play an important role in therapy
stratification (use of adjuvant therapy or postoperative chemotherapy)110, 111, 122. Magnon et al.
and Zhao et al., suggested that denervation of tumors can act as a potential therapy to treat
prostate and gastric cancer, respectively, as they showed that surgical denervation using
vagotomy or removal of hypogastric nerves, as well as pharmacological denervation using
unilateral injections with botulinum toxin A, lead to attenuation of cancer development and
progression25, 28. The same effect was observed in pancreatic cancer, where patients whose
innervation was ablated had a slightly better survival rate26, 228, 229. Recently, Jobling et al.
reviewed strategies targeting the neurotrophic factor NGF, also considered by Hayakawa et
al. as a potential target29, 230. NGF stimulates nerve infiltration but also cancer cell proliferation
and invasion in breast, prostate and gastric cancer230. Using antineurogenic therapies, nerve
infiltration can be inhibited and by decreasing the release of tumor-stimulating neurotrophic
growth factors, processes as proliferation and migration can also be inhibited230. Although
NGF has not been associated with CRC, the principle of targeting innervation and related
neurotrophic factors and their receptors to battle cancer is also supported by previously
mentioned hallmark papers25, 28, 29.
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Table 1: Overview of ENS-related neuromodulators, hormones and receptors involved in key
processes of colorectal carcinogenesis: Inflammation, proliferation, migration/metastasis, apoptosis
and angiogenesis.
Inflammation

Proliferation/Growth

Acetylcholine

-

In vitro:
Nicotinic/muscarinic receptors: ↑
proliferation

Calretinin

-

In vitro:
Expressed in highly proliferative cell
lines

Dopamine

In vivo:
Inflammation: ↓ dopamine levels

-

Epinephrine/
Norepinephrine

In vivo:
Sympathetic denervation: ↓/ ↑
inflammation dependent on acute or
chronic phase

-

GABA

In vivo:
GABA: ↓ intestinal inflammation

-

Galanin

In vivo:
Treatment galanin: ↓ TNBS-induced
colitis

In vivo:
Galanin treatment: ↓ tumors in Wistar
rats

GLP-2

In vivo:
GLP-2: ↑ VIP-positive neurons
GLP-2 receptor: ↓ in colitis models

In vivo:
GLP2: ↑ growth of colonic neoplasms
in mice
GLP2: ↑ increases colonic dysplasia in
rodents

Neuropeptide Y

In vivo:
NPY KO mice: ↓ TNF-alpha

Neurotensin

In vivo:
Toxin A-treated rats: ↑ neurotensin in
colonic mucosa

In vitro:
NT: ↑ growth in SW480, SW620, HT29,
HCT116
NT-R antagonist: ↓ tumor growth in
LoVo cells
In vivo:
NT: ↑ tumor growth in HCT116xenograft tumors

PACAP

In vivo:
PACAPKO mice: ↑ severe colitis

In vitro:
↓ proliferation in HCT116, SW403,
DLD-1 and CaCo-2
In vivo:
PACAPKO mice: ↑ number of tumors
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Migration/Metastasis
-

Apoptosis

Angiogenesis

References

-

-

192-194

Human:
↑ expression: metastasis ↑

-

-

184-186

In vitro:
↓ growth in HT29 cells

-

In vivo:
↑ antiangiogenic effect

69, 189

In vitro:
↑ migratory activity
↑ β-adrenergic-R: ↑ metastasis

-

-

190, 191, 231

In vivo:
↓ migration and metastasis

-

-

70, 187, 188

Human:
Role in cancer invasiveness
↑ aggressive tumor phenotype

-

-

62, 63, 220, 221

-

-

-

58-60, 195-198

-

-

In vitro:
↑ angiogenic potential

-

-

-

71, 199-203

-

-

61, 163, 164

In vivo:
PACAPKO mice: ↑ aggressive
tumor phenotype

2

74, 183
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Table 1: Continued.
Inflammation

Proliferation/Growth

P2X7R
(receptor)

In vivo:
Activation of P2X7R mediates enteric
neuronal death during colitis

In vivo:
Blocking of P2X7R: ↑ proliferation

Serotonin

Human:
↓ 5-HT levels in UC patients

In vivo:
5-HT reuptake inhibitors: ↓ proliferation
5-HT receptor antagonist: ↓ tumor
growth

In vivo:
Serotonin levels ↑
Blockade 5-HT7 receptor: ↑ colitis
Somatostatin

In vivo:
↓ Intestinal and colonic inflammation

In vitro:
SOM analogues: ↓ growth in LIM,
SW48,
SW620, HT29, HCT-15, HCT116 cells
In vivo:
Octreotide (SOM analogue): ↓ tumor
growth

Substance P

In vivo:
↓ Substance P or NK-1R: ↓ severity
inflammation

In vitro:
↑ growth of SW-403

VIP

In vivo:
VIP: ↓ pro-inflammatory cytokines
↑ anti-inflammatory cytokine

In vitro:
↓ in HCT116, SW403, DLD-1 and CaCo2

VIPKO mice: ↑ severity colitis

In vivo:
VIP antagonist: ↓growth
VIP treatment: ↑ incidence of tumors

Abbreviations: GABA = γ-Aminobutyric acid; GLP-2 = glucagon-like peptide 2; PACAP = pituitary
adenylate cyclase-activating polypeptide; P2X7R = P2X purinoceptor 7; VIP = vasoactive intestinal
peptide.
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Migration/Metastasis
-

-

Apoptosis
In vivo:
↓ apoptosis
-

Angiogenesis

References

-

107, 227

-

41, 73, 174-182

-

In vivo:
↑ apoptosis

-

In vitro:
Blockade NK-1R: ↑
apoptosis in
SW-403, HT29 and
HCT116 cells

-

72, 165-172

-

-

46, 56, 57, 157-162

In vitro:
↓ in 26-L5 adenocarcinoma
cells

In vivo:
↓blood vessel density

2

67, 68, 212-218
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CONCLUSION & DISCUSSION
Enteric neurons play an essential role in controlling normal GI function by regulating
intestinal homeostasis via alterations in permeability, motility, blood flow and fluid exchange/
secretion. An important role of enteric neurons in intestinal inflammatory conditions and
genetic diseases like Hirschsprung’s disease has been identified over the years. In
intestinal inflammatory conditions, both homeostasis-restoring and inflammation-maintaining
neuromodulation have been described. While the important role of the ENS is unequivocal,
and it is well-known that gut inflammation often precedes CRC development, studies
investigating the direct influence of the ENS in the development and/or progression of CRC
are lacking. However, as we have described in this review, there is an enormous potential
for the ENS to impact CRC carcinogenesis directly, and indirectly through the regulation
of inflammation in the gut. Evidence clearly indicates that tumors with high innervation,
due to neoneurogenesis and perineural invasion, are more aggressive and malignant
and are associated with poorer survival which can be improved by denervation of the
tumors. Moreover, studies focusing on the ENS and CRC showed that patients or animals
with compromised enteric innervation have decreased risk for CRC development. Other
evidence clearly indicates that neuromodulators released from the ENS affect different
processes of cancer development and progression.
Overall, we believe that the ENS should be considered as an important player in the
development/progression of CRC, although more research is necessary to understand
the exact mechanisms of neuronal-epithelial communication. As illustrated in figure 4, we
hypothesize that enteric neurons communicate with the epithelial cells in two ways. Firstly, we
believe that epithelial cells/tumor cells will receive direct input by neuromodulators originating
from the innervation. Secondly, we hypothesize that neurons indirectly communicate with
epithelial cells via immune cells. In conclusion, initial evidence accumulated in this review,
suggests that enteric neurons have the potential to be important players in the development
and/or progression of CRC, by either direct or indirect targeting epithelial cells/function.
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2

Figure 4: Enteric neurons located in the submucosal and myenteric plexus can target epithelial and/
or tumor cells via the release of neuromodulators to initiate or prevent the development of cancer.
This can be either directly (right arrow) or indirectly via immune cells (left arrow). Via this mechanism,
processes involved in cancer development or progression are either stimulated or inhibited, depending
on the balance of enteric neuromodulation.
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ABSTRACT
Background & aims: Colorectal cancer (CRC) is the second leading cause of cancer-related
deaths worldwide. It is increasingly recognized that the initiation and progression of CRC is
not only driven by (epi-)genetic changes within intestinal epithelial cells, but also by cells and
signals in the tumor microenvironment. However, the role of the gut’s intrinsic nervous system,
the enteric nervous system (ENS), has been neglected so far. Recently, we observed that the
N-Myc Downstream-Regulated Gene 4 (NDRG4), one of the most prominent DNA-methylation
biomarkers for CRC, is specifically expressed by enteric neurons. Given the involvement of
NDRG4 in docking and fusion events of intracellular vesicles and their subsequent cargo
release, we here aimed to investigate whether the ENS, via NDRG4, can influence the intestinal
(tumor) epithelium.
Methods: Mice deficient or wild-type for Ndrg4 were crossed with APCMin/+ mice or treated with
the carcinogen azoxymethane (AOM) to create two mouse models of CRC. Murine tissues were
histopathologically examined and intestinal tracts further analyzed by immunohistochemistry. In
addition, we established an indirect co-culture model of primary murine ENS cells and intestinal
epithelial organoids (IEOs) to study the role of Ndrg4 in ENS-epithelial crosstalk. IEO growth
was microscopically monitored and differences in the secretory fraction between Ndrg4+/+
and Ndrg4-/- ENS cell-derived culture medium (n = 4) were analyzed using mass spectrometry
(nanoLC-MS/MS). The impact of the differentially secreted proteins was assessed on CRC cell
proliferation and migration. Moreover, the presence of the differentially secreted factors was
analyzed in the human CRC and normal tissue secretome (nanoLC-MS/MS, n = 17).
Results: In both murine CRC models, we observed that loss of NDRG4 was associated with the
development of larger intestinal adenomas and the presence of elevated nuclear β-catenin
levels in epithelial neoplasms. Similarly, medium derived from Ndrg4-/- ENS cultures significantly
boosted crypt budding and growth of IEOs. Quantitative proteomics analysis (nanoLC-MS/MS)
revealed significant enrichment of two extracellular matrix proteins: i.e. Nidogen-1 (Nid1) and
Fibulin-2 (Fbln2) in the secretome of Ndrg4-/- compared to Ndrg4+/+ ENS cultures. We found
that NID1 and FBLN2 are expressed in the murine and human ENS. Moreover, NID1 and/or
FBLN2 coating enhanced the migratory capacities of CRC cells in vitro. Interestingly, NID1 and
FBLN2 were also significantly enriched in tumor compared to normal colon tissue secretomes.
Conclusion: Loss of Ndrg4 accelerates epithelial growth and intestinal tumor progression by
increasing the release of two extracellular matrix proteins: Nid1 and Fbln2. Moreover, with both
ECM proteins being enriched in the human CRC secretome this study highlights the role of the
ENS, via loss of NDRG4, in CRC pathogenesis.
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INTRODUCTION
To date, colorectal cancer (CRC) is one of the most common lethal malignancies in the world
even with major advances in screening and therapeutic strategies. This is partly attributed to
the incomplete knowledge regarding the pathogenesis of CRC. Notably, it is well-established
that CRC not only arises from (epi-) genetic events in epithelial cells, since recent insights have
highlighted that cells and signals in the tumor microenvironment (TME) are important for the
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initiation and progression of CRC1-7
Several cell types within the gastrointestinal (GI) tract, e.g. fibroblast, immune, nerve and
endothelial cells, may constitute the TME. Even though the significant impact of immune cells
on (colorectal) carcinogenesis has already been recognized for several years8-10, research into
other TME-components is still in its infancy. Interestingly, interest in the role of the nervous
system in tumorigenesis recently took the foreground owing to the publication of a series
of papers describing the functional importance of nerves in prostate11, breast12 and skin13
cancers and even in cancers of the digestive tract: i.e. pancreatic14, 15, liver16, gastric17, 18 and
colorectal19-25 cancer. These studies showed that surgical or pharmacological denervation
of autonomic or (para-) sympathetic nerves suppresses prostate, gastric and pancreatic
cancer development and identified perineural invasion and neoneurogenesis as unfavorable
prognostic factors11-25. Remarkably, knowledge regarding the contribution of the extensive
intrinsic nervous system of the gut: the enteric nervous system (ENS26) is lacking. The ENS
is an extensive neuroglial network embedded in the wall along the entire digestive tract. It
communicates with other intestinal cells by transmitting signals like neurotransmitters, (neuro-)
peptides and hormones (packed in membranous vesicles) in order to orchestrate GI-functions
(e.g. intestinal motility, blood flow and intestinal epithelial barrier integrity) and to maintain
GI-homeostasis27-33. The importance of the ENS is highlighted by the wide range of enteric
neuropathies (e.g. Hirschsprung disease) and inflammatory conditions that may arise from
defective ENS development and/or functioning and shows some potential importance in
colorectal carcinogenesis27.
We recently described that the N-Myc Downstream-Regulated Gene 4 (NDRG4), one of
the most accurate DNA methylation-based biomarkers for the early detection of CRC34-42,
is specifically expressed in the ENS43. Given the extensive crosstalk between the ENS and
intestinal epithelium together with the knowledge that NDRG4 is involved in the docking
and fusion of intracellular (e.g. VAMP3- and SNAP25-positive) vesicles and their subsequent
cargo release44, 45, we here investigate how enteric neuronal NDRG4 influences the intestinal
(tumor) epithelium.
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MATERIALS AND METHODS
Patients
Formalin-fixed, paraffin-embedded human normal colon tissues of CRC patients (n = 3) were
retrospectively collected from the archive of the Department of Pathology of the Maastricht
University Medical Center. Written informed consent was obtained from all study participants
and the process adhered to local ethics guidelines. In addition, patients that underwent
surgical resection at the VU University Medical Center (Amsterdam, The Netherlands) were
included for matched normal and CRC tissue secretome analysis, as previously described46.
Mice
Ndrg4 wild-type (Ndrg4+/+) and knock-out (Ndrg4-/-) littermates, and Ndrg4 floxed (Ndrg4fl/
fl

) mice, on a mixed C57BL/6 genetic background, were kindly provided by Prof. Baldwin

(Vanderbilt University Medical Center, Nashville, USA)47. VillinCre mice on the C57BL/6J
genetic background (intestinal epithelial-specific Cre model) were kindly provided by Prof.
Köhler (Maastricht University, Maastricht, The Netherlands). APCMin/+ mice, also on a C57BL/6J
background, which have a genetic predisposition to intestinal adenoma formation, were
purchased from the Jackson Laboratory (Bar Harbor, USA). Prior to experiments, all mice were
characterized by genotyping PCR, as previously described43, using the primer sequences
listed in supplemental table 1. Animals were age- and gender matched and housed in groups
of 3 to 5 under standard conditions having free access to food and water. At the age of six
and twelve months, mice were sacrificed and tissues collected for in-depth investigation by an
experienced animal pathologist (MJG). Animal experiments were approved by the Committee
of Animal Welfare of Maastricht University and performed according to Dutch regulations.
Experimental models of colorectal cancer
APCMin/+ mice were bred with (i) Ndrg4+/- or (ii) Ndrg4fll+-VillinCre mice and subsequently
intercrossed to generate the following progeny for experimental purposes: (i) Ndrg4+/+-APCMin/+
and Ndrg4-/--APCMin/+ mice (constitutional knockout model) or (ii) Ndrg4fl/fl-APCMin/+ and Ndrg4fl/
-VillinCre-APCMin/+ mice (epithelial-specific knockout model). In addition, Ndrg4+/+ and Ndrg4-/-

fl

mice (6-8 weeks of age) were injected intraperitoneally with the mutagen azoxymethane (AOM,
A5486, Sigma-Aldrich) dissolved in sterile phosphate-buffered saline (10µg/g bodyweight)
once a week for 6 consecutive weeks48, 49. Early development of adenomas was monitored
in both models by the presence of blood in the stool and anus prolapses. Upon reaching
the age of six months or ten weeks after the final AOM injection, APCMin/+ and AOM-treated
mice, respectively, were sacrificed and tissues were collected for in-depth investigation.
Prior to fixation of intestinal Swiss rolls, the number and size of polyps were determined in
longitudinally opened intestines under a dissecting microscope (10x magnification) with a
micrometer ocular.
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Cell culture
The human CRC cell lines HCT116, RKO and Caco-2 (LGC, Teddington, UK) were cultured as
previously described34. Prior to utilization in experimental assays, cellular DNA was harvested
and authenticated by short tandem repeat (STR) DNA typing (Leibniz-Institute DSMZ-German
Collection of Microorganisms and Cell cultures, Germany). For pathway analysis, HCT116 cells
were stably transfected with the pCMV6-empty vector (PS100001; Origene, Rockville, USA)
to generate control cells or with the pCMV6-NDRG4.1 (Human NDRG4 transcript variant 1,
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RC221058; Origene) to create NDRG4 overexpressing cells, as previously described34.
Primary (3D-) cultures
Primary ENS cell cultures were prepared from the intestine of Ndrg4+/+ and Ndrg4-/- mice as
previously described, with minor modifications50. In brief, tissue preparations of the longitudinal
muscle with adherent myenteric plexus were isolated from the small intestine and collected in
Krebs solution (Mixture of NaCl, KCl, MgCl2*6H2O, NaH2PO4*1H2O, NaHCO3 anh., Glucose and

CaCl2*2H2O; 95% O2/5% CO2; 4°C). After washing, tissue preparations were digested in a mixture

of collagenase type II (11,34mg/mL, 17101015, Thermo Fisher Scientific), dispase type II (1mg/mL,

17105041, Thermo Fisher Scientific), BSA (5% in PBS, A7030, Sigma-Aldrich) and DNase I (4000u/
ml, 79254, Qiagen) for 8 min at 37°C. Krebs solution with 10% FBS was used to stop enzymatic
digestion, and after washing by centrifugation, the pellet was resuspended in DMEM-F12 (31331028, Thermo Fisher Scientific) enriched with 10% FBS, 1.0% glutamine and 1.0% pen/strep (Lonza
Group Ltd). The cells were cultured in a 12-well plate at 37°C (95% O2/5% CO2). After 24 hours, the

medium was replaced by serum-free DMEM-F12 supplemented with 0.05% nerve growth factor
(NGF, N-130, Alomone Laboratories), 0.2% N2 (17502-048, Invitrogen) and 0.02% G5 (17503-012,
Invitrogen). The medium was changed every two days and cells were harvested (pool three

12-wells) after maximally 10 days of culture for further analysis. Primary intestinal epithelial organoids
(IEOs) were generated from the small intestine of wild-type mice according to STEMCELLTM
technologies instructions with slight adaptations. The isolated intestinal segment was flushed
with cold PBS and cut open longitudinally. After washing the lumen, the segment was cut into
2mm pieces that were systematically rinsed with cold PBS until the supernatant became clear.
The pieces were dissociated (2mM EDTA/PBS, shaking, 15min) and resuspended in PBS/10%FBS,
followed by collection of the supernatant through a 70µm filter, which was repeated three times.
The intestinal crypts were pelleted by three centrifugation steps (290g, 5min, 4°C), resuspended
in 1:1 IntestiCultTM Organoid Growth Medium (OGM, 06005, STEMCELLTM Technologies)/undiluted
Matrigel® (BD356231; Corning®) and carefully pipetted in the center of a pre-warmed 24-well plate.
After solidification of the Matrigel® (±20min, 37°C), OGM supplemented with 1.0% pen/strep was
added to the crypts and the plate incubated at 37°C (95% O2/5% CO2) to allow IEO growth. The

medium was changed every two days. One day prior to experiments, the IEOs were disaggregated
by gentle disruption of the Matrigel® dome with advanced DMEM-F12 (12634-010, Thermofisher
Scientific), pelleted (400g, 5min, 4°C) and gently resuspended in Matrigel® for culture.
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Co-culture systems and live cell imaging
To evaluate a possible influence of ENS cells on IEOs, we performed three independent,
indirect co-culture experiments using primary ENS cells and IEOs. Medium derived daily from
Ndrg4+/+ and Ndrg4-/- ENS cultures was added for 5 consecutive days onto a transwell insert
(6.4 mm transwell with 1µm pore transparent polyethylene terephthalate (PET) membrane,
353504, BD Biosciences) that was placed on top of IEOs in a 24-well transwell carrier plate
(353504, BD Biosciences). To monitor changes in IEO expansion and phenotype over time
(day 0-5), ±35 IEOs per experimental condition were imaged every day with the Leica DM3000
microscope (100x magnification). Survival, relative growth rate and proliferation of IEOs
were evaluated microscopically. The relative growth rate was determined by measuring the
circumference of the IEOs at day 0 and day 5 using the Leica QWIN V3 software (customdesign by Dr. Ir. J. Cleutjens). Proliferation was assessed by counting the newly formed buds
per IEO (2 independent researchers). In addition, IEO morphology (i.e. crypt, sphere, (budding)
enterosphere, enteroid, micro-adenoma-like) was assessed (day 0 to 5, two independent
researchers). All cells were harvested at the end of the experiment.
Proliferation and migration assay
To evaluate the influence of two extracellular matrix (ECM) proteins, Nidogen-1 (NID1) and Fibulin-2
(FBLN2), on the proliferation and migration of human CRC cell lines, the wells of a 96-well plate
were coated with either NID1 (3.75µg/ml in PBS, 2570-ND-50; R&D systems), FBLN2 (2.5µg/ml
in PBS, 9559-FB-050; R&D Systems) or a mixture of NID1 and FBLN2 (3.75µg/ml and 2.5µg/ml
in PBS). To control for effects induced by PBS, migration was also monitored on a PBS coating
(data not shown). Furthermore, given that cells usually grow and migrate better on an ECM,
coating with one of the most important ECM proteins laminin (2.5µg/ml in PBS, L-2020; SigmaAldrich) was used as a positive control. All coatings settled for two hours under standard culture
conditions (95% O2/5% CO2, 37°C). Both cellular assays were performed in triplicate with six

biological repeats per experimental condition. Two hours after coating, 1,500 RKO and Caco-2
cells were seeded in a 96-well plate (3595, Corning® Costar®) for the proliferation assay. The cells

were allowed to settle for 16 hours under standard culture conditions (95% O2/5% CO2, 37°C),

where after cell proliferation was monitored using the IncuCyte® ZOOMTM (Essen Bioscience).
Images were captured with a two hour interval for five consecutive days The percentage of
cellular confluence was analyzed using the Confluence Processing analysis tool (Basic Analyzer,
IncuCyte® Zoom 40204, Essen Bioscience). For the migration assay, 60,000 RKO and 40,000
Caco-2 cells were seeded in a 96-well ImageLockTM Plate (#4379, Essen Bioscience) two hours
after coating with the different ECM proteins. Twenty-four hours later, a 700-800 micron wide
scratch was made with the IncuCyte Wound maker. Cell migration was monitored using the
IncuCyte® FLRTM (Essen Bioscience) by capturing images every hour for a maximum of five
consecutive days (120 hours). Images were analyzed for wound width and relative wound density
using the IncuCyte® Scratch Wound Processing software (IncuCyte® FLR30157, Essen Bioscience).
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Immunohistochemistry
Paraffin sections (4µm) of entire Swiss rolls/human colonic sections were stained with
hematoxylin and eosin (H&E) or subjected to immunohistochemistry as previously described43,
using either one of the following primary antibodies diluted in PBS/0.5%BSA/0.1%Tween (PBT):
rabbit anti-human chromogranin A (1:500, A0430; Dako), rabbit anti-human lysozyme (1:5000,
A0099; Dako), rat anti-mouse Ki67 (1:50; M7249, Dako), rabbit anti-mouse entactin/Nidogen-1
(Mouse, 1:2000; human, 1:1000, ab14511; Abcam) and rabbit anti-human Fibulin-2 (Mouse, 1:1000;
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human, 1:2000, PA5-75510; ThermoFisher Scientific, Invitrogen). Paraffin-embedded Swiss rolls
were also stained with the endogenous alkaline phosphatase detection method (Vector ®
Red alkaline phosphatase substrate kit, SK-5100; Vector Laboratories, Inc., Burlingame, CA)
following manufacturer’s instructions or by the Periodic Acid Schiff Diastase method (PAS+).
Briefly, dewaxed and rehydrated tissue sections were treated with diastase, incubated with a
fresh 1% periodic acid solution (10min), washed in distilled water, incubated with Schiff reagent
(20min), rinsed in tap water, counterstained with hematoxylin, dehydrated and coverslipped.
Finally, intestinal Swiss rolls were labeled with the monoclonal anti-human β-catenin antibody
(Clone CAT-5H10, 1:1000; Zymed-Invitrogen) using the Vector® M.O.M.TM Immunodetection kit
(MKB-2213; Vector Laboratories, Inc.) according to manufacturer’s guidelines. For negative
controls, primary antibodies were omitted from the sections. All images were acquired at
RT using a Leica DM3000 microscope equipped with the Leica DFC320 camera (Leica
Microsystems, Wetzlar, Germany) and the QWIN V3 software (Leica Windows-based image
analysis kit, version 3), except for the slides labeled for β-catenin, which were scanned using
the Pannoramic 250 Flash II (3DHISTECH, Hungary).
Morphometric analysis and intestinal histopathology
The number of positively stained cells per crypt was counted in three microscopic views (200x
magnification) in Ndrg4+/+ and Ndrg4-/- intestinal sections subjected to IHC (n = 4 per genotype)
using the Leica QWIN V3 software. The thickness of the colon wall of Ndrg4+/+ and Ndrg4/-

mice (n = 7 per genotype) was measured by two independent researchers in H&E-stained

Swiss rolls at eight different places in five microscopic views (100x magnification) using the
Leica QWIN V3 software. In addition, intestinal tumors in the experimental models of CRC were
evaluated for their aggressive behavior using a semi-quantitative nuclear β-catenin scoring,
according to Chung et al51 and Wong et al52. More precisely, the intensity of β-catenin positivity
(0 = no expression, 1 = weak expression, 2 = moderate expression, 3 = strong expression, 4 =
very strong expression) was determined separately in the membrane, cytoplasm and nucleus
for each intestinal tumor. The mean nuclear β-catenin score was expressed as the percentage
of cells with a positively stained nucleus multiplied by the staining intensity (CaseViewer 1.4
software, 3DHISTECH).
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Immunofluorescence
Immunofluorescent stainings were performed on primary ENS cell cultures as previously
described43, 53, using the following primary antibodies: rabbit anti-NDRG4 (1:100, #9039; Cell
Signaling), mouse anti-HuC/D (1:200, A21271; Thermofisher Scientific), mouse anti-TuJ1 (1:1000,
801201; Biolegend), rabbit anti-Fibulin-2 (1:50, PA575510; Thermofisher Scientific) and rabbit
anti-Entactin/Nidogen-1 (1:200, ab14511; Abcam), and secondary antibodies: donkey-antirabbit Alexa 488 (1:1000, A21206, Thermofisher Scientific) and donkey-anti-mouse Alexa 594
(1:500; A21203; Thermofisher Scientific) diluted in blocking solution (4% donkey serum in
PBS-0.5%Triton-X).
Western blotting
Protein isolation and western blot analysis of ENS cells was done as previously described43
using the following antibodies: rabbit anti-human NDRG4 (1:1000; #9039; Cell Signaling),
and mouse anti-eIF4E (loading control, Clone 87, 1:1000, e27620; BD Transduction
Laboratories).
RNA isolation, mRNA sequencing and quantitative real time PCR (qRT-PCR)
Total RNA was isolated from primary mouse ENS cultures, primary IEOs, and human CRC
cell lines using TRIzol® reagent and the purelink RNA mini Kit (Ambion, Life Technologies)
according to manufacturer’s instructions. Possible genomic DNA contaminations were
eliminated by on-column DNase treatment (RNase–Free DNase set, 79254, Qiagen).
Paired-end sequencing of mRNA (polyA) was performed by ServiceXS (GenomeScan
B.V., Leiden, The Netherlands) on 1.5µg RNA using Illumina NextSeq 500 v2 sequencing
technology (NextSeq control software 2.0.2). Prior to analysis, quality and integrity of
sample preparations (NEB #E7420S/L) was determined using Fragment analyzer. In
addition, 1µg of total RNA was used to synthesize cDNA with the iScript cDNA synthesis
kit (Bio-Rad). To determine changes in gene expression, qRT-PCR was performed on a
CFX96 Real Time PCR system using the SYBR Green detection method (iQTM SYBR® Green
supermix, Biorad Laboratories) and the following conditions: 10 min at 95°C, 40 cycles of
15 sec at 95°C and 45 sec at 60°C, followed by 1 min at 95°C, 5 sec at 65°C and 95°C. The
PCR reaction (total of 12µl) contained 24ng cDNA, 1x SYBR Green Supermix and 800nM
of the forward and reverse primer. Data were analyzed using the Biorad CFX manager
2.0 software (Biorad Laboratories). Relative mRNA expression was calculated using the
ΔCt method, with the expression of each target gene normalized to the expression of

the control gene Cyclophilin A (Cyclo A). Primer sequences listed in supplemental table
2 were designed using Primer blast and gene runner and manufactured by Eurogentec.
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Collection and processing of secretomes
Serum-free medium containing the secreted proteins was collected from ten 12-wells (6070% confluence) to obtain the “ENS cell secretome” (n = 4 independent experiments). The
medium was centrifuged (1000g, 5 min, RT) to remove detached cells and subsequently
concentrated from approximately 10ml to about 200µl using a 3 KDa MWCO centrifugal
concentrator (Amicon® UFC900324; Merck Millipore; 4000g, 60 min, RT). The ENS cell
secretome was stored at -80°C until further use. Prior to proteomics analysis, the ENS cell
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secretomes were processed till digested peptides. In detail, proteins were precipitated
using methanol/chloroform precipitation54. Next, precipitated proteins were dissolved
in 150µl 50mM Tris/HCl (pH 8.0) and 0.5% sodium deoxycholate (SDC) and digested
overnight at 37°C with trypsin. The digest was acidified by adding trifluoroacetic acid
(TFA) to a concentration of 0.5% to precipitate the detergent. SDC was then removed by
centrifugation. Peptide digests were desalted on C18 stagetips55 and dried by vacuum
centrifugation. The (tumor) tissue secretomes were collected and processed as previously
described46, 56, 57.
NanoLC-MS/MS analysis of secretomes
For the ENS cell secretomes, all LC–MS/MS analyses were performed on a Q Exactive
Plus mass spectrometer (Thermo Scientific, San Jose, CA). Dried peptide samples were
resuspended in 0.5% formic acid in 2% acetonitrile and loaded onto an in-house made
30 cm x 75 µm ID column filled with CSH130 C18 2.5 µm particles (Waters). Peptides were
separated using an Easy NanoLC 1000 (Thermo Fisher Scientific; buffer A = 0.1% formic acid
and buffer B = 0.1% formic acid in acetonitrile) using a gradient of 0-28% buffer B for 120
min, with a flow rate of 300 nl/min. Each data collection cycle consisted of 1 full MS scan
(375-1400 m/z) followed by 10 data-dependent MS/MS scans. Peak lists were automatically
created from raw data files using the Mascot Distiller software (version 2.3; MatrixScience).
The Mascot search algorithm (version 2.2, MatrixScience) was used for searching against
the Uniprot protein sequence database (taxonomy: Mus musculus; version: November
2017). The peptide tolerance was set to 10ppm and the fragment ion tolerance was set
to 20ppm. A maximum number of two missed cleavages by trypsin were allowed and
carbamidomethylated cysteine and oxidized methionine were set as fixed and variable
modifications, respectively. The Mascot score cut-off value for a positive protein hit was set
to 65. Individual peptide MS/MS spectra of single peptide hits with Mascot scores below 40
were checked manually and either interpreted as valid identifications or discarded. Typical
contaminants, also present in immunopurifications using beads coated with pre-immune
serum or antibodies directed against irrelevant proteins were omitted. The preparation
and subsequent nanoLC-MS/MS analysis of (cancer) tissue secretomes was performed
similarly as described before46, 58. In brief, CRC and adjacent normal colon tissue was cut
into cubes of approximately 1mm3 and incubated in 100μl PBS for 1 hour at 37°C. The soluble
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fractions, referred to as “tissue secretome” were processed for LC–MS/MS analyses on a
Q Exactive Plus mass spectrometer (Thermo Scientific, San Jose, CA). The Uniprot protein
sequence database (taxonomy: Homo Sapiens; version: November 2017) was used for
protein identification.
Statistical analysis
Experimental murine in vivo and in vitro data were analyzed by a two-tailed, unpaired t-test (n >
3) or Mann-Whitney U test (n = 3) for the comparison of the mutant (Ndrg4-/-) group with the wildtype (Ndrg4+/+) group. To assess differences between the number of Ndrg4+/+ and Ndrg4-/- mice
developing polyps and to evaluate differences in the number of intestinal organoids evolving
to a nonviable structure, a Chi-square test and logistic regression analysis, respectively, were
applied. All analyses were performed in IBM SPSS statistics 25. A quantitative differential
protein expression analysis was performed between the mass spectrometry data of the
Ndrg4-/- and Ndrg4+/+ ENS cell secretome (n = 4) by calculating the normalized spectral
abundance factors (NSAF)59 for all proteins and samples. NSAF values were compared using
the Mann-Whitney U test. For the comparison between the paired normal colon and CRC
tissue secretome data (n = 17), a paired Beta-Binominal test, taking into account the sample
origin (i.e. comparing protein signatures between tissues derived from the same patient)
was performed46, 60, 61. Murine secretome and human secretome processing and statistical
analyses were performed with the statistical programming language R version 3.5.2 (https://
www.r-project.org/) and the ibb R package60. Differences in the migration and proliferation
rate were assessed with a One-Way Anova at singular time-points, comparing each treatment
with the laminin-coated condition (positive control). using IBM SPSS statistics 25. All data are
represented as mean ± SEM, log2 or log10 transformed, and considered statistically significant
at p < 0.050 or described as tendencies at P values ranging between 0.050 and 0.10.
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RESULTS
Characterization of the Ndrg4-/- mouse
Prior to elucidating possible effects caused by loss of Ndrg4 on CRC development/
progression, we assessed whether Ndrg4 knockout induced abnormalities in normal
conditions by thoroughly characterizing Ndrg4-/- mice. Ndrg4-/- mice are born normally with
expected Mendelian frequencies and both male and female mice are fertile. Ablation of Ndrg4
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results in a growth retardation as observed by a reduction in body weight at both six and
twelve months of age (figure 1A, P = 0.034 and P = 0.014, respectively). Further characterization
of the Ndrg4+/+ (n = 12) and Ndrg4-/- (n = 6) mice47 revealed that the size of every organ was
proportional to the body dimensions and that they did not display gross abnormalities. In
line with these macroscopic observations, histological analyses of intestinal segments of
Ndrg4-/- and Ndrg4+/+ mice (n = 4) revealed a normal intestinal epithelial architecture (figure
1B). Alkaline phosphatase was uniformly present in the enterocyte brush border in Ndrg4+/+
and Ndrg4-/- mice. Furthermore, a similar number and distribution of Paneth (Lysozyme; P =
0.537), neuroendocrine (Chromogranin A; P = 0.304), and Goblet (PAS; P = 0.958) cells, as
well as a comparable proliferation rate (Ki67; P = 0.591) was observed in the gut of Ndrg4+/+
and Ndrg4-/- mice. While the length of the small intestine and colon was equal in Ndrg4-/- and
Ndrg4+/+ mice (n = 5 and 6, resp.), the thickness of the colonic muscle layer of Ndrg4-/- mice
was reduced compared to that of Ndrg4+/+ mice (figure 1C; n = 7, P = 0.016).
Deletion of Ndrg4 enhances intestinal adenoma growth
The influence of NDRG4 on CRC was studied using (i) a genetic CRC model: APCMin/+ mice62
and (ii) a chemical-induced CRC model: azoxymethane (AOM) treatment model48, 49. In both
models, Ndrg4-/- mice are similar to Ndrg4+/+ mice with respect to their physical appearance
and body weight (figure 2A-B, PAPCMin/+ = 0.802, PAOM = 0.262). Neither the homozygous nor

the heterozygous (data not shown) deletion of Ndrg4 altered the number of adenomas that
formed in the small intestine of the APCMin/+ mice (figure 2C, P = 0.666) or in the colon of
the AOM-treated mice (figure 2D, P = 0.782). However, the adenomas in the small intestine
of Ndrg4-/-APCMin/+ mice were enlarged compared to those of Ndrg4+/+-APCMin/+ mice (figure
2E, P = 0.008). A similar trend was observed for colonic adenomas in AOM-treated Ndrg4-/mice (figure 2F, P = 0.069). Moreover, the small intestinal adenomas of Ndrg4-/--APCMin/+ mice
and colonic adenomas of AOM-treated Ndrg4-/- mice were characterized by higher levels
of an aggressiveness marker: i.e. a higher mean nuclear β-catenin immunoreactivity, than
adenomas of Ndrg4+/+-APCMin/+ and AOM-treated Ndrg4+/+ mice, respectively (figure 2G, PAPCMin/+

= 0.060; figure 2H, PAOM = 0.085). Interestingly, while AOM treatment normally only induces
colonic adenoma formation49, as confirmed in the Ndrg4+/+ mouse model (0%, 0/3), 60% (3/5)

of the AOM-treated Ndrg4-/- mice also developed small intestinal adenomas (P = 0.090).
Even though intestinal expression of NDRG4 is limited to the ENS43, we aimed to ensure that
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the above-described effects were not mediated by low or undetectable levels of Ndrg4 in
the intestinal epithelium using a conditional epithelial-specific Ndrg4 knockdown model: i.e.
Ndrg4fl/fl-VillinCre mice crossed with APCMin/+ mice. Using this model we observed that Ndrg4fl/
-VillinCre-APCMin/+ and Ndrg4fl/fl-APCMin/+ mice have a comparable body weight (figure 2I, P =

fl

0.717) and developed an equal number of adenomas in their small intestine, as observed in
the other models (figure 2J, P = 0.730). In contrast to the observations in the constitutional
knockout model, the epithelial-specific knockdown of Ndrg4 did not alter the size (figure 2K, P
= 0.538) or aggressiveness (figure 2L, P = 0.378) of the small intestinal adenomas, confirming
that the observed effects in the constitutional Ndrg4-/- models are indeed caused by loss of
non-epithelial Ndrg4.
Medium derived from Ndrg4-/- ENS cultures enhances IEO growth
In order to explore how loss of NDRG4 affects the communication of the ENS to the intestinal
epithelium, an indirect co-culture system using primary ENS cultures and IEOs was established.
Therefore, IEOs were exposed to medium derived from Ndrg4+/+ and Ndrg4-/- ENS cultures
via a transwell insert. The absence of Ndrg4 in ENS cultures generated from Ndrg4-/- murine
intestinal tissues was first verified using qRT-PCR and Western Blotting (figure 3A-B). In addition,
the specific deficiency of Ndrg4 in enteric neurons (HuC/D positive cells) was confirmed by
immunofluorescence labeling (figure 3C). Interestingly, IEOs exposed to Ndrg4-/- ENS culture
medium display characteristic growth differences compared to IEOs stimulated with Ndrg4+/+
ENS culture medium: i.e. their relative growth rate was enhanced even as the formation of
new crypt buds per IEO (figure 3D, P = 0.040 and figure 3E, P = 0.014). Nevertheless, despite
IEOs exposed to both ENS culture medium evolving through all growth stages (figure 3F, i.e.
from crypt to enterosphere, sphere, budding enterosphere, enteroid and microadenoma-like
structure)63-65, IEOs grown with Ndrg4-/- ENS culture medium expand more rapidly as reflected
by the larger number of IEOs developing to a nonviable structure (figure 3G, 9.92% (13/131)
vs. 2.68% (3/112). Together these data suggest that the loss of Ndrg4 in ENS cells modulates
intercellular communication, potentially through changes in the composition of the ENSderived soluble/secreted fraction.

Figure 1: Characterization of Ndrg4-/- mice. A. At 6 and 12 months of age, Ndrg4-/- mice are slightly, yet
significantly smaller compared to Ndrg4+/+ mice B. Microscopic views of Ndrg4+/+ and Ndrg4-/- murine
intestinal sections. Scale bars, 50μm. The gut of Ndrg4+/+ and Ndrg4-/- mice (n=4) is characterized
by a similar number and distribution of enterocytes and Paneth cells in the small intestine; and
neuroendocrine, Goblet and proliferating cells in the colon. C. The thickness of the colonic muscle
layer, measured in five 100x microscopic views per mouse, is significantly less thick in Ndrg4-/- colon
compared to in Ndrg4+/+ mice (n=7). All data are presented as mean ±SEM, with P-values determined
using a two-tailed, unpaired t-test. ▶
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◀ Figure 2. Enhanced intestinal adenoma progression in Ndrg4-/- mice crossed with APCmin/+ mice
(A,C,E,G) or treated with azoxymethane (AOM-treatment; B,D,F,H), but not after epithelial loss of NDRG4
(I-L). A-B. Ndrg4+/+ and Ndrg4-/- mice have a similar bodyweight. C-D. The total number of adenomas that
develops remains the same after deletion of Ndrg4. E-F. Ndrg4-/- mice develop significantly enlarged small
intestinal polyps (E) and enlarged colon polyps (F). G-H. Adenomas in the intestinal tract of Ndrg4-/- mice
are characterized by a higher nuclear β-catenin content than intestinal adenomas in Ndrg4+/+ mice. In
contrast, Ndrg4fl/fl and Ndrg4fl/fl-VillinCre mice are similar in size (A), develop an equal number of adenomas
(B) with an equivalent diameter (C) and mean nuclear β-catenin content (D). All data are presented as
mean ±SEM with P-values determined using a two-tailed, unpaired t-test.
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Loss of NDRG4 results in higher extracellular Nidogen-1 and Fibulin-2 levels thereby
stimulating tumorigenic capacities
To explore which soluble factors are responsible for the above-described differences in the
IEO growth rates, the secretomes of Ndrg4+/+ and Ndrg4-/- ENS cultures were subjected to
proteomics analysis (nanoLC-MS/MS). This analysis identified 1953 proteins of which only
Nidogen-1 (Nid1) and Fibulin-2 (Fbln2), two ECM molecules, were enriched in the NDRG4-/compared to the NDRG4+/+ ENS cell secretome (figure 4A, P = 0.0286 for both). The presence of
these proteins in the ENS was confirmed using immunohistochemistry on murine colonic tissues
and immunofluorescence on primary ENS cells (figure 4B-C, respectively). As in agreement
with previous single cell transcriptome data66, 67, Nid1 and Fbln2 were found to be specifically
expressed in the ENS, labeling both nerve plexuses and interconnecting nerve fibers, and only
very few epithelial cells (figure 4B, black arrows). A more in-depth view in ENS cultures depicts
Nid1 and Fbln2 expression inside ENS cells (figure 4C-D, green fluorescent signal). We further
evaluated these findings by subjecting human colonic tissues to immunohistochemistry. Similar
as observed in mouse, we observed high expression of NID1 and FBLN2 in the ENS (figure
5A, black arrows). The pro-oncogenic capacities of these two ECM proteins was examined on
human CRC cells in vitro. Compared to the laminin-coated control condition (figure 5B-C, positive
control), coating with either NID1 or FBLN2 enhanced the migration velocity of RKO cells after
16 hours (figure 5B), whereas this effect was only observed after 48 hours for the Caco-2 cells
(figure 5C). Combining NID1 with FBLN2 did not further increase the migration rate of RKO cells
(figure 5B). For Caco-2 cells, the combined coating of NID1 with FBLN2 slightly enhanced their
migration speed (figure 5C, P48h = 0.037 and P56h = 0.002). These results indicate that NID1 and
FBLN2 are, alone or in combination, able to augment CRC cell migration.

Human CRC tissue secretomes are highly enriched for NID1 and FBLN2
Next, we aimed to evaluate the translatability of NID1 and FBLN2 in a cohort of 17 matched
human colonic normal and cancer tissue secretomes. Interestingly, NID1 and FLBN2 were
more abundant in CRC secretomes compared to normal colon secretomes (figure 5D, P <
0.0001 for both). This suggest data suggest that the increased secretion of both ECM proteins
is associated with colorectal carcinogenesis in vivo.
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◀ Figure 3: Medium derived from Ndrg4-/- ENS-cultures boosts IEO development. A-C. Relative NDRG4
mRNA (A) and protein expression by Western blotting (B) and immunofluorescence (C) confirms absence
of NDRG4 in enteric neurons of NDRG4-/- mice. Blue, dapi; red, HuC/D; green, NDRG4; scale bar, 50μm.
D. Addition of medium derived from NDRG4+/+ and NDRG4-/- ENS cultures to IEOs enhances the relative
growth IEOs after five days of culture. E. Upon addition of NDRG4-/- ENS-derived culture medium, IEOs
form more new buds in the course of five days than with NDRG4+/+ ENS-derived medium. F. Medium
from both NDRG4+/+ and NDRG4-/- ENS cultures ensures IEOs development/progression from crypt,
(entero)sphere, budding enterosphere, enteroid to a microadenoma-like structure. Scale bar, 50μm. G.
After five days of culture, significantly more nonviable structures are formed under influence of NDRG4/ENS-derived medium (P = 0.034). Independent co-culture experiments were performed in triplicate
with ±35 IEOs per experimental condition. Represented data are mean ±SEM. P-values are calculated
using a two-tailed, unpaired t-test (A,D,E) or logistic regression (G).
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Figure 4: Nidogen-1 (Nid1) and Fibulin-2 (Fbln2) are highly present in the Ndrg4-/- ENS cell secretrome
and expressed within the ENS. A. Quantitative differential protein expression analysis reveals the
significantly higher presence of Nid1 and Fbln2 in the Ndrg4-/- compared to the Ndrg4+/+ ENS cell
secretome. B-D. Immunohistochemistry shows the expression of Nid1 and Fbln2 in both enteric
plexuses, interconnecting nerve fibers and very few epithelial cells (B, Scale bars, 50μm). More detailed
views indicate that Nid1 (C) and Fbln2 (D) are expressed in the cytoplasm of ENS cells. Blue, dapi; red,
HuC/D; green, NDRG4; scale bars, 30μm. ▶
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Figure 5: NID1 and FBLN2 enhance the migration rate of CRC cells in vitro and are significantly
up-regulated in the tumor tissue secretome. A. NID1 and FBLN2 are expressed in the human colonic
myenteric ganglia and interconnecting nerve fibers. Scale bar, 100μm. B-C. NID1, FBLN2 or NID1/FBLN2
coating statistically significantly enhanced the migration capacity of RKO (B) and Caco-2 (C) CRC cells
in vitro. Data from three independent experiments are represented as mean ±SEM. D. NID1 and FBLN2
are statistically significantly up-regulated in the colorectal tumor tissue secretome compared to normal
colon tissue secretome (Data are log transformed; n=17).
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DISCUSSION
Despite the univocal recognition of NDRG4 promoter methylation as an important biomarker
for the early detection of CRC35-42, little is known about the functional role of NDRG4 during
colorectal carcinogenesis. We described that NDRG4 is specifically expressed in the ENS43
and hypothesized that the ENS may be involved in colorectal carcinogenesis owing to its
ability to communicate with intestinal (non-) epithelial cells27. Several papers define the nervous
system as an important tumor micro-environmental determinant in the progression of different
cancer types, including CRC11, 12, 14, 17-25, 68. In fact, these studies found a (i) positive correlation
between increased neoneurogenesis and/or axonogenesis with aggressive tumor behavior,
(ii) a protective effect of reduced neuron numbers and/or activity on the development/
progression of cancer and (iii) that perineural invasion (PNI) is a prognostic factor for the
outcome and survival of CRC patients20-25. This study therefore aimed to elucidate whether
the specific enteric neuronal protein NDRG4 contributes to the pathogenesis of CRC.
In agreement with previous studies47, 69 we found a statistically significant growth retardation of
Ndrg4-/- mice, at both six and twelve months of age, without an influence on their lifespan. In
contrast to the observations of Qu et al. we did not detect any spleen or foregut abnormalities47.
However, we observed that the colonic muscle layer of Ndrg4-/- mice is significantly thinner,
which might implicate a higher vulnerability to develop chronic constipation as constipated
patients present with a thinner circular muscle layer70. Next, we examined the role of NDRG4
during colorectal carcinogenesis. The more aggressive phenotype: i.e. larger diameter and
increased nuclear β-catenin content, of intestinal adenomas in Ndrg4-/- mice in both murine
CRC models62

, resembles human CRC data, where de-differentiated, mesenchymal-

49

like tumor cells with increased nuclear β-catenin levels are known to have aggressive
morphological features, which is associated with a poor prognosis71-73. This suggests that
loss of Ndrg4 stimulates the epithelial-mesenchymal transition (EMT), thereby enhancing tumor
progression71-77.
Further RNA sequencing and RT-PCR studies hint towards mechanisms driving these changes
in the absence of Ndrg4. In line with two recent publications by Benesh et al44 and Fontenas
et al45, we observed that an altered level of NDRG4 affects the expression of several genes
involved in different aspects of intracellular vesicular trafficking: e.g. Rabac1 (vesicle formation),
Vamp2, Rab3a, Stxbp1 (vesicle docking and fusion) and Syt1, Nsf and Caly (exocytotic release;
supplemental figure 1). Although the exact molecular pathways linking these genes remain
to be elucidated, this may be coupled with differential ENS-derived signaling that triggers
phenotypic changes in epithelial cells. The ECM proteins Nid1 and FBLN2 associate with
each other or other ECM-components in the basement membrane: e.g. laminin, fibronectin
and β-integrin receptors, to ensure a stable cellular environment78-81. Given their role in
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controlling normal cellular growth, development, polarization, migration and invasion, both
proteins have been implicated in several pathogenic processes, including neurological
disorders and cancer82. The increased presence of Nid1 and Fbln2 in the Ndrg4-/- ENS culture
medium suggests that Nid1 and Fbln2 are responsible for the enhanced IEO proliferation
in vitro. This is in line with recent reports showing that NID1 and FBLN2 are able to activate
the ERK/MAPK pathway83, 84 and that NID1 (a p53-repressed gene) and FBLN2 enhance the
proliferation of CRC85 and lung cancer86 cells, respectively, in vitro. Besides, with higher levels
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of NID1 and FBLN2 in mesenchymal-like (CRC) cells and the positive correlation between NID1
expression and mesenchymal-associated genes85, 87-89, it is likely that Nid1 and Fbln2 also drive
the progression of CRC. In fact, similar as in ovarian83, 90, breast88, 91, 92, endometrial93 and lung86,
94

cancer, our functional cell assays showed that NID1, FBLN2 or NID1/FBLN2 enhance the

migration rate of RKO and Caco-2 cells in vitro. This may be caused by insufficient capacity
to cluster E-cadherin at cell-cell contact regions and/or translocation of β-catenin into the
nucleus95. Finally, in agreement with previous findings describing the positive correlation
of NID1 expression with the CMS4 (mesenchymal8, 96-98) subtype and more advanced CRC
stages85, 99, our nanoLC-MS/MS analysis identified the significantly enriched presence of
NID1 and FBLN2 in the tumor, compared to the normal tissue secretome, suggesting the
up-regulation of both ECM proteins during tumor progression. Highlighting the divergent
functions depending on the physiological environment and tissue type our data emphasize
the oncogenic activities of NID1 and FBLN2, while NID1 has also been shown to have antitumorigenic properties in prostate cancer100 and FBLN2 seems to be a tumor suppressor in
breast cancer101.
In summary, our data support our previously postulated hypothesis that (in-)direct (paracrine)
27

signaling from the ENS can influence the pathogenesis of CRC . Even though loss of Ndrg4
is not the main driver for intestinal tumorigenesis, as observed in both murine CRC models,
the increased secretion of Nid1 and Fbln2 upon loss of Ndrg4 suggest that these ECM
proteins stimulate tumor growth. Pinpointing towards their potential clinical relevance, the
human CRC tissue secretome harbors significantly more NID1 and FBLN2 and both ECM
proteins accelerate CRC cell migration in vitro. We provide new insights regarding the ENS
and its signals as components of the tumor microenvironment that may be targeted in novel
therapeutic strategies102.

91

Chapter 3

REFERENCES
1.
2.
3.
4.

5.
6.
7.

8.

9.
10.
11.
12.

13.

14.

15.
16.
17.

92

Ansell SM, Vonderheide RH: Cellular composition of the tumor microenvironment. Am Soc Clin
Oncol Educ Book 2013.
Balkwill FR, Capasso M, Hagemann T: The tumor microenvironment at a glance. J Cell Sci 2012,
125(Pt 23):5591-5596.
Hanahan D, Coussens LM: Accessories to the crime: functions of cells recruited to the tumor
microenvironment. Cancer Cell 2012, 21(3):309-322.
O’Toole A, Michielsen AJ, Nolan B, Tosetto M, Sheahan K, Mulcahy HE, Winter DC, Hyland JM,
O’Connell PR, Fennelly D et al: Tumour microenvironment of both early- and late-stage colorectal
cancer is equally immunosuppressive. Br J Cancer 2014, 111(5):927-932.
Peddareddigari VG, Wang D, Dubois RN: The tumor microenvironment in colorectal carcinogenesis.
Cancer Microenviron 2010, 3(1):149-166.
Tauriello DVF, Batlle E: Targeting the Microenvironment in Advanced Colorectal Cancer. Trends
Cancer 2016, 2(9):495-504.
Colangelo T, Polcaro G, Muccillo L, D’Agostino G, Rosato V, Ziccardi P, Lupo A, Mazzoccoli G, Sabatino
L, Colantuoni V: Friend or foe? The tumour microenvironment dilemma in colorectal cancer. Biochim
Biophys Acta 2017, 1867(1):1-18.
Basile D, Garattini SK, Bonotto M, Ongaro E, Casagrande M, Cattaneo M, Fanotto V, De Carlo E,
Loupakis F, Urbano F et al: Immunotherapy for colorectal cancer: where are we heading? Expert
Opin Biol Ther 2017, 17(6):709-721.
Lynch D, Murphy A: The emerging role of immunotherapy in colorectal cancer. Ann Transl Med
2016, 4(16):305.
Gutting T, Burgermeister E, Hartel N, Ebert MP: Checkpoints and beyond - Immunotherapy in
colorectal cancer. Semin Cancer Biol 2018.
Magnon C, Hall SJ, Lin J, Xue X, Gerber L, Freedland SJ, Frenette PS: Autonomic nerve development
contributes to prostate cancer progression. Science (New York, NY) 2013, 341(6142):1236361.
Kamiya A, Hayama Y, Kato S, Shimomura A, Shimomura T, Irie K, Kaneko R, Yanagawa Y, Kobayashi
K, Ochiya T: Genetic manipulation of autonomic nerve fiber innervation and activity and its effect
on breast cancer progression. Nat Neurosci 2019.
Peterson SC, Eberl M, Vagnozzi AN, Belkadi A, Veniaminova NA, Verhaegen ME, Bichakjian CK,
Ward NL, Dlugosz AA, Wong SY: Basal cell carcinoma preferentially arises from stem cells within
hair follicle and mechanosensory niches. Cell stem cell 2015, 16(4):400-412.
Stopczynski RE, Normolle DP, Hartman DJ, Ying H, DeBerry JJ, Bielefeldt K, Rhim AD, DePinho RA,
Albers KM, Davis BM: Neuroplastic changes occur early in the development of pancreatic ductal
adenocarcinoma. Cancer research 2014, 74(6):1718-1727.
Bapat AA, Hostetter G, Von Hoff DD, Han H: Perineural invasion and associated pain in pancreatic
cancer. Nat Rev Cancer 2011, 11(10):695-707.
Jeong S, Zheng B, Wang H, Xia Q, Chen L: Nervous system and primary liver cancer. Biochim
Biophys Acta Rev Cancer 2018, 1869(2):286-292.
Hayakawa Y, Sakitani K, Konishi M, Asfaha S, Niikura R, Tomita H, Renz BW, Tailor Y, Macchini M,
Middelhoff M et al: Nerve Growth Factor Promotes Gastric Tumorigenesis through Aberrant
Cholinergic Signaling. Cancer cell 2017, 31(1):21-34.

The role of enteric neuronal NDRG4 in colorectal carcinogenesis

18.

19.

20.

21.

22.
23.

24.

25.

26.
27.
28.
29.
30.

31.
32.

33.
34.

Zhao CM, Hayakawa Y, Kodama Y, Muthupalani S, Westphalen CB, Andersen GT, Flatberg A,
Johannessen H, Friedman RA, Renz BW et al: Denervation suppresses gastric tumorigenesis. Sci
Transl Med 2014, 6(250):250ra115.
Albo D, Akay CL, Marshall CL, Wilks JA, Verstovsek G, Liu H, Agarwal N, Berger DH, Ayala GE:
Neurogenesis in colorectal cancer is a marker of aggressive tumor behavior and poor outcomes.
Cancer 2011, 117(21):4834-4845.
Burdy G, Panis Y, Alves A, Nemeth J, Lavergne-Slove A, Valleur P: Identifying patients with T3-T4
node-negative colon cancer at high risk of recurrence. Diseases of the colon and rectum 2001,
44(11):1682-1688.
Di Fabio F, Nascimbeni R, Villanacci V, Baronchelli C, Bianchi D, Fabbretti G, Casella C, Salerni B:
Prognostic variables for cancer-related survival in node-negative colorectal carcinomas. Digestive
surgery 2004, 21(2):128-133.
Huh JW, Kim HR, Kim YJ: Prognostic value of perineural invasion in patients with stage II colorectal
cancer. Annals of surgical oncology 2010, 17(8):2066-2072.
Knijn N, Mogk SC, Teerenstra S, Simmer F, Nagtegaal ID: Perineural Invasion Is a Strong Prognostic
Factor in Colorectal Cancer: A Systematic Review. The American journal of surgical pathology 2016,
40(1):103-112.
Liebig C, Ayala G, Wilks J, Verstovsek G, Liu H, Agarwal N, Berger DH, Albo D: Perineural invasion is an
independent predictor of outcome in colorectal cancer. Journal of clinical oncology : official journal
of the American Society of Clinical Oncology 2009, 27(31):5131-5137.
Poeschl EM, Pollheimer MJ, Kornprat P, Lindtner RA, Schlemmer A, Rehak P, Vieth M, Langner C:
Perineural invasion: correlation with aggressive phenotype and independent prognostic variable in
both colon and rectum cancer. Journal of clinical oncology : official journal of the American Society
of Clinical Oncology 2010, 28(21):e358-360; author reply e361-352.
Gershon MD: The enteric nervous system: a second brain. Hospital practice (1995) 1999, 34(7):31-32,
35-38, 41-32 passim.
Rademakers G, Vaes N, Schonkeren S, Koch A, Sharkey KA, Melotte V: The role of enteric neurons in
the development and progression of colorectal cancer. Biochim Biophys Acta 2017, 1868(2):420-434.
Furness JB: The enteric nervous system and neurogastroenterology. Nat Rev Gastroenterol Hepatol
2012, 9(5):286-294.
Margolis KG, Gershon MD: Enteric Neuronal Regulation of Intestinal Inflammation. Trends Neurosci
2016, 39(9):614-624.
Margolis KG, Stevanovic K, Karamooz N, Li ZS, Ahuja A, D’Autreaux F, Saurman V, Chalazonitis A,
Gershon MD: Enteric neuronal density contributes to the severity of intestinal inflammation.
Gastroenterology 2011, 141(2):588-598, 598 e581-582.
Obermayr F, Hotta R, Enomoto H, Young HM: Development and developmental disorders of the
enteric nervous system. Nature reviews Gastroenterology & hepatology 2013, 10(1):43-57.
De Giorgio R, Guerrini S, Barbara G, Stanghellini V, De Ponti F, Corinaldesi R, Moses PL, Sharkey
KA, Mawe GM: Inflammatory neuropathies of the enteric nervous system. Gastroenterology 2004,
126(7):1872-1883.
Ray K: Intestinal inflammation affected by density of enteric neurons. Nature Reviews Gastroenterology
&Amp; Hepatology 2011, 8:534.
Melotte V, Lentjes MH, van den Bosch SM, Hellebrekers DM, de Hoon JP, Wouters KA, Daenen KL,
Partouns-Hendriks IE, Stessels F, Louwagie J et al: N-Myc downstream-regulated gene 4 (NDRG4):
a candidate tumor suppressor gene and potential biomarker for colorectal cancer. Journal of the
National Cancer Institute 2009, 101(13):916-927.

3

93

Chapter 3

35. Ahlquist DA, Zou H, Domanico M, Mahoney DW, Yab TC, Taylor WR, Butz ML, Thibodeau SN,
Rabeneck L, Paszat LF et al: Next-generation stool DNA test accurately detects colorectal cancer
and large adenomas. Gastroenterology 2012, 142(2):248-256; quiz e225-246.
36. Heigh RI, Yab TC, Taylor WR, Hussain FT, Smyrk TC, Mahoney DW, Domanico MJ, Berger BM, Lidgard
GP, Ahlquist DA: Detection of colorectal serrated polyps by stool DNA testing: comparison with
fecal immunochemical testing for occult blood (FIT). PLoS One 2014, 9(1):e85659.
37. Imperiale TF, Ransohoff DF, Itzkowitz SH, Levin TR, Lavin P, Lidgard GP, Ahlquist DA, Berger BM:
Multitarget stool DNA testing for colorectal-cancer screening. New England Journal of Medicine
2014, 370(14):1287-1297.
38. Johnson DH, Taylor WR, Aboelsoud MM, Foote PH, Yab TC, Cao X, Smyrk TC, Loftus EV, Jr., Mahoney
DW, Ahlquist DA et al: DNA Methylation and Mutation of Small Colonic Neoplasms in Ulcerative
Colitis and Crohn’s Colitis: Implications for Surveillance. Inflamm Bowel Dis 2016, 22(7):1559-1567.
39. Kisiel JB, Yab TC, Nazer Hussain FT, Taylor WR, Garrity-Park MM, Sandborn WJ, Loftus EV, Wolff BG,
Smyrk TC, Itzkowitz SH et al: Stool DNA testing for the detection of colorectal neoplasia in patients
with inflammatory bowel disease. Aliment Pharmacol Ther 2013, 37(5):546-554.
40. Kisiel JB, Yab TC, Taylor WR, Mahoney DW, Ahlquist DA: Stool methylated DNA markers decrease
following colorectal cancer resection--implications for surveillance. Dig Dis Sci 2014, 59(8):17641767.
41. Lu H, Huang S, Zhang X, Wang D, Zhang X, Yuan X, Zhang Q, Huang Z: DNA methylation analysis
of SFRP2, GATA4/5, NDRG4 and VIM for the detection of colorectal cancer in fecal DNA. Oncol
Lett 2014, 8(4):1751-1756.
42. Xiao W, Zhao H, Dong W, Li Q, Zhu J, Li G, Zhang S, Ye M: Quantitative detection of methylated
NDRG4 gene as a candidate biomarker for diagnosis of colorectal cancer. Oncology Letters 2015,
9(3):1383-1387.
43. Vaes N, Lentjes MHFM, Gijbels MJ, Rademakers G, Daenen KL, Boesmans W, Wouters KAD, Geuzens
A, Qu X, Steinbusch HPJ et al: NDRG4, an early detection marker for colorectal cancer, is specifically
expressed in enteric neurons. Neurogastroenterol Motil 2017, 29(9).
44. Benesh EC, Miller PM, Pfaltzgraff ER, Grega-Larson NE, Hager HA, Sung BH, Qu X, Baldwin HS,
Weaver AM, Bader DM: Bves and NDRG4 regulate directional epicardial cell migration through
autocrine extracellular matrix deposition. Molecular biology of the cell 2013, 24(22):3496-3510.
45. Fontenas L, De Santis F, Di Donato V, Degerny C, Chambraud B, Del Bene F, Tawk M: Neuronal Ndrg4
Is Essential for Nodes of Ranvier Organization in Zebrafish. PLoS genetics 2016, 12(11):e1006459.
46. de Wit M, Kant H, Piersma SR, Pham TV, Mongera S, van Berkel MP, Boven E, Ponten F, Meijer GA,
Jimenez CR et al: Colorectal cancer candidate biomarkers identified by tissue secretome proteome
profiling. J Proteomics 2014, 99:26-39.
47. Qu X, Li J, Baldwin HS: Postnatal lethality and abnormal development of foregut and spleen in
Ndrg4 mutant mice. Biochem Biophys Res Commun 2016, 470(3):613-619.
48. Neufert C, Becker C, Neurath MF: An inducible mouse model of colon carcinogenesis for the
analysis of sporadic and inflammation-driven tumor progression. Nat Protoc 2007, 2(8):1998-2004.
49. Bissahoyo A, Pearsall Rs Fau - Hanlon K, Hanlon K Fau - Amann V, Amann V Fau - Hicks D, Hicks
D Fau - Godfrey VL, Godfrey Vl Fau - Threadgill DW, Threadgill DW: Azoxymethane is a genetic
background-dependent colorectal tumor initiator and promoter in mice: effects of dose, route,
and diet. (1096-6080 (Print)).
50. Lowette K, Tack J, Vanden Berghe P: Role of corticosterone in the murine enteric nervous system
during fasting. Am J Physiol Gastrointest Liver Physiol 2014, 307(9):G905-913.

94

The role of enteric neuronal NDRG4 in colorectal carcinogenesis

51.

52.
53.
54.
55.
56.

57.

58.

59.

60.
61.
62.
63.
64.

65.
66.

67.
68.

Chung GG, Provost E, Kielhorn EP, Charette LA, Smith BL, Rimm DL: Tissue microarray analysis of
beta-catenin in colorectal cancer shows nuclear phospho-beta-catenin is associated with a better
prognosis. Clin Cancer Res 2001, 7(12):4013-4020.
Wong SC, Lo SF, Lee KC, Yam JW, Chan JK, Wendy Hsiao WL: Expression of frizzled-related protein
and Wnt-signalling molecules in invasive human breast tumours. J Pathol 2002, 196(2):145-153.
Boesmans W, Lasrado R, Vanden Berghe P, Pachnis V: Heterogeneity and phenotypic plasticity of
glial cells in the mammalian enteric nervous system. Glia 2015, 63(2):229-241.
Wessel D, Flugge UI: A method for the quantitative recovery of protein in dilute solution in the
presence of detergents and lipids. Anal Biochem 1984, 138(1):141-143.
Rappsilber J, Mann M, Ishihama Y: Protocol for micro-purification, enrichment, pre-fractionation and
storage of peptides for proteomics using StageTips. Nat Protoc 2007, 2(8):1896-1906.
Locker GY, Hamilton S, Harris J, Jessup JM, Kemeny N, Macdonald JS, Somerfield MR, Hayes DF,
Bast RC, Jr., Asco: ASCO 2006 update of recommendations for the use of tumor markers in
gastrointestinal cancer. J Clin Oncol 2006, 24(33):5313-5327.
Piersma SR, Fiedler U, Span S, Lingnau A, Pham TV, Hoffmann S, Kubbutat MH, Jimenez CR: Workflow
comparison for label-free, quantitative secretome proteomics for cancer biomarker discovery:
method evaluation, differential analysis, and verification in serum. J Proteome Res 2010, 9(4):19131922.
Celis JE, Gromov P, Cabezon T, Moreira JM, Ambartsumian N, Sandelin K, Rank F, Gromova I:
Proteomic characterization of the interstitial fluid perfusing the breast tumor microenvironment: a
novel resource for biomarker and therapeutic target discovery. Mol Cell Proteomics 2004, 3(4):327344.
Paoletti AC, Parmely TJ, Tomomori-Sato C, Sato S, Zhu D, Conaway RC, Conaway JW, Florens L,
Washburn MP: Quantitative proteomic analysis of distinct mammalian Mediator complexes using
normalized spectral abundance factors. Proc Natl Acad Sci U S A 2006, 103(50):18928-18933.
Pham TV, Jimenez CR: An accurate paired sample test for count data. Bioinformatics 2012,
28(18):i596-i602.
Pham TV, Piersma SR, Oudgenoeg G, Jimenez CR: Label-free mass spectrometry-based proteomics
for biomarker discovery and validation. Expert Rev Mol Diagn 2012, 12(4):343-359.
Heyer J, Yang K, Lipkin M, Edelmann W, Kucherlapati R: Mouse models for colorectal cancer.
Oncogene 1999, 18(38):5325-5333.
Fuller MK, Faulk DM, Sundaram N, Shroyer NF, Henning SJ, Helmrath MA: Intestinal crypts
reproducibly expand in culture. J Surg Res 2012, 178(1):48-54.
Lorenzi F, Babaei-Jadidi R, Sheard J, Spencer-Dene B, Nateri AS: Fbxw7-associated drug resistance
is reversed by induction of terminal differentiation in murine intestinal organoid culture. Mol Ther
Methods Clin Dev 2016, 3:16024.
Sato T, Clevers H: Growing self-organizing mini-guts from a single intestinal stem cell: mechanism
and applications. Science 2013, 340(6137):1190-1194.
Zeisel A, Hochgerner H, Lonnerberg P, Johnsson A, Memic F, van der Zwan J, Haring M, Braun
E, Borm LE, La Manno G et al: Molecular Architecture of the Mouse Nervous System. Cell 2018,
174(4):999-1014 e1022.
Mouse brain atlas [http://mousebrain.org/]
Ayala GE, Dai H, Powell M, Li R, Ding Y, Wheeler TM, Shine D, Kadmon D, Thompson T, Miles BJ
et al: Cancer-related axonogenesis and neurogenesis in prostate cancer. Clin Cancer Res 2008,
14(23):7593-7603.

3

95

Chapter 3

69. Yamamoto H, Kokame K, Okuda T, Nakajo Y, Yanamoto H, Miyata T: NDRG4 protein-deficient
mice exhibit spatial learning deficits and vulnerabilities to cerebral ischemia. J Biol Chem 2011,
286(29):26158-26165.
70. Toman J, Turina M, Ray M, Petras RE, Stromberg AJ, Galandiuk S: Slow transit colon constipation is
not related to the number of interstitial cells of Cajal. Int J Colorectal Dis 2006, 21(6):527-532.
71. Brabletz T, Jung A, Reu S, Porzner M, Hlubek F, Kunz-Schughart LA, Knuechel R, Kirchner T: Variable
beta-catenin expression in colorectal cancers indicates tumor progression driven by the tumor
environment. Proc Natl Acad Sci U S A 2001, 98(18):10356-10361.
72. Gao ZH, Lu C, Wang MX, Han Y, Guo LJ: Differential beta-catenin expression levels are associated
with morphological features and prognosis of colorectal cancer. Oncol Lett 2014, 8(5):2069-2076.
73. Wong SC, Lo ES, Lee KC, Chan JK, Hsiao WL: Prognostic and diagnostic significance of beta-catenin
nuclear immunostaining in colorectal cancer. Clin Cancer Res 2004, 10(4):1401-1408.
74. Vaes N, Schonkeren SL, Brosens E, Koch A, McCann CJ, Thapar N, Hofstra RMW, van Engeland M,
Melotte V: A combined literature and in silico analysis enlightens the role of the NDRG family in
the gut. Biochim Biophys Acta Gen Subj 2018, 1862(10):2140-2151.
75. Chen Z, He X, Jia M, Liu Y, Qu D, Wu D, Wu P, Ni C, Zhang Z, Ye J et al: beta-catenin overexpression
in the nucleus predicts progress disease and unfavourable survival in colorectal cancer: a metaanalysis. PLoS One 2013, 8(5):e63854.
76. Sanchez-Tillo E, de Barrios O, Siles L, Cuatrecasas M, Castells A, Postigo A: beta-catenin/TCF4
complex induces the epithelial-to-mesenchymal transition (EMT)-activator ZEB1 to regulate tumor
invasiveness. Proc Natl Acad Sci U S A 2011, 108(48):19204-19209.
77. Basu S, Cheriyamundath S, Ben-Ze’ev A: Cell-cell adhesion: linking Wnt/beta-catenin signaling with
partial EMT and stemness traits in tumorigenesis. F1000Res 2018, 7.
78. Patel TR, Bernards C, Meier M, McEleney K, Winzor DJ, Koch M, Stetefeld J: Structural elucidation
of full-length nidogen and the laminin-nidogen complex in solution. Matrix Biol 2014, 33:60-67.
79. Zhang HY, Timpl R, Sasaki T, Chu ML, Ekblom P: Fibulin-1 and fibulin-2 expression during
organogenesis in the developing mouse embryo. Dev Dyn 1996, 205(3):348-364.
80. de Vega S, Iwamoto T, Yamada Y: Fibulins: multiple roles in matrix structures and tissue functions.
Cell Mol Life Sci 2009, 66(11-12):1890-1902.
81. Miosge N, Holzhausen S, Zelent C, Sprysch P, Herken R: Nidogen-1 and nidogen-2 are found in
basement membranes during human embryonic development. Histochem J 2001, 33(9-10):523530.
82. Walker C, Mojares E, Del Rio Hernandez A: Role of Extracellular Matrix in Development and Cancer
Progression. Int J Mol Sci 2018, 19(10).
83. Zhou Y, Zhu Y, Fan X, Zhang C, Wang Y, Zhang L, Zhang H, Wen T, Zhang K, Huo X et al: NID1, a new
regulator of EMT required for metastasis and chemoresistance of ovarian cancer cells. Oncotarget
2017, 8(20):33110-33121.
84. Zhang H, Wu J, Dong H, Khan SA, Chu ML, Tsuda T: Fibulin-2 deficiency attenuates angiotensin
II-induced cardiac hypertrophy by reducing transforming growth factor-beta signalling. Clin Sci
(Lond) 2014, 126(4):275-288.
85. Rokavec M, Bouznad N, Hermeking H: Paracrine Induction of Epithelial-Mesenchymal Transition
Between Colorectal Cancer Cells and its Suppression by a p53/miR-192/215/NID1 Axis. Cell Mol
Gastroenterol Hepatol 2019, 7(4):783-802.
86. Baird BN, Schliekelman MJ, Ahn YH, Chen Y, Roybal JD, Gill BJ, Mishra DK, Erez B, O’Reilly M, Yang
Y et al: Fibulin-2 is a driver of malignant progression in lung adenocarcinoma. PLoS One 2013,
8(6):e67054.

96

The role of enteric neuronal NDRG4 in colorectal carcinogenesis

87. Tsuda T: Extracellular Interactions between Fibulins and Transforming Growth Factor (TGF)-beta
in Physiological and Pathological Conditions. Int J Mol Sci 2018, 19(9).
88. Ibrahim AM, Sabet S, El-Ghor AA, Kamel N, Anis SE, Morris JS, Stein T: Fibulin-2 is required for
basement membrane integrity of mammary epithelium. Sci Rep 2018, 8(1):14139.
89. Kiemer AK, Takeuchi K, Quinlan MP: Identification of genes involved in epithelial-mesenchymal
transition and tumor progression. Oncogene 2001, 20(46):6679-6688.
90. Li L, Zhang Y, Li N, Feng L, Yao H, Zhang R, Li B, Li X, Han N, Gao Y et al: Nidogen-1: a candidate
biomarker for ovarian serous cancer. Jpn J Clin Oncol 2015, 45(2):176-182.
91. Aleckovic M, Wei Y, LeRoy G, Sidoli S, Liu DD, Garcia BA, Kang Y: Identification of Nidogen 1 as a
lung metastasis protein through secretome analysis. Genes Dev 2017, 31(14):1439-1455.
92. Jagroop R, Moorehead R: Abstract 2851: The effects of nidogen-1 on proliferation and migration
in claudin-low mammary tumor cells. Cancer Research 2019, 79(13 Supplement):2851.
93. Pedrola N, Devis L, Llaurado M, Campoy I, Martinez-Garcia E, Garcia M, Muinelo-Romay L, AlonsoAlconada L, Abal M, Alameda F et al: Nidogen 1 and Nuclear Protein 1: novel targets of ETV5
transcription factor involved in endometrial cancer invasion. Clin Exp Metastasis 2015, 32(5):467478.
94. N Baird B: Fibulin-2 stabilizes tumor extracellular matrix and drives malignant progression of lung
adenocarcinoma; 2012.
95. Menke A, Philippi C, Vogelmann R, Seidel B, Lutz MP, Adler G, Wedlich D: Down-regulation of
E-cadherin gene expression by collagen type I and type III in pancreatic cancer cell lines. Cancer
Res 2001, 61(8):3508-3517.
96. Dienstmann R, Vermeulen L, Guinney J, Kopetz S, Tejpar S, Tabernero J: Consensus molecular
subtypes and the evolution of precision medicine in colorectal cancer. Nat Rev Cancer 2017,
17(2):79-92.
97. Guinney J, Dienstmann R, Wang X, de Reynies A, Schlicker A, Soneson C, Marisa L, Roepman P,
Nyamundanda G, Angelino P et al: The consensus molecular subtypes of colorectal cancer. Nat
Med 2015, 21(11):1350-1356.
98. Linnekamp JF, Hooff SRV, Prasetyanti PR, Kandimalla R, Buikhuisen JY, Fessler E, Ramesh P, Lee
K, Bochove GGW, de Jong JH et al: Consensus molecular subtypes of colorectal cancer are
recapitulated in in vitro and in vivo models. Cell Death Differ 2018, 25(3):616-633.
99. Ulazzi L, Sabbioni S, Miotto E, Veronese A, Angusti A, Gafa R, Manfredini S, Farinati F, Sasaki T, Lanza
G et al: Nidogen 1 and 2 gene promoters are aberrantly methylated in human gastrointestinal
cancer. Mol Cancer 2007, 6:17.
100. Ko C-J, Huang C-C, Lin H-Y, Juan C-P, Lan S-W, Shyu H-Y, Wu S-R, Hsiao P-W, Huang H-P, Shun
C-T et al: Androgen-Induced TMPRSS2 Activates Matriptase and Promotes Extracellular Matrix
Degradation, Prostate Cancer Cell Invasion, Tumor Growth, and Metastasis. Cancer Research 2015,
75(14):2949.
101. Yi C-H, J Smith D, West W, Hollingsworth M: Loss of Fibulin-2 Expression Is Associated with Breast
Cancer Progression, vol. 170; 2007.
102. Gaggero S, Bruschi M, Petretto A, Parodi M, Del Zotto G, Lavarello C, Prato C, Santucci L, Barbuto
A, Bottino C et al: Nidogen-1 is a novel extracellular ligand for the NKp44 activating receptor.
Oncoimmunology 2018, 7(9):e1470730.

3

97

Chapter 3

SUPPLEMENTAL FIGURES

98

The role of enteric neuronal NDRG4 in colorectal carcinogenesis

◀ Supplemental figure S1: NDRG4 targets vesicle trafficking pathways. In order to identify signaling
pathways affected by NDRG4, RNA sequencing was performed on HCT116 cells overexpressing NDRG4
and control-transfected cells. A. RNA sequencing revealed the differential expression of 124 genes
overexpressing NDRG4 compared to control-transfected cells, of which 46 genes (37.1%) are statistically
significantly up- or down-regulated. Based on gene ontology, ten of these 46 genes are associated
with vesicles (21.7%). Six of these genes (60.0%) are known to be functionally important in vesicle
trafficking and are statistically significantly up-regulated in NDRG4-overexpressing HCT116 cells. B. To
assess biological validity, the NDRG4+/+ and NDRG4-/- ENS cell cultures used in the co-culture model,
were subjected to RT-PCR analysis to assess the differential RNA expression of the six genes identified
by RNA sequencing and other important genes related to (synaptic) vesicle-trafficking. ENS cultures
deficient for NDRG4 are characterized by reduced levels of twelve out of thirteen vesicle traffickingrelated genes. More precisely, the expression of Syt1 (11%), Vapa (12%), Vamp2 (58%), Scg2 (31%), Rabac1
(79%), Rab3a (57%), Rab11b (41%), Stx1a (19%), Stx1bp (18%), Nsf (19%), Cadps (68%) and Caly (78%) is
down-regulated in NDRG4-/- ENS cells compared to NDRG4+/+ ENS cells (P = N.S.).
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SUPPLEMENTAL TABLES
Supplemental table 1: PCR primers for genotyping.
Target

Forward primer

Reverse primer

Annealing
temp

NDRG4+/NDRG4 4HLOX1

60°C

TAGGCAGGGGCAGGTGGGTTTGT

NDRG4 4HLOX2

GGCGTCTCGATGTCATGTTCCTGT

60°C

NDRG4 4H776

GCTCCCACTCCAATGCCAATC

60°C

NDRG4fl/fl
NDRG4 4HLOX1

58°C

TAGGCAGGGGCAGGTGGGTTTGT

NDRG4 4HLOX2

GGCGTCTCGATGTCATGTTCCTGT

58°C

Villin-Cre
Villin-Cre

GTGTGGGACAGAGAACAAACC

ACATCTTCAGGTTCTGCGGG

62°C

Wild-type

CAAATGTTGCTTGTCTGGTG

GTCAGTCGAGTGCACAGTTT

62°C

APC

Min/+

APC wild-type

100

53°C

GCCATCCCTTCACGTTAG

APC common

TTCCACTTTGGCATAAGGC

53°C

APC mutant

TTCTGAGAAAGACAGAAGTTA

53°C

The role of enteric neuronal NDRG4 in colorectal carcinogenesis

Supplemental table 2: Primer sequences and annealing temperatures for quantitative Real-Time PCR
analysis.
Mouse
Target

Forward primer

Reverse primer

Annealing
temp.

CypA (ppia)

CAAATGCTGGACCAAACACAA

TTCACCTTCCCAAAGACCACAT

60°C

Ndrg4-B

TCCGGGGCTCTCCCAAAGGG

GGCATCCACGTGGCACACCA

60°C

Syt1

GTGGATTTTGGCCACGTCAC

CGGAGGGAGAAGCAGATGTC

60°C

Vapa

CAAGCGACTCCAGGGAGAAA

TGTGCTACCTTTCTGAGCCT

62°C

Vamp2

CTGCACCTCCTCCAAACCTTAC

TTCACCCTCATGATGTCCACC

62°C

Scg2

ATGCTTGGAGCCTTCCACATAA

CAAGTCGGTACGCCTTAGCTC

60°C

Rabac1

TCTGGCTGTCTTCTTTGGCG

TACTGATGTGCTGGGCTCAC

60°C

Rab3a

CCACAGCCTATTACCGAGGC

GCACTGCATTAAATGACTCCTCA

60°C

Rab11b

CTACCGTGCCATTACCTCTGC

TATGTCAAGTGCTTGGCAATGTC

60°C

Stx1a

TCACTGTCACTGTGGACCGA

CCTCCACGTTTTCGGCAATC

60°C

Stxbp1

ACCTCATCACCCCATCTGAG

CCGATATTTAGCAGTCGGCG

60°C

Snap25

ATCAGTGGTGGCTTCATCCG

CCTGCTCCAGGTTCTCATCC

62°C

Nsf

CTGTGCGGTTGTGAACGAAA

GGATGGGTCCTCAGCGTAAA

60°C

Cadps

AGCATGGAAATGGGCCAAGA

TTGCCACCAAAAGTGTGATCATT

62°C

Caly

CTGGCTTGCAGTCACTCAGA

CACAGCCCAGAAGTGCCATA

60°C
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GENERAL DISCUSSION
Colorectal cancer (CRC) is the third most prevalent cancer type and the second leading
cause of cancer-related death worldwide, which is mainly attributed to cases in regions
with a high human development index (i.e. North America, Western Europe, Australia
and New Zealand)1. Within these regions, predictions suggest that the incidence will
further increase in the upcoming decade, due to the aging population and an increased
adaptation of the Westernized lifestyle in non-western regions (i.e. Eastern Europe, Latin
America and Western Asia)2-4. Despite the implementation of screening programs and
novel treatment strategies, CRC is expected to remain a large global health burden in
the upcoming years2. Better understanding of colorectal carcinogenesis and technical
and methodological developments are needed to identify and develop improved
biomarkers and treatment strategies to improve patient outcomes. For many years
CRC research focused on epithelial/tumor cells but since the importance of the tumor
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microenvironment (TME) became evident, there is more attention for other cell types,
such as immune cells and fibroblasts 5, 6. For immune cells, this has already led to the
development of novel diagnostic biomarkers (diagnostic immune risk score), prognostic
biomarkers (‘Immunoscore’, consensus molecular subtypes) and novel therapeutic options
(immunotherapy)7-11. Recently, the role of the nervous system in carcinogenesis has also
become more evident as several landmark papers described a functional role of neurons
in prostate12, pancreatic13-15, skin16 and gastric cancer17, 18. Moreover, perineural invasion
is established as a prognostic factor in CRC and other tumor types19. The functional
involvement of (enteric) neurons and nerves in CRC is however less well studied. The
research described in this thesis aimed to study the functional importance and translational
potential of (enteric) neuron and nerves in CRC development and progression.

FUNCTIONAL IMPORTANCE OF ENTERIC
NEURONS IN CRC DEVELOPMENT
AND PROGRESSION
Crosstalk between colorectal cancer and the (enteric) nervous system
In chapter 2, current knowledge regarding the role of the ENS in CRC was reviewed
showing that 1) decreased neuronal innervation is associated with a reduced risk for CRC
development, 2) the growth of tumors can displace or destroy the ENS and 3) a wide
variety of neuromodulators display tumor-promoting or tumor inhibiting properties. Since
the publication of this review, more studies have been published on this concept, which
highlight the booming interest in this field. Several new studies have investigated the
structural changes of the ENS in CRC, validating previous findings that CRC is able to
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induce atrophy of the ganglionic plexuses of the ENS20-22. Some studies state that atrophy
arises only within the myenteric plexus, while the submucosal plexus is unaffected or even
displays signs of hypertrophy 20-22.
In addition, new insights into the neuromodulators described in our review, e.g. substance
P23, galanin24, 25, neuropeptide Y26, neurotensin27-33, acetylcholine34-36, (nor)epinephrine37,
serotonin 38, dopamine 39, 40, GABA 41 and somatostatin 42, have also become apparent.
Importantly, these specific neuromodulators can have both tumor-promoting and tumor
inhibiting properties. The use of different cell lines in studies, which all have their own
specific genetic background could be a reason for these varying outcomes. Another
important factor which can contribute to these inconsistencies is the binding of the
neuromodulators to specific subtypes of receptors. For example, pituitary-adenylatecyclase-activating-polypeptide (PACAP) has been described as a neuromodulator with
tumor suppressive capabilities in CRC as observed in in vivo studies in which PACAPdeficient mice were more vulnerable for the development of aggressive colorectal tumors43.
However, in HCT8 cells, PACAP-induced activation resulted in increased proliferation,
although this effect was not observed in HCT116 cells44, 45. This contradictory effect is
caused by the existence of numerous mammalian (human, mouse, rat) splice variants of the
PACAP receptor (PAC1) which have been shown to induce different intracellular signaling
transduction pathways46, 47. Interestingly, the expression of PAC1 has been described
in both HCT8 and HCT116 colorectal cell lines. The induction of proliferation through
PACAP in tumor cells is regulated via the activation of both adenylyl cyclase (cAMP)
and phospholipase C (intracellular Ca2+) which was observed in HCT8 while HCT116 was
only coupled to cAMP activation45. Similar results were observed for serotonin (5-HT)
as a large variety of 5-HT receptors have been reported to be expressed in colorectal
tumors 48-56. While in vitro experiments predominantly indicate a stimulatory effect of
5-HT in cell proliferation, multiple other studies, although controversial, have indicated
that the use of 5-HT reuptake inhibitors is associated with a decreased risk for CRC 57,
58

. Due to the contradictory effects of PACAP and 5-HT, profiling of the different splice

variants in CRC would be beneficial to unravel the mechanisms of both neuromodulators.
Furthermore, considering that vasoactive intestinal peptide (VIP) and PACAP, two family
members, share two other receptors: i.e. VPAC 1 and VPAC2, of which VPAC 1 is found

in 96% of adenocarcinomas, the binding of different ligands to multiple subtypes and
variants of receptors should be taken into account when investigating their effect on
CRC carcinogenesis59, 60. As many neuromodulators have multiple receptors as potential

binding partners, it is necessary that the expression of the different subtypes of receptors
is accurately profiled in CRC and that binding of ligands is thoroughly investigated to
determine the overall effects of neuromodulation in CRC.
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Moreover, dose-dependent effects should be taken into account. In fact, exogenous
application of 5-HT has shown that the effect on tumor growth could be concentrationdependent where high doses of 5-HT exert a mitogenic effect whereas low doses reduce
growth by limiting the blood flow towards the tumor indicating that exogenous applications
of neuromodulators should be tested extensively in a concentration-dependent manner58.
The effect of different neuromodulators can also depend on the intensity and type of used
carcinogenic stimuli to initiate CRC carcinogenesis. Previously, it has been observed that the
neurotensin receptor-1, for example, specifically promotes tumor development in sporadic
cancers (AOM-model) but not in the colitis-associated cancer model (AOM/DSS-model)61.
Interestingly, a recent study showed that that synthesis of 5-HT protects against colitisindependent CRC carcinogenesis while it promoted the development of colitis-associated
CRC38. It is hypothesized that these differences are regulated by activation of different
5-HT receptor subtypes through which 5-HT receptor type 4 is associated with protective
effects in situations where the intestines are subjected to experimental conditions close
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to normal conditions whereas type 7 receptor activation is induced during pathological
conditions hereby initiating pro-inflammatory activity38, 62. Therefore, it is suggested that the
effects of 5-HT synthesis could be dependent on the type and the intensity, as AOM/DSS
treatment is more aggressive than AOM solely, of carcinogenic stimuli. Furthermore, the
synthesis of 5-HT elicits protective effects against DNA damage in the early steps of CRC
carcinogenesis via DNA damage-repair response, although in established tumors, i.e. in
further-progressed stages, 5-HT can act as a pro-tumorigenic factor38. Based on these data,
it is recommended that the effects of neuromodulators on both DNA damage (repair) and
colitis-associated damage is thoroughly investigated. Finally, current CRC/cancer studies
only study the addition of single neuromodulators, however it might be more biological
relevant to test the interaction of more neuromodulators at once. Overall, these data depict
an interesting interplay between the ENS and CRC, either via structural changes or via cellcell communication through the release of different neuromodulators.
The role of NDRG4 in vesicle trafficking and the release of extracellular matrix molecules
Neuromodulators are key players in (neuronal) communication and their release is regulated
via the synaptic vesicle trafficking pathway. The synapse is orchestrated via synaptic
vesicles (SVs) which fuse with the plasma membrane in order to release neuromodulators63,
. Neurotransmitter release from the presynaptic neuronal membrane elicits a subsequent

64

response within the postsynaptic cell63, 64. Although the process of biogenesis of SVs to
synapse delivery is not fully understood, the basic mechanism share many similarities with
the general intracellular vesicle trafficking pathway which is described in a wide range of
cell types63, 65. Cytoplasmic and endoplasmic reticulum synthesized proteins are packed in
membranous vesicles towards the Golgi apparatus, where the proteins, which are assigned for
secretion, are packed into secretory membrane-bound vesicles65, 66. After this formation and
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packing of the vesicles, the vesicles will bud from the Golgi apparatus to initiate the transport
towards the plasma membrane65, 66. Afterwards the vesicles will dock and fuse with the plasma
membrane in order to release the cargo into the direct environment of the cell hereby playing
a key role in the cell-cell/cell-environment communication65, 66.
Interestingly, N-myc downstream-regulated gene 4 (NDRG4), an accurate DNA methylation
biomarker which is currently applied for the early detection of CRC and is expressed
specifically in (enteric) neurons, has previously been associated with intracellular vesicle
trafficking, in particular with vesicle docking, vesicle fusion and exocytosis as it is able to
modulate the expression of n-ethylmaleimide sensitive factor (NSF), synaptotagmin1a (SYT1A),
syntaxin binding protein 1b (STXBP1) and synaptosomal nerve-associated protein 25 (SNAP25).
Moreover, it is required in combination with blood vessel epicardial substance (BVES) to
mediate the transport of vesicle-associated membrane protein 3 (VAMP3) labeled vesicles67,
. These data coincide with our findings described in chapter 3, in which we further revealed
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that NDRG4 can affect expression of multiple intracellular vesicle trafficking genes: i.e. Rab
Acceptor 1 (RABAC1), which is involved in vesicle formation, VAMP2, Ras-related protein
RAB-3A and STXBP1, all involved with vesicle docking and fusion, and finally SYT1, NSF and
calcyon neuron specific vesicular protein (CALY), which are associated with exocytotic release.
Moreover, immunofluorescent stainings of NDRG4 revealed a dot-like expression in close
proximity to the cellular membrane of enteric neurons (data not shown), which further indicates
that NDRG4 is involved in the vesicle trafficking route. Currently, we are performing a double
staining with the synaptic vesicle protein 2 (SV2) and confocal live cell imaging experiments
to assess the exact (co-) localization of NDRG469, 70.
In chapter 3, we also report that the absence of NDRG4 promotes epithelial growth in vitro
and intestinal tumor progression in vivo via increased release of two extracellular matrix
(ECM) proteins: nidogen-1 and fibulin-2, revealing that NDRG4 is involved in the regulation
of these two ECM-related proteins. The ECM is a complex network consisting of multiple
components: i.e. laminins, collagen, nidogen/entactin, proteoglycans, fibronectin, tenascins,
fibulin, matrix metalloproteinases (MMPs) and integrins, which are produced and processed
within the different cell types and are then released via secretory vesicles into the extracellular
space71-73. The ECM provides 1) structural support to cells (biomechanical) and 2) is also
involved in cell-environment communication (biochemical), thereby regulating processes
as proliferation, migration, differentiation and apoptosis74-76. Though both properties are
interconnected, the biochemical component is primarily defined by the secretion of ECM
(modifying) proteins/enzymes (secretome) and the direct and indirect involvement of the ECM
in signaling pathways77, 78, whereas the biomechanical properties are more related to the ECM
architecture including matrix stiffness and mechanotransduction, although evidence suggests
that changes within matrix stiffness can also induce alterations in cell behavior77, 79-81.

168

General Discussion

The interaction of the ECM with the ENS has mostly been studied during development,
where the reciprocal crosstalk between the enteric neural crest cells (ENCCs) and ECM is
essential for the establishment of a functional mature enteric neural network. In fact, diseases
characterized by an underdeveloped ENS (e.g. Hirschsprung Disease) are associated
with disruptions within the ECM as changes in the composition/presence of collagen
IV, laminin and perlecan have been described82-84. Furthermore, the absence of integrin
receptor expression on ENCCs, which is necessary for ENCC-ECM interaction, hampers
complete ENCCs colonization throughout the GI-tract leading to an underdeveloped ENS 82,
. Interestingly, ENCCs are able to produce and secrete several ECM proteins (e.g.

85-87

tenascin-C, collagen XVIII and agrin) and MMPs, thereby remodeling their ECM to promote/
ensure optimal conditions for their growth and migration82, 88, 89. Besides these biochemical
associations between ENS development and ECM, ENCC migration is also dependent on
the structure of the ECM and particularly the ECM stiffness indicating the importance of
mechanical properties in ENS development . However, the role of fibulin-2 and nidogen-1
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89

for ENS development has not been described.
In CRC, both biomechanical and biochemical changes in the ECM have been defined. The
ECM during cancer progression is often associated with a more stiff architecture caused
by cross-linking of ECM proteins79, 90. Interestingly, the formation of a rigid ECM enhances
the oncogene-initiated transformation from normal epithelial cells to (pre-)malignant cells to
cancer cells and is also able to functionally affect other key features associated with cancer
development: i.e. cancer cell survival, growth, migration, metastasis, epithelial-mesenchymal
transition, immunosuppression and drug resistance90. Next to these mechanical changes
in the tumor-associated ECM, multiple studies have described distinct ECM signatures,
characterized by the differential secretion of various ECM-related molecules in CRC tissues
compared to control tissues which is referred to as the (CRC) secretome79, 91-99. Moreover,
when investigating the secretome of CRC patients and cell lines, it has been demonstrated
that also other cell types present within the tumor microenvironment have an active role
in the composition of the secretome79, 100, 101. The cancer-associated fibroblasts (CAFs) are
considered as main cellular contributors to cancer-associated alterations (i.e. activation
of MMPs, synthesis and deposition ECM components) within the structure of the ECM, a
process which is often initiated in response to signals originating from the cancer cells102,
103

. A similar role has been attributed to tumor-associated macrophages, neutrophils,

lymphocytes and cancer-associated adipocytes, thereby emphasizing the ability of the
cells of the tumor microenvironment to induce ECM remodeling in order to promote cancer
development and progression102, 103. Overall, these data indicate the importance of ECMCRC interactions which are not exclusively regulated via cancer cells themselves but also
by cells of the tumor microenvironment.
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Previously, it has been shown that nidogen-1 promoter methylation is associated with loss
of gene expression and that 67.0% of the colon cancer samples display DNA methylation
suggesting that the loss of nidogen-1 is potentially pathogenic in CRC tumorigenesis.
However, in chapter 3, we observed that the absence of NDRG4 increases nidogen-1
secretion which consequently was associated with intestinal tumor progression, thus
raising questions about the exact role of nidogen-1 in CRC. Moreover, fibulin-2 has not
yet been described as an important contributor for CRC progression. Future studies have
to confirm the tumorigenic role of nidogen-1 and fibulin-2 on CRC cells using for example
blocking antibodies. Furthermore, it would be interesting to assess the precise target of both
nidogen-1 and fibulin-2 on epithelial cells responsible for the observed effects. A variety
of potential binding partners have been described for fibulin-2, in particular other ECM
proteins such as integrins, which interaction which was described to mediate cell adhesion
and migration on platelets, melanoma (A375) and astrocytoma (251MG) cells76, 104. Similarly,
nidogen-1 has been observed to promote survival and migration in a β1-integrin-dependent
manner in adult Schwann cells indicating the potential of nidogen-1 as tumorigenic factor.
In contrast, tumor suppressive effects for these ECM proteins have also been described
in either prostate cancer (nidogen-1) and breast cancer (fibulin-2), suggesting differential
properties depending on tissue type105-107.

THE TRANSLATIONAL POTENTIAL
OF NEURONS IN CRC
Diagnostic biomarkers for CRC and the nervous system
The finding that NDRG4 was specifically expressed in enteric neurons was unexpected.
However, in chapter 4, we identified (novel) candidate DNA methylation for the early
detection of CRC using an in silico approach which we then validated in tissue and stool.
We observed that more identified candidate DNA methylation markers were associated
with neuronal-related pathways and gene ontologies than expected based on expectations.
However, not only did these genes share similarities with NDRG4 in the context of their
neuronal background but often, these genes were also involved in either vesicular trafficking
pathways (i.e. clathrin-mediated endocytosis, cargo recognition for clathrin-mediated
endocytosis, disinhibition of SNARE formation, synaptic vesicle cycle/trafficking) or ECMrelated pathways (i.e. extracellular matrix organization, integrin cell surface interactions,
collagen degradation, collagen chain trimerization, collagen formation, degradation of
extracellular matrix, cell adhesion molecules, ECM-receptor interaction) which further
suggests an interplay between neuronal genes, vesicle trafficking and the ECM during
CRC carcinogenesis.
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Three of the in silico identified DNA methylation markers are involved in intracellular/synaptic
vesicle trafficking and ECM-related regulation. However, using TCGA data generated on tumor
tissue, it is not known whether the methylation identified in our study is originating from the
neuronal cells or from tumor/epithelial cells. Overall, the principle of stool-based biomarkers is
that tumor cells have a higher rate of shedding into the intestinal lumen compared to normal
epithelium hereby enabling the detection of tumor-derived DNA methylation in stool108. This
would implicate, as we have previously stated that synaptic vesicle trafficking within neurons and
intracellular vesicle trafficking in other cell types share numerous similarities, that these genes
could potentially regulate other vesicle trafficking pathways within cancer cells. Nonetheless, the
location of methylation, in either tumor cells or neuronal cells, needs to identified as CpG island
methylation is not only regarded as a frequent event cancer cells but also in neurons which are
highly sensitive to altered environmental conditions109-111. If DNA methylation of these markers
is specific to neurons and assuming that methylation exerts a functional effect, CRC could be
affected by altered vesicle/ECM component release originating from the neurons. Furthermore, if
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methylation is specific to the tumor cells, the exact function of the neuronal-related genes within
tumor cells needs to be identified, although recently it has observed that cancer cells shares
numerous mechanisms and characteristics with embryonic neuronal cells112. Overall, these data
suggest that a set of methylated neuronal-related genes identified in chapter 4 which either
originate from cancer cells or neuronal cells could be involved in intracellular vesicle trafficking
or ECM organization, potentially affecting the development and progression of CRC, suggesting
similar mechanistic functions as described for NDRG4 in chapter 3.
Prognostic relevance of neuronal markers in CRC
As we described in chapter 2 and 3 neurons and neuronal-related factors (e.g.
neuromodulators) might be novel players in the progression of CRC. Therefore, in chapter
5, we further investigated the prognostic potential of two neuronal markers, neurofilament
(NF) and protein gene product 9.5 (PGP9.5), in CRC. In multiple cancer types perineural
invasion (PNI), defined as the infiltration/spreading of tumor cells alongside and within the
surrounding nerves, has been described as prognostic marker19, 113. However, no concrete
guidelines exist on reporting PNI in cancer including CRC. Moreover, other obstacles such
as difficulties in recognizing PNI due to inflammatory cells or large mucinous regions and
the lack of use of nerve-specific stainings or multiple slides are recognized as contributory
factors to interobserver variation113, 114. The identification of new markers could contribute
to improved prognostic assessments for CRC. When investigating the prognostic value of
NF and PGP9.5 in CRC, we found that both NF and PGP9.5 are expressed within nerve
fibers in colorectal tumors and that the presence (assessed via histological evaluation) of
both markers, either as single markers and combined, is associated with poor prognosis.
However, a validation study using a large independent study population is necessary to
confirm these findings. Moreover, additional studies investigating the added value of NF
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and PGP9.5 to established histological prognostic markers such as the number of examined
lymph nodes (<12), tumor perforation, -differentiation, budding and lymphatic invasion, or
molecular markers such as Immunoscore or CMS, are required 10, 11, 115.
Previous studies indicate that NF has a possible role in vesicle trafficking, through the
formation of cellular scaffolds that enable proper organization and docking of synaptic
vesicles, endosome and endoplasmic reticulum 116, 117. PGP9.5, on the other hand, appears
to be related to vesicle formation118. As both markers were associated with poorer
prognosis in CRC, this could implicate that the loss or insufficient docking of (synaptic)
vesicles could lead to a disbalanced neurotransmitter release. Furthermore, PGP9.5
might also have a role in ECM regulation through the activation of the β-catenin/TCF
signaling pathway upregulating cyclin D1 and serine protease urokinase plasminogen
activator (uPA) 119 which has been associated with tumor invasion and metastasis 119.
Moreover, PGP9.5 GO cluster analysis revealed multiple ECM-related biological
processes in gliomas including: extracellular region, extracellular matrix, cell adhesion
and cell migration, strengthening the role of PGP9.5 in extracellular matrix composition
and cell-matrix communication, although this has not been investigated in CRC120. Thus
evidence suggests that both NF and PGP9.5 could affect similar processes as NDRG4.
However, this also raises questions on the prognostic potential of neuronal-related
markers/nerve fibers and in particular of the presence of neurons themselves in the
close proximity of (colorectal) tumors. The presence of NF and PGP9.5 in nerve fibers is
associated with poor prognosis indicating that these proteins might act as a tumorigenic
factor, while we revealed that the presence of NDRG4 within neurons is a protective
factor against tumor progression. Based on these data, and similarly to our findings
in chapter 2, we can assume that not the presence or absence of neurons is key in
tumor development and progression but that the composition of active genes and
neuromodulators are driving factors for carcinogenesis.

CONCLUSION
To conclude, in this thesis we identified that enteric neurons and nerves play a role in
colorectal carcinogenesis. Functional studies imply that neuronal genes and proteins, e.g.
NDRG4, can influence cancer development and progression due to alterations in intracellular
vesicle trafficking and ECM regulation. Furthermore, we revealed that neuronal genes and
proteins could act as potential biomarkers for the early detection and prognosis of CRC.
Throughout this thesis, not all observed effects, either in the functional NDRG4 study or
the biomarker studies, were identified as statistically significant. However, considering the
cumulative evidence obtained in the various biological and translational studies of this
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thesis in combination with recently published papers focusing on interactions between
nervous system and cancer, the role of the nervous system in carcinogenesis is undeniable.
Overall, the nervous system should be considered as a novel component within the tumor
microenvironment.
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SUMMARY
Colorectal cancer (CRC) is one of the most common and lethal cancers in the world with over
1.8 million newly diagnosed patients and approximately 900,000 deaths in 2018. Current
predictions by the International Agency for Research on Cancer estimate a considerable
increase in incidence and mortality in the upcoming decade in particular due to the aging
population and the growing number of countries with a high human development index. Early
detection and a better understanding of the biology of the disease will be instrumental in
managing the growing burden of CRC.
Currently, colonoscopy and the fecal immunochemical test (FIT) are being used as tools for
early detection of CRC. Colonoscopy is considered the gold standard for CRC detection,
although the costs and the invasive nature of the procedure are considered as noteworthy
limitations. Therefore, non-invasive tests such as the FIT and the Cologuard® have been
developed, however, at present, both tests still have a suboptimal sensitivity (79-91% for
FIT and 92.3% for Cologuard) when compared to the colonoscopy (92-99% sensitivity).

S

For prognostic purposes, the tumor-lymph node-metastasis (TNM) classification is currently
regarded as the gold standard for CRC. Nonetheless, TNM classification alone is insufficient
in predicting prognosis as the clinical outcome can differ significantly among patients with a
similar TNM stage.
Previously, CRC carcinogenesis was considered to be predominantly caused by the
accumulation of genetic alterations and/or epigenetically induced changes in driver genes
which are able to initiate the transformation of epithelial cells towards malignant cells. In the
last decade, it has been recognized that tumor cells are able to reciprocally interact with a
wide variety of other cell types such as endothelial cells, pericytes, fibroblasts, immune cells
and nerve cells, the so-called tumor-microenvironment (TME). This interaction between CRC
cells and the TME has major functional implications allowing the tumor to progress. Though
some cells of the TME, such as immune cells, have been extensively studied and are promising
targets for cancer treatment, many questions remain on the biological roles of other cell types
in the CRC TME.
In an attempt to improve the current CRC early detection assays and the prognostic
classification system for CRC, research continues to focus on the identification of novel
biomarkers. Previously we identified NDRG4 DNA methylation as an early detection marker
for colorectal cancer, which thereafter has been implemented in an FDA-approved stool DNA
test (Cologuard®). Moreover, we found that NDRG4 is specifically expressed in the (enteric)
nervous system (ENS). So far, no role for the ENS has been described in CRC development
and/or progression.
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The aim of the research described in this thesis was 1) to clarify the role of NDRG4 and the
(enteric) neurons in CRC carcinogenesis and 2) to improve current CRC early detection and
prognosis assessment by identifying novel diagnostic and prognostic biomarkers.
In chapter 2, we extensively reviewed the current knowledge on the role of (enteric) neurons
in CRC development/progression. Based on the reviewed studies, we concluded that
perineural invasion (PNI) and (neo)neurogenesis are indicators for tumor aggressiveness and
can act as independent prognostic factors for 5-year disease-free, cancer-specific and overall
survival in CRC. In addition, it has been shown that neuronal innervation can promote cancer
development in multiple cancer types (prostate, pancreatic, skin and gastric) while denervation
can attenuate progression. Similar observations were made for the ENS specifically, where the
loss of enteric neurons was associated with a reduced risk for CRC development indicating a
pivotal role of ENS in CRC. Moreover, different neuromodulators can either promote or inhibit
CRC carcinogenesis by regulating cell proliferation, migration, angiogenesis and metastasis.
Thus, multiples lines of evidence indicate a role for neurons in CRC carcinogenesis.
We further investigated the role of the enteric neuronal protein NDRG4 in CRC in chapter 3.
Studying a genetic model (APCMin/+) and a chemical model (azoxymethane), we observed that
absence of NDRG4 did not alter the number of adenomas but promoted the development of
larger intestinal adenomas with a more aggressive phenotype. Through a co-culture model, in
which intestinal epithelial organoids were subjected to conditioned medium from NDRG4+/+ or
NDRG4-/- primary ENS cultures, we observed that loss of NDRG4 enhanced the relative growth
and the formation of crypt buds of the intestinal epithelial organoids. Two secreted factors,
which also enhance CRC cell migration in vitro, were significantly enriched within the medium
of NDRG4-/- ENS cultures as compared to NDRG4+/+ ENS cultures: nidogen-1 and fibulin-2.
To improve the early detection of CRC, novel biomarkers that complement the current
diagnostic tools are required. Therefore, in chapter 4, we applied an in silico biomarker
discovery analysis using publicly available data, to identify novel diagnostic DNA methylation
markers. 221 genes were identified as potential diagnostic biomarkers which, after confirmation
in CRC tissue samples, resulted in the selection of 5 genes for further validation using fecal
DNA. In stool (n = 50 normal, n = 43 carcinoma), the sensitivity of the 5 genes ranged from 31.846.4% at 98.0% specificity with the combination of gene 1/gene 4 acting as the best biomarker
panel (sensitivity: 48.8% at 98.0% specificity). Though these biomarkers by themselves do
not outperform the current standards for CRC early detection, the diagnostic value of these
biomarkers in combination with these standard assays (FIT, Cologuard®) is yet to be explored.
To study the pathways that exhibited promoter methylation, we performed gene ontology
enrichment and pathway analyses on the identified gene set (n = 221). We found that 37.062.5% of all enriched biological process and 52.2-80.0% of all enriched cellular component
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ontologies were linked with the nervous system, which was significantly higher than expected
based on random distribution. Furthermore pathway analyses revealed that 35.0-90.9% of
all affected pathways were associated with neurotransmitter signaling, synaptic vesicle cycle
or axon guidance. These findings indicate that tumor cells might share characteristics with
neuronal cells implicating an unexplored role of neuronal genes in epithelial/tumor cells and
that these features can be exploited for improving existing early detection tests for colorectal
cancer.
Next we explored whether the nervous system is associated with CRC prognosis by studying
the expression of the neuronal markers neurofilament (NF) and protein gene product 9.5
(PGP9.5) in CRC in chapter 5. CRC tissues (n = 204) were immunohistochemically stained for
either NF or PGP9.5 and were digitally evaluated, either via random sampling or whole slide
evaluation. Both markers were expressed in large as well as small nerve fibers located within
the stroma of colorectal tumors. NF-positive staining was associated with a higher number
of CRC deaths (multivariate HRNF+ = 1.93; 95%-CI: 0.92-4.06 based on whole slide evaluation).

Similarly, PGP9.5-positivity was associated with poorer survival (multivariate HRPGP9.5 = 1.75;
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95%-CI: 0.56-5.47 based on whole slide evaluation). The combination of NF and PGP9.5 did
not result in any statistically significant association, neither when both markers were expressed
(pNF+/PGP9.5+ = 0.233) nor when only one of the two markers was positive (pNF or PGP9.5 = 0.318).

Nonetheless, multivariate analysis suggested a decreased survival in patients positive for

one or two of the markers (HRNF+/PGP9.5+ = 2.26; 95%-CI: 0.59-8.69), and HRNF or PGP9.5 = 2.01; 95%CI: 0.51-7.95). No statistically significant differences were observed between the evaluation
methods.
In chapter 6, the significance and the underlying association between the obtained results in
this thesis were explored and discussed. Our findings and the growing amount of literature
suggest that the (enteric) nervous system could play, a currently underestimated, pivotal
role in the development and progression of cancer and CRC in particular. We have shown
that disruptions in neuronal vesicle trafficking might alter the intercellular crosstalk between
neuronal cells and tumor cells, either via changes in release of neurotransmitters but also due
to altered secretion of other soluble factors like ECM-related proteins. Evidence collected in
this thesis illustrates that neuronal innervation is not only limited to a biological role in CRC but
that expression of neuronal proteins or methylation of neuronal genes are possible candidates
for diagnostic or prognostic marker development. If both the biological and translational role
of neuronal innervation in CRC is further explored, applications towards therapeutic options
need to be considered for the future.
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VALORIZATION
Colorectal cancer (CRC) is the third most common type of cancer and the second-leading
cause of cancer-related death worldwide [1]. Worldwide in 2018, incidence was over 1.8 million
cases and approximately 900,000 deaths occurred due to CRC [1]. Due to the aging population
and the increasing adaptation of a ‘westernized lifestyle’ in countries located in Asia, Eastern
Europe and Latin America, it is expected that both CRC incidence and mortality will rise in the
upcoming decade [2, 3]. Due to the heavy patient and societal burden of CRC, many countries
implemented CRC screening programs to improve CRC early detection, but societal and
economic implications of CRC screening and treatment are substantial as well. In the United
States alone, the national costs for CRC care were estimated at $14.1 billion in 2010, with
projections estimating an increase towards $17.4 billion in 2020 [4]. Assuming that the United
States represents 25-40% of the global costs of cancer health care, worldwide CRC costs can
be estimated at $35-56 billion in 2020, which would imply a major increase compared to the
estimated $14-22 billion in 2003 [5].
In the Netherlands, in 2017, €597 million were spent on health care of CRC patients, an increase
of €109 million compared to 2011, which can be partly attributed to the implementation of the
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Dutch colorectal cancer screening program in 2014 [6]. As an increasing number of people are
invited each year, costs for the screening program have risen to €20 million for the first-line
screening (FIT) and €50 million for the follow-up (colonoscopy) [7]. Other costs for CRC care are
predominantly associated with treatment of advanced stage CRC, including hospitalization,
chemotherapy, radiotherapy and treatment of side-effects [5, 8].
Within the scientific and medical community, it is generally agreed upon that early detection
of CRC and its precursor lesions is the most effective strategy for CRC management as early
stage disease can be treated more effectively and is therefore associated with better survival.
In chapter 1, an overview was provided of the currently applied diagnostic and screening
methodologies including invasive techniques like colonoscopy, and non-invasive screening
assays including FIT and the Cologuard®, a multitarget stool DNA test
is considered the gold standard for CRC screening

[14]

complication risk result in suboptimal participation rates

[9-13]

. Colonoscopy

. However, its invasiveness and
. Therefore, screening programs

[14]

have been developed in multiple countries using FIT as a first-line screening and subsequent
colonoscopy for FIT positive screenees [9-12, 14, 15]. Predictions suggest that by the year 2044 the
Dutch national screening program can lead to a decrease of CRC incidence of 31.0-35.0%
compared to 2014 while the mortality is projected to reduce by 45.0-47.0% [16]. Similar effects
have been described in other European countries and in the United States ranging from an
8.0-16.0% decrease in mortality based on guaiac-based fecal occult blood testing (gFOBT)
screening whereas screening with fecal immunochemical test (FIT) reduced mortality with
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36.0%-52.4%

[17, 18]

. Nonetheless, the sensitivity of FIT can still be improved and therefore

molecular marker tests such as Cologuard® have been developed and shown to improve the
detection of CRC and advanced adenomas [13]. Despite the increased detection of CRC and
advanced adenomas, these molecular marker tests are not cost-effective for implementation
into population-based screening programs compared to the current screening standards
unless considerable changes in e.g. screening uptake, sensitivity for adenomas, ability to
distinguish progressive and non-progressive adenomas could be achieved [19-22]. Therefore,
novel biomarkers that increase the sensitivity of FIT or other existing stool assays which can
be detected in small units of stool can even more improve early detection and decrease CRC
incidence and mortality.
In chapter 4, an in silico DNA methylation marker discovery analysis utilizing the publicly
available data from the Cancer Genome Atlas (TCGA) identified five DNA methylation markers:
‘Gene 1’, ‘Gene 2’, ‘Gene 3’, ‘Gene 4’ and ‘Gene 5’. The sensitivity of these markers in fecal
DNA ranged between 32.6%-46.5% at 98.0% specificity with the best marker panel (’Gene
1’ and ’Gene 4’) reaching 48.8% sensitivity and 98.0% specificity. By themselves, these
markers thus lack the diagnostic potential for incorporation in the clinical setting. Studying
their incremental value to FIT and increasing the analytical sensitivity by applying sensitive
methylation detection techniques (e.g. Discrimination of Rare EpiAlleles by Melt

[23]

) could

lead to major improvements to the detection rate. Moreover, before new biomarkers can
be incorporated into either new or established screening assays, extensive (prospective)
validation studies are needed to confirm the diagnostic value of the biomarkers and further
evaluation of e.g. test characteristics, impact on mortality and cost-effectiveness (costs of
analysis, organizational costs, expected compliance), are needed to ensure that the clinical
application of novel biomarkers benefits both patients and the health care system [19, 24-26].
Not only the development of screenings programs, but also the accurate assessment of
prognosis will lead to benefits for both patients and the health care system as this could help
to optimize treatment strategies. In chapter 1, we shortly described the current measures of
CRC prognosis revealing that the tumor-lymph node-metastasis (TNM) staging classification
is considered as the golden standard for CRC classification and prognosis as for each TNM
stage, a mean 5-year overall survival has been estimated which ranges from 90% at stage
0 and 1 to less than 10% for stage 4 CRC patients

[27-29]

. Other features that are currently

being investigated in the context of CRC prognosis are ‘Immunoscore’, tumor budding and
the consensus molecular subtypes

[30-32]

. Overall, the aim of new prognostic markers is to

enable a more accurate prognostic assessment which is beneficial in determining the optimal
treatment strategy as it has been shown that the prognosis based on the TNM staging system
varies considerably between patients with similar staging [28, 29]. In chapter 5, we investigated
whether the intratumoral presence of nerve fibers, using two different immunohistochemical
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stainings for neurofilament (NF) and protein gene product 9.5 (PGP9.5), to learn more about the
prognostic value of neuronal proteins for CRC. We observed that NF and PGP9.5 expressing
nerve fibers are located within colorectal tumors. Interestingly, nerve fibers were not detected
in all tumors which subsequently was studied in a prognostic context. We observed that
presence of NF and/or PGP9.5 positive nerve fibers was associated with a poorer prognosis in
CRC, independent of other established prognostic factors. Research on prognostic biomarkers
has been recommended to follow a multistep approach [33, 34]. This approach is comprised out
of three phases i.e. 1) early exploratory analyses for hypothesis generation and identification
of potential markers, 2) exploratory analyses to assess association between marker and
prognosis, and 3) large, protocol-driven validation studies set to test previously established
hypotheses which should provide strong evidence for the potential clinical implementation
[33]

. Our study performed in chapter 5 can be classified as both a phase I and II study, while

further validation (phase III) is still required. However, before a phase III validation can be
initiated, set standardized protocols, which includes sample selection, inclusion criteria,
exclusion criteria, standardized assays and statistical analyses, need to be established hereby
reducing potential bias and increasing the reproducibility of the study [33, 34]. Thus a large and
independent validation cohort is required to validate the findings of our study. Due to the
limited sample size of the initial study, a large independent cohort will also assist in establishing
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other potential prognostic effects in specific subgroups and could provide first evidence of
the additional role of these markers to currently established prognostic markers.
Finally, in chapter 1, we addressed the current treatment strategies and recent developments
of CRC therapeutics. In patients with stage II disease or higher, different variants of (adjuvant)
chemotherapy are applied although promising advances have been made due to the
development of targeted therapies, e.g. immune therapy, which are more specific in their effect
compared to chemotherapy [35-42]. The application of targeted therapy opens new avenues also
considering the findings in chapter 2 and chapter 3. In chapter 2, we briefly described the
therapeutic potential of targeting neurons in cancer, as in prostate and gastric cancer (surgical
or pharmacological) denervation of tumors resulted in the attenuation of carcinogenesis

.

[43, 44]

Furthermore, antineurogenic strategies targeting neurotrophic factors like nerve growth factor
have been suggested in inhibiting nerve infiltration and consequent cancer-promoting processes
. Considering that neurotransmitters and other neuromodulators also have considerable

[45, 46]

impact on the development and the progression of CRC, as previously described in chapter
2, active targeting of neuromodulators and/or their receptors, resulting in either the increase of
tumor-inhibitory or the reduction of tumor-stimulating neuromodulators, could be an interesting
novel approach for the development of future therapeutic strategies. However, the field of cancer
neuroscience is still at its infancy and though recently new initiatives have started to take aim at
cancer-neuronal crosstalk, major efforts are required to gain a better understanding of neuronal
signaling in carcinogenesis and to translate this potential into viable treatment strategies [47].
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Additionally, the data obtained in chapter 3, also provided novel insights in the importance
of neuronal signaling in CRC biology as until recently, the contribution of the nervous system
and in particular the ENS in CRC was practically unstudied. We described that the absence
of NDRG4 increased intestinal tumorigenesis potentially due to the increased release of the
extracellular matrix proteins: nidogen-1 and fibulin-2. Although further studies are necessary
to gain more insight in the function of both ECM proteins and in particular the underlying
mechanism through which nidogen-1 and fibulin-2 induce their effects, both proteins could be
considered as potential new targets in counteracting tumorigenesis. Although not applied in
clinical practice, targeting of ECM-related proteins as treatment opportunity for CRC has been
discussed in previous studies. The increased expression of lysyl oxidase, an ECM-modifying
enzyme, and microfibrial-associated glycoprotein 2, a crucial regulator for signal transduction
between different types of cells and their ECM, both resulted in remodeling and stiffening of
the tumor ECM which promotes the progression of CRC

. Interestingly, in several other

[48-50]

studies, ECM molecules have been correlated with an altered response of tumor cells to
chemotherapy, indicating that the ECM proteins can also act as predictive markers for therapy
response [50-52].
All in all, the data in this thesis provides strong evidence that the nervous system could not
only act as a major novel player in CRC biology but can also facilitate the discovery of novel
diagnostic markers, prognostic markers or treatment strategies in the battle against CRC.
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me binnenkomen als een stagiair bij het NDRG4 project van Veerle maar toen ik me ook op
biomarkers voor CRC begon te richten, kwam ik ook in jouw straatje terecht. Bedankt voor jouw
enthousiasme, je kritische blik en de feedback die je op mijn stukken hebt gegeven! Hierdoor
ging niet alleen de kwaliteit van dit proefschrift omhoog maar kon ik ook zelf verdere stappen
zetten in mijn professionele ontwikkeling. Daarnaast ben ik ook ontzettend blij en dankbaar
dat je me ruim de kans hebt gegeven om mijn proefschrift volledig te kunnen afronden in
mijn tijd bij de Pathologie! Succes met al je ondernemingen zowel bij de Pathologie maar
ook bij GROW en Epify!
Beste Veerle, jij bent simpelweg de persoon die dit hele proefschrift mogelijk heeft gemaakt.
Zo’n zes jaar geleden kruisten onze paden voor het eerst omdat ik graag mijn afstudeerstage
wilde doen binnen het veld van oncologie. Na ons eerste gesprek waarin jouw onmetelijke
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enthousiasme meteen naar voren kwam, wist ik dat ik op de goede plek zat en ik kon niet
wachten om aan dat avontuur te beginnen! Het project vond ik direct al super interessant
en uitdagend, ik leerde veel en voelde me al snel op mijn plek bij jou en in de groep! Dus
ik was dan ook heel blij dat je me de kans gaf om aan een PhD te beginnen :-). Door deze
PhD kon ik me verder ontwikkelen. Zo kreeg ik de kans om aan een aantal verschillende en
vooral variërende projecten te werken en kon ik ook voor een periode naar de University of
Calgary gaan en dan benoem ik nu slechts een aantal punten. Natuurlijk waren er ook wel
eens tegenslagen, soms gevolgd door verhitte discussies, maar je deur stond altijd open
en je bleef altijd in me geloven! Hierdoor heb je een enorme bijdrage geleverd aan mijn
ontwikkeling, niet alleen als wetenschapper maar ook als mens! Veerle, ik ben dan ook enorm
blij dat ik een bijdrage heb mogen leveren aan dit onderzoek en heb dit ook met veel plezier
gedaan! Door je enorme drive en passie weet je het beste uit iedereen te halen en daarom
ben ik ervan overtuigd dat het werk van de afgelopen jaren nog maar het begin is van een
groot succesverhaal! Ik kan je niet genoeg bedanken voor al je input (over experimenten
maar ook de snelle feedback die ik altijd kreeg etc.), gedrevenheid en gezelligheid! Ik zal dit
nooit, nooit vergeten! ;-)
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Beste Kim, jij was wellicht de laatste toevoeging aan mijn promotieteam en hoewel de nier
de grote focus is van jouw onderzoek, kan ik alleen maar ontzettend blij zijn dat jij ook
actief betrokken was bij mijn projecten. Want wat ben jij ook belangrijk geweest om dit
resultaat te bereiken! Hoewel mijn focus in eerste instantie lag bij de meer fundamentele
onderzoeksprojecten, kwam er al snel een omslag toen ik me ging richten op de diagnostische
en prognostische biomarkers. En ik kijk dan ook echt met veel plezier terug op onze
samenwerking! Jouw kennis en inzicht zijn cruciaal geweest om de hoofdstukken uit dit
proefschrift tot een mooi eind te brengen. Bij vragen over comments op papers, statistische
berekeningen of analyses kon ik altijd even langskomen zodat issues zo snel mogelijk
opgelost konden worden. Ook als je een nieuwe versie van een paper ging bekijken, kreeg
ik het binnen no-time terug, waardoor ik vaak in dezelfde week toch weer verder kon met
schrijven. Maar ook als er even een boost nodig was, dan was jij altijd bereid om die te geven!
Zo was jij er soms meer van overtuigd dat het proefschrift bijna afgerond was dan ik en dat
gaf altijd weer nieuwe motivatie! :-) Dus Kim, nogmaals ontzettend bedankt voor al je hulp
maar zeker ook voor de gezelligheid! En natuurlijk wens ik je verder veel succes en plezier
met je eigen onderzoek en groep!
I would also like to thank the members of the thesis assessment committee, Prof. Dr. Daisy
Jonkers, Dr. Stéphanie Breukink, Dr. Conor McCann, Prof. Dr. Gerrit Meijer and Prof. Dr. Marc
Vooijs, for their time critically reading and evaluating my thesis! Furthermore, I would like to
appreciate the time and effort from the members of the corona for reading my thesis and for
their participation during the thesis defense!
Of course, this thesis would not have been possible without the invaluable contribution of all
the co-authors and the many collaborators! Thank you all for the fruitful scientific discussions
about study/experimental designs and naturally all your suggestions and feedback on the
papers/chapters!
Het moge nu wel duidelijk zijn dat dit proefschrift niet het product is van maar één person
dus hierbij wil ik toch wat woorden richten aan een heel belangrijke groep mensen. Lieve
epigenetica collega’s, het feit dat ik jullie enorm dankbaar ben, is hopelijk ondertussen wel
duidelijk en ik hoop dat ik dat door de afgelopen jaren heen ook vaak genoeg heb laten
blijken! Maar ik kijk vooral ook met veel plezier terug naar jullie vriendschap en naar de vele
gezellige en leuke momenten bij de Patho! Ik kan dan ook al hier stellen dat ik jullie zeker ga
missen! Maar hier laat ik het natuurlijk niet bij, dus hier nog wat persoonlijke woorden voor
jullie waar ik eerst wil beginnen bij het ENS-team!
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Nathalie, het is toch wel vanzelfsprekend dat ik bij jou begin als het over de ENS groep
gaat, want er zijn maar weinig andere mensen die zo’n enorm aandeel hebben gehad bij
dit proefschrift. Ik ben jou heel dankbaar (oftewel ne dikke merci! ;-)) voor de hulp/inzet/
steun gedurende de afgelopen jaren! Je was altijd bereid om mee te denken over nieuwe
experimenten of om samen analyses door te kijken. Daarnaast had je ook altijd een luisterend
oor als dingen gewoon eens minder lekker liepen en er even wat ondersteuning nodig was!
Ondanks onze verschillen, ben ik erg blij dat we onze tijd bij de Patho zo prettig en leuk
hebben kunnen afsluiten! :-) Ik wens je heel veel succes met je Postdoc! Dat je nog veel mag
DREAMen over muisjes, visjes en alle andere uitdagingen op je pad! Ik weet zeker dat er
veel moois gaat volgen!
Dan nu verder met onze arts-to-be! Maartje, wat vind ik het tof dat ik samen met jou aan
één van deze projecten mocht werken! Hoewel onze werkwijzen niet bepaald 1-op-1 zijn :-P,
kwamen we er wel al gauw achter dat wij elkaar goed konden aanvullen in ons werk! Hierdoor
is onze samenwerking vlekkeloos verlopen! Ik ben dan ook supertrots wat we hebben bereikt!
Ik zal ook altijd goede herinneringen houden aan de momenten waarop we samen veel
konden lachen maar ook het feit dat we onze frustraties (lees: mislukte kleuringen, issues met
MIM) heel goed konden delen (waardoor ik ook vaak weer plat ging van het lachen ;-)). Veel
succes met je opleiding maar vooral ook met het verdere verloop van je PhD! Ik weet zeker
dat ik de markers in goede handen achterlaat! :-)
Simone, ondertussen ook al een van de long-serving members van het ENS team! De eerste
student die ik ooit mocht mee begeleiden, maar inmiddels iemand met wie ik veel gezellige

D

praatjes heb gemaakt en leuke feestjes heb meegemaakt! Op die feestjes diende je vaak als
hoofd van het laten-we-Glenn-op-de-dansvloer-krijgen clubje :-P, want volgens mij is er geen
feestje in de afgelopen jaren geweest waarbij jij niet de eerste was die dat wilde bereiken ;-).
Natuurlijk heb jij een bijdrage gehad bij het proefschrift zowel bij het review als het NDRG4
paper dus ook jij enorm bedankt voor je input! Nu ben je ondertussen al een tijdje bezig met
je eigen PhD en heb je nog veel ambitieuze plannen op het programma staan! Ik wens je heel
veel succes en hoop natuurlijk dat jij het inflammatieproject een mooi vervolg gaat geven!
Musa, I was doubting whether I would write in Dutch or English, but who knows how this part
of the ‘dankwoord’ will end :-P. Though we have never worked on projects together, I want to
thank you for your support! You have always shown great interests in my projects and I hope
you will enjoy reading the thesis! You have interesting challenges ahead with your projects
however, I am convinced you will succeed! Musa, heel veel succes met al je projecten zowel
in Rotterdam als in Maastricht!
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Natuurlijk had dit proefschrift ook niet kunnen bestaan zonder de hulp van de technicians!
Jaleesa, mijn go-to technician voor bijna iedere vraag (maar wel natuurlijk alleen als je echt
echt alle tijd hebt :-P), bestelling en ook de enkele paniekmomentjes (voornamelijk als er een
lab aan het overstromen was :-P). Met jou samenwerken deed ik altijd met ontzettend veel
plezier en denk dan ook graag hieraan terug! Het uitvoeren van kleuringen, scannen van
slides, of je hulp bij het MIM’en om maar een aantal dingen te noemen, jij deed het met alle
plezier en met veel enthousiasme! Het feit dat jij de afgelopen jaren je werk (waarbij je zoveel
verschillende mensen helpt) wist te combineren met een opleiding vind ik des te knapper en
heb ik ook heel veel respect voor! Jaleesa, ontzettend bedankt voor alles!
Beste Edith, mijn dankwoord zou niet compleet zijn als ik jou hier niet zou noemen! Want jij
was altijd een van de ankers binnen onze groep, niet alleen door de ervaring en kennis die
je met je meebracht maar ook het feit dat als ik aankwam in de ochtend, jij altijd op je vaste
plekje zat! Ik ben heel dankbaar voor al jouw inzet en vooral de vele tips die je me door
de jaren hebt geven! Als ik weer eens vastliep met een IHC kleuring of er weer eens iets
met mijn cellen mis was, ik wist altijd dat door te brainstormen met jou, er weer een nieuwe
mogelijke oplossing zou komen! :-) Heel erg bedankt voor alles en ik hoop dat je goed aan
het genieten bent van je pensioen!
Kim W, jou wil ik vanzelfsprekend bedanken voor je hulp waardoor dit proefschrift nu is zoals
het is! Door jou heb ik heel veel geleerd over allerlei labtechnieken (immunohistochemie,
PCR), het ontwerpen van primers maar ook meer algemenere zaken zoals het begrijpen van
analyses van methylatie markers of extra uitleggen welk cohort voor wat gebruikt was, etc..
Je was nooit te beroerd om de data nog eens te double checken waardoor we uiteindelijk
nog meer overtuigd waren van de data! Kim, bedankt en succes met alle projecten die gaan
komen! :-)
Marion, denk maar niet dat ik jou ben vergeten hoor! Het aantal uren dat wij samen naar al die
kleuringen en de tientallen (waarschijnlijk honderdtallen) coupes gekeken hebben, is zeker
niet minimaal te noemen. Dat begon eigenlijk al direct toen ik als stagiair bij de Patho kwam
en darmcoupes moest scoren maar echt nog geen enkel idee had wat ik zag :-P. Ik ben dan
ook heel blij dat je me zoveel over de histologie van (voornamelijk) de darm hebt geleerd.
Maar deze uren waren niet alleen heel leerzaam, maar ook nog eens supergezellig! Daarnaast
toonde je altijd interesse hoe de projecten liepen en was je feedback veel waard! Daarom
enorm bedankt voor alles, Marion! :-)
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Werend, bedankt voor jouw input van de afgelopen jaren! Behalve de hands-on expertise
die door jou in de groep is gekomen (ENS cultures, IF kleuringen), heeft jouw kennis van het
ENS ons allemaal geholpen om bepaalde ideeën uit te voeren of eens goed te sparren. Het
is dan ook heel tof dat je naast het opzetten van je eigen onderzoek in Hasselt ook nog deel
blijft uitmaken van de groep in Maastricht! Ik wens je dan ook het allerbeste!
Amy and Ana, though we have never worked together directly, I am certain that both of you
are great additions to the Maastricht ENS team! I wish you both the best of luck!
Voor degene die denken dat ik nu klaar, we zijn er zeker nog niet hoor ;-). Alexander, de
bioinformaticus die meerdere figuren in dit proefschrift mogelijk heeft gemaakt! Bedankt voor
al je werk waarbij je niet alleen bereid was om prachtige figuren te maken, maar ook om data
analyses uit te voeren! Altijd bracht je het geduld op als we data files moesten doorlopen of als
je analyses moest uitleggen en dat zal ik altijd waarderen! Succes met je nieuwe stap bij Epify!
Nikkie, jou ben ik zeker niet vergeten! Onze samenwerking begon wellicht wat later tijdens
mijn PhD, maar ik ben nog altijd heel blij met het belangrijke aandeel dat je hebt gehad! Want
waar hadden we nu gestaan met de diagnostische markers als jij niet die uren in het lab had
besteed om al die samples voor al die markers te runnen? Nou, ik denk zelf dat het boekje
in ieder geval niet zo compleet was geweest! Ik ben dan ook dankbaar voor de nuttige en
gezellige overleggen die we samen hebben gehad en ik wens je dan ook het allerbeste! :-)
Zheng, my roommate for the entire length of my PhD, whether it was back in the UNS40 or
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last couple of years at the pathology department itself! Thank you for your friendship during
the years! Always looking after me and checking whether I was okay, I will always appreciate
that! Beside that, thanks to you I have learned quite a bit about the Chinese culture and got
to know some Chinese candy ;-). In the last years, we were able to brainstorm together about
the biomarkers which was really useful! Good luck with finishing your thesis!
Dan nu even naar het team van de renal cancer, Kim L en Selena! Ondanks dat we misschien
niet echt samengewerkt hebben aan specifieke projecten, ben ik jullie wel heel dankbaar voor
jullie vriendschap! Als de focus of motivatie soms even weg was, kon ik altijd bij jullie binnen
wandelen om even opnieuw op te laden! Kim, door je achtergrond met de CRC markers, kon
ik goed sparren met jou wat altijd nuttig was dus bedankt hiervoor! Selena, ondertussen al
een goed jaar bezig met je eigen PhD met nog veel uitdagingen voor de boeg! Bedankt voor
je interesse in mijn projecten en de woorden van steun als die nodig waren! Ik wens jullie
allebei dan ook veel succes met het verdere verloop van jullie PhD!
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Kathleen, heel erg bedankt voor alle coupes die jij altijd wilde snijden als het voor ons nodig
was! Vooral in mijn beginjaren zijn er genoeg blokjes naar jou toegegaan en ontving ik weer
een groot aantal plankjes (en dat vaak binnen no-time) terug, zodat ik weer verder aan de slag
kon gaan! Maar ook was je altijd geïnteresseerd hoe alles verder verliep en dus gedurende
jaren hebben we regelmatig op gang van de afdeling bijgepraat! Bedankt en succes met alles!
Audrey! Alles paletti? ;-) Vanaf de eerste dag op de afdeling was jouw hulp onmisbaar! Je
hielp me direct de weg te vinden in wat allemaal moest gebeuren qua papierwerk en door
de jaren heen is dat nooit veranderd! Of het nu ging om mijn reis naar Calgary te plannen,
congresbezoeken en zeer zeker op het eind de brieven voor de promotie, jij had altijd het
antwoord en de deur stond altijd open! Bedankt voor alles!
Behalve mijn huidige collega’s bij de epigenetics wil ik ook mijn oud-collega’s van de groep
bedanken voor de leuke tijd die we samen hebben gehad en voor hun bijdrage! Muriel, ik had
het voorrecht om de diagnostische markers voor een deel over te nemen van jou! Bedankt
voor de fijne overdracht, waardoor mijn werk alleen maar makkelijker werd! Veel succes bij
StemCell Technologies! Lindsay, for quite some time, we both felt the pressure to finish our
thesis :-P. For you, it has already led to a beautiful result, so I hope you will enjoy reading my
thesis! Thank you for all the nice talks and discussions! :-) Sophie en Tim, bedankt voor jullie
steun in de afgelopen jaren en ik wens jullie allebei veel succes met jullie verdere carrière!
Peter, bedankt voor al je hulp met het uitzoeken van bestellingen en de tips die me weer
verder op gang hielpen! Geniet van je pensioen en ik hoop dat je nog veel mooie reizen
maakt! Yuichi, of course I won’t forget about you as my former roommate! I hope you are doing
well in Japan and that you will enjoy reading my thesis! Barry, gedurende twee periodes heb
ik jou bij de Pathologie meegemaakt en ondertussen ben je vertrokken naar MERLN waar je
samen met Timo aan het werk bent! Bedankt voor vele leuke gesprekken en veel succes!
Ten slotte wil ik nog Joep, Karin en Marjolein bedanken! Ondanks het feit dat we maar kort
gezamenlijk bij de Patho zijn geweest, ik was tenslotte nog maar een studentje :-P, heb ik veel
leuke herinneringen overgehouden aan deze tijd! Het ga jullie goed!
Natuurlijk is de Pathologie groter dan alleen de epigenetics groep, so here goes! Mat,
bedankt voor jouw inzichten in zoveel verschillende experimentele technieken! Je lessen
over PCR, celkweek, transfectieprotocollen, etc. zal ik zeker meenemen! Je nam daarvoor
altijd ruim te tijd alhoewel er in deze sessies ook tijd was om wat leuke verhalen te delen!
Gregorio, jij ontzettend bedankt voor de lessen met de MIM! Hierdoor hebben we mooi werk
kunnen leveren en hopelijk zie jij dat dan ook terug in dit proefschrift! Succes met je nieuwe
uitdagingen bij de EVP! Jack, alhoewel ik in de afgelopen periode een stuk minder foto’s
achter een microscoop heb hoeven te maken, was jij wel heel belangrijk gedurende mijn
stage en de eerste periode van mijn PhD. Je hielp me niet alleen om goed met de microscoop
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om te gaan, maar je hebt ook verscheidene custom-made programma’s ontworpen waardoor
ik mijn werk goed kon doen, dus enorm bedankt hiervoor! Laura, ondertussen al een tijd bezig
met een geheel nieuw onderzoek, maar je eerste tijd bij de Patho was natuurlijk bij ons in de
groep! Bedankt voor de mooie bijdrage die je geleverd hebt aan één van de stukken in dit
proefschrift maar vooral ook voor de gezellige onderonsjes! Imke, onze eerste kennismaking
was wellicht bij een minicursus Western Blot :-P maar hoe leuk dat je daarna ook bij de
Pathologie aan de slag ging! Bedankt voor de gezellige gesprekken en heel veel succes
verder met je eigen onderzoek! Emil, onze paden bij de Pathologie hebben eigenlijk altijd
tegelijk gelopen, we waren studenten in dezelfde periode en zo was het ook voor onze PhD!
Bedankt voor je interesse in mijn onderzoek en succes met het afronden van je proefschrift!
Frans, bedankt voor de vele leuke gesprekken bij de lunch! Succes met het verdere verloop
van zowel je PhD als je opleiding! Het ga je goed! Faisal, thank you for your interest in my work
and for nice conversations in the hallways of the Pathology department! Good luck with your
PhD! Iryna en Jan, enorm bedankt voor jullie input als het ging om de IHC van de neuronale
markers! Ik heb er echt veel van geleerd! Prof. dr. Grabsch, dear Heike, thank you for giving
us the opportunity to use the MIM software for our study! Prof. dr. Zur Hausen, beste Axel, bij
jouw regelmatige rondgang over de afdeling was je altijd geïnteresseerd hoe het ging en hoe
het met het proefschrift stond. Bedankt hiervoor! Verder wil ik ook de andere stafleden binnen
de Pathologie bedanken voor hun interesse en inbreng! Tenslotte wil ik mijn dankbaarheid
tonen aan de PhD studenten, postdocs en technicians van de andere onderzoeksgroepen
en de mensen van de diagnostiek en het secretariaat! Bedankt allemaal voor de gezellige
werksfeer en veel succes met jullie volgende stappen!
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Of course, I want to thank Prof. dr. Sharkey and the people of his group for the great time
I had at the University of Calgary! Dear Keith, you welcomed me in your lab during the first
year of my PhD to learn all about ENS research, and I really appreciate the input from you
and your group, with special thanks to Winnie and Cathy! Also special thanks to Samantha,
Max and Fernando! What do you get when you put a Canadian, a German, a Brazilian and a
Dutch guy together? Well, a lot of fun! You guys welcomed me on the first day that I arrived in
Calgary and it made the transition from home to Calgary really easy! Thank you all for the fun
moments going to sports games, the times at Moos McGuires and all the nice conversations!
I won’t forget those times!
Het einde van dit dankwoord komt wellicht in zicht, maar ik kan dit dankwoord zeker niet
afsluiten zonder mijn familie en vrienden te bedanken! :-) En om dit deel af te trappen wil ik
mij eerst richten op mijn paranimfen!
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Frank en Rianne, wat ben ik blij dat jullie mij op de grote dag zullen vergezellen! Toen ik mijn
keuze voor mijn paranimfen moest maken, kwamen jullie namen direct bij me op en ik was
heel happy toen jullie allebei toezegden!
Frankieboy, het is bijna ongelooflijk dat wij al meer dan 10 jaar terug gaan! Natuurlijk waren we
al bekend met elkaar op de middelbare school, maar hoe mooi was het dat onze vriendschap
eigenlijk begon bij ons eindexamen waar we altijd naast elkaar plaats mochten nemen! Al gauw
kwamen we verder in contact want we gingen dan ook allebei Biomedische Wetenschappen
studeren in Maastricht! Gedurende die tijd werden we steeds hechtere vrienden en wat
hebben we veel ondernomen (met de Student Council, Treinlimbo’s, etc etc) met veel gelach
als gevolg! Jij weet sowieso als geen ander mensen aan het lachen te krijgen en wie weet
hoe mij dat nog gaat helpen bij mijn promotie ;-)! Jij bent nu ook je proefschrift aan het
afronden voor je promotie in Groningen en ik wens je natuurlijk het allerbeste! Bedankt voor
je vriendschap in al die jaren, ik hoop dat er nog vele jaren mogen volgen! :-)
Rianne, wij leerden elkaar eigenlijk direct kennen tijdens de master Biomedical Sciences,
volgens mij zelfs al bij de eerste groepsopdracht van onze master! En sinds die tijd (want
nondeju dat is toch ook alweer even geleden zeg xD) zijn we altijd vrienden gebleven! Ik
heb je leren kennen als iemand die altijd gemotiveerd is en altijd hard blijft werken om haar
doelstellingen te bereiken! Maar des te meer nog als iemand met wie ik de leuke momenten/
successen, maar ook zeker de dipjes/frustraties van de afgelopen jaren goed mee heb kunnen
delen! Dus wat zou ik nog meer willen vragen van een paranimf! Ik ben ervan overtuigd dat je
me dan ook rustig kan houden op de grote dag :-P. Jij bent ondertussen al aan een nieuwe
uitdaging begonnen bij Maastro, maar ik verheug me natuurlijk wel nog op jouw proefschrift
he! Succes met afronden en bedankt voor alles :-)!
Dan heb ik natuurlijk ook woorden voor de Masters of Science ;-) Aaron, Bas D, Bas H, Glenn,
Pauline, Rianne, Wouter, bedankt voor alle gezellige treinreizen en etentjes, zowel tijdens
onze opleiding als in de jaren erna! We zien elkaar helaas niet meer zo vaak, maar bij onze
jaarlijkse reünie-etentje is het altijd als vanouds en ga ik vaak met pijn in mijn buik van het
lachen naar huis! Een aantal van jullie hebben ook nog een promotie af te ronden, dus veel
succes daarmee en vanzelfsprekend wens ik jullie allemaal een mooie carrière! Dus bedankt
voor jullie vriendschap, ik hoop dat we dat nog lang zo zullen houden! :-)
Maud, no worries! Ik ben zeker niet de Treinlimbocello’s vergeten hoor :-P! Frank, Maud, Niels,
Sanne, Bart, Robin en Danique, bedankt voor de vele jaren van plezier en vriendschap! Wat
begon bij de Student Council en een enkel etentje bij de Kiwi is tot zoveel meer uitgegroeid
en na al die tijd still going strong ;-). We hebben al zoveel herinneringen gemaakt waaronder
een legendarisch etentje waarbij ‘Tiny Dancer’ van Elton John luidkeels werd meegezongen,
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maar ook huisbezoekjes en ondertussen al een mooi promotiefeest (toch Dr. Janssen? ;-)). Ik
hoop met dit proefschrift en de dag van mijn verdediging een heel mooie herinnering hieraan
toe te voegen! Jullie allemaal ook veel succes met afronden van de promotie, opleiding of
andere carrièremogelijkheden! Maar vooral dat er nog veel gezellige etentjes, activiteiten en
feestjes mogen volgen! Bedankt voor alles :-)! Job, jou wil ik hier toch ook even vermelden!
Bedankt voor je vriendschap, maar ook voor alle kansen die je mij als studentje bij Helix en
de SC gegeven hebt! Hopelijk lees je dit proefschrift met plezier! En natuurlijk wil ik jou veel
succes wensen met het afronden van jouw proefschrift! :-)
Pieter, een van de meest recente toevoegingen tot mijn vriendenkring! Altijd toon je interesse
in wat ik doe en hoe het gaat en dat waardeer ik enorm! Bedankt voor de gezellige momenten
bij de bios, maar vooral ook jouw gastvrijheid bij de LANs! Dennis en Koen, jullie mogen
zeker niet ontbreken in dit dankwoord want ook al zijn onze carrières totaal verschillend van
elkaar, we zijn dan ook al meer dan 10 jaar beste vrienden gebleven en dat blijf ik bijzonder
mooi vinden! ;-) In die jaren is er bijna geen week voorbij gegaan dat we elkaar niet op een
of andere manier gesproken hebben. We zagen/spraken elkaar dan wel weer via Xbox, maar
ook de hoeveelheid films die we intussen verslonden hebben bij de Foroxity (met de meest
bizarre uitspraken die we dan weer om ons heen hoorden :-P) is zeker niet miniem te noemen
;-). Daarnaast deel ik met ieder van jullie ook nog specifiek een hobby: Dennis, jouw passie
voor muziek is aanstekelijk en het wordt eigenlijk weer eens tijd om naar Sounds in Venlo
te gaan voor wat vinyl te kopen! Koen, één van de weinige personen die ik ken die nog een
grotere sportfanaat is dan ik ben, het is altijd een genoegen om met jou terug te blikken
op Nederlandse successen (en helaas ook de faalacties)! Maar de hoogtepunten van onze
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vriendschap zijn toch wel de reizen naar IJsland en Noorwegen! Ik hoop dat er nog meer gaan
volgen! Bedankt voor alles jongens, dat aan onze vriendschap nooit een einde mag komen!
Het heeft wellicht eventjes geduurd, maar natuurlijk wil ik mijn dankwoord eindigen met wat
woorden voor de familie! Beste ooms en tantes, beste neven en nichten, hoewel het in de
afgelopen jaren misschien niet volledig duidelijk is geweest waar ik precies mee bezig was,
zien jullie hier het eindresultaat! Het zal zeker nog abracadabra zijn voor de meesten van
jullie, maar ik hoop dat tijdens mijn verdediging alles nog duidelijker wordt! Toch zijn jullie
altijd geïnteresseerd geweest in wat ik doe en hier ben ik jullie ook uiterst dankbaar voor! Het
afgelopen jaar was zeker een bewogen jaar voor onze familie waarin verschillende familieleden
ofwel gediagnosticeerd werden met kanker ofwel een verdere strijd met deze ziekte aangingen.
Helaas hebben we dan ook onlangs afscheid moeten nemen van twee familieleden: mijn
peetoom, John Rademakers, en aangetrouwde neef, John Theunissen, die allebei helaas de
strijd tegen deze ziekte hebben verloren. Ik had natuurlijk gehoopt dat beiden mijn promotie
nog hadden kunnen meemaken, maar spijtig genoeg was dit niet het geval. Daarom hoop ik
dat dit proefschrift een goede bijdrage kan leveren in de strijd tegen deze ziekte!
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Addendum

Beste Timo, zo’n 7 jaar geleden had ik het genoegen om jouw proefschrift te ontvangen.
Daarvoor hadden we nog gegrapt dat jij me misschien wel uit het dankwoord ging laten,
maar heb jij geluk gehad dat je dat niet gedaan hebt want anders….. Nee natuurlijk niet :-P,
ik had jou altijd op dit plekje gezet hoor! In jouw dankwoord refereerde je al aan het feit dat
je misschien wel ooit mijn proefschrift tegemoet kon zien! Na het welbekende bloed, zweet
en tranen is het dan nu eindelijk zover! Ik ben je natuurlijk enorm dankbaar voor de steun en
gezelligheid! Door jouw ervaring in het academische wereldje kon je me soms al vroeg op
een aantal dingen wijzen, maar je wist net zo goed dat ik sommige punten ook zelf moest
ervaren! Toch heb ik veel van je kunnen leren en stond je altijd open om hulp aan te bieden
waar nodig was! Maar daarnaast kunnen wij ook lekker discussiëren over van alles: films,
TV-programma's/series (WIDM en Star Trek zijn dan toch wel persoonlijke favorieten van
ons beiden ;-)), muziek (bedankt voor de leuke trips naar verschillende concerten) en games
(niet alleen de videogames, maar ook de verschillende escape rooms waaruit we samen zijn
ontsnapt)! Jouw verhaal gaat nog steeds verder bij MERLN en natuurlijk wens ik je daar het
aller-allerbeste! :-)
Pap en mam! Tja, waar moet ik beginnen? Hoe kan ik ooit duidelijk maken hoe enorm dankbaar
ik ben voor alles? Gedurende mijn hele leven hebben jullie me altijd de ruimte gegeven om te
doen wat ik wilde doen: mijn keuze voor middelbare school, vervolgopleiding, etc.. Altijd had ik
jullie steun! Natuurlijk hadden jullie al ervaring met een zoon die een promotietraject aanging,
dus vooraf wisten jullie al dat het veel bloed, zweet en tranen (en alle mogelijke combinaties
ervan ;-)) ging kosten, maar ook met deze kennis was er de onvoorwaardelijke steun van jullie!
Natuurlijk was het niet altijd even duidelijk waar ik precies mee bezig was, maar er ging geen
dag voorbij waarbij jullie niet vroegen hoe mijn dag was geweest! Bij een topdag waren jullie
superblij voor mij, terwijl op een baaldag jullie me een hart onder de riem staken en in me
bleven geloven zelfs als ik zelf grote twijfels had! Jullie leefden dan ook enorm mee en vaak
volgde een nieuwe levensles als ik mezelf weer eens was tegengekomen! Mam, pap, natuurlijk
was het afgelopen jaar ook niet altijd makkelijk vanwege mams borstkanker diagnose (wat
gelukkig nu weer goed is ;-)) en daarnaast leefden jullie enorm mee met het afronden van mijn
boekje! Nu zien jullie dan ook het volledige resultaat en ik hoop dat jullie trots zijn! ;-) Ik ben zo
ontzettend dankbaar voor alle mooie momenten! Hierbij denk ik al snel aan de gezamenlijke
wandelingen met Artan (die ik natuurlijk ook super dankbaar ben voor alle keren dat die naast
me lag als ik weer eens thuis aan het werk was! :-P) en eerder ook samen met Cody, aangezien
dit altijd momenten waren om mijn hoofd vrij te maken! Maar er zijn er ontelbaar meer te noemen
inclusief: Escape Rooms, Bastogne, Overloon, maar ook simpele dingen als Wie is de Mol kijken
en nog veel meer! Pap en mam, bedankt voor jullie liefde, steun en geloof, niet alleen de laatste
paar jaar maar al mijn hele leven lang! Ik hou van jullie!
Glenn
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