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Worldwide, nearly 1.8 million of people are diagnosed with colorectal cancer (CRC), 

accounting for almost 881 000 CRC-related deaths each year1. Moreover, one in 22 men 

and one in 24 women will be diagnosed with CRC during their lifetime1, 2. This makes CRC 

the third most frequently diagnosed cancer (10.2% of all cases) and second leading cause 

of cancer-related deaths worldwide (9.2% of all cases)1. The CRC burden varies greatly 

according to geographical location, with two thirds of all new CRC-cases occurring in 

countries with a high human development index (HDI) or high income, e.g. Australia, New 

Zealand and Europe3. However, when reaching a very high HDI threshold (HDI≥0.8), 

countries like the US, Australia and New Zealand recently show stabilized/lightly declined 

incidence rates, while others, especially Eastern and Southern European countries, do 

not show this pattern. Further, the incidence is expected to increase significantly in less 

developed countries due to their adaptations to the “Western lifestyle”2-7. 

Among countries with the highest age-standardized CRC incidence rates, the Netherlands 

and Belgium rank 10th and 14th with nearly 14 000 and 9 000 annual diagnoses, respectively, 

resulting in about 5 000 Dutch and 3 000 Belgian CRC-related deaths each year8-11. Because 

most people are diagnosed with CRC from their fifties onwards, it is usually considered as 

a disease of the elderly1-3, 7. However, to date almost 10% of all CRC-patients are under the 

age of 50 years7, 10, 12. CRC thus remains a major health concern with a high employment 

disability and productivity loss at work, leading to an estimated annual economic cost 

ranging from 44 to 63 billion euros worldwide13-15. 

Given the enormous dimension of CRC, i.e. affecting a large number of people and the 

severe course of this disease, numerous researchers focus to unravel every detail of the 

colorectal carcinogenic process. Health policies and scientific research institutes are 

thereby mainly driven to develop novel/better treatment strategies and optimal screening 

programs in order to reduce the social and economic burden of this disease.

MORPHOLOGICAL AND MOLECULAR METAMORPHOSIS
CRC is defined as the development of cancer in the colon and/or rectum and arises from 

colonic/rectal epithelial cells that acquired the ability to grow uncontrollably, invade the 

intestinal wall and metastasize into other parts of the body7. The vast majority of CRCs 

(approximately 80%) occurs sporadically, whereas the remaining proportion of CRCs (about 

20%) are characterized by a positive family history. Unfortunately, only five percent of these 

familial cases, i.e. hereditary cases, can be attributed to well-known genetic aberrations, like 

Familial Adenomatous Polyposis (FAP) or Lynch syndrome (i.e. Hereditary Non-Polyposis 
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Colorectal Cancer (HNPCC)). Although knowledge regarding colorectal carcinogenesis 

became apparent about half a century ago, the pathogenesis of CRC is nowadays still not 

completely understood. Indeed, CRC has been recognized to be a complex, heterogeneous 

and multifactorial disease driven by (i) predisposing genetic defects16-18, (ii) epigenetic 

alterations, that may facilitate a ‘stem-like’ cell state and sensitize cells to transformation 

by a driver oncogenic event19-21 and (iii) several risk factors like age, race, a Western lifestyle 

(e.g. physical inactivity, Western diet)22, 23, chronic inflammatory bowel disease (colitis)24, 

and environmental factors (e.g. radiation, early life exposures)25, 26.

According to the classical adenoma-carcinoma sequence defined by Fearon and Vogelstein 

in the early 1990s16, 17, 27, CRC development involves a multistep process that takes about 

a decade to occur. In fact, the onset of CRC is generally triggered by the presence of 

(an) abnormal cell(s) in the inner lining, i.e. mucosa, of the colon/rectum (Tis; carcinoma 

in situ). It is widely accepted that this usually leads to the growth of benign hyperplastic 

or inflammatory polyps28,  29, but it may also give rise to serrated non-polypoid (i.e. 

hyperplastic, flat, depressed30, 31) precursor lesions (T1). Even though there is only a low 

likelihood (<10%32) that these polyps are pre-cancerous/ adenomatous and will progress 

into a cancerous lesion, i.e. adenocarcinoma, non-polypoid lesions are thought to progress 

rapidly to an adenocarcinoma as they are more difficult to detect and characterized by a 

more aggressive behavior. Once an adenocarcinoma has formed, it can grow through the 

muscular wall (T2), invade pericolorectal tissues (T3) and acquire the ability to metastasize 

to other parts of the body using lymphatic or blood vessels (T4)31, 33-35.

Throughout this morphological transformation several biological processes: e.g. 

proliferation, apoptosis, angiogenesis and invasion, are affected by the sequential 

accumulation of genetic alterations, including mutations and chromosomal imbalances, 

and/or epigenetic modifications like DNA methylation, histone modification or the aberrant 

expression of noncoding or microRNAs, that can activate oncogenes (e.g. KRAS, β-catenin, 

BRAF), inhibit tumor suppressor genes (TSG; e.g. APC, TP53) or affect DNA repair genes 

(e.g. mismatch repair (MMR) genes)16-20, 27. These (epi-) genomic alterations can by induced 

by tree major pathways: (i) chromosomal instability (CIN), (ii) microsatellite instability (MSI) 

and (iii) the CpG island methylator phenotype (CIMP)36. CIN represents the most common 

type of genomic instability and is characterized by chromosomal changes (numerical or 

structural), loss of heterozygosity (LOH), activating mutations in oncogenes or inactivating 

mutations in TSGs37. A defective MMR system due to mutated MMR genes or epigenetic 

silencing of the MLH1 gene, gives rise to the hypermutable phenotype MSI. MSI refers to 

the instability of repetitive (di-) nucleotide sequences, microsatellites, which is present in 

10-15% of all CRCs38. Together, CIN and MSI account for the genomic instability in about 

80% of all CRC cases, while a subset (20%) is characterized by the presence of significantly 
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higher levels of promoter CpG island methylation, i.e. CIMP39. It has been estimated that 

5.0% of all known genes can be targeted by promoter CpG island methylation during 

carcinogenesis which denotes a frequent mechanism to silence TSGs40.

DIVERSE TUMOR IDENTITIES
Consistent with the idea that CRC can initiate through the clonal expansion of one or 

a few intestinal epithelial (stem) cell(s) that acquired the ability to outgrow every other 

cell by the sequential accumulation of (epi-) genetic alterations17, 41, tumors were initially 

thought to have a monoclonal origin17, 33, 42, 43. In contrast, the “Big Bang” model confers that 

colorectal tumors can have a polyclonal origin, i.e. grown through the single expansion of 

several intermixed subclones which each acquired changes in essential CRC-genes early 

during transformation43. Moreover, it has been suggested that (epi-) genetic alterations can 

arise through coincidental changes in the surrounding cells/structures, thereby actually 

triggering neoplastic cell outgrowth17, 44, 45. Indeed, increasing evidence nowadays points 

towards a significant contribution of the tumor microenvironment (TME), i.e. resident or 

recruited non-cancerous cells, blood vessels and soluble factors within the extracellular 

matrix scaffold in close vicinity of tumor (stem) cells46-48, to colorectal carcinogenesis48-52. 

Whereas the microenvironment is normally critical to maintain cellular and tissue 

homeostasis, the bidirectional crosstalk and coordinated signaling pathways between 

tumor cells and cells of the TME are dynamic and of great influence for disease initiation 

and progression, thereby considerably impacting a patients prognosis/survival46-48, 52, 53. 

Consequently, the CIN, MSI and CIMP pathways cannot fully capture the complexity 

and heterogeneity of one colorectal tumor entity. A more robust classification based on 

genomic combined with key biological features was therefore recently introduced54, 55. 

Four consensus molecular subtypes (CMS) with clear biological interpretability have 

been defined: (i) CMS1 (MSI immune; 14%) mostly includes MSI tumors with a high level 

of CIMP, BRAF mutations and a strong immune infiltration, (ii) CMS2 (canonical; 37%) 

comprises CIN tumors with epithelial differentiation and a strong up-regulation of the 

WNT and MYC pathway, (iii) CMS3 (metabolic; 13%), consists of tumors with a mixed 

MSI, low CIN and CIMP status and are enriched for multiple metabolic signatures and 

KRAS mutations, and (iv) CMS4 (mesenchymal; 23%) includes CIN positive tumors with a 

mesenchymal phenotype characterized by stromal infiltration, activation of TGF-β signaling 

and angiogenesis.54-57 
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THERAPEUTIC CHALLENGES
These CMS groups are believed to form the basis for future subtype-based targeted 

interventions. However, the prognosis and the most accurate treatment option for CRC is 

nowadays still determined by the TNM classification system that divides CRC into stage I 

to IV according the tumor spread.34, 35, 58

For stage I and low-risk stage II diseases surgical excision of the tumor is sufficient, yet 

from high-risk stage II disease onwards, adjuvant agents like aspirin59-61 or chemo and/

or radiotherapy (e.g. 5-Fluorouracil (5-FU), Leucovorin (LV), Capecitabin or Oxaliplatin, 

used alone or in combination: FOLFOX (5-FU, LV and Oxaliplatin) or CapeOx/XELOX 

(Capecitabin and Oxaliplatin) becomes necessary in attempt to successfully treat this 

disease62-64. In addition, treatment options for stage IV and recurrent CRCs also include 

targeted therapies like Bevacizumab (anti-VEGF antibody65), Cetuximab and Panitumumab 

(both anti-EGFR antibodies66,  67), or Regorafenib (Kinase inhibitor68). Unfortunately, 

current therapies are expensive, cause serious side effects (e.g. bowel perforations, 

diarrhea, fatigue, skin rash, nausea) and are still incompletely effective as more than 30% 

of all CRC-patients die from their (metastatic) disease. Together these features emphasize 

the great necessity to develop novel therapies that improve survival while minimizing drug 

toxicities69, 70.

Novel pharmacological interventions therefore aim to target factors of the TME as 

these are thought to be more genetically stable thereby representing a more attractive 

therapeutic target48, 53. Notably, various cell types within the gastrointestinal (GI) tract: 

e.g. fibroblasts, immune and endothelial cells, can participate as TME components that 

drive colorectal carcinogenesis. Thus far, the most appealing strategy comprises the 

modulation of immune cells using either (i) active immunotherapy: i.e. cancer vaccines, 

cytokine therapy or checkpoint inhibitors, or (ii) passive immunotherapy: i.e. monoclonal 

antibodies or adoptive cell therapy57,  69,  71. Especially the use of checkpoint inhibitors 

targeting programmed cell death protein-1 (PD-1): e.g. Pembrolizumab or Nivolumab62, 72-75, 

programmed cell death ligand-1 (PDL-1): e.g. Atezolizumab76-78, or cytotoxic T lymphocyte 

antigen-4 (CTLA-4): e.g. Ipilimumab79-81, alone or in combination strategies, have been 

shown to be greatly promising82, 83. While immunotherapy generally results in fewer side 

effects and durable responses, its efficacy varies greatly amongst cancerous subtypes, 

having the best response in malignancies characterized by a high mutational burden, like 

the mismatch repair deficient (MSI) CRCs73, 82-85. 
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Despite major improvements in promising therapeutic options, they remain challenging 

as to why some, but not all patients respond, and thereby only contribute to a 12% 

reduction in CRC mortality6. Hence, to obtain a significant reduction in CRC mortality 

and to efficiently minimize patient suffering and its global economic impact, it is of main 

importance to find effective measures for the early detection of CRC and prevention of 

disease development. 

SCREENING OPPORTUNITIES 
As CRC is a slowly developing disease, it provides a great window of opportunity for 

early detection and/or removal of (pre-) malignant lesions, even before a patients 

develops disease-related symptoms. The detection of CRC in early stages is of critical 

importance to significantly reduce the socio-economical impact as it will lead to effective 

treatment options, a better prognosis, and a significant reduction in CRC incidence and 

mortality39,  40. In fact, when CRC is diagnosed in an early stage (stage I), cure rates 

are higher than 90%, while a diagnosis in the late stages (TNM stage III-IV) leads to 

a drastic decline to less than 5.0% chance of curing86. Currently, the colonoscopy still 

represents the golden standard for CRC screening/diagnosis owing to its very accurate 

CRC detection rate: i.e. 73-98% sensitivity at 89-91% specificity, and the possibility to 

immediately remove (pre-) cancerous lesions. However, it is an invasive and expensive 

screening method, associated with a higher risk for complications like bleedings 

or bowel perforations, and the need for highly-trained personnel. A non-invasive 

alternative is the fecal immunochemical test (FIT), which detects minimal amounts 

of blood in stool, with a slightly reduced sensitivity of 76% at a similar specificity of 

94%87. Due to its cost-effectiveness, The Netherlands and Belgium have implemented 

an organized, population-based screening program from 2013/2014 onwards in which 

people aged 55-75 are invited to participate in screening by performing the FIT at home 

and sending it to a reference laboratory for analysis. Unfortunately, a positive FIT result 

may also be indicative for other, benign conditions like hemorrhoids. Consequently, 

a more appealing strategy is the usage of biomarker tests in bodily fluids, like blood 

and stool, which are based on the detection of cancer-specific alterations in or on 

specific genes (e.g. genetic mutations or promoter hypermethylation) and thus provide 

the opportunity to more specifically detect CRC. Already in 1992, Sidransky et al88 

discovered that KRAS mutations could be detected in tumor-derived DNA isolated from 

stool. Even though DNA mutations89 and dysregulated RNA expression (e.g. long non-

coding or microRNAs90, 91) are prominent biomarkers for the identification of CRC, an 

even more powerful tool is found in the usage of DNA methylation-based biomarkers92. 
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This is attributed to their (i) early, frequent, cell type-specific and stable occurrence 

in cancer, (ii) easy detection with well-established techniques and (iii) presence in 

different bodily fluids92, 93. Up to date, novel DNA methylation-based biomarkers are 

identified on a daily basis. Unfortunately, less than one percent can be translated into a 

clinical test because of several methodological and experimental obstacles, e.g. lacking 

of robust methodology, reproducibility and independent validation of its usability/

efficacy93. 

One of the exceptions is the marker discovered by Melotte et al94. They identified promoter 

methylation of the N-Myc Downstream-Regulated Gene 4 (NDRG4) in fecal DNA as an 

early detection marker for CRC, as it accurately detected CRC with a sensitivity of 53-

61% at 93-100% specificity94. This observation has been validated by several independent 

research groups95-102. As a result, Exact Sciences Corporation (Madison, USA) incorporated 

NDRG4 promoter hypermethylation as one of the four molecular markers in the FDA-

approved Cologuard® test, i.e. multi-target stool DNA test, for the early detection of CRC. 

The Cologuard® detects significantly more cancers than the leading FIT and is currently 

used in the USA for the screening of CRC87, 103.

NDRG4 belongs to the differentiation-related NDRG family that consist of four members 

(NDRG1-4). Several studies have implicated the functional importance of the NDRG 

family in development, proliferation, differentiation, and in neurological, stress-related and 

carcinogenic processes104. However, in contrast to the well-described expression patterns 

and functions of NDRG1 and NDRG2, knowledge regarding the expression and functional 

role of NDRG4 is, despite its excellent performance as CRC biomarker, only very limited 

and even unstudied in the gastrointestinal tract.
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AIM AND OUTLINE OF THE THESIS
The aim of this thesis was to explore (i) whether NDRG4 plays a role in the development 

and functioning of the GI-tract and (ii) whether NDRG4 contributes to the development 

and/or progression of CRC.

In CHAPTER 2, we investigate the expression pattern of NDRG4 in the murine and human 

gastrointestinal tract. Surprisingly, we observed the specific expression of NDRG4 in the 

nervous system of the gut, i.e. the enteric nervous system (ENS), labeling neuronal cell 

bodies and interconnecting nerve fibers, thereby raising the question whether NDRG4, via 

the ENS, plays a role in colorectal carcinogenesis. To gain more insights into the role of the 

ENS in CRC, CHAPTER 3 reviews the role of the ENS as a central component of the tumor 

microenvironment, in which the (in-) direct influence of neurons and neuromodulators 

on colorectal carcinogenesis, as well as the potential of the ENS as anti-cancer therapy is 

described.

Current understanding of the downstream targets and the importance of NDRG4 and 

its family members in the gastrointestinal tract is reviewed in CHAPTER 4. Herein, we 

summarize the expression pattern, biomarker value and functional roles of the NDRGs 

in the developing, mature and cancerous gut, by combining literature, transcriptome 

and RNA sequencing data. This summary clearly demonstrates the established value of 

NDRG4 as a biomarker, even in the absence of knowledge regarding its fundamental roles 

in the (developing) gut and during CRC. Consequently, in CHAPTER 5 we examine the 

contribution of NDRG4 in the development/progression of CRC using several in vivo and in 

vitro experiments. We here identify that NDRG4 influences soluble factor release, thereby 

affecting the intestinal (tumor) epithelium. In addition, we describe the impact of loss of 

ndrg4 on ENS development and functioning, i.e. intestinal motility, in vivo in CHAPTER 6.

In the general discussion (CHAPTER 7) we elaborate on the importance of choosing a 

selective and specific antibody prior to studying the expression pattern and biology of a 

protein. We further discuss the functional importance of NDRG4 in the gut. The interesting 

observation regarding its specific expression in the ENS together with the recognition 

that the TME contributes to colorectal carcinogenesis opens new avenues concerning the 

fight against CRC. In this regard, we debate about current and future state-of-the-art in 

vivo zebrafish and mouse models and in vitro three dimensional (human) normal or tumor 

intestinal organoids (i.e. miniaturized gut) necessary to further unravel the exact (patho-) 

physiological mechanisms and for the development of novel screening and therapeutic 

strategies.
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ABSTRACT
Background | Promoter methylation of the N-myc Downstream-Regulated Gene 4 

(NDRG4) in fecal DNA is an established early detection marker for colorectal cancer (CRC). 

Despite its connection to CRC, NDRG4 is predominantly studied in brain and heart, with 

little to no knowledge about its expression or role in other organs. In this study, we aimed 

to determine the whole-body expression of NDRG4, with a focus on the intestinal tract. 

Methods | We investigated NDRG4 expression throughout the body by 

immunohistochemistry, Western Blotting and in situ mRNA hybridization using tissues 

from NDRG4 wild-type, heterozygous and knockout mice and humans. Additionally, we 

explored the cell-specific expression of NDRG4 in murine whole-mount gut preparations 

using immunofluorescence and confocal microscopy.

Key results | NDRG4 is specifically expressed within nervous system structures 

throughout the body. In the intestinal tract of both mouse and man, NDRG4 immuno-

reactivity was restricted to the enteric nervous system (ENS), where it labeled cell bodies of 

the myenteric and submucosal plexuses and interconnecting nerve fibers. More precisely, 

NDRG4 expression was limited to neurons, as NDRG4 always colocalized with HuC/D 

(pan-neuronal marker) but never with GFAP (an enteric glial cell marker). Furthermore, 

NDRG4 was expressed in various neuropeptide Y-positive neurons, but was only found in 

a minority (~10%) of neurons expressing neuronal nitric oxide synthase. 

Conclusions & Inferences | NDRG4 is exclusively expressed by central, peripheral and 

enteric neurons/nerves, suggesting a neuronal-specific role of this protein. Our findings 

raise the question whether NDRG4, via the ENS, an understudied component of the tumor 

microenvironment, supports CRC development and/or progression.
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INTRODUCTION
Previously, we identified N-myc Downstream-Regulated Gene 4 (NDRG4) promoter CpG 

island methylation as a promising early detection marker for colorectal cancer (CRC)1, 

an observation that has been independently validated2, 3. NDRG4 is one of the molecular 

markers of the FDA-approved, multi-target stool DNA test (Cologuard®, Exact Sciences 

corporation, Madison, USA), which detects significantly more cancers than the leading 

fecal immunochemical test (FIT), and is currently used as a screening modality in the 

United States3. Surprisingly, given its connection to CRC, the expression pattern and 

function(s) of NDRG4 in the gut and its role in colorectal carcinogenesis remain to be 

elucidated. 

NDRG4, also known as SMAP-8 and BDM1, is one of the four members (NDRG1-4) of 

the NDRG gene family, a group of genes involved in cell proliferation, differentiation, 

development and stress4. The encoded proteins of this family, characterized by an 

α/β hydrolase fold, share 52-65% sequence homology and are highly conserved in 

evolution in various species5,  6. The NDRG4 gene was originally characterized in 

humans and encodes three isoforms: NDRG4H (41 kDa), NDRG4B (37 kDa) and 

NDRG4Bvar (39 kDa)5. Even though all three human isoforms have been identified in 

mouse and rat brain, the latter reveals an additional fourth isoform (45 kDa) encoded 

by the rat ortholog of human NDRG4: ‘SMAP-8/BDM1’, while the mouse orthologs 

correspond to NDRG4B and NDRG4Bvar7, 8. In contrast to the well-described ubiquitous 

expression of NDRG1, NDRG2 and NDRG3, abundant expression of NDRG4 is 

predominantly observed in brain and heart, suggesting an important role of NDRG4 

in these organs5-10. In fact, in the central nervous system (CNS), NDRG4 is required 

for normal morphogenesis of the mouse and zebrafish brain and to protect against 

neurological deficits by maintaining physiological levels of brain-derived neurotrophic 

factor (BDNF)7, 10. NDRG4 is essential for proper neurite outgrowth, neural functions 

in vitro and myelination of axons in zebrafish11, 12. Consistent with these observations, 

the Alzheimer diseased brain, which is characterized by neuronal degeneration, shows 

reduced levels of NDRG45. Furthermore, proper morphogenesis of the mouse and 

zebrafish heart is regulated by NDRG4 and NDRG4 deficiency is associated with weak 

contractility and reduced heart rate in zebrafish10, 13. Similarly, variations in locus 16q21 

near NDRG4 have been associated with prolongation of the QT interval, a risk factor 

for sudden cardiac death14. Nevertheless, the molecular mechanisms by which NDRG4 

affects the above-described phenomena are still unknown. 
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As the expression and functional role(s) of NDRG4 outside the heart and brain are largely 

unstudied, we examined the overall whole-body expression of NDRG4, while focusing 

on the intestinal tract as a first step in understanding the role(s) of NDRG4 in the gut. 

Therefore, we determined NDRG4 expression according the two main specificity criteria 

as described by Pradidarcheep et al15, by means of immunohistochemistry, in situ mRNA 

hybridization and Western blotting using human, NDRG4 wild-type and NDRG4 knockout 

mouse tissues. In addition, we investigated the cell-specific expression of NDRG4 in more 

depth in murine whole-mount gut preparations using immunofluorescence.
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MATERIALS & METHODS
Human 

Formalin-fixed, paraffin-embedded human normal colon tissues of CRC-patients (n=5) 

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.

Mice 

NDRG4 wild-type (NDRG4+/+), heterozygous (NDRG4+/-) and knockout (NDRG4-/-) mice 

(C57BL/6 genetic background) were kindly provided by Prof. Baldwin (Vanderbilt 

University Medical Center)16 and characterized by genotyping PCR (See ‘Genotyping’). 

Animals were age- and gender matched and housed in groups of 3 to 5 under standard 

conditions having free access to food and water. One-year old NDRG4+/+, NDRG4+/- and 

NDRG4-/-
 
mice were sacrificed, tissues were harvested and either snap-frozen for protein 

isolation or fixed in 4% formaldehyde for immunohistochemistry. In addition, two month old 

NDRG4+/+ and NDRG4-/-
 
mice were sacrificed, followed by removal of brain and intestines for 

immunostainings on brain and whole-mount gut preparations17. Animal experiments were 

approved by the Committee of Animal Welfare of Maastricht University and performed 

according to Dutch regulations.

Genotyping 

To identify carriers of the NDRG4 wild-type and deletion allele, purified DNA was examined 

by PCR. Genomic DNA was purified with the Gentra Puregene mouse tail kit (Qiagen, 

Maryland, USA) according to manufacturer’s instructions. For the detection of each allele, 

a PCR was performed with the NDRG4 primer mix listed in Table 1. The PCR reaction mix 

contained 100ng genomic DNA, 10µl REDExtract-N-Amp PCR Reaction Mix (REDExtract-

N-Amp™ Tissue PCR Kit, Sigma-Aldrich, St. Louis, MO, USA) and 0.8µl primer mix (10µM) 

in a final volume of 20µl. The PCR was performed using the Biorad T100TM thermal cycler 

(Biorad) with the following conditions: (i) initial incubation: 94°C for 3min, (ii) 35 cycles: 

94°C for 30sec – 60°C (annealing temperature) for 30sec – 72°C for 1min, and (iii) final 

elongation: 72°C for 10min. PCR products were detected in a 1.5% (w/v) agarose gel in 

0.5×Tris-borate-EDTA (TBE) buffer. The NDRG4 wild-type locus is identified by a 203 and 

957bp fragment, whereas a 320bp band identifies the deletion allele.
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Protein isolation and western blotting

Brain, heart and colon tissues from NDRG4+/+, NDRG4+/- and NDRG4-/-  mice were 

homogenized in RIPA buffer (Pierce technology, Rockford, Illinois, USA) containing 

protease inhibitors (1 “complete” pill/50 ml, Roche, Mannheim, Germany), and resolved in 

SDS-gel electrophoresis. Protein transfers were probed overnight (4°C) with mouse anti-

human NDRG4, clone 2G3 (1:500, H00065009-M01; Abnova, Taipei City, Taiwan), rabbit 

anti-human NDRG4 (1:1000, #9039; Cell Signaling, Leiden, the Netherlands) and β-actin 

(1:200 000, Sigma-Aldrich). Bound antibodies were visualized by an HRP-linked secondary 

anti-rabbit or anti-mouse antibody (1 hour, RT, Cell Signaling) and chemiluminescence 

(ECL, Pierce technology, Rockford, Illinois, USA).

Immunohistochemistry

Three µm thick paraffin sections of every organ of NDRG4+/+ and NDRG4-/- mice and 

human colon were deparaffinized in xylene and rehydrated in graded alcohols. To quench 

endogenous peroxidase activity, the slides were incubated with 0.3% hydrogen peroxide 

in methanol for 20 minutes. Antigen retrieval was performed by boiling the sections in 

Tris-EDTA buffer (pH 8.0; Klinipath, Duiven, The Netherlands) or Dako target retrieval 

solution (pH 6.0; Dako, Santa Clara, CA, USA), followed by blocking non-specific antibody 

binding with PBS containing 20% fetal bovine serum and 0.1% Tween. Sections where 

incubated overnight at 4°C with the primary antibodies: mouse anti-human NDRG4, clone 

2G3 (1:500, H00065009-M01, Abnova) or rabbit anti-human NDRG4 antibody (Mouse 

brain and other organs 1:500 and 1:250, resp., Human colon, 1:25, #9039; Cell Signaling) 

diluted in PBS/0.5%BSA/0.1%Tween. After incubation with the biotinylated anti-mouse 

secondary antibody (1:250, RPN1001v1; Amerscham Biosciences, Piscataway, NJ, USA) 

followed by the Avidin-Biotin Complex detection method (ABC, 1:500; Dako Cytomation, 

TABLE 1 | Primer sequences and annealing temperatures for genotyping PCR

Target Forward primer Reverse primer Annealing temp.

Mouse NDRG4

NDRG4 HLOX1 TAGGCAGGGGCAGGTGGGTTTGT 60°C

NDRG4 4HLOX2 GGCGTCCTGATGTCATGTTCCTGT 60°C

NDRG4 4H776   GCTCCCACTCCAATGCCAATC 60°C

TABLE 2 | Probes and annealing temperatures for in situ mRNA hybridization

Target Forward primer Reverse primer Annealing temp.

Mouse NDRG4

NDRG4-A TTATTTAAAAAGAAATGAGGGGATC TTGCCTCAGGGTGGGACAA 58.5°C (F) – 60.2°C (R)

NDRG4-B GTTAAAATGTTGATTGCTGTGTATGC ACTCCAGAGCAGTCTAGAAATGGC 60.5°C (F) – 60.9°C (R)
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TABLE 1 | Primer sequences and annealing temperatures for genotyping PCR

Target Forward primer Reverse primer Annealing temp.

Mouse NDRG4

NDRG4 HLOX1 TAGGCAGGGGCAGGTGGGTTTGT 60°C

NDRG4 4HLOX2 GGCGTCCTGATGTCATGTTCCTGT 60°C

NDRG4 4H776   GCTCCCACTCCAATGCCAATC 60°C

TABLE 2 | Probes and annealing temperatures for in situ mRNA hybridization

Target Forward primer Reverse primer Annealing temp.

Mouse NDRG4

NDRG4-A TTATTTAAAAAGAAATGAGGGGATC TTGCCTCAGGGTGGGACAA 58.5°C (F) – 60.2°C (R)

NDRG4-B GTTAAAATGTTGATTGCTGTGTATGC ACTCCAGAGCAGTCTAGAAATGGC 60.5°C (F) – 60.9°C (R)

Glostrup, Denmark) or incubation with horseradish peroxidase-conjugated anti-rabbit 

IgGs (poly-HRP; Immunologic, Duiven, The Netherlands), bound antibodies were visualized 

using 3,3’-diaminobenzidine (DAB; Dako) as a chromogen (brown precipitate). Slides 

were counterstained with hematoxylin, dehydrated and mounted. In addition, to diminish 

recognition of endogenous mouse immunoglobins by the mouse primary antibody, slides 

were subsequently stained with the mouse anti-human NDRG4 antibody, clone 2G3 (1:500, 

H00065009-M01; Abnova) using the Vector® M.O.M.™ Immunodetection Kit according 

to manufacturer’s instructions (Vector Labs, Burlingame, CA, USA). Negative controls for 

primary antibodies were monitored by staining of NDRG4-/- tissues and omission of primary 

antibodies from NDRG4+/+ slides. Images were acquired at RT using a Nikon DMX1200 

digital camera and the ACT-1 v2.62 software from Nikon Corporation (Amsterdam, The 

Netherlands). 

Immunofluorescence

Immunostainings were performed on brain slices and whole-mount gut preparations 

as previously described17. Briefly, ileum and colon of NDRG4+/+ and NDRG4-/- mice were 

collected, opened along the mesenteric border, stretched and pinned flat with insect pins 

(0.2mm, Agar Scientific, Stansted, UK) in a Sylgard-lined dissection dish (Sylgard 184 

Elastomer, Down Corning, Auburn, MI, USA) with Krebs solution bubbled with 95% O
2
 to 

5% CO
2
. The mucosal and submucosal layers were removed, tissues fixed for 30 minutes 

(4°C) in paraformaldehyde (4% in PBS) and rinsed in PBS. To visualize the myenteric 

and submucosal plexus the longitudinal and/or circular muscle layer, respectively, were 

peeled. Brain and gut tissues were permeabilized in 0.5% tritonX-100 and incubated in 

blocking solution (4% goat/donkey serum), followed by an overnight incubation (4°C) 

with the primary antibodies diluted in blocking solution: rabbit anti-NDRG4 (1:500; Cell 
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Signaling), chicken anti-GFAP (1:5000; Abcam, Cambridge, UK), human anti-HuC/HuD 

(1:2000; Gift from Dr. V. Lennon), sheep anti-neuronal NO-synthase (1:400; Santa Cruz 

Biotechnologies, Delaware, CA, USA), rabbit anti-calretinin (1:2000; Chemicon, Darmstadt, 

Germany), rat anti-neuropeptide Y (1:500; Eugene Tech International, Allendale, NJ,USA) 

for whole-mount gut preparations; rabbit anti-NDRG4 (1:500; Cell Signaling) and mouse 

anti-human NeuN (1:100; Chemicon) for brain slides. After rinsing, tissues were incubated 

for two hours with the fluorescently labeled secondary antibodies: anti-human Alexa594, 

anti-mouse Alexa594, anti-rabbit Alexa488, anti-sheep Alexa488, anti-rat Alexa488 (all 

1:1000; Molecular probes, Invitrogen, Aalst, Belgium), anti-rabbit AMCA or anti-chicken 

AMCA (both 1:250; Jackson Immuno Research Labs, West Grove, PA, USA). Samples were 

mounted with Vectashield™ mounting medium (Vector Labs). Preparations were imaged 

with a Zeiss LSM780 confocal microscope (Cell imaging Core, KU Leuven).

In situ mRNA hybridization

In situ mRNA hybridization was performed on paraffin-embedded brains and intestinal Swiss 

rolls of NDRG4+/+ and NDRG4-/- mice using digoxigenin (DIG) labeled riboprobes (DIG RNA 

Labeling Kit, SP6/T7, Roche) for NDRG4 nucleotide positions 1269-1777 (NDRG4-A) and 

1811-2343 (NDRG4-B) of mouse NDRG4 (NM_145602, Table 2)7. Four µm sections were 

dried upright, deparaffinized, rehydrated and washed. Tissues were permeabilized with 

0.1% pepsin in 0.2N HCl for 5 minutes (37°C) and post-fixed in 4% paraformaldehyde (4°C). 

Fixed sections were then treated twice with 100mM glycine in 1×PBS and pre-hybridized 

(37°C) for 45 minutes in pre-hybridization buffer (2×SCC, 50% (v/v) deionized formamide, 

40% (v/v) DEPC-treated H
2
O). NDRG4 mRNA was detected overnight at 37°C with the pre-

heated hybridization buffer (2×SCC, 50% (v/v) formamide, 10% dextran sulphate, 10mM 

DTT, 7,5% DEPC-H
2
O, 1×Denhardts solution, 1mg/ml yeast tRNA, 1mg/ml denatured 

and sheared salmon sperm DNA) containing a mixture of both antisense or sense probes 

(1µg/ml). After a serial wash in descending concentrations (2×, 1× and 0.1×) of SCC buffer, 

tissue RNA was digested by RNase A (Roche), followed by a serial wash in ascending SCC 

concentrations (1× and 2×) and buffer 1 (100mM Tris-HCl, 150mM NaCl). Sections were 

then blocked for two hours (0.1% Triton X-100, 2.0% normal sheep serum in buffer 1) and 

incubated with 1:100 anti-DIG alkaline phosphatase Fab fragments (Roche) for one hour at 

37°C. Following washes in buffer 1 and 2 (100mM Tris-HCl, 100mM NaCl, 50mM MgCl
2
), 

the chromogenic substrates nitro-blue tetrazolium chloride and 5-bromo-4chloro-3indolyl 

phosphate (Roche), dissolved in buffer 2 containing 5mM levamisole, were used to detect 

hybridized alkaline phosphatase activity. Once the signal reached optimal intensity, the 

color reaction was stopped (10mM Tris-HCl, 1mM EDTA), sections were counterstained 

with nuclear fast red, clarified in tap water and mounted in imsol (1:3). Tissue sections of 

NDRG4-/- and NDRG4+/+ mice immersed in antisense or sense riboprobes, resp., served as 

negative controls. Images were acquired as described for IHC images. 
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RESULTS
The Cell Signaling antibody is able to specifically target NDRG4

We first characterized the specificity of both anti-NDRG4 antibodies using tissues of 

NDRG4+/+, NDRG4+/- and NDRG4-/- mice in Western Blotting and immunohistochemistry 

(Figure 1). Western Blotting revealed that both antibodies could discriminate all known 

NDRG4 isoforms in various tissues, including proximal and distal colon of NDRG4+/+ and 

NDRG4+/- mice (Figure 1A-B). However, successful deletion of NDRG4 in NDRG4-/- mice 

was only confirmed after application of the Cell Signaling antibody. The specificity of the 

Abnova antibody, however, could not be confirmed, as the signal was still detectable in 

NDRG4-/- tissues and several non-specific bands of about 50-55 kDa were recognized. Non-

specific recognition of NDRG4 by the Abnova antibody was also confirmed by the similar 

staining pattern observed in all examined tissues of NDRG4+/+ and NDRG4-/-  mice (Figure 

1C). The Cell Signaling antibody on the other hand, detected NDRG4 in NDRG4+/+, but not 

in NDRG4-/- tissues (Figure 1D). Thus, only the Cell Signaling antibody (cat. #9039) is able 

to specifically target NDRG4 and was therefore further used to comprehensively study the 

expression of NDRG4 throughout the body and specifically within the gut.

NDRG4 is specifically expressed within the enteric nervous system of both mouse 

and man 

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 2)18. More precisely, 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 2A). 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. As explained above, specificity of the 

antibody was monitored by NDRG4 immunohistochemistry on the gut of NDRG4-/- mice. 

Representative immunohistochemical images (Figure 2A) show that the intestinal tract 

of NDRG4-/- mice still contains all the ENS structures described above, i.e. 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 2A). Similar as described in mouse, 

human intestinal specimens displayed NDRG4 immunoreactivity in the ganglia of both 
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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 2B. 

Compared to mouse, the mucosal projecting nerve fibers showed more robust NDRG4 

immunoreactivity. Together these data indicate that NDRG4 is specifically expressed 

within the ENS of mice and humans.

FIGURE 1 | The Cell Signaling, but not the Abnova antibody specifically targets NDRG4. |A-B| 

Western Blotting analysis of NDRG4+/+, NDRG4+/- and NDRG4-/- brain, heart and colon (P, proximal; D, 

distal) using the Abnova (A) and Cell signaling antibody (B). Both antibodies recognize all three well-known 

isoforms: NDRG4B (37 kDa), NDRG4Bvar (39 kDa) and NDRG4H (41 kDa) in NDRG4+/+ and NDRG4+/- 

tissues. Open triangles indicate non-specific bands (50-55 kDa) identified by the Abnova antibody (A). 

* Indicates successful detection of NDRG4 ablation only after application of the Cell Signaling antibody 

(B). β-actin is used as loading control. |C-D| Brain, heart and colon sections from one-year old NDRG4+/+ 

and NDRG4-/- mice were subjected to IHC with the Abnova (C) and Cell Signaling antibody (D). Positive 

signals (brown) detected by the Abnova antibody are not affected by absence of NDRG4 and differ from 

the highly selective staining pattern produced by the Cell Signaling antibody. Scale bars, 50µm in C and D.
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FIGURE 2 | NDRG4 is localized within the ENS of mouse and man. |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 mice, with more robustly stained mucosal 

projecting nerve fibers (black arrows). Scale bars, 50µm in A; and 100µm in B.
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NDRG4 is expressed within enteric neuronal cells

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. Since similar results were observed in above-mentioned whole-

mount preparations, only data from the colonic myenteric plexus are shown (Figure 3). 

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 3A). Even though NDRG4 localized in enteric neurons 

throughout all areas of the ENS, not all enteric neurons (HuC/D positive) expressed NDRG4 

(Figure 3A). To further investigate visual differences in the organization of the plexuses 

between NDRG4+/+ and NDRG4-/- mice, the two main neuronal subsets, positive for the 

neuronal markers nitric oxide synthase (nNOS; inhibitory motor neurons and descending 

interneurons) or calretinin (excitatory motor neurons), were studied in combination with 

HuC/D (Figure 3B). The overall neuronal population in NDRG4+/+ and NDRG4-/- colon is 

fairly similar as indicated by analogous HuC/D positivity and calretinin and nNOS staining 

(Figure 3B). Nevertheless, our preliminary observations reveal that the NDRG4 and nNOS 

positive population were almost completely different from each other (Figure 3C). More 

precisely, neurons that express NDRG4 are almost exclusively nNOS negative: only 3% of 

the NDRG4-positive enteric neurons also expressed nNOS and vice versa, only 10% of 

the nNOS population was immunoreactive for NDRG4. Finally, to investigate if NDRG4 is 

expressed by secretomotor neurons, the co-localization of NDRG4 with the secretomotor 

neuron marker NPY was studied. Overlap of NDRG4 with NPY was observed in neuronal 

cell bodies of the intestinal plexuses of NDRG4+/+ mice (Figure 3D). In conclusion, NDRG4 

is expressed in different subsets of enteric neurons. 

NDRG4 is expressed by neuronal cells in the central and peripheral nervous system 

Finally, we confirmed that NDRG4 is specifically expressed within the central nervous system 

(Figure 4A). Neurons in the gray matter structures of the cerebrum (e.g. hippocampus 

and thalamus), cerebellum (e.g. Purkinje and molecular layer) and spinal cord of NDRG4+/+ 

mice showed specific, predominant cytoplasmic expression of NDRG4, while the white 

matter, ependymal cells and meninges were negative for NDRG4. In the peripheral nervous 

system, we observed a similar staining pattern (Figure 4B). More specifically, the cytoplasm 

of ganglia situated in close proximity of every organ, i.e. prevertebral ganglia, and of the 

ventral and dorsal root ganglia showed strong NDRG4 reactivity. Furthermore, the tiny 

nerve fibers throughout peripheral organs itself (e.g. in the bronchial branch) also showed 

strong NDRG4 immunoreactivity. Hence, NDRG4 is almost exclusively expressed in the 

central, peripheral and enteric nervous system. 
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FIGURE 3 | NDRG4 is expressed in different subsets of enteric neurons. |A-D| Representative 

fluorescently labeled whole-mount preparations of colonic myenteric plexus of NDRG4+/+ and NDRG4-/- 

mice. Scale bars, 5µm. |A| NDRG4 always co-localized with HuC/D (green vs. red) but never with GFAP 

(green vs. blue). NDRG4-/- mice don’t express NDRG4, but still possess enteric neurons (red) and glial cells 

(blue). |B| Plexus of NDRG4+/+ and NDRG4-/- mice revealed similarities in HuC/D, calretinin and nNOS 

positivity (red, blue and green, respectively). |C| NDRG4-positive cells (purple) are almost never reactive 

to nNOS (green) and nNOS positive cells almost never express NDRG4. |D| NDRG4 (purple) co-localized 

with NPY (green) in various cell bodies of secretomotor neurons. 
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FIGURE 4 | NDRG4 is specifically expressed in the central en peripheral nervous system. |A| 

Immunohistochemical and immunofluorescent analysis of several areas of the two month old mouse brain. 

Gray matter structures in the cerebrum and cerebellum of NDRG4+/+ mice are positive for NDRG4 (green) 

and various regions show co-localization of NDRG4 with the neuronal marker NeuN (red): e.g. NeuN 

positive cells in the hippocampal cortex (pyramidal neurons and granule cells) and in the thalamus co-

express NDRG4. Cerebral Purkinje cells, which are negative for NeuN, are strongly positive for NDRG4. 

The gray matter of the spinal cord also showed NDRG4 immunoreactivity within neuronal cell bodies 

(brown). NDRG4 is absent in all central nervous system structures in NDRG4-/- mice. |B| Representative 

images of peripheral tissues displayed NDRG4 expression in neurons, in prevertebral and dorsal root 

ganglia, and in nerves to, from and within every organ of the body (e.g. nerve fibers bronchial branch). 

White scale bars, 20µm; and black scale bars, 50µm in A and B.
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DISCUSSION
Our previous work has shown that the biomarker potential of NDRG4 is associated with a 

putative tumor suppressor role in vitro1. In addition, we and various independent groups, 

described that NDRG4 expression in the intestinal epithelium decreases in the transition 

towards CRC1, 19, 20. However, all these studies used the commercially available monoclonal 

mouse anti-human NDRG4 antibody from Abnova (clone 2G3, H00065009-M01), which 

has, to our knowledge, never been validated to specifically target NDRG4. In this study, 

we investigated the whole-body expression of NDRG4, focusing on the GI-tract, using 

two commercially available antibodies: the monoclonal mouse anti-human NDRG4 from 

Abnova (clone 2G3, H00065009-M01)1, 16, 20, 21 and polyclonal rabbit anti-human NDRG4 

from Cell Signaling (#9039)22, 23 according to the specificity criteria15, as a critical first step 

in understanding the role(s) of NDRG4.

Western blotting and immunohistochemical analysis using tissues of NDRG4+/+ and NDRG4-/-  

mice revealed that both the Abnova and Cell Signaling antibody could discriminate all three 

known human NDRG4 isoforms. However, the specificity for NDRG4 in NDRG4-/- mice was 

only confirmed using the Cell Signaling antibody. Given the high sequence similarity (52-

65%) between NDRG4 and its protein family members, it is likely that the Abnova antibody 

recognizes one of the other NDRG proteins. According to the phylogenetic tree, NDRG4 

shares the closest relation with NDRG2, but either NDRG1, 2 or 3 might be detected, 

as their main isoforms are 43, 39 or 41 and 40 or 41,5 kDa in size, respectively1, 4-7, 10. 

Hence, this finding casts doubt on previously published statements that are based on the 

expression of NDRG4.

Using the validated Cell Signaling antibody, we explored the expression of NDRG4 

throughout the body. We confirmed that NDRG4 is specifically expressed within 

neurons of the central nervous system (i.e. brain and spinal cord)7,  9 and observed 

this neuronal-specific expression pattern through the whole-body. More depth 

investigation of the expression pattern of NDRG4 within the gut revealed the presence 

of the NDRG4Bvar and NDRG4H isoform in murine colon and the specific expression of 

NDRG4 within the ENS. The ENS, the so-called brain of the gut, is an interconnected 

network of enteric neurons and glial cells, predominantly clustered in ganglia of the 

submucosal and myenteric plexus, along the entire GI-tract24. Interestingly, NDRG4 has 

already been identified with DNA microarray analysis and in situ hybridization as one 

of the significantly down-regulated genes in the aganglionic bowel of mice (Retk-/k-) and 

Hirschsprung patients25, 26. Though, here we describe for the first time that NDRG4 

expression in the gut is restricted to enteric neurons as NDRG4 always co-localized 
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with the pan-neuronal marker HuC/D, but never with the enteric glial cell marker GFAP. 

Together, our findings raise the question whether there is a role for the ENS in the 

development and/or progression of CRC. 

While the reciprocal cross-talk between nerves and tumor cells, together with the 

concept of neoneurogenesis/axonogenesis27 is nowadays a rapidly evolving field, very 

little research has been conducted to unravel the role of the ENS in CRC development/

progression. Nevertheless, the importance of the ENS is emphasized by the broad range 

of (life-threatening) enteric neuropathies like Hirschsprung disease that arise when 

alterations in the ENS occur. Furthermore, it has been described that impairments in the 

ENS can contribute to the development and severity of intestinal inflammation28 and that 

inflammatory conditions of the gut are often associated with changes in the ENS29, 30. A 

growing body of evidence demonstrates that proper functioning of the ENS, ensured by 

the interplay between enteric neurons and enteric glial cells, is pivotal to maintain the 

integrity of the intestinal epithelial barrier to regulate gut homeostasis. Neurons, like 

enteroendocrine cells, synthesize various neurotrophic factors and messenger molecules, 

which are packaged in vesicles and released in exocytotic processes. The process of 

exocytosis allows a cell to communicate with neighboring cells, i.e. other neurons, glial, 

muscle, endothelial, immune and epithelial cells24. It is well-established that several 

(enteric) neurotransmitters, e.g. acetylcholine, vasoactive intestinal peptide and substance 

P, can target intestinal stem cells31. These data suggest a potential role for the ENS in the 

development/progression of CRC.

NDRG4 has been implicated in the route of vesicular transport. The interaction of NDRG4 

with Blood Vessel Epicardial Substance (BVES) has been shown to regulate docking of 

VAMP-3 (SNARE-protein) positive vesicles to the cell surface and the subsequent cargo 

delivery (e.g. fibronectin)32. Similarly, NDRG4 controls vesicle membrane fusion during 

exocytosis as NDRG4 knockdown has been associated with a sharp reduction in the level 

of another vesicle-SNARE protein, SNAP2512. The SNARE proteins, including SNAP25, 

are complexes that are essential in promoting subcellular trafficking, vesicular fusion and 

subsequent exocytotic release of neurotransmitters33. Hence, it is reasonable that NDRG4, 

like NDRG1 and NDRG2, is able to modulate subcellular vesicle trafficking and exocytotic 

release of neuromediators34, 35, thereby regulating neurotransmission and the subsequent 

targeting of the epithelial layer. 

In summary, we previously observed that the recognition of NDRG4 promoter methylation 

in fecal DNA is a valuable tool for the non-invasive detection of CRC and we identified 

NDRG4 as a tumor suppressor gene in CRC whose epithelial expression decreases from 

normal mucosa to CRC. However, using the validated Cell Signaling antibody, we found that 
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NDRG4 is specifically expressed within central, peripheral and enteric neurons but not in 

epithelial cells. Even though it still remains to be elucidated how the expression pattern of 

NDRG4 is linked with its biomarker performance for CRC, validating our hypothesis that 

NDRG4 can influence CRC development and/or progression via the ENS will have a major 

impact on current concepts in CRC research. 
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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 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 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. 
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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 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. 

The submucosal plexus is in all species exclusively located in the small and large intestines, 

but 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, 5, 10-13. When GI disease severely impacts the ENS, 

gut functions are seriously compromised, 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 in countries which are becoming more 

Westernized16, 17. Initially, the development and progression of CRC was considered to 

be caused by 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 cells20,  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 
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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, 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 addresses 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 FUNCTIONS 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. Intestinal primary afferent neurons project to local 

interneurons which innervate motor neurons upstream and downstream of the origin 

of the stimulus. 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 gut. 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.
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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 cause an increase in paracellular 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 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 H
2
O, 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, 

which 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 al49 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 
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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.

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 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 al55 showed how an altered enteric neuronal 

density can contribute to the severity of gut inflammation. They treated two different 

mouse models, each characterized with an altered number of enteric neurons with 

2,4,6-trinitrobenzenesulfonic acid (TNBS) and dextran sodium sulfate (DSS) to chemically 

induce colitis. Interestingly, they observed that Hand2+/- mice, which have a decreased 

number of enteric neurons, had less severe colitis compared to their wildtype counterparts, 

while NSE-noggin mice, characterized by an increased number of enteric neurons, suffered 

from more severe colitis, compared to wildtype animals.55

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 
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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.

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. Abbreviations| 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

In addition, the interaction of 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 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, 78. The shift in macrophage programming 

is also recognized in CRC, and specific subsets of 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.
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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 

microRNAs 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 E
2
, 

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 up-regulated 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 pro-inflammatory 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 al82, Rubin et al101, Van der Kraak 

et al102, and Axelrad et al103. Overall, it can be concluded that there is a strong association 

between intestinal inflammation and 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 
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could be linked to the damaging role of the enteric neurons in the development of gut 

inflammation, seen by Margolis et al55, 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. 

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 al123, 124 were 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-patients. 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 patients 122. Additionally, PNI is correlated with more advanced and aggressive 

disease110, 121, 126. However, Liebl et al127 could not validate this independent prognostic 

potential of neural invasion in CRC despite their observation that increased neural 

invasion is associated with shorter survival127. In 2016, Knijn et al125 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 
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formation of new nerve fibers and the infiltration into tumors is called neoneurogenesis, 

and was first described by Entschladen et al128, 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 al111 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 neoneurogenesis 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 colleagues25 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 al28 and Hayakawa et al135 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 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 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 
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factor mRNA expression26. Finally, it is well-established that the Hedgehog pathway is an 

important hallmark of basal cell carcinoma. However, Peterson et al27 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-myc-downstream-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 (VAMP-3, 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-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 al142 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 al143 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, 
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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 

al144 also debated that the ENS could be an important contributor to CRC development.

In addition to the innervation promoting tumor development and progression, CRC-

induced alterations within the ENS have also been described. Godlewski et al150 described 

that a tumor is able to displace the myenteric and submucosal plexus 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/PROGRESSION
As described above, neuromodulators have major influences on gut function. Current research 

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 1970s it 

was demonstrated that VIP receptors were present in the malignant colonic cell line HT-

29. Alleaume et al157 showed that the addition of VIP increases proliferation of HT29 cells 

and this was confirmed in the in vivo study of Iishi et al158 who studied the effects of VIP on 

colonic tumors in azoxymethane (AOM)-treated Wistar rats. 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 al160, 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: PAC
1
-R-s or PAC

1
-R-hop. PAC

1
-

R-s is able to stimulate proliferation, whereas PAC
1
-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 changes61. In addition, tumors of the 

PACAP-/- mice also had a more aggressive-appearing pathology compared to the tumors of 
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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 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 

al166 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 al168 

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 al172 have shown that the use of these antagonists 

reduced side effects caused by chemotherapy and/or radiotherapy. However, aprepitant 

has also been found to induce CYP3A4 and when aprepitant is co-administered 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 al174 showed that treatment with 5-HT reuptake inhibitors (Citalopram and 
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Fluoxetine) has a suppressive effect on proliferation in dimethylhydrazine-induced 

colonic tumors in rats and mice with xenografted carcinomas. Following this study, 

Xu et al175 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 study. These findings have been 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 al179, the effects of 5-HT were prevented by treating xenografted carcinomas 

in mice with a 5-HT receptor antagonist (BW 501c), which resulted in decreased tumor 

growth. In order to get a better understanding of the impact of 5-HT on CRC, Ataee et 

al180, 181 conducted several studies investigating the involvement of the 5-HT receptors 

and described that (i) 5-HT
1B

, 5-HT
3
 and 5-HT

4
 are expressed in HT29 cells181, (ii) that 

binding of 5-HT with all three receptors stimulates cell proliferation180 and (iii) that 

5-HT antagonists inhibited cancer cell growth180. 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 up-regulated 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 cancer 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 GABA
B
 receptors can inhibit metastasis of CRC 

in mice injected with the KM12SM, HT29 or RKO cell lines, and migration of SW480 

cells187, 188. In contrast, increased levels of GABA have been observed within human tumors. 
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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 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, 192. On the other hand, the muscarinic ACh 

receptors that were stimulated with ACh had a 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 al196 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 cancer-promoting 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 mice199-201. 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.



|  Chapter 3

| 62  

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 al206 observed that 

gastrin levels are significantly elevated in CRC-patients compared to a control group. 

Gastrin is able to exert trophic effects via endocrine, autocrine and paracrine pathways 

as shown in studies using CRC cell lines (HT29, HCT116) and colorectal xenografts 

in nude mice207-210. Somatostatin, one of 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 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 AOM-induced 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 HT-29, 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-methyl-

N-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 1990s by Iishi et al219, who 

showed that galanin treatment leads to a decreased incidence of colonic tumors in Wistar 

rats during a limited follow-up period. It was not until 2007, that Kim et al220 observed, 

with microarray analysis, that galanin expression is increased in colon cancer tissue (51 

colon adenocarcinomas) compared to normal tissue (15 normal colons). 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 al221 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 patients. Although further studies are necessary, it is suggested 

that galanin signaling may act as prognostic and potentially therapeutic target for stage 

II patients specifically.
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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 al107 have described an essential role of P2X7R in 

the development of IBD, as described above, but more recently Hofman et al227 have also 

shown that P2X7R is involved in the development of CAC. 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. 

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 Figure 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. 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 

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.
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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, 

glucagon-peptide 2; NPY, neuropeptide Y; ACh, acetylcholine

TARGETING INNERVATION IN CANCER – THERAPEUTIC POTENTIAL 
In general, both PNI as well as the presence of neoneurogenesis 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 al25 and Zhao et al28 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 al230 reviewed strategies targeting 

the neurotrophic factor NGF, also considered by Hayakawa et al29 as a potential target. 

NGF stimulates nerve infiltration but also cancer cell proliferation and invasion in breast, 

prostate and gastric cancer. Using antineurogenic therapies, nerve infiltration can be 
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inhibited and by decreasing the release of tumor-stimulating neurotrophic growth factors, 

processes as proliferation and migration can also be inhibited218. 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, 26, 28, 29.

CONCLUSIONS & DISCUSSION
Enteric neurons play an essential role in controlling normal GI-functions 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 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. 
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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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FIGURE 4 | Enteric neurons can target intestinal epithelial/tumor cells. 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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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 Migration/Metastasis Apoptosis Angiogenesis Ref.

Acetylcholine - In vitro: 

Nicotinic/muscarinic receptors: ↑ 

proliferation

- - - 192-194

Calretinin - In vitro: 

Expressed in highly proliferative cell lines

Human: 

↑ expression: metastasis ↑ 

- - 184-186

Dopamine In vivo:

Inflammation: ↓ dopamine levels

- In vitro: 

↓ growth in HT29 cells

- In vivo:

↑ antiangiogenic effect

69, 189 

Epinephrine/

Norepinephrine

In vivo:

Sympathetic denervation: ↓/ ↑ 

inflammation dependent on acute 

or chronic phase

- In vitro: 

↑ migratory activity

↑ β-adrenergic-R: ↑ metastasis

- - 190, 191, 231

GABA In vivo:

GABA: ↓ intestinal inflammation

- In vivo: 

↓ migration and metastasis

- - 70, 187, 188 

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

- - - 58-60, 195-198

Neuropeptide Y In vivo: 

NPY KO mice: ↓ TNF-alpha

- - - In vitro: 

↑ angiogenic potential

74, 183

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 HCT116-

xenograft tumors

- - - 71, 199, 203

P2X7R (receptor) In vivo:

Activation of P2X7R mediates 

enteric neuronal death during 

colitis

In vivo: 

Blocking of P2X7R: ↑ proliferation

- In vivo: 

↓ apoptosis

- 107, 227 
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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
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NT: ↑ growth in SW480, SW620, HT29, 
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- In vivo: 

↓ apoptosis

- 107, 227 



|  Chapter 3

| 70  

TABLE 1 | Continued

Inflammation Proliferation/Growth Migration/Metastasis Apoptosis Angiogenesis Ref.

Serotonin Human: 

↓ 5-HT levels in UC patients

In vivo: 

Serotonin levels ↑
Blockade 5-HT7 receptor: ↑ colitis

In vivo: 

5-HT reuptake inhibitors: ↓ proliferation

5-HT receptor antagonist: ↓ tumor 

growth

- - - 41, 73, 174-182 

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 

- In vivo: 

↑ apoptosis

In vivo: 

↓blood vessel density

67, 68, 212-218

Substance P In vivo:

↓ Substance P or NK-1R: ↓ 

severity inflammation

In vitro: 

↑ growth of SW-403 

- In vitro: 

Blockade NK-1R: ↑ 

apoptosis in 

SW-403, HT29 and 

HCT116 cells

- 72, 165-172

VIP In vivo: 

VIP: ↓ pro-inflammatory cytokines 

 ↑ anti-inflammatory cytokine

VIPKO mice: ↑ severity colitis

In vitro:

↓ in HCT116, SW403, DLD-1 and CaCo-

2

In vivo: 

VIP antagonist: ↓growth 

VIP treatment: ↑ incidence of tumors

In vitro: 

↓ in 26-L5 adenocarcinoma 

cells

- - 46, 56, 57, 157-

162 

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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TABLE 1 | Continued

Inflammation Proliferation/Growth Migration/Metastasis Apoptosis Angiogenesis Ref.

Serotonin Human: 

↓ 5-HT levels in UC patients

In vivo: 

Serotonin levels ↑
Blockade 5-HT7 receptor: ↑ colitis

In vivo: 

5-HT reuptake inhibitors: ↓ proliferation

5-HT receptor antagonist: ↓ tumor 

growth

- - - 41, 73, 174-182 

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 

- In vivo: 

↑ apoptosis

In vivo: 

↓blood vessel density

67, 68, 212-218

Substance P In vivo:

↓ Substance P or NK-1R: ↓ 

severity inflammation

In vitro: 

↑ growth of SW-403 

- In vitro: 

Blockade NK-1R: ↑ 

apoptosis in 

SW-403, HT29 and 

HCT116 cells

- 72, 165-172

VIP In vivo: 

VIP: ↓ pro-inflammatory cytokines 

 ↑ anti-inflammatory cytokine

VIPKO mice: ↑ severity colitis

In vitro:

↓ in HCT116, SW403, DLD-1 and CaCo-

2

In vivo: 

VIP antagonist: ↓growth 

VIP treatment: ↑ incidence of tumors

In vitro: 

↓ in 26-L5 adenocarcinoma 

cells

- - 46, 56, 57, 157-

162 

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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ABSTRACT
Background | The N-Myc Downstream-Regulated Gene (NDRG) family comprises four 

members that function in cellular processes like proliferation and differentiation. While 

NDRG1 and NDRG2 are extensively studied, knowledge regarding NDRG3 and NDRG4, 

despite its recognition as a well-established early detection marker for colorectal cancer 

(Cologuard®), is sparse.

Scope of review | To summarize the expression, biomarker potential and functional 

mechanisms of the NDRGs in the developing, mature and cancerous gut, we combine 

current literature and in silico analyses from the TCGA-database, GTEx Project, E14.5 

mouse intestine and enteric neural crest cells, and an RNA sequencing time-series of 

human embryonic colonic samples. 

Major conclusions | This study reveals that all members display a differential expression 

pattern in the gut and that NDRG1, NDRG2 and NDRG4 (i) can serve as biomarkers 

for colorectal cancer and (ii) have tumor suppressive properties mainly affecting cell 

proliferation and epithelial-mesenchymal transition. 

General significance | Similar effects of the NDRGs on the key hallmarks of cancer, could 

implicate analogous functions in other tissue/cancer types. 
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INTRODUCTION
The N-myc downstream-regulated gene (NDRG) family is composed of four members: 

NDRG1, NDRG2, NDRG3 and NDRG4, and owes its name to the discovery of the first 

member, NDRG1, as being repressed by the C-Myc and N-Myc oncogenes1. In humans and 

mice, the four genes are all located on different chromosomes. Various aliases have been 

designated to each family member and each gene is transcribed into multiple alternatively 

spliced mRNA transcripts that encode several protein isoforms2. The encoded proteins 

of this family are all characterized by an NDR region and an α/β hydrolase fold, but lack 

the catalytic motif required to be enzymatically active3, 4. The NDRG proteins which share 

about 52-65% sequence homology with an identical C-terminal sequence “MEVSC” and 

only very few sequence differences primarily in the C- and N-terminal regions, have been 

shown to be highly conserved in a variety of species5, 6. More detailed information about 

the general knowledge on the NDRG family members, with respect to structure, origin and 

signaling in physiological processes can be found in our former review by Melotte et al2.

Previously, we and various independent groups identified NDRG4 promoter CpG island 

methylation in fecal DNA as an accurate early detection marker for colorectal cancer (CRC)7-

16. The biomarker performance of NDRG4 was further exploited by Exact Sciences, who 

integrated NDRG4 promoter methylation into a multi-target stool DNA test: Cologuard® 

(Madison, USA)16. This FDA-approved stool DNA test detects significantly more CRCs 

and advanced pre-cancerous lesions than the leading fecal immunochemical test (FIT) 

and is currently used in the USA for CRC screening7. Despite being incorporated into the 

Cologuard®, almost nothing is known about the function(s) of NDRG4 in the (diseased) 

intestinal tract. Whereas NDRG1 and NDRG2 are important in various cellular processes 

(e.g. proliferation, differentiation, apoptosis), little is known about NDRG3 and NDRG4.

Here, we performed a literature search (Pubmed, Web of Science, Embase and Medline) 

and supported this literature search with in silico data extracted from (i) publicly available 

transcriptome databases17, 18, (ii) previously generated transcriptome data of E14.5 mouse 

intestine and enteric neural crest cells (ENCCs)19 and (iii) an RNA sequencing time-series 

of human embryonic colonic samples, to gain more insights into the expression pattern, 

biomarker potential and common pathways of the NDRGs in the intestinal tract.

Our review indicates that NDRG1, NDRG2 and NDRG4 can act as biomarkers for CRC. 

Although there is no evidence that the different family members are major drivers in the 

development of CRC, data suggest that, except for NDRG3, each NDRG member has a 

protective role during intestinal carcinogenesis.
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EXPRESSION PATTERN OF THE NDRGS 
IN THE DEVELOPING AND ADULT GUT
To understand the functional importance of the NDRG family members in the intestinal 

tract, we first elaborate on their structure and summarize their (overlapping) intestinal-

specific expression pattern in mammalian species like rat, mouse and human.

In humans, NDRG1 is located on chromosome 8q24.3, while the mouse ortholog is located 

on chromosome 15D2. The encoded canonical protein sequence of human NDRG1 (DRG1, 

RTP, RIT42, CAP43) consists of 394 amino acids (AA), resulting in a 43 kDa protein. The 

two other isoforms are made up of 328 and 313 AA, with a respective mass of 35.5 and 34 

kDa. In mouse and rat, only one isoform has been found, with a similar length as the human 

canonical protein sequence and minor AA differences.  

The expression of the NDRG1 gene usually coincides in tissues where N-myc is expressed, but 

only initiates at E9.5 as the intestinal epithelium begins to differentiate and N-myc expression 

decreases20. As further intestinal development requires retinoic acid-dependent activation 

of NDRG1 and suppression of the Wnt/β-catenin pathway21, NDRG1 mRNA expression 

steadily increases in the mouse and human intestinal epithelium from E10.5 onwards20. 

Further intestinal maturation in rodents and humans seems to be controlled by circulating 

levels of glucocorticoids and cortisol, respectively22, giving rise to similar levels of NDRG1 

in the adult small and large intestine5, 22-24. Moreover, the expression of NDRG1 mRNA and 

protein is induced by glucocorticoid treatment (i.e. by dexamethasone) and strongly overlaps 

with a gradual increase from crypt cells towards surface cells20, 22, 24, 25. On a sub-cellular level, 

NDRG1 is primarily localized in the cytoplasm of epithelial cells, where it is often associated 

with the basolateral membrane adjacent to adherens junctions and desmosomes20, 24, 26. 

NDRG2 is located on chromosome 14q11.2 and 14C1 in human and mouse, respectively. 

The main functional form of human, mouse and rat NDRG2 (SYLD, NDR2) is either a 41 

kDa protein, composed of 371 AA, or a 39 kDa protein of 357 AA. In addition, there are 

four other human isoforms with a length ranging from 328 to 367 AA and a variable mass 

between 36 and 40.3 kDa.  

In early developmental stages (E8.5-9.5) the poorly differentiated intestinal epithelium 

expresses low levels of NDRG2 mRNA and protein. From E10.5 towards adulthood, the 

levels of NDRG2 mRNA and protein very slightly increase in the mucous forming, lining 

epithelial cells20, 27, leading to barely detectable levels in adult gut tissue. Even though most 
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studies observed a slightly higher level of NDRG2 mRNA in the (distal) colon compared to 

the small intestine5, 28, 29, contradictory observations regarding NDRG2 protein expression 

have been described. Yamamoto et al30 detected a marginally higher signal in colon than in 

the small intestine, whereas Hu et al31 detected opposite results with weak to moderate 

NDRG2 immunoreactivity in the small intestine but not in the colon. 

Human chromosome 20q11.21-11.32 and mouse chromosome 2H1 contain the NDRG3 

gene, which can be transcribed into three identified protein isoforms. The canonical 

sequence of NDRG3 (no known aliases) encodes a 41.5 kDa protein of 375 AA in various 

mammalian species. The second and third isoforms are only found in humans and encode 

a 40 kDa protein of 363 AA and a markedly lighter protein (31.5 kDa) of only 286 AA. 

Only three studies include a brief description about the expression of NDRG3. In fact, 

in situ mRNA hybridization (ISH) and Northern Blotting reveal that NDRG3 expression 

is already activated at E9.5 and that NDRG3 is widely expressed during embryogenesis. 

However no NDRG3 mRNA is detected in the developing intestinal tract20. During further 

development, overall NDRG3 mRNA and protein levels increase slightly, although they are 

hardly detectable in matured mouse and human gut tissues5, 30. 

The NDRG4 gene is situated on human chromosome 16q21-q22.1 and mouse chromosome 

8D1. For NDRG4 (SMAP8, BDM1), the canonical protein sequence is referred to as NDRG4Bvar, 

consisting of 352 AA (39 kDa). The two other main isoforms are NDRG4B and NDRG4H which 

contain 339 AA (37 kDa) and 371 AA (41 kDa), respectively. In addition, 5 other isoforms can 

be produced by alternative splicing, with sequences ranging from 339 to 391 AA (37-43 kDa). 

In mouse, we recently identified three isoforms, corresponding to human NDRG4Bvar (long 

isoform), NDRG4B (short isoform) and NDRG4H32. Furthermore, rat tissues express an 

additional fourth isoform of 45 kDa, encoded by the rat ortholog SMAP8/BDM133. 

So far, the pattern of NDRG4 expression during embryonic gut development has not yet 

been described. In adult tissues however, current literature is inconsistent regarding the 

intestinal-specific expression pattern of NDRG4 which can be attributed to the use of 

different, a-specific commercially-available antibodies32. We12 and Chu et al34 previously 

described that NDRG4 is expressed within epithelial cells of the gut12, 34 and Qu et al35 

found high NDRG4 protein levels in smooth muscle cells of the stomach35. However, we 

recently observed that the anti-NDRG4 antibody used in these studies was not specifically 

targeting NDRG432. The experimental application of an antibody that specifically targets 

NDRG4 has demonstrated that NDRG4 expression in the gut is restricted to the cytoplasm 

of neuronal cell bodies and nerve fibers belonging to the nervous system of the gut, i.e. the 

enteric nervous system (ENS)32. 
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In silico expression analysis

To clarify the discrepancies concerning the NDRG expression pattern in the developing/

mature gut observed in the limited number of publications, we evaluated expression data 

from the (i) GTEx Project (06/19/2017), (ii) previously generated transcriptome data of 

E14.5 mouse intestine and ENCCs (available in the Gene Expression Omnibus (GEO); 

GSE34208)19 and (iii) an RNA sequencing time-series of human embryonic full-thickness 

samples of proximal colon (Embryonic Week (EW) 12, EW14 and EW16; data generated 

by the group of Prof. Thapar (UCL, London) and deposited to GEO). 

Compared to its family members, NDRG1 is highly expressed in EW12, EW14 and EW16 

human colonic samples, with levels (in reads per kilobase million, RPKM) being 10, 8 and 

12 times higher than for NDRG2, 3 and 4, respectively (Figure 1A). In addition, NDRG1 

shows the highest and intercomparable expression in sections of the mature small intestine 

(Figure 1B, terminal ileum) and colon (Figure 1C-D, transverse and sigmoid). Using the 

RNA expression data set, we observed that NDRG2 is expressed in low levels in human 

embryonic intestine, similar as described by Okuda et al20 and Hu et al27 (Figure 1A). In 

contrast to NDRG1, little NDRG2 mRNA is detectable in the adult human intestinal tract, 

which is only marginally different in small intestinal and colonic tissues (Figure 1B-D). These 

very low expression levels may account for the in-literature-described inconsistencies of 

intestinal NDRG2 protein expression being either increased or decreased in colon versus 

small intestine.

Similar as observed for NDRG2, little NDRG3 mRNA is detectable in the developing and 

mature human intestinal tract. In fact, NDRG3 mRNA levels in embryonic and adult human 

intestines are about eight and seven-fold lower compared to NDRG1 (Figure 1A). 

While no literature describes the pattern of NDRG4 expression during intestinal 

development, our analysis shows that of the four members, NDRG4 has the lowest mRNA 

level in human embryonic gut tissues. In humans, NDRG4 expression in the embryonic 

bowel is approximately twelve times lower compared to NDRG1 (Figure 1A). Consequently, 

only low to intermediate levels of NDRG4 can be detected in whole-gut tissues of adult 

humans (Figure 1B-D). Interestingly, as we recently observed that NDRG4 is exclusively 

located in structures of the ENS32, we wondered whether NDRG4 expression in early 

developmental stages is also found in structures that will form the ENS, i.e. the enteric 

neural crest cells (ENCCs). Therefore, we compared the expression of the NDRGs in whole-

gut biopsies with ENCCs, which we previously isolated from E14.5 mouse intestine19. 

Corresponding with its ENS-specific expression in adult gut, NDRG4 mRNA is significantly 

higher expressed in ENCCs compared to total gut tissue of E14.5 mouse embryos (Figure 

1E; 15.88 fold change, FDR < 1e-07). Thus, it can be stated that NDRG4 is continuously 
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expressed by ENCCs upon colonization of the gut and development into the ENS upon 

intestinal maturation, which accounts for the low level of expression in whole-gut tissues 

of adult mice/humans. This raised the question if the other family members are also 

expressed uninterruptedly within the epithelial cells or ENCCs throughout development. 

When comparing the expression analyses of whole-gut biopsies and ENCCs, we observed 

that NDRG1 is hardly detectable in ENCCs, but highly expressed in embryonic and mature 

mouse and human total gut samples (Figure 1A, E; fold change 0.11, FDR < 1e-07; Figure 

1B-D)19. These data, combined with the in literature-described expression of NDRG1 in 

the (developing) epithelial layer, suggests that NDRG1 remains mainly expressed within 

the epithelium throughout intestinal maturation. On the other hand, the expression of 

NDRG2 and NDRG3 is respectively 3.0 and 2.57-fold higher in ENCCs compared to total 

gut tissue of E14.5 mouse embryos (Figure 1E; FDR NDRG2 = 1.08e-05 and FDR NDRG3 

< 1e-07). Thus, besides valid concerns on whether different anti-NDRG2/3 antibodies or 

experimental procedures are specific enough for the identification of NDRG2/3 in adult 

gut, it is also possible that the expression of NDRG2/3 shifts towards the epithelial cells 

upon further intestinal maturation. Hence, further investigation is needed to unravel if 

NDRG2 and NDRG3 expression is retained in ENCCs and appears in the ENS or rather 

moves to the epithelial cells during gut development. 

DIFFERENTIAL EXPRESSION LEVELS 
DURING INTESTINAL CARCINOGENESIS 
Multiple studies have investigated changes in NDRG mRNA and protein expression in 

neoplastic (adenomas, primary tumors, metastatic lesions, intestinal cancer cell lines) 

compared to normal tissue, which we further explored using the publicly available TCGA 

data. Moreover, we used current literature and TCGA data to identify possible mechanisms 

that regulate the differential expression of the NDRGs during intestinal carcinogenesis. 

Differential expression levels

While the limited knowledge on NDRG3 in the healthy gut hinders further evaluation of 

NDRG3 expression during intestinal diseases, several studies discuss the differential expression 

of NDRG1, NDRG2 and NDRG4 during colorectal carcinogenesis. However, studies that 

described changes in NDRG4 protein levels are based on the inaccurate detection of NDRG4 

(as described above12, 34, 36) and are thus not further taken into account here. 
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Only four studies described normal or increased levels (i.e. preserved levels) of NDRG1 

expression in tumor tissues compared to normal tissues37-40. Nevertheless, six studies agree 

on significantly reduced mRNA and protein levels of NDRG123, 26, 40-43, but also NDRG244-50, 

and NDRG412, 51 in neoplastic tissues compared to healthy colonic epithelium. Moreover, 

mRNA and protein levels of both NDRG1 and NDRG2 decrease with increasing tumor 

grade: NDRG1 and NDRG2 are highly expressed in normal and low-risk adenoma tissue 

and show a gradual decrease from well- to moderately to poorly or undifferentiated tumor 

tissue and to metastatic lesions23, 26, 41, 43-50. These findings are further supported by several in 

vitro studies demonstrating (i) the high expression of NDRG1 in the normal colon epithelial cell 

line NCM460 and the low expression of NDRG1 and NDRG4 in several colon cancer cell lines 

(e.g. HCT116, SW480, RKO)12, 52, (ii) the higher level of NDRG1 and NDRG2 in primary colon 

cancer cell lines (e.g. HCT116 and SW480) compared to metastatic colon cancer cell lines (e.g. 

SW620, Lovo)23, 46, 53, (iii) the up-regulation of both NDRG1 and NDRG2 upon differentiation 

(e.g. by N-acetyl-L-cysteine) of primary colon cancer cell lines (e.g. HT29)23, 26, 49, 54 and (iv) 

the induction of morphological changes and increased expression of important epithelial 

cell differentiation markers by NDRG1 overexpression in metastatic colon cancer cells23, 55.

FIGURE 1 | The expression profile of the NDRG family members in humans and mice. |A| RNA 

expression analysis of the NDRGs during human intestinal development shows that NDRG1 is highly 

expressed during human colon development (Embryonic Week (EW) 12, 14 and 16), being about 10, 8 

and 12 times higher than NDRG2, 3 and 4, respectively. RNA was taken from embryonic full-thickness 

samples of proximal colon; boxplots represent measurements of one sample per developmental time-

point in triplo in reads per kilobase million (RKPM); data submitted to GEO. 

|B-D| In human adulthood, NDRG1 expression is highly variable, yet exceeds that of NDRG2, 3 and 4 in 

the small intestine (B) and colon (C, transverse; D, sigmoid). The data used for the analyses were obtained 

from the GTEx Portal on 06/19/2017. |E| In gut-associated cells from E14.5 mouse embryos, NDRG2, 3 

and 4 expression (measured with microarray) is significantly up-regulated in Enteric Neural Crest Cells 

(ENCCs; NDRG2: 3.0-fold change, FDR = 1.08e-05; NDRG3, 2.6-fold change, FDR < 1e-07; and NDRG4, 

15.9-fold change, FDR < 1e-07), while NDRG1 is highly expressed and slightly up-regulated in the total 

gut (0.11-fold change, FDR < 1e-07).
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FIGURE 1 | The expression profile of the NDRG family members in humans and mice. |A| RNA 

expression analysis of the NDRGs during human intestinal development shows that NDRG1 is highly 

expressed during human colon development (Embryonic Week (EW) 12, 14 and 16), being about 10, 8 

and 12 times higher than NDRG2, 3 and 4, respectively. RNA was taken from embryonic full-thickness 

samples of proximal colon; boxplots represent measurements of one sample per developmental time-

point in triplo in reads per kilobase million (RKPM); data submitted to GEO. 

|B-D| In human adulthood, NDRG1 expression is highly variable, yet exceeds that of NDRG2, 3 and 4 in 

the small intestine (B) and colon (C, transverse; D, sigmoid). The data used for the analyses were obtained 

from the GTEx Portal on 06/19/2017. |E| In gut-associated cells from E14.5 mouse embryos, NDRG2, 3 

and 4 expression (measured with microarray) is significantly up-regulated in Enteric Neural Crest Cells 

(ENCCs; NDRG2: 3.0-fold change, FDR = 1.08e-05; NDRG3, 2.6-fold change, FDR < 1e-07; and NDRG4, 

15.9-fold change, FDR < 1e-07), while NDRG1 is highly expressed and slightly up-regulated in the total 

gut (0.11-fold change, FDR < 1e-07).

Using data from the publicly available TCGA database containing 261 colorectal cancer 

patients and 41 colonic healthy controls we further investigated the expression of all 

four NDRG members in cancerous compared to healthy colon tissue (Figure 2A). While 

no literature describes NDRG3 expression during colorectal carcinogenesis, the TCGA 

data reveal that the expression is only margnally, but not significantly up-regulated in 

CRC tumors compared to normal colon (Figure 2A). Moreover, in agreement with most 

literature studies, the level of NDRG1, NDRG2 and NDRG4 mRNA is significantly reduced 

in colorectal tumor tissue compared to normal colonic tissue (Figure 2A; Wilcoxon rank sum 

test, all P<0.001). Consequently, it is thus extremely likely that NDRG1 protein levels will 

also be reduced during CRC and that above described discrepancies (i.e. lower vs. higher 

expression in tumor tissue) can be attributed to the usage of different (non-) commercially 

available anti-NDRG1 antibodies or variations in experimental procedures, yet are most 

presumably explained by the highly variable outcome of NDRG1 positivity measurements, 

using different variations of a semi-quantitative measurement method (i.e. a calculation 

of NDRG1-positive cells per area (%) combined with a score reflecting the intensity of 

NDRG1 immunoreactivity (0-3)). 
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Causes of NDRG loss

Genetic changes 

Only sporadically, mutations for NDRG family members have been identified. So far no studies 

have investigated whether NDRG1 is mutated during colorectal tumorigenesis, while it is 

well-described that NDRG1 mutations lead to hereditary motor and sensory neuropathy-

Lom (HMSNL), a severe autosomal recessive peripheral neuropathy (Charcot-Marie-Tooth 

disease)56. Further, there is no evidence for (in-) activating mutations of NDRG2, NDRG3 

and NDRG4 throughout the course of CRC in current literature, and the single-nucleotide 

polymorphisms (SNPs) that affect NDRG4 in 75-100% of primary colorectal cancers, do not 

alter its AA sequence12. Similarly, we found little evidence for cancer-related mutations in any 

of the NDRG genes in the publicly available TCGA mutation data: NDRG1: 2/154 (missense 

mutation and silent SNP), NDRG2: 6/154 (2 missense mutations and 4 silent SNPs), NDRG3: 

1/154 (missense mutation) and NDRG4: 2/154 (intron SNP and frame shift mutation).

Chromosomal imbalances have been shown to play a role in the pathogenesis of stromal 

tumors of the gastrointestinal (GI) tract. During colorectal carcinogenesis no chromosomal 

disparities containing NDRG1 have been described. Although Ässämäki et al57 and Lorentzen 

et al58 have identified that copy number changes might affect NDRG2 in tumors of the GI-

tract, the first study shows that NDRG2 is the most commonly deleted region at 14q11.2 in 

GI tumors57, whereas the latter recently revealed that allelic loss of NDRG2 is less frequent 

than a copy number gain in CRC58. For NDRG4, we previously observed loss of heterozygosity 

in 27% of CRCs12. As described above, alterations in NDRG3 have not been examined during 

intestinal diseases in literature. Nonetheless, analysis of the TCGA copy number data (Figure 

2B) revealed a significant copy number gain for NDRG1 and NDRG3 in tumor compared to 

normal samples (P<0.001) and a small, but significant decrease in copy number for NDRG2 

(P<0.001). For NDRG4, no change in copy number was observed using the TCGA data (Figure 

2B).

Epigenetic changes 

The presence of multiple CpG islands in the promoter region of NDRG1, NDRG2 and NDRG4 
renders these genes suitable for regulation by DNA methylation during carcinogenesis. In 

line, primary and metastatic colon cancer cell lines (e.g. SW480 and SW620) show minimal 

NDRG1 CpG island methylation53 and a number of GI-cancer cell lines and colon cancer tissues 

show variable NDRG2 promoter hypermethylation at several CpG sites, with levels ranging 

between 27 to 100%45, 58-61. Promoter hypermethylation of NDRG2 corresponds well with 

reduced NDRG2 expression in CRC45, 58-61. In fact, 84-100% of the hypermethylated tissues 

lack NDRG2 mRNA expression and immunoreactivity58-60. The differential methylation 

pattern could be explained by the presence of several transcription start sites (TSS) with 

distinct promoters having CpG islands, primarily located in exon 1 and 2 of the NDRG2 gene50, 
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and the use of different primer sequences to analyze the methylation status of the NDRG2 

promoter45, 50, 59, 60, 62. Similarly, for NDRG4 promoter methylation, we showed that a primer 

pair located in the region with dense promoter methylation (more 5’ relative to TSS) yielded 

a sensitivity of 86% for CRC detection, which decreased to 71% when using a second primer 

pair located in a region with less dense promoter methylation (more 3’ relative to TSS)12. 

The epigenetic regulation of NDRG1, NDRG2 and NDRG4 during CRC has been further 

confirmed by the reduced promoter methylation and consequential increase in NDRG1, 

NDRG2 and NDRG4 expression in GI-cancer cell lines treated with the DNA methyltransferase 

inhibitor 5-aza-2’-deoxycytine (DAC). Moreover, treatment with the histone deacetylase 

inhibitor trichostatin A (TSA) further enhanced the expression of NDRG1, NDRG2 and 

NDRG4, suggesting that their expression is regulated by histone acetylation and promoter 

methylation12, 23, 45, 50, 53, 59-62. In contrast, the mechanism of epigenetic silencing of NDRG3 

expression has, to our knowledge, not been described in literature. 

TCGA methylation data for 272 colorectal cancer tissues and 37 colonic tissues from healthy 

controls (Figure 2C), confirm the minimal CpG island methylation of NDRG1, as only four out 

of ten Infinium 450k probes within 2 kb either side of the TSS of NDRG1 showed a significant 

difference in methylation between tumor and normal samples (Wilcoxon rank sum test, 

P<0.001). In addition, TCGA data show a variable degree of methylation at different CpG 

sites in NDRG2, with 1/14 and 7/14 of the analyzed CpGs, respectively, having a significantly 

reduced or increased methylation status in CRC (Wilcoxon rank sum test, P<0.001). Further, 

in tumor tissue of CRC-patients, the NDRG4 gene is characterized by the highly increased 

methylation of 13/15 promoter CpG sites compared to healthy controls (Wilcoxon rank sum 

test, P<0.001). Finally, TCGA-derived methylation data show a statistically significant increase 

in methylation for four out of seven promoter CpGs of the NDRG3 gene when comparing 

CRC to normal samples (Wilcoxon rank sum test, P<0.001). The observed methylation is, 

however, unlikely to have any biological effect as NDRG3 expression between tumor and 

normal samples is not changed (Figure 2A).

In addition, chromatin remodeling and microRNAs can also influence the gene expression of 

NDRG1 and NDRG2 in the development and progression of CRC. For instance, the chromatin 

structure of NDRG1 in SW480 cells has been described to be more accessible for the 

Polymerase II enzyme, suggesting a more active transcription of NDRG1 and a higher level of 

NDRG1 expression in SW480 compared to SW620 cells23, 53. According to Feng et al45 NDRG2 
represents a direct target of microRNA-650 (miR-650): increased miR-650 levels diminish 

NDRG2 expression in colon cancer cells, which is reversible by treatment with anti-miR-65045. 
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◀ FIGURE 2 | Differences in NDRGs between normal and tumor tissue from CRC-patients as shown 

by TCGA data. |A| TCGA-derived RNA expression analysis reveals, in agreement with the literature, 

the reduced expression of NDRG1, 2 and 4 in tumor tissue (n=261) compared to normal tissue (n=41). 

NDRG3 expression on the other hand is very slightly, but not significantly increased. Statistical test; 

Wilcoxon rank sum test. * Indicate P<0.001. |B| TCGA copy number data show that, compared to normal 

samples (n=461), tumor tissues (n=449) have a significantly increased copy number of NDRG1 and 

NDRG3, a significantly reduced copy number of NDRG2, and an unaltered level of NDRG4. The dotted 

lines represent the copy number ratios with the upper one indicating an extra copy (3/2) and the lower 

representing loss of a copy (1/2). Statistical test; Wilcoxon rank sum test. * Indicate P<0.001. |C| The CpG 

methylation status of TCGA samples indicates that each NDRG is more frequently methylated in tumor 

tissues (n=272) compared to normal tissues (n=37). In contrast to the few CpGs that are methylated in 

the NDRG1 (4/10) and NDRG3 (4/7) gene, methylation occurs most frequently in the NDRG4 (13/15) and 

NDRG2 (8/14) gene in CRC tissues. Statistical test; Wilcoxon rank sum test. * Indicate P<0.001. 

THE BIOMARKER POTENTIAL OF THE NDRG MEMBERS 
Due to their differential expression in various conditions, numerous studies have 

investigated the correlation between the level of NDRG1, NDRG2 and NDRG4, and 

various clinico-pathological variables and studied their potential as diagnostic, prognostic 

or predictive biomarkers for CRC (Supplemental table S1).

Diagnostic biomarkers

NDRG4 is the only NDRG-relative that has been studied in diagnostic biomarker research 

owing to its distinct level of DNA (promoter) methylation in healthy people versus CRC-

patients.

In 2009, we reported that the frequency of NDRG4 DNA promoter methylation significantly 

increased from normal (0-16%) to adenoma (61-63%) to carcinoma tissue (84-86%)12. 

Several independent groups (Supplemental table S1) confirmed that NDRG4 DNA promoter 

methylation could sensitively discriminate CRC tissues (68-76%) and advanced adenomas 

(81.0-89.0%) from normal mucosa, with a specificity of 91.7-97.0%8, 13, 63, 64. Although most 

studies conclude that the frequency of NDRG4 DNA promoter methylation in tissues is not 

associated with any clinicopathological variable, Zou et al64 and Park et al63 described that 

the NDRG4 promoter methylation significantly increased with age during carcinogenesis 

(P<0.001), and that methylation tends to be higher in patients aged ≥60 (P=0.077)63, 64. 

Besides, the frequency of NDRG4 promoter methylation has been shown to be higher in 

(i) right versus left colon tumors (P<0.001-0.290), (ii) stage III and IV CRCs compared to 

stage I and II CRCs and (iii) in females with FIT-negative versus females with FIT-positive 

cancers (P=0.003)63, 65.
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To investigate the utility of NDRG4 DNA promoter methylation as a noninvasive biomarker 

for the detection of CRC, several studies examined the frequency of NDRG4 DNA promoter 

methylation in fecal DNA of CRC-patients and healthy controls. We and numerous 

independent groups revealed that NDRG4 DNA promoter methylation in fecal DNA as 

a single marker has a sensitivity for the detection of CRC-patients between 29-88% at a 

high specificity (89-100%)7-15. 

Notwithstanding the performance of NDRG4 DNA promoter methylation as a single stool 

marker, several studies combined NDRG4 with other markers to investigate if this would 

enhance the sensitivity and specificity for CRC detection. The multi-target stool DNA 

test that combines several methylated markers (e.g. NDRG4, Vimentin, BMP3, TFPI2), with 

mutant KRAS and/or fecal hemoglobin, can detect 85.0-87.0% of CRCs, 42.4-92.0% of 

CRC + adenomas + dysplasia, and 54.0% of adenomas ≥ 1cm at 87.0-94.0% specificity7, 66-

69. Interestingly, the combination of only NDRG4 and BMP3 DNA promoter methylation 

further enhanced the sensitivity to 100% at 89% specificity10. Consequently, Exact Sciences 

(Madison, USA) developed the Cologuard® test that combines a marker panel of methylated 

NDRG4 and BMP3, mutant KRAS, and a quantitative detection of fecal hemoglobin for an 

even more accurate detection of CRC. The accurate performance of the Cologuard® for 

CRC screening was highlighted by a number of studies and further established by Imperiale 

et al16 in a large multi-center trial including over 10 000 participants at average risk for 

CRC. Data from these studies revealed that the Cologuard® has a sensitivity of 92.3-100% 

for the detection of CRC-patients, and of 42.4% for the detection of advanced precursor 

lesions, at a specificity of 86.6-91.0%, irrespective of stage, size and tumor location14, 16, 67, 70. 

Finally, similar as observed for methylated NDRG4 alone, the sensitivity of both the stool 

DNA test and Cologuard® typically increased with adenoma and CRC size7, 66, 70. 

At last, it has been described that NDRG4 DNA promoter methylation in plasma has a 

sensitivity of 27.0%-54.8% to detect CRC-patients at a specificity of 78.1-95.0%13, 71 and 

that NDRG4 DNA promoter methylation in urine samples also sensitively (72.6%) detects 

CRC, yet at a slightly reduced specificity (85.0%)13. 

Prognostic biomarkers

As described above, the mRNA and protein levels of NDRG1 in tumor tissue significantly 

differ from the levels observed in normal gut tissue. All studies agree that the level of NDRG1 

mRNA or protein expression is not influenced by age and gender, nor with the localization 

of the primary tumor (Supplemental table S1). Nevertheless, except for three studies38-40, all 

studies observed that NDRG1 expression is inversely correlated with the degree of lymph 

node and distant metastasis and advanced TNM stage, while being positively associated with 

well-differentiated (less aggressive) tumors. Moreover, these studies found NDRG1 to be an 
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independent, favorable prognostic factor for CRC. In fact, when not differentiating between 

cancer stages, the overall survival (OS) rate for CRC-patients with NDRG1 expression was 

remarkably higher compared to those with reduced NDRG1 levels (P=0.000-0.148)40, 42, 43, 55. 

When looking at separate stages, the survival rate of stage II and IV patients with preserved 

NDRG1 mRNA expression in the tumor was significantly better compared to patients with 

reduced NDRG1 tumor levels (P=0.0005)40. In addition, the disease free survival (DFS) and 

progression free survival (PFS) rate were 1.3-2.0 fold higher for the patients with preserved 

NDRG1 protein expression in the tumor compared to the ones having reduced NDRG1 

tumor levels (P=0.003-0.004)42, 55, suggesting that NDRG1 is an independent prognostic 

factor for both recurrence and overall survival. Interestingly, Koshiji et al38 reported that 

NDRG1 expression significantly correlated with Duke’s stage in Japanese (P=0.036), and 

Caucasians (P=0.0063), but not in African Americans (P=0.880). In addition, a worse survival 

rate was observed in US African American patients only (P=0.035), suggesting that the 

ethnic background affects the level of NDRG1 expression and its correlation with clinico-

pathological variables and disease outcome38. 

Even though different studies investigated the correlation of NDRG2 expression with 

clinico-pathological variables, only two further explored the prognostic potential of 

NDRG244, 59. NDRG2 mRNA and protein levels have been described to positively correlate 

with the differentiation state of the tumor (P<0.0001-0.450) and inversely relate to TNM 

staging (P<0.001-0.772) and lymph node metastasis (P<0.001-0.214). In addition, Hong et 

al59 reported a higher level of NDRG2 promoter methylation in the proximal compared to the 

distal colon (P=0.022) and in advanced T-stage tumors (P=0.039). No significant association 

was observed between NDRG2 expression and age, gender or distant metastasis. However, 

CRC-patients with tumors characterized by high levels of NDRG2 promoter methylation 

or reduced expression of NDRG2 have a worse OS rate (P=0.003-0.145) as well as a 

shorter DFS/higher recurrence risk (P=0.002-0.216) compared to those having tumors 

with preserved NDRG2 expression or low levels of NDRG2 promoter methylation44, 59. 

Consequently, NDRG2 also has the potential of being a prognostic biomarker for CRC. 

While we have to be cautious with the conclusions drawn in the study by Chu et al34 regarding 

the prognostic potential of NDRG434, as these were based on the inaccurate detection of 

NDRG4 with a non-specific anti-NDRG4 antibody32, a second study by this group (Zheng 

et al) shows similar results using differential mRNA expression analysis51. The OS and DFS 

time of patients with NDRG4 mRNA positive tumors was significantly improved compared 

to the group with NDRG4 negative tumors (P<0.001 for both)51. Furthermore, NDRG4 

expression was not affected by age, gender or tumor location, whereas it was significantly 

positively correlated with tumor differentiation (P=0.001), and inversely related to distant 

(P=0.001) and lymph node metastasis (P=0.004), and TNM staging (P=0.001)51. 



|  Chapter 4

| 100  

Predictive biomarkers

Only a very limited number of studies have investigated the predictive value of NDRG1 in CRC 

cell lines and CRC-patients43, 55. Wangpu et al72 observed an increased sensitivity of NDRG1-

overexpressing HT29 and HCT116 cells to increasing concentrations of 5-Fluorouracil 

(P<0.001-0.010)72. Ma et al55 described that SW480 cells are more prone to Irinotecan 

treatment upon knockdown of NDRG1, with a significantly lower IC
50

 value compared to 

control transfected cells (P<0.050)55. Similarly, a high level of NDRG1 expression tends to cause 

resistance to Irinotecan-based therapy, as patients who developed a recurrence while having 

high NDRG1 tumor levels, received Irinotecan-based therapy only for 6.8 months, whereas 

those with a low tumor level of NDRG1 remained on this therapy for 9.3 months (P=0.070)43. 

No studies have explored the predictive biomarker value for either NDRG2, 3 or 4.

FUNCTIONAL ROLES AND PATHWAYS INVOLVING THE NDRGS 
It has been recognized that the NDRG family mainly functions in proliferation and 

differentiation in multiple types of cells/cancers (for reviews we refer to [73-76]). The 

limited number of studies that suggest a regulatory function for NDRG3 and NDRG4 in 

proliferation and differentiation are summarized by Yang et al77 and Melotte et al2. In this 

review, we further elaborate on the mechanisms that have consequences for intestinal 

functions in normal and cancerous conditions.

Cell survival: proliferation versus p53/apoptosis 

Kim et al78 observed that NDRG1 is localized in the centrosome of CRC cells as 

a microtubule-associated protein and participates in the cell cycle as a mitotic 

checkpoint. Furthermore, in p53-deficient tumor cell lines (incl. the CRC cell lines DLD-

1 and HCT116-p53-/-), NDRG1 was shown to inhibit polyploidy development and to 

increase the number of cells in cell cycle arrest78. Hence, NDRG1 can protect against 

uncontrolled proliferation. Stein et al79 further reported that NDRG1 expression 

was induced by DNA damage through a mechanism involving p53 in these CRC cell 

lines, which could explain the increased level of NDRG1 in response to hypoxia, as 

hypoxia induces p53 accumulation and stabilization79. Later, Zhang et al80 confirmed 

that another type of stress, nutrient/polyamine depletion, can stabilize p53 and by this 

means enhance NDRG1 expression in normal intestinal epithelial (IEC-6) and CRC 

cells (HCT116-p53-/-). In both studies, NDRG1 expression was not sufficient to induce 

apoptosis, but it did inhibit DNA synthesis and proliferation79, 80. In contrast, Ambrosini 

et al81 revealed that the shRNA-mediated silencing of NDRG1 in HCT116 cells led to 

increased levels of the pro-apoptotic Bim protein, similar as reported by Ma et al55. 
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When NDRG1 was reintroduced in the cells, it suppressed Bim stability by mediating 

its binding to the proteasome, thereby repressing the apoptotic machinery81. Thus, 

NDRG1 likely functions in controlling and repressing proliferation, but is not sufficient 

to induce apoptosis in intestinal cells.

Several studies suggest the anti-proliferative effects of NDRG2 in CRC cells (e.g. SW48, 

SW480, SW620, DLD-1, HCT116). Kim et al46, 82 first showed that NDRG2 suppresses 

AP-1, which results in the down-regulation of cyclin D1, the subsequent cell cycle arrest in 

the G1/S phase and a concomitant reduction in cell proliferation. Further, Golestan et al83 

and Hong et al59 observed that the overexpression of NDRG2 in SW48, DLD-1 and RKO 

cells reduces cell viability and inhibits cell proliferation, suggesting that NDRG2 might have 

tumor suppressing roles59, 83.

Likewise, but not restricted to CRC cells, Park et al84 observed that hypoxia induced the 

accumulation of NDRG3 and the subsequent activation of the Raf-ERK pathway, which 

was associated with increased anti-apoptotic effects84.

Previously, we observed that NDRG4 overexpression in CRC cells suppressed colony 

formation and the proliferative capabilities of these cells12, suggesting a tumor suppressor 

role in CRC. In addition, Chu et al34 proposed further evidence for the anti-proliferative 

effects of NDRG4 during CRC, as they described how NDRG4 overexpression in the 

metastatic SW620 CRC cell line considerably decreased PI3K-AKT activation by reducing 

AKT phosphorylation12, 34. No other studies examined potential pathways of NDRG4 in CRC. 

Metastasis/invasion/epithelial-mesenchymal transition 

As described-above, metastatic CRC tissue and cell lines express reduced levels of 

endogenous NDRG1. In view of this, several studies have shown that NDRG1 is able to 

suppress metastasis and invasion. Guan et al23 found that NDRG1 overexpression in the 

metastatic CRC cell line SW620 inhibits invasion. Moreover, even after treatment with 

TGF-β72, 85, NDRG1 suppresses the epithelial-mesenchymal transition (EMT) in colon cancer 

cells (e.g. HCT116, HT29) by preventing stress fiber formation and cell motility through 

suppression of the ROCK1/pMLC2 pathway and by stimulating the membrane expression 

of E-cadherin and β-catenin86. More precisely, NDRG1 induced three mechanisms to 

maintain β-catenin at the cell membrane by: (i) inhibiting the phosphorylation of β-catenin 

through up-regulating the GSK-3β-binding protein, frequently rearranged in advanced 

T-cell lymphoma 1 (FRAT-1), (ii) preventing the nuclear localization of β-catenin via down-

regulation of p21 activated kinase 4 (PAK-4) distribution in the nucleus72, 87 and (iii) ensuring 

the ubiquitylation and subsequent degradation of caveolin-1 (cav-1)88. Similarly, NDRG1 

prevents the EMT and metastatic/invading capabilities of CRC cells by inhibiting NF-κB (a 
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key player in oncogenesis) and Cav-1: as NDRG1 knockdown increased the levels of NF-κB, 

Cav-1 and the mesenchymal markers Vimentin and Snail, while decreasing the expression 

of the epithelial marker E-cadherin55, 88. Finally, NDRG1 prevents the recruitment of a key 

proto-oncogene: cellular Src to EGFR, thereby inhibiting Src phosphorylation (Tyr416) 

and its subsequent activation, thus inhibiting metastasis89. In addition, overexpression of 

NDRG1 in HT29 cells reduced cell migration, focal adhesions, and cell collagen adhesion 

through a diminished activation of the important oncogenic FAK/paxillin pathway90. 

Similar as for NDRG185, Shen et al91 investigated the effect of NDRG2 on TGF-β-treated 

HT29 cells. TGF-β , which has tumor suppressor activities in early CRC stages but 

oncogenic actions in late stages, enhanced the EMT through down-regulation of E-cadherin 

and up-regulation of Vimentin. Importantly, overexpression of NDRG2 could reverse this 

TGF-β-induced EMT whereby cells restored their epithelial morphology, while NDRG2 

knockdown further enhanced the TGF-β-induced EMT91. In addition, NDRG2 exerts its 

suppressive effects on invasion and migration in DLD-1, RKO and SW48 cells probably 

through inhibition of matrix metalloprotease (MMP)-9 activity, which is involved in tumor 

invasion via degradation of extracellular matrix proteins and activation of TGF-β59, 83. 

In accordance with the effects of NDRG1 on β-catenin, NDRG2 has been shown to (in-

) directly reduce β-catenin and its major downstream T-cell factor/lymphoid enhancer 

factor (TCF/LEF) signaling pathway in various CRC cell lines (e.g. HCT116 and SW620 

cells). Hwang et al92 revealed the direct association of the NDRG2 protein, with β-catenin 

and the subsequent inhibition of TCF/LEF signaling in SW620 cells. On the other hand, 

NDRG2 can activate GSK-3β, which in turn induces the degradation of β-catenin and 

subsequently suppresses C-Myc93, 94. This NDRG2-mediated activation of GSK-3β also 

induced degradation of Snail, followed by de-repression of E-cadherin46, 95. Together, these 

effects led to increased levels of E-cadherin and β-catenin at the plasma membrane, thereby 

inhibiting the EMT. Lastly, Kim et al96 determined the prenylated Rab acceptor 1 (PRA1), 

a protein involved in vesicle trafficking and protein transport, to be a binding partner for 

NDRG2. They synergistically inhibit GSK-3β phosphorylation, thereby preventing nuclear 

translocation of β-catenin. Interestingly, NDRG1, NDRG2, and NDRG3 all suppress cell 

growth and TCF promotor activity by their synergistical interaction with PRA196. 

We previously described that NDRG4 inhibits metastasis, by reducing the invading 

capacities of NDRG4-overexpressing HCT116 cells12, most likely by targeting some of the 

above-mentioned pathways. Indeed, Chu et al34 observed that NDRG4 suppresses PI3K-

AKT activity, since NDRG4 overexpression in SW620 cells reduced AKT phosphorylation. 

As AKT is a well-known upstream inhibitor of GSK-3β, we postulate that upon NDRG4 

expression, the inhibition of GSK-3β is abolished through down-regulation of AKT, thereby 
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leading to degradation of β-catenin and C-Myc repression, resulting in the inhibition 

of the EMT. Although in the heart, Xing et al97 observed a similar mechanism during 

ischemia-reperfusion injury, where the TNF-α-dependent NF-κB activation increased 

myocardial expression of NDRG4, which is associated with a concomitant decrease in AKT 

phosphorylation, promoting apoptosis.

A schematic overview of the above-described pathways influenced by NDRG1, NDRG2, 

NDRG3 and NDRG4 during cell survival and the EMT are shown in Figure 3A and B, 

respectively.

CONCLUSION
Overall, we can deduce that the NDRGs have a variable expression pattern, both in the 

embryonic and adult gut. NDRG1 expression highly exceeds the expression of NDRG2, 

NDRG3 and NDRG4 in the fetal gut. Although one might argue this is possibly caused by a 

lower expression or less specific cell types expressing NDRG 2, 3 and 4 in total gut biopsies, 

we observe a similar pattern in the matured GI-tract, suggesting that the intestinal epithelium 

is rich in NDRG1. NDRG2, 3 and 4 are however, up-regulated in ENCCs during embryonic 

stages, but display a distinct pattern in the mature gut: NDRG2 expression in epithelial cells, 

an unknown pattern for NDRG3 and the ENS-specific expression of NDRG4. Hence, further 

studies should be performed to resolve the fundamental question whether expression of 

NDRG2 and 3 is retained in ENCCs during intestinal maturation and appears in the ENS of 

the adult gut or rather moves towards the cells of the epithelial layer during gut development. 

Furthermore, the above-described knowledge regarding the developmental expression of 

NDRG2, NDRG3 and NDRG4 in ENCCs, and the adult expression of NDRG4 specifically 

in the ENS, led to the question whether the NDRGs, via the ENS, contribute to the 

development and progression of CRC. While it is well-known that the ENS is pivotal to 

maintain gut homeostasis, there is little evidence linking the ENS with CRC. In our recent 

review by Rademakers et al98, we summarized the preliminary evidence linking the ENS with 

CRC and hypothesized that enteric neurons communicate with the intestinal epithelium 

via the production and secretion of neurotrophic factors through vesicle transport. 

Interestingly, NDRG4 has been shown to regulate some important SNARE-proteins of 

the vesicle trafficking machinery as (i) its interaction with BVES regulates docking and cargo 

delivery of VAMP-3 vesicles, and (ii) its knockdown is associated with a sharp reduction in 

the level of SNAP-25. Moreover, we here review the interaction of NDRG2 (NDRG1 and 

NDRG3) with PRA1, a protein involved in exocytosis by binding to the SNARE-receptor. 
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Finally, NDRG3 interacts with CPLX1, which regulates synaptic vesicle exocytosis by 

allowing SNAREs (like SNAP25) to release neurotransmitters only upon arrival of an action 

potential99. Thus, we hypothesize that the NDRGs in the ENS can affect the intestinal 

epithelium through regulation of vesicle transport. 
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◀ FIGURE 3 | Common pathways of NDRG1, 2, 3 and 4. |A| The impact of all four NDRG family members 

on the proliferative and apoptotic pathway during colorectal tumorigenesis. While each NDRG is able to 

regulate different pathways, all four members can also indirectly affect Cyclin D1 and P27Kip1, thereby 

influencing the rate of proliferation and apoptosis. |B| NDRG1, 2 and 4 are able to modulate the epithelial-

mesenchymal transition (EMT) during colorectal carcinogenesis. The most commonly affected target by 

all three members is GSK3β/β–catenin: i.e. they all prevent nuclear translocation of β–catenin, leading 

to inhibition of the EMT. In addition, each individual member affects different pathways to suppress the 

EMT. Grey lines indicate normal pathways (other critical pathways are omitted for clarity); colored lines 

represent the influence by each NDRG family member and dotted lines represent possible regulatory 

paths. Abbreviations in A-B| ERK1/2, Extracellular signal–regulated kinases; PI3K, Phosphatidylinositol-

4,5-bisphosphate 3-kinase; AKT, Protein kinase B; PDK1, Pyruvate Dehydrogenase Kinase 1; MDM2, 

E3 ubiquitin-protein ligase; BAD, Bcl-2-associated death promoter; AP1, Activator protein 1; TGFβ, 

Transforming growth factor beta; EGF, Epidermal growth factor; IGF, Insulin-like growth factor; Src, 

Proto-oncogene tyrosine-protein kinase; FAK, Focal adhesion kinase; PAX, Paired box; PRA1, Prenylated 

Rab acceptor protein 1; RhoA, Ras homolog gene family, member A; ROCK, Rho-associated protein 

kinase; MLC2, Myosin Light Chain 2; MMP9, Matrix metallopeptidase 9; FRAT1, Frequently rearranged 

in advanced T-cell lymphoma 1; PAK4, p21-activated kinase 4; NFκβ, nuclear factor kappa-light-chain-

enhancer of activated B cells; TFC/LEF, T-cell factor/Lymphoid enhancer factor.

Besides, we acknowledge the significance of the differential expression of NDRG1, NDRG2, 

NDRG3 and NDRG4 in normal and cancerous intestinal tissues, which is, for NDRG2 and 

NDRG4 mainly caused by DNA promoter hypermethylation. Additionally, the increased 

expression of NDRG1 and NDRG2 during intestinal epithelial cell differentiation and 

reduced expression of NDRG1, 2 and 4 in the cancerous gut and their metastasis, suggest 

a possible role for these family members as tumor/metastasis suppressor genes. 

Based on their differential expression patterns, the NDRGs are described as potential 

diagnostic (NDRG4), prognostic (NDRG1, 2 and 4) and predictive (NDRG1) biomarkers for 

CRC. Indeed, the highly up-regulated level of NDRG4 DNA promoter methylation in fecal 

DNA represents a non-invasive early detection marker for CRC that has been successfully 

implemented in clinical use in the USA, as part of the Cologuard® test. While the significantly 

reduced expression of NDRG1, 2 and 4 in tumor tissues of CRC-patients can define the 

prognostic value for CRC (i.e. worse OS and DFS), it is important to realize that these levels 

may vary when using different antibodies, varying experimental techniques, and even in 

population groups with a diverse ethnic background. Furthermore, the potential predictive 

value of NDRG1 for response to Irinotecan or 5-Fluorouracil treatment in CRC needs more 

in-depth investigation before it can be applied in the clinic.

Finally, we reiterate that NDRG1, 2 and 4 exert pleiotropic effects, mostly inhibiting 

key hallmarks of carcinogenesis (e.g. proliferation, differentiation, metastasis) during 

CRC. Indeed, NDRG1 and NDRG2 have been shown to alter proliferative and apoptotic 
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pathways (e.g. cell cycle and EGFR signaling) and the epithelial-mesenchymal transition. 

Limited data on the functional role of NDRG4 in the gut also suggest tumor suppressor 

activities for NDRG4 during CRC, whereas no mechanism of action for NDRG3 in colorectal 

carcinogenesis has been defined. More insight into the pathways in which NDRG3 and 

NDRG4 are involved, can be drawn from described effects in other (cancerous) tissue types 

and suggests that NDRG3 affects the apoptotic machinery84 and that NDRG4 is able to 

modulate similar targets as defined for NDRG1 and NDRG2, in apoptotic, proliferative 

(e.g. p53, cyclin D1)100-102 and EMT-signaling pathways (e.g. WNT/β-catenin, TGF-β, EGFR-

downstream targets)34, 103, 104. Nevertheless, it is important to keep in mind that despite the 

involvement of NDRGs in similar pathways, their effects may vary (i.e. tumor suppressor 

versus oncogene) depending on the tissue type. 

AVAILABILITY OF  DATA & MATERIALS
The results shown in the section: “Differential expression levels during intestinal 

carcinogenesis” are in part based upon data generated by the TCGA Research Network: 

http://cancergenome.nih.gov/. The data used for the analyses described in the section: 

“Expression pattern of the NDRGs in the developing and adult gut” were obtained from: 

[https://gtexportal.org/home/] the GTEx Portal on 06/19/2017. The human embryonic 

and fetal material was provided by the Joint MRC/Wellcome Trust grant# 099175/Z/12/Z 

Human Developmental Biology Resource (http://hdbr.org).
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SUPPLEMENTAL  MATERIALS
SUPPLEMENTAL TABLE S1 | Biomarker potential of the NDRG family members       

A.     Diagnostic biomarker potential of NDRG4        

Statistics Outcome 95% confidence interval P value1 Study design, Material & Technique2 Ref.

Logistic Reg., 

Bonferroni 

Method

Tissue study: NDRG4 promoter methylation Tissue study 12

- Highly prevalent in CRC, not in normal tissues - Retrospective hospital-based cohort, 1995-2003; n=90

- Hospital-based series: P
1

- Population-based cohort,  random  selection prospective NLCS,  n=184

- CRC > normal (n=83 vs 48) CRC: 86.0% vs 4.0% <0.001

- Adenoma > normal  (n=62 vs 48) Adenoma: 66.0% vs 4.0% - Stool study

- Hospital-based series: P
2
  - Retrospective training set (n= 73) & Retrospective test set (n= 77)

- CRC > normal (n=77 vs 28) CRC: 71.0% vs 0.0% <0.001

- Adenoma > normal (n=58 vs 28) Adenoma: 41.0% vs 0.0% - - qMSP – Tissue

- Population-based series: P
1
 (n=184) 70.0% - P1, Flank 

McNemar - Specificity CRC: P
1
 vs P

2
93.0% vs 100% - 5’-ATYGGGGTGTTTTTTAGGTT-3’

- Decreases from carcinoma to adenoma to normal: 5’-ATACCRAACCTAAAACTAATCCC-3’

- Adenoma > Normal P1, U 

- P
1
, n=36 P

1
: 61.0% vs 14.0% <0.001 5’-GGGTGTTTTTTAGGTTTTGTGTTGT

- P
2
, n=32 P

2
: 34.0% vs 0.0% 0.003 5’-CCTAAAACTAATCCCAAACAAACCA-3’

- Carcinoma > Normal P1,  M 

- P
1
, n=31 P

1
: 84.0% vs 16.0% <0.001 5’-TTTTTTAGGTTTCGCGTCGC-3’

- P
2
, n=30 P

2
: 73.0% vs 0.0% <0.001 5’-AAACTAATCCCGAACGAACCG-3’

- Carcinoma > Adenoma P2, Flank

- P
1
, n=32 P

1
: 81.0% vs 63.0% 0.540 5’-GGTTYGTTYGGGATTAGTTTTAGG-3’

- P
2
, n=33 P

2
: 76.0% vs 39.0% 0.012 5’-CRAACAACCAAAAACCCCTC-3’

ROC, AUC Stool study:  NDRG4  promoter methylation P2, U

- AUC 0.77 - 5’-GATTAGTTTTAGGTTTGGTATTGTTTTGT-3’

5’-AAAACCAAACTAAAAACAATACACCA-3’

- Sensitivity / specificity for CRC: - P3, M

1) Training set (n=28 / 45) 61.0% (43-79) / 93.0% (90-97) 5’-TTTAGGTTCGGTATCGTTTCGC-3’

2) Test set (n=47 / 30) 53.0% (39-67) / 100.0% (86-100) 5’-CGAACTAAAAACGATACGCCG-3’

ROC-GLM 

Regression

- Not influenced by age - - Mol. beacon-based MSP – Stool

5’-GTATTTTAGTCGCGTAGAAGGC-3’

5’-AATTTAACGAATATAAACGCTCGAC-3’

5’-FAM-CGACATGCCCGAACGAACCGCGATCCTGCATGTCG-DABCYL-3’ 

Logistic Reg., Training set: sDNA test     - Blinded, multi-center, case-control study n=678 7

ROC, AUC - Sensitivity / AUC at 90% specificity for: - Stool (n=678)
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SUPPLEMENTAL TABLE S1 | Biomarker potential of the NDRG family members       

A.     Diagnostic biomarker potential of NDRG4        

Statistics Outcome 95% confidence interval P value1 Study design, Material & Technique2 Ref.

Logistic Reg., 

Bonferroni 

Method

Tissue study: NDRG4 promoter methylation Tissue study 12

- Highly prevalent in CRC, not in normal tissues - Retrospective hospital-based cohort, 1995-2003; n=90

- Hospital-based series: P
1

- Population-based cohort,  random  selection prospective NLCS,  n=184

- CRC > normal (n=83 vs 48) CRC: 86.0% vs 4.0% <0.001

- Adenoma > normal  (n=62 vs 48) Adenoma: 66.0% vs 4.0% - Stool study

- Hospital-based series: P
2
  - Retrospective training set (n= 73) & Retrospective test set (n= 77)

- CRC > normal (n=77 vs 28) CRC: 71.0% vs 0.0% <0.001

- Adenoma > normal (n=58 vs 28) Adenoma: 41.0% vs 0.0% - - qMSP – Tissue

- Population-based series: P
1
 (n=184) 70.0% - P1, Flank 

McNemar - Specificity CRC: P
1
 vs P

2
93.0% vs 100% - 5’-ATYGGGGTGTTTTTTAGGTT-3’

- Decreases from carcinoma to adenoma to normal: 5’-ATACCRAACCTAAAACTAATCCC-3’

- Adenoma > Normal P1, U 

- P
1
, n=36 P

1
: 61.0% vs 14.0% <0.001 5’-GGGTGTTTTTTAGGTTTTGTGTTGT

- P
2
, n=32 P

2
: 34.0% vs 0.0% 0.003 5’-CCTAAAACTAATCCCAAACAAACCA-3’

- Carcinoma > Normal P1,  M 

- P
1
, n=31 P

1
: 84.0% vs 16.0% <0.001 5’-TTTTTTAGGTTTCGCGTCGC-3’

- P
2
, n=30 P

2
: 73.0% vs 0.0% <0.001 5’-AAACTAATCCCGAACGAACCG-3’

- Carcinoma > Adenoma P2, Flank

- P
1
, n=32 P

1
: 81.0% vs 63.0% 0.540 5’-GGTTYGTTYGGGATTAGTTTTAGG-3’

- P
2
, n=33 P

2
: 76.0% vs 39.0% 0.012 5’-CRAACAACCAAAAACCCCTC-3’

ROC, AUC Stool study:  NDRG4  promoter methylation P2, U

- AUC 0.77 - 5’-GATTAGTTTTAGGTTTGGTATTGTTTTGT-3’

5’-AAAACCAAACTAAAAACAATACACCA-3’

- Sensitivity / specificity for CRC: - P3, M

1) Training set (n=28 / 45) 61.0% (43-79) / 93.0% (90-97) 5’-TTTAGGTTCGGTATCGTTTCGC-3’

2) Test set (n=47 / 30) 53.0% (39-67) / 100.0% (86-100) 5’-CGAACTAAAAACGATACGCCG-3’

ROC-GLM 

Regression

- Not influenced by age - - Mol. beacon-based MSP – Stool

5’-GTATTTTAGTCGCGTAGAAGGC-3’

5’-AATTTAACGAATATAAACGCTCGAC-3’

5’-FAM-CGACATGCCCGAACGAACCGCGATCCTGCATGTCG-DABCYL-3’ 

Logistic Reg., Training set: sDNA test     - Blinded, multi-center, case-control study n=678 7

ROC, AUC - Sensitivity / AUC at 90% specificity for: - Stool (n=678)
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SUPPLEMENTAL TABLE S1 | Continued

A.     Diagnostic biomarker potential of NDRG4        

Statistics Outcome 95% confidence interval P value1 Study design, Material & Technique2 Ref.

- CRC 89.0%  /  0.94 - Training set (n=456)

- Adenoma>1cm 62.0%  /  0.84 - Test set (n=222)

- Adenoma≥1cm 56.0%  /  0.82 -

Test set: sDNA test - sDNA test – QuARTS technology

- Sensitivity / AUC at 85% specificity for: Exact Sciences

- CRC 78.0%  /  0.88 -

- Adenoma>1cm 64.0%  /  0.81 -

- Adenoma≥1cm 48.0%  /  0.73 -

Combined set: sDNA test

- Sensitivity at 89% specificity for:

- CRC (n=252) 85.0% -

- Adenoma>1cm(n=133) 63.0% -

- Adenoma≥1cm (n=94) 54.0% -

- Sensitivity increases with adenoma size 0.0001

- Adenoma≥1cm 54.0%

- Adenoma>1cm 63.0%

- Adenoma>2cm 77.0%

- Adenoma>3cm 86.0%

- Adenoma>4cm 92.0%

- Sensitivity increases with CRC size - 0.008

- Sensitivity not affected by location

- CRC (prox. vs dist.) 87.0% vs 83.0% 0.470

- Adenoma (prox. vs dist.) 55.0% vs 53.0% 0.860

- Sensitivity TNM stage:

- Stage I-III 87.0% 0.020

- Stage IV 69.0%

  - Contribution mNDRG4 alone 0.75 -    

Fishers’s Exact 

test

- sDNA test more sensitive than SEPT9 for - Retrospective, blinded study n=147 65

- Neoplasms (n=44) 84.0% (70-93) vs 39.0% (34-55) 0.0001 - Stool (n=98)

- Adenomas (n=22) 82.0% (60-95) vs 14.0% (3-35) 0.0001 - Plasma (n=101)

- CRC (n=30) 87.0% (69-96) vs 60.0% (41-77) 0.0460

- sDNA test more sensitive than SEPT9 for TNM stage 

detection

- sDNA test – QuARTS technology Exact Sciences 65

- Stage I, II, III 86.0, 86.0, 100% vs 57.0, 57.0, 38% -

- Stage I-III (n=22) 91.0% (71-99) vs 50% (28-72) 0.013 - Plasma Septin9 (SEPT9) test
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SUPPLEMENTAL TABLE S1 | Continued

A.     Diagnostic biomarker potential of NDRG4        

Statistics Outcome 95% confidence interval P value1 Study design, Material & Technique2 Ref.

- CRC 89.0%  /  0.94 - Training set (n=456)

- Adenoma>1cm 62.0%  /  0.84 - Test set (n=222)

- Adenoma≥1cm 56.0%  /  0.82 -

Test set: sDNA test - sDNA test – QuARTS technology

- Sensitivity / AUC at 85% specificity for: Exact Sciences

- CRC 78.0%  /  0.88 -

- Adenoma>1cm 64.0%  /  0.81 -

- Adenoma≥1cm 48.0%  /  0.73 -

Combined set: sDNA test

- Sensitivity at 89% specificity for:

- CRC (n=252) 85.0% -

- Adenoma>1cm(n=133) 63.0% -

- Adenoma≥1cm (n=94) 54.0% -

- Sensitivity increases with adenoma size 0.0001

- Adenoma≥1cm 54.0%

- Adenoma>1cm 63.0%

- Adenoma>2cm 77.0%

- Adenoma>3cm 86.0%

- Adenoma>4cm 92.0%

- Sensitivity increases with CRC size - 0.008

- Sensitivity not affected by location

- CRC (prox. vs dist.) 87.0% vs 83.0% 0.470

- Adenoma (prox. vs dist.) 55.0% vs 53.0% 0.860

- Sensitivity TNM stage:

- Stage I-III 87.0% 0.020

- Stage IV 69.0%

  - Contribution mNDRG4 alone 0.75 -    

Fishers’s Exact 

test

- sDNA test more sensitive than SEPT9 for - Retrospective, blinded study n=147 65

- Neoplasms (n=44) 84.0% (70-93) vs 39.0% (34-55) 0.0001 - Stool (n=98)

- Adenomas (n=22) 82.0% (60-95) vs 14.0% (3-35) 0.0001 - Plasma (n=101)

- CRC (n=30) 87.0% (69-96) vs 60.0% (41-77) 0.0460

- sDNA test more sensitive than SEPT9 for TNM stage 

detection

- sDNA test – QuARTS technology Exact Sciences 65

- Stage I, II, III 86.0, 86.0, 100% vs 57.0, 57.0, 38% -

- Stage I-III (n=22) 91.0% (71-99) vs 50% (28-72) 0.013 - Plasma Septin9 (SEPT9) test
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A.     Diagnostic biomarker potential of NDRG4        

Statistics Outcome 95% confidence interval P value1 Study design, Material & Technique2 Ref.

- Stage IV (n=8) 75.0% vs 88.0% 0.560

Fishers’s Exact 

test

- sDNA test more sensitive than SEPT9 for CRC,  

irrespective of location

- Proximal CRC 92.0% (64-100) vs 46.0% (19-75)     0.034

- Distal CRCs 81.0% (54-96) vs 69.0% (46-89) 0.480

  - More specific than SEPT9 for CRC (n=46) 93.0% (84-98) vs 73.0% (58-85) -    

Tukey-Kramer - mNDRG4 in CRC > normal tissues      - Retrospective study 63

- CRC 14.9% (0.0-42.0%) <0.001 - Tissue (n=91) 

- AA 2.4% (0.0-31.0%) <0.001

- healthy epithelium 0.0% (0.0-6.0%) - QuARTS technology

- Sensitivity mNDRG4at 95% specificity if compared to 

mBMP3, mVIM & mTFPI2
5’-CGGTTTTCGTTCGTTTTTTCG-3’
5’-GTAACTTCCGCCTTCTACGC-3’

- CRC  92.0% vs 84.0%, 86.0%, 92% -

- AA     76.0% vs 68.0%, 76.0%, 88.0% -

- Sensitivity mNDRG4 at 97% specificity if compared to 

mBMP3, mVIM & mTFPI2

- CRC  89.0% vs 84.0%, 84.0%, 92.0% -

- AA     68.0% vs 64.0%, 56.0%, 88.0% -

ROC, AUC - AUC, mNDRG4 in CRC vs healthy 0.96 -

- AUC, mNDRG4 in AA vs healthy 0.84 -

- AUC, mNDRG4 in CRC/AA vs healthy 0.91 -

Linear Reg., R2 - mNDRG4 associated with age in cancer 0.28 <0.001    

ROC, AUC - AUC mNDRG4   - - Prospective, multi-center study, 2007-2011; n=243 10

- CRC 0.85 - Stool (n=54) 

- IBD-CRN 0.84

- Dysplasia 0.77 - QuARTS technology: NR

Univariate & 

Multivariate Cox 

Reg.

- Sensitivity mNDRG4  & mBMP3 at 89% specificity for -

- CRC (n=9) 100%

- Dysplasia (n=10) 80.0%

- HGD (n=4) 100%

- LGD (n=6) 67.0%

- Detection neoplasia/dysplasia after inclusion of  10

- age - 0.030

- gender - 0.003
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SUPPLEMENTAL TABLE S1 | Continued

A.     Diagnostic biomarker potential of NDRG4        

Statistics Outcome 95% confidence interval P value1 Study design, Material & Technique2 Ref.

- Stage IV (n=8) 75.0% vs 88.0% 0.560

Fishers’s Exact 

test

- sDNA test more sensitive than SEPT9 for CRC,  

irrespective of location

- Proximal CRC 92.0% (64-100) vs 46.0% (19-75)     0.034

- Distal CRCs 81.0% (54-96) vs 69.0% (46-89) 0.480

  - More specific than SEPT9 for CRC (n=46) 93.0% (84-98) vs 73.0% (58-85) -    

Tukey-Kramer - mNDRG4 in CRC > normal tissues      - Retrospective study 63

- CRC 14.9% (0.0-42.0%) <0.001 - Tissue (n=91) 

- AA 2.4% (0.0-31.0%) <0.001

- healthy epithelium 0.0% (0.0-6.0%) - QuARTS technology

- Sensitivity mNDRG4at 95% specificity if compared to 

mBMP3, mVIM & mTFPI2
5’-CGGTTTTCGTTCGTTTTTTCG-3’
5’-GTAACTTCCGCCTTCTACGC-3’

- CRC  92.0% vs 84.0%, 86.0%, 92% -

- AA     76.0% vs 68.0%, 76.0%, 88.0% -

- Sensitivity mNDRG4 at 97% specificity if compared to 

mBMP3, mVIM & mTFPI2

- CRC  89.0% vs 84.0%, 84.0%, 92.0% -

- AA     68.0% vs 64.0%, 56.0%, 88.0% -

ROC, AUC - AUC, mNDRG4 in CRC vs healthy 0.96 -

- AUC, mNDRG4 in AA vs healthy 0.84 -

- AUC, mNDRG4 in CRC/AA vs healthy 0.91 -

Linear Reg., R2 - mNDRG4 associated with age in cancer 0.28 <0.001    

ROC, AUC - AUC mNDRG4   - - Prospective, multi-center study, 2007-2011; n=243 10

- CRC 0.85 - Stool (n=54) 

- IBD-CRN 0.84

- Dysplasia 0.77 - QuARTS technology: NR

Univariate & 

Multivariate Cox 

Reg.

- Sensitivity mNDRG4  & mBMP3 at 89% specificity for -

- CRC (n=9) 100%

- Dysplasia (n=10) 80.0%

- HGD (n=4) 100%

- LGD (n=6) 67.0%

- Detection neoplasia/dysplasia after inclusion of  10

- age - 0.030

- gender - 0.003
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A.     Diagnostic biomarker potential of NDRG4        

Statistics Outcome 95% confidence interval P value1 Study design, Material & Technique2 Ref.

- disease extent - 0.010

- PSC - 0.010

One-way Anova - No association with IBD duration / extent -  

Logistic Reg.,  

Single Marker 

Cutoff, Logistic 

Prediction 

Model

- sDNA test more sensitive at 90% specificity  than the 

marker-specific cutoff

  - - Blinded, multi-center, case-control study  n=1 003

- Stool (n=1 003)

69

- CRC (n=86) 98.0% vs 92.0%

- Adv. Ps (n=73) 56.0% vs 49.0% 

- Sensitivity sDNA test at 90% specificity for - - sDNA test – QuARTS technology

- CRC (n=93) 98.0%

- Stage I, II (n=21; 31) 95.0%, 100% 

- Stage III, IV (n=24; 7) 97.0%, 100%

- Unstaged (n=10) 100%

- Stage I-III (n=76) 97.0%

- Proximal vs distal (n=51 vs 42) 100% vs 94%

- Sensitivity increases with adenoma size -

- Adenoma≥1cm (n=114) 57.0%

- Adenoma>2cm (n=37) 73.0%

- Adenoma>3cm (n=24) 83.0%

- Sensitivity HGD (n=18) 83.0% -

- Focal HGD 80.0%

- Diffuse HGD 87.0%

- Sensitivity SSA≥1cm  60.0% -

- Sensitivity Adv. Ps -

- Proximal (n=78) 51.0% 

- Distal (n=34) 68.0%

- Males: Distal > proximal (n=23, 45) 74.0% vs 51.0% -

  - Females: Distal ~ proximal (n=11, 44) 53.0% vs 55.0% -    

McNemar Stool study:  sDNA test   - - Blinded, prospective, cross-sectional study, 2011-2012; n=456 14

- Specificity SSP≥1cm (n=232) 91.0% (87.0-94.0) - Stool (n=261)

- Sensitivity SSP≥1cm (n=29) 55.0% (36.0-74.0) - Tissue (SSP≥1cm, n=40)

- Sensitivity not affected by SSP size 0.900

- SSP = 1-1.4cm (n=11) 55.0% - sDNA test – QuARTS technology

- SSP = 1.5-3cm (n=17) 53.0% Exact Sciences 

ROC, AUC, Contribution single marker 14
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A.     Diagnostic biomarker potential of NDRG4        

Statistics Outcome 95% confidence interval P value1 Study design, Material & Technique2 Ref.

- disease extent - 0.010

- PSC - 0.010

One-way Anova - No association with IBD duration / extent -  

Logistic Reg.,  

Single Marker 

Cutoff, Logistic 

Prediction 

Model

- sDNA test more sensitive at 90% specificity  than the 

marker-specific cutoff

  - - Blinded, multi-center, case-control study  n=1 003

- Stool (n=1 003)

69

- CRC (n=86) 98.0% vs 92.0%

- Adv. Ps (n=73) 56.0% vs 49.0% 

- Sensitivity sDNA test at 90% specificity for - - sDNA test – QuARTS technology

- CRC (n=93) 98.0%

- Stage I, II (n=21; 31) 95.0%, 100% 

- Stage III, IV (n=24; 7) 97.0%, 100%

- Unstaged (n=10) 100%

- Stage I-III (n=76) 97.0%

- Proximal vs distal (n=51 vs 42) 100% vs 94%

- Sensitivity increases with adenoma size -

- Adenoma≥1cm (n=114) 57.0%

- Adenoma>2cm (n=37) 73.0%

- Adenoma>3cm (n=24) 83.0%

- Sensitivity HGD (n=18) 83.0% -

- Focal HGD 80.0%

- Diffuse HGD 87.0%

- Sensitivity SSA≥1cm  60.0% -

- Sensitivity Adv. Ps -

- Proximal (n=78) 51.0% 

- Distal (n=34) 68.0%

- Males: Distal > proximal (n=23, 45) 74.0% vs 51.0% -

  - Females: Distal ~ proximal (n=11, 44) 53.0% vs 55.0% -    

McNemar Stool study:  sDNA test   - - Blinded, prospective, cross-sectional study, 2011-2012; n=456 14

- Specificity SSP≥1cm (n=232) 91.0% (87.0-94.0) - Stool (n=261)

- Sensitivity SSP≥1cm (n=29) 55.0% (36.0-74.0) - Tissue (SSP≥1cm, n=40)

- Sensitivity not affected by SSP size 0.900

- SSP = 1-1.4cm (n=11) 55.0% - sDNA test – QuARTS technology

- SSP = 1.5-3cm (n=17) 53.0% Exact Sciences 

ROC, AUC, Contribution single marker 14
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A.     Diagnostic biomarker potential of NDRG4        

Statistics Outcome 95% confidence interval P value1 Study design, Material & Technique2 Ref.

Logistic Reg., - mNDRG4 0.79 (0.70-0.88) <0.0001

Elastic Net Reg. - mBMP3 0.87 (0.80-0.95) <0.0001

Tissue study

- Single marker: highly prevalent in SSP, not in normal tissue

- mNDRG4 15.0 (0.9-47.0) vs 0.21 (0.0-0.8) <0.0001

  - mBMP3 24.0 (0-78.0) vs 0.11 (0.0-0.11) <0.0001    

McNemar - sDNA test is more sensitive than FIT for - Multi-center, cross-sectional study, 2011-2012; n=12 776 16

- CRC (n=65) 92.3% (83-97.5) vs 73.8% (61.5-84) -

- Stage I-III (n=60) 93.3% (83.8-92.2) vs 73.3% (60.3-83.9) 0.002

- Prox. cancer (n=30) ~ 90.0% vs 66.7% 0.040 - Stool (n=9 989)

- Dist. Cancer (n=35) ~ 95.0%  vs 80.0% 0.060

- CRC + HGD (n=104) 83.7% (75.1-90.2) vs 63.5% (53.5-72.7) - sDNA test – QuARTS technology

- Adv. Precursors (n=757) 42.4% (38.9-46) vs 23.8% (20.8-27) - Exact Sciences 

HGD (n=39) 69.2% (52.4-83.0) vs 46.2% - - FIT test

SSP≥1cm (n=99) 42.4% (32.6-52.8) vs 5.1% 0.004

Proximal (n=431) 54.5% (48.9-60.0) <0.001

Distal (n=325) 33.2% (28.8-37.8) <0.001

- NA. Adenoma 17.2% (15.9-18.6) vs 7.6%  (6.7-8.6) <0.001

- sDNA test is less specific than FIT

- NA. Adenomas & non-neoplastic findings 86.6% (85.9-87.2) vs 94.9% (94.4-95.3) -

- Negative results colonoscopy 89.9% (88.9-90.7) vs 96.4% (95.8-96.9) -

- Sensitivity not affected by location - -

- Sensitivity increases with lesion size - <0.001

AUC, ROC,  - AUC sDNA test > FIT:

Hanley- McNeil - CRC     0.94 vs 0.89 0.040

 method - Adv. Ps  0.73 vs 0.67 <0.001    

McNemar, 

Wilcoxon Rank 

Sum test

- Copy number mNDRG4 in CRC > control <0.001 - Blinded, case-control study  n=102 15

- CRC 11.0 (3.0-112.0) - Stool (n=102)

- controls 0.0  (0.0-4.0)

- mNDRG4 and mBMP3 levels fall to normal after CRC 

resection (n=14)

93.0% (68-98%) 0.0002 - QuARTS technology

Wilcoxon Signed- 

rank 

- mNDRG4 not associated with  size, TNM stage or tumor 

location

- -

  - Sharp postoperative rise associated with peritoneal CRC 

metastasis (n=1)

- -    

NR - Lower CRC sensitivity mNDRG4 (n=56) than 28.57% (18.42-41.48) - - Case-control study 2011-2012;  n=96 11

- mSFRP2 57.14% - Stool (n=96)
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A.     Diagnostic biomarker potential of NDRG4        

Statistics Outcome 95% confidence interval P value1 Study design, Material & Technique2 Ref.

Logistic Reg., - mNDRG4 0.79 (0.70-0.88) <0.0001

Elastic Net Reg. - mBMP3 0.87 (0.80-0.95) <0.0001

Tissue study

- Single marker: highly prevalent in SSP, not in normal tissue

- mNDRG4 15.0 (0.9-47.0) vs 0.21 (0.0-0.8) <0.0001

  - mBMP3 24.0 (0-78.0) vs 0.11 (0.0-0.11) <0.0001    

McNemar - sDNA test is more sensitive than FIT for - Multi-center, cross-sectional study, 2011-2012; n=12 776 16

- CRC (n=65) 92.3% (83-97.5) vs 73.8% (61.5-84) -

- Stage I-III (n=60) 93.3% (83.8-92.2) vs 73.3% (60.3-83.9) 0.002

- Prox. cancer (n=30) ~ 90.0% vs 66.7% 0.040 - Stool (n=9 989)

- Dist. Cancer (n=35) ~ 95.0%  vs 80.0% 0.060

- CRC + HGD (n=104) 83.7% (75.1-90.2) vs 63.5% (53.5-72.7) - sDNA test – QuARTS technology

- Adv. Precursors (n=757) 42.4% (38.9-46) vs 23.8% (20.8-27) - Exact Sciences 

HGD (n=39) 69.2% (52.4-83.0) vs 46.2% - - FIT test

SSP≥1cm (n=99) 42.4% (32.6-52.8) vs 5.1% 0.004

Proximal (n=431) 54.5% (48.9-60.0) <0.001

Distal (n=325) 33.2% (28.8-37.8) <0.001

- NA. Adenoma 17.2% (15.9-18.6) vs 7.6%  (6.7-8.6) <0.001

- sDNA test is less specific than FIT

- NA. Adenomas & non-neoplastic findings 86.6% (85.9-87.2) vs 94.9% (94.4-95.3) -

- Negative results colonoscopy 89.9% (88.9-90.7) vs 96.4% (95.8-96.9) -

- Sensitivity not affected by location - -

- Sensitivity increases with lesion size - <0.001

AUC, ROC,  - AUC sDNA test > FIT:

Hanley- McNeil - CRC     0.94 vs 0.89 0.040

 method - Adv. Ps  0.73 vs 0.67 <0.001    

McNemar, 

Wilcoxon Rank 

Sum test

- Copy number mNDRG4 in CRC > control <0.001 - Blinded, case-control study  n=102 15

- CRC 11.0 (3.0-112.0) - Stool (n=102)

- controls 0.0  (0.0-4.0)

- mNDRG4 and mBMP3 levels fall to normal after CRC 

resection (n=14)

93.0% (68-98%) 0.0002 - QuARTS technology

Wilcoxon Signed- 

rank 

- mNDRG4 not associated with  size, TNM stage or tumor 

location

- -

  - Sharp postoperative rise associated with peritoneal CRC 

metastasis (n=1)

- -    

NR - Lower CRC sensitivity mNDRG4 (n=56) than 28.57% (18.42-41.48) - - Case-control study 2011-2012;  n=96 11

- mSFRP2 57.14% - Stool (n=96)
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A.     Diagnostic biomarker potential of NDRG4        

Statistics Outcome 95% confidence interval P value1 Study design, Material & Technique2 Ref.

- mGATA4 42.86%

- mGATA5 83.93% - MSP 

- mVIM 41.07% M

- Higher specificity mNDRG4 (n=40) than 97.50% (87.10.-99.60) - 5’-GGAGTTTAAATAAAGATTACGGTAGC-3’

- mSFRP2 90.00% 5’-ATACGCTACGAAACCCTACC-3’

- mGATA4 95.00% U

- mGATA5 82.50% 5’-GGGAGTTTAAATAAAGATTATGGTAGT-3’

- mVIM 85.00% 5’-AATACACTACAAAACCCTACC-3’

Odds Ratio (OR) - OR mNDRG4 for CRC 15.60% (1.97-123.40) 0.001

- OR mNDRG4 for CRC if combined with mSFRP2, 

GATA4/5 & mVIM

50.14% (10.60-237.10) <0.010

χ2, Fisher’s Exact - mNDRG4 not associated with (n=56):

test - age - 0.783

- gender  - 1.000

- tumor location - 0.865

  - TNM stage - 0.200    

ROC, AUC - AUC mNDRG4 for CRC 0.61 (0.57-0.65) - - Multi-center, case-control study  n=904 70

- Sensitivity mNDRG4 for CRC (n=154) 27.0% (20.0-34.0) -

- Higher than for mGATA5 18.0% (12.0-24.0) - Plasma (n=904)

- Lower than for mFOXE1 47.0% (39.0-55.0) Training set (n=598)

- Lower than for  mSYNE1 46.0% (38.0-54.0) Test set (n=306)

- Specificity mNDRG4 (n=444) 95.0% (93.0-97.0) -

- Lower than for mGATA5 99.0% (98.0-100) - qMSP

- Lower than for mFOXE1 93.0% (91.0-95.0) 5’-GTATTTTAGTCGCGTAGAAGGC-3’

- Higher than for mSYNE1 96.0% (94.0-98.0) 5’-AATTTAACGAATATAAACGCTCGAC-3’

- Sensitivity mNDRG4 late stage > early stage -

- Stage I (n=43) 16.0%

- Stage II (n=44) 11.0%

- Stage III (n=46) 35.0%

- Stage IV (n=21) 62.0%

- Stage I-IV (n=154) 27.0%

- mNDRG4 not associated with age - 0.450

  - mNDRG4 not associated with gender - 0.120    

NR - Higher sensitivity sDNA test than FIT for screen relevant 

colorectal neoplasia (n=59) 

42.4% vs 17.0%  0.0003 - Blinded, interim analysis on a cross-sectional study in Alaska Native people 66

- Adenoma≥1cm (n=48) 39.6% vs 14.6% 0.001
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- mGATA4 42.86%

- mGATA5 83.93% - MSP 

- mVIM 41.07% M

- Higher specificity mNDRG4 (n=40) than 97.50% (87.10.-99.60) - 5’-GGAGTTTAAATAAAGATTACGGTAGC-3’

- mSFRP2 90.00% 5’-ATACGCTACGAAACCCTACC-3’

- mGATA4 95.00% U

- mGATA5 82.50% 5’-GGGAGTTTAAATAAAGATTATGGTAGT-3’

- mVIM 85.00% 5’-AATACACTACAAAACCCTACC-3’

Odds Ratio (OR) - OR mNDRG4 for CRC 15.60% (1.97-123.40) 0.001

- OR mNDRG4 for CRC if combined with mSFRP2, 

GATA4/5 & mVIM

50.14% (10.60-237.10) <0.010

χ2, Fisher’s Exact - mNDRG4 not associated with (n=56):

test - age - 0.783

- gender  - 1.000

- tumor location - 0.865

  - TNM stage - 0.200    

ROC, AUC - AUC mNDRG4 for CRC 0.61 (0.57-0.65) - - Multi-center, case-control study  n=904 70

- Sensitivity mNDRG4 for CRC (n=154) 27.0% (20.0-34.0) -

- Higher than for mGATA5 18.0% (12.0-24.0) - Plasma (n=904)

- Lower than for mFOXE1 47.0% (39.0-55.0) Training set (n=598)

- Lower than for  mSYNE1 46.0% (38.0-54.0) Test set (n=306)

- Specificity mNDRG4 (n=444) 95.0% (93.0-97.0) -

- Lower than for mGATA5 99.0% (98.0-100) - qMSP

- Lower than for mFOXE1 93.0% (91.0-95.0) 5’-GTATTTTAGTCGCGTAGAAGGC-3’

- Higher than for mSYNE1 96.0% (94.0-98.0) 5’-AATTTAACGAATATAAACGCTCGAC-3’

- Sensitivity mNDRG4 late stage > early stage -

- Stage I (n=43) 16.0%

- Stage II (n=44) 11.0%

- Stage III (n=46) 35.0%

- Stage IV (n=21) 62.0%

- Stage I-IV (n=154) 27.0%

- mNDRG4 not associated with age - 0.450

  - mNDRG4 not associated with gender - 0.120    

NR - Higher sensitivity sDNA test than FIT for screen relevant 

colorectal neoplasia (n=59) 

42.4% vs 17.0%  0.0003 - Blinded, interim analysis on a cross-sectional study in Alaska Native people 66

- Adenoma≥1cm (n=48) 39.6% vs 14.6% 0.001
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Statistics Outcome 95% confidence interval P value1 Study design, Material & Technique2 Ref.

- Adenoma>1cm (n=27) 53.6% vs 21.4% 0.008 - Stool (n=489)

- Adenoma≥2cm (n=15) 60.0% vs 26.7% 0.070

- Adenoma≥3cm (n=4) 75.0% vs 25.0% 0.480 - sDNA test – QuARTS technology

- SSP≥1cm (n=6) 33.0% vs  0.0% 0.480 - FIT test

- Equally sensitive as FIT for CRC (n=2) 100% vs 100% -

  - Lower specificity than FIT (n=250) 93.2% vs 95.2% 0.270    

χ2 - mNDRG4 in CRC > normal tissue (n=84) 81.0% vs 8.3% - - NR, 2010-2011 n=196 13

- Sensitivity / specificity mNDRG4 in  - Tissue (n=84): 16U / 68M 

- Tissue (n=84) 81.0% / 91.7% - - Stool (n=84): 20U / 64M

- Stool (n=84) 76.2% / 89.1% - - Urine (n=160): 44U / 116M

- Urine (n=160) 72.6% / 85.0% - - Blood (n=84): 38U / 46M

- Blood (n=84) 54.8% / 78.1% -

- Sensitivity mNDRG4confirmed in 2nd set urine samples 

(n=76)

72.4% - - nMSP 

Outer

- No correlation between mNDRG4 & age, TNM stage or 

tumor differentiation 

- - 5’-GGTTYGTTYGGGATTAGTTTTAGG-3’ 
5’-CRAACAACCAAAAACCCCTC-3’

- mNDRG4 in metastatic tumors from CRC tissue and feces 

> non-metastatic samples

- <0.050 &  

<0.050

U

5’-TTTAGGTTCGGTATCGTTTCGC-3’

5’-CGAACTAAAAACGATACGCCG-3’   

M

5’-GATTAGTTTTAGGTTTGGTATTGTTTTGT-3’

5’-AAAACCAAACTAAAAACAATACACCA-3’

Wilcoxon Rank 

Sum test
χ2, Fisher’s  

Exact test

Tissue Cutoff study: mNDRG4 - Retrospective, tissue cutoff, tissue cohort & stool case-control study, 2010-2012; n=30, 121, 99 8

- mNDRG4 in cases (n=17) > IBD controls (n=13) 35.0 (8.0-58.0) vs 0.5 (0.26-0.85) <0.0001 - Tissue (n=131)

- Sensitivity mNDRG4 > mBMP3–92% specificity 88.0% (62.0-98.0) vs 76.0% (50.0-92.0) - Tissue cutoff study (n=29)

- mNDRG4 & mBMP3 decrease specificity 83.0% (51.0-97.0) - Tissue cohort study (n=102)

Tissue Cohort Study: mNDRG4 - Stool (n=99)

- mNDRG4 in cases > controls (IBD, n=44) Case control study (n=99)

- SSA/P (n=10) 90.0% <0.0001 - QuARTS technology

- SEC (n=19) 63.0% <0.0001

- LGD-IBD (n=29) 41.0% 0.0005

- IBD control (n=44) 9.0% 

- mNDRG4 not associated with subsequent CRN - 0.170
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- Adenoma>1cm (n=27) 53.6% vs 21.4% 0.008 - Stool (n=489)

- Adenoma≥2cm (n=15) 60.0% vs 26.7% 0.070

- Adenoma≥3cm (n=4) 75.0% vs 25.0% 0.480 - sDNA test – QuARTS technology

- SSP≥1cm (n=6) 33.0% vs  0.0% 0.480 - FIT test

- Equally sensitive as FIT for CRC (n=2) 100% vs 100% -

  - Lower specificity than FIT (n=250) 93.2% vs 95.2% 0.270    

χ2 - mNDRG4 in CRC > normal tissue (n=84) 81.0% vs 8.3% - - NR, 2010-2011 n=196 13

- Sensitivity / specificity mNDRG4 in  - Tissue (n=84): 16U / 68M 

- Tissue (n=84) 81.0% / 91.7% - - Stool (n=84): 20U / 64M

- Stool (n=84) 76.2% / 89.1% - - Urine (n=160): 44U / 116M

- Urine (n=160) 72.6% / 85.0% - - Blood (n=84): 38U / 46M

- Blood (n=84) 54.8% / 78.1% -

- Sensitivity mNDRG4confirmed in 2nd set urine samples 

(n=76)

72.4% - - nMSP 

Outer

- No correlation between mNDRG4 & age, TNM stage or 

tumor differentiation 

- - 5’-GGTTYGTTYGGGATTAGTTTTAGG-3’ 
5’-CRAACAACCAAAAACCCCTC-3’

- mNDRG4 in metastatic tumors from CRC tissue and feces 

> non-metastatic samples

- <0.050 &  

<0.050

U

5’-TTTAGGTTCGGTATCGTTTCGC-3’

5’-CGAACTAAAAACGATACGCCG-3’   

M

5’-GATTAGTTTTAGGTTTGGTATTGTTTTGT-3’

5’-AAAACCAAACTAAAAACAATACACCA-3’

Wilcoxon Rank 

Sum test
χ2, Fisher’s  

Exact test

Tissue Cutoff study: mNDRG4 - Retrospective, tissue cutoff, tissue cohort & stool case-control study, 2010-2012; n=30, 121, 99 8

- mNDRG4 in cases (n=17) > IBD controls (n=13) 35.0 (8.0-58.0) vs 0.5 (0.26-0.85) <0.0001 - Tissue (n=131)

- Sensitivity mNDRG4 > mBMP3–92% specificity 88.0% (62.0-98.0) vs 76.0% (50.0-92.0) - Tissue cutoff study (n=29)

- mNDRG4 & mBMP3 decrease specificity 83.0% (51.0-97.0) - Tissue cohort study (n=102)

Tissue Cohort Study: mNDRG4 - Stool (n=99)

- mNDRG4 in cases > controls (IBD, n=44) Case control study (n=99)

- SSA/P (n=10) 90.0% <0.0001 - QuARTS technology

- SEC (n=19) 63.0% <0.0001

- LGD-IBD (n=29) 41.0% 0.0005

- IBD control (n=44) 9.0% 

- mNDRG4 not associated with subsequent CRN - 0.170
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Kaplan- Meier, 

Log rank, 

Univariate  

Cox Reg. 

 

Stool case-control study: mNDRG4 8

- mNDRG4 in cases > controls

- HGD+CRC - <0.0001

- LGD≥1cm - 0.003

- LGD<1cm - 0.015    

Logistic Reg. - Sensitivity sDNA test at 94% specificity (n=12) 92.0% (60.0-100) - - US referral center case-control& European population-based inception cohort study n=404 67

- AUC sDNA test for CRC+HGD 0.93 - - Stool (n=338)

- AUC sDNA test for any LGD 0.71 - - sDNA test – QuARTS technology

- AUC sDNA test for LGD>1cm (n=9) 0.76 -

Logistic Reg. - sDNA test is positive in patients (n=192) with 14.0% - - NR 68

- Normal pathology (n=73) 13.7%

- Mucosal Inflammation (n=90) 10.0%

- Hyperplastic polyp (n=12) 8.3%

- LGD (n=15) 33.3%

- CRC (n=2) 100%

- Sensitivity sDNA test  for CRC 100% (16-100) -

  - Specificity sDNA test  (n=190) 87.0% (81-91) -    

One-way Anova

Tukye’s post test

- mNDRG4 is higher than mBMP3 and more prevalent in 

CRC than in normal tissue

0.003 - Case-control study, 2010-2013; n=39

- Tissue (n=39)

62

- CRC (n=34) 76.5% vs 41.2%

- AN (n=26) 61.5% vs 35.7% - MSP

- NN (n=26) 69.2% vs 50.0% U

- Normal 1.72% vs 0.86% 5’-GATTAGTTTTAGGTTTGGTATTGTTTTGT-3’

Mann-Whitney 

U test  or Kruskal-

Wallis test

- mNDRG4 tends to be higher in 5’-AAAACCAAACTAAAAACAATACACCA-3’

- Patients ≥60 year (n=26) 61.5% vs 38.5% 0.077 M

- Stage III-IV than stage I-II (n=18, 8) 69.2% vs 30.8% 0.092 5’-TTTAGGTTCGGTATCGTTTCGC-3’

- Right vs left colon 100% vs 71.4% 0.290 5’-CGAACTAAAAACGATACGCCG-3’

χ2, Multivariate 

Cox Reg.

- mNDRG4 right colon > left colon (n=192, 227) 89.6% vs 68.3% − 3.52 (2.00-6.18) <0.001 - Cross-section study of KPNC health plan members conducted in PROSPR consortium, 64

- mNDRG4 in FIT pos ~ FIT neg CRC (n=211, 210) 75.8% vs 80.5% − 1.25 (0.77-2.03) 0.250   2009-2010; n=1 219

- mNDRG4 females with FIT pos < FIT neg CRC 75.5% vs 90.4% 0.003 - Tissue

- mNDRG4 in FIT Pos ~ FIT neg CRCs of - Stool

- All ages: 50-65year / 66-75year 71.3% vs 73.5% /  80.6 vs 87.0% 0.72/0.20 - sDNA test – QuARTS technology 

- Tumor stage: Early / Late 80.0% vs 80.7% / 69.1 vs 80.0% 0.88/0.12 Exact Sciences

- Tumor location: Right / Left 88.0% vs 90.8% / 68.0 vs 68.7% 0.52/0.91 - FIT test
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Kaplan- Meier, 

Log rank, 

Univariate  

Cox Reg. 

 

Stool case-control study: mNDRG4 8

- mNDRG4 in cases > controls

- HGD+CRC - <0.0001

- LGD≥1cm - 0.003

- LGD<1cm - 0.015    

Logistic Reg. - Sensitivity sDNA test at 94% specificity (n=12) 92.0% (60.0-100) - - US referral center case-control& European population-based inception cohort study n=404 67

- AUC sDNA test for CRC+HGD 0.93 - - Stool (n=338)

- AUC sDNA test for any LGD 0.71 - - sDNA test – QuARTS technology

- AUC sDNA test for LGD>1cm (n=9) 0.76 -

Logistic Reg. - sDNA test is positive in patients (n=192) with 14.0% - - NR 68

- Normal pathology (n=73) 13.7%

- Mucosal Inflammation (n=90) 10.0%

- Hyperplastic polyp (n=12) 8.3%

- LGD (n=15) 33.3%

- CRC (n=2) 100%

- Sensitivity sDNA test  for CRC 100% (16-100) -

  - Specificity sDNA test  (n=190) 87.0% (81-91) -    

One-way Anova

Tukye’s post test

- mNDRG4 is higher than mBMP3 and more prevalent in 

CRC than in normal tissue

0.003 - Case-control study, 2010-2013; n=39

- Tissue (n=39)

62

- CRC (n=34) 76.5% vs 41.2%

- AN (n=26) 61.5% vs 35.7% - MSP

- NN (n=26) 69.2% vs 50.0% U

- Normal 1.72% vs 0.86% 5’-GATTAGTTTTAGGTTTGGTATTGTTTTGT-3’

Mann-Whitney 

U test  or Kruskal-

Wallis test

- mNDRG4 tends to be higher in 5’-AAAACCAAACTAAAAACAATACACCA-3’

- Patients ≥60 year (n=26) 61.5% vs 38.5% 0.077 M

- Stage III-IV than stage I-II (n=18, 8) 69.2% vs 30.8% 0.092 5’-TTTAGGTTCGGTATCGTTTCGC-3’

- Right vs left colon 100% vs 71.4% 0.290 5’-CGAACTAAAAACGATACGCCG-3’

χ2, Multivariate 

Cox Reg.

- mNDRG4 right colon > left colon (n=192, 227) 89.6% vs 68.3% − 3.52 (2.00-6.18) <0.001 - Cross-section study of KPNC health plan members conducted in PROSPR consortium, 64

- mNDRG4 in FIT pos ~ FIT neg CRC (n=211, 210) 75.8% vs 80.5% − 1.25 (0.77-2.03) 0.250   2009-2010; n=1 219

- mNDRG4 females with FIT pos < FIT neg CRC 75.5% vs 90.4% 0.003 - Tissue

- mNDRG4 in FIT Pos ~ FIT neg CRCs of - Stool

- All ages: 50-65year / 66-75year 71.3% vs 73.5% /  80.6 vs 87.0% 0.72/0.20 - sDNA test – QuARTS technology 

- Tumor stage: Early / Late 80.0% vs 80.7% / 69.1 vs 80.0% 0.88/0.12 Exact Sciences

- Tumor location: Right / Left 88.0% vs 90.8% / 68.0 vs 68.7% 0.52/0.91 - FIT test
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T
N

M
 s
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ge

Ref.

NDRG1

Kaplan-

Meier,   

Multi-

variate 

Cox Reg. 

High NDRG1 level - Retrospective, 1991-1995 χ2 or t-testa 43

- Associated with improved 

2-/5-year survival

2Y:82.4% vs 69.6%

5Y:52.0% vs 48.2%

0.148

-

- Tissue (n=131) based on NDRG1 protein level

- IHC: Rb. anti-NDRG1 0.740a 0.660 0.240 0.000 0.150 0.820 0.000 0.000 0.000

       NC

Kaplan-

Meier, 

Log rank

High NDRG1 level   - Retrospective, 1995-2003 Mann-Whitney U-test, χ2 & Multivariate logistic Reg., 38

based on NDRG1 protein levels

- Worse survival US vs 

Japanese patients

0.025 - 

0.360 

- Tissue (n=157): 94pos/64 neg

80 Japanese: 55pos/25neg 0.622 0.649 0.164 0.067 0.036 NR 0.140 0.062 NR

- Worse survival US vs Afr. 

Americans

0.035 77 US: 39pos/38neg

43 Caucasian: 21/22

0.079

0.092

0.074

0.255

NR

NR

0.310

0.210

0.056

0.0063

NR

NR

0.212

0.280

0.390

0.072

NR

NR

- Improved survival US stage 

III/IV patients wo. chemo

0.040 34 Afr. Am.:18/16 0.464 0.153 NR 0.180 0.880 NR 0.520 0.590 NR

- Worse survival Japanese 

stage II/III patients wo. 

Chemo

0.019 - IHC: Rb. anti-human 

       NC; EGTRSRSHTS

Kaplan-

Meier,  Log 

rank or   

Cox’s F- test,

Multi-variate  

Cox  Reg.

Low NDRG1 level - Retrospective, 1996-2004 χ2 and Fisher’s exact test 40

- Worse 5-year survival 51.0% vs 78.0% based on NDRG1 mRNA levels

- Worse survival of stage II 

patients with T4 lesions

- 0.010

0.0005

- Tissue (n=108): 55pos/53neg

- RT-PCR:

0.334 1.000 0.110 0.022 NR 0.024 0.051 NR 0.032

- Shorter OS 2.128 (1.180-3.838) 0.012 5’-GGAGGGCCTTGTCCTTATCAA-3’ 

2.006 (1.007-3.268) 0.024 5’-GGCTGTTGTAGGATTGATGAAC-3’  

Kaplan-

Meier,

Log rank,

Uni- &  

Multi-

Variate  Cox 

Reg.

Low NDRG1 level     - Prospective study 2006-2007, 

- Follow-up until 2012

Mann-Witney U test, χ2 and Fisher’s exact test 42

- Worse OS (n=240) 51.92% vs 82.35% 0.000 based on NDRG1 protein levels

3.732 (1.718-8.108) 0.001 - Tissue (n=240): 136pos/104neg 0.121 0.266 0.496 0.042 NR 0.027 0.012 NR 0.011

- Worse (5Y) DSF / Higher 

recurrence risk (n=216)

44.23% vs 80.89%

2.821 (1.418-5.612)

0.000

0.003 - IHC: Rb anti-human

       CA; HPA006881, Sigma-Aldrich

Kaplan-

Meier,  

Log rank

High NDRG1 level - Retrospective 2006-2008 R
s

71

- Better prognosis - based on NDRG1 protein levels

0.031 - Tissue (n=116): 39Pos/77Neg 0.522 0.620 0.687 NR NR 0.614 0.011 NR NR

- IHC: Goat anti-NDRG1 

       CA; Abcam
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Ref.

NDRG1

Kaplan-

Meier,   

Multi-

variate 

Cox Reg. 

High NDRG1 level - Retrospective, 1991-1995 χ2 or t-testa 43

- Associated with improved 

2-/5-year survival

2Y:82.4% vs 69.6%

5Y:52.0% vs 48.2%

0.148

-

- Tissue (n=131) based on NDRG1 protein level

- IHC: Rb. anti-NDRG1 0.740a 0.660 0.240 0.000 0.150 0.820 0.000 0.000 0.000

       NC

Kaplan-

Meier, 

Log rank

High NDRG1 level   - Retrospective, 1995-2003 Mann-Whitney U-test, χ2 & Multivariate logistic Reg., 38

based on NDRG1 protein levels

- Worse survival US vs 

Japanese patients

0.025 - 

0.360 

- Tissue (n=157): 94pos/64 neg

80 Japanese: 55pos/25neg 0.622 0.649 0.164 0.067 0.036 NR 0.140 0.062 NR

- Worse survival US vs Afr. 

Americans

0.035 77 US: 39pos/38neg

43 Caucasian: 21/22

0.079

0.092

0.074

0.255

NR

NR

0.310

0.210

0.056

0.0063

NR

NR

0.212

0.280

0.390

0.072

NR

NR

- Improved survival US stage 

III/IV patients wo. chemo

0.040 34 Afr. Am.:18/16 0.464 0.153 NR 0.180 0.880 NR 0.520 0.590 NR

- Worse survival Japanese 

stage II/III patients wo. 

Chemo

0.019 - IHC: Rb. anti-human 

       NC; EGTRSRSHTS

Kaplan-

Meier,  Log 

rank or   

Cox’s F- test,

Multi-variate  

Cox  Reg.

Low NDRG1 level - Retrospective, 1996-2004 χ2 and Fisher’s exact test 40

- Worse 5-year survival 51.0% vs 78.0% based on NDRG1 mRNA levels

- Worse survival of stage II 

patients with T4 lesions

- 0.010

0.0005

- Tissue (n=108): 55pos/53neg

- RT-PCR:

0.334 1.000 0.110 0.022 NR 0.024 0.051 NR 0.032

- Shorter OS 2.128 (1.180-3.838) 0.012 5’-GGAGGGCCTTGTCCTTATCAA-3’ 

2.006 (1.007-3.268) 0.024 5’-GGCTGTTGTAGGATTGATGAAC-3’  

Kaplan-

Meier,

Log rank,

Uni- &  

Multi-

Variate  Cox 

Reg.

Low NDRG1 level     - Prospective study 2006-2007, 

- Follow-up until 2012

Mann-Witney U test, χ2 and Fisher’s exact test 42

- Worse OS (n=240) 51.92% vs 82.35% 0.000 based on NDRG1 protein levels

3.732 (1.718-8.108) 0.001 - Tissue (n=240): 136pos/104neg 0.121 0.266 0.496 0.042 NR 0.027 0.012 NR 0.011

- Worse (5Y) DSF / Higher 

recurrence risk (n=216)

44.23% vs 80.89%

2.821 (1.418-5.612)

0.000

0.003 - IHC: Rb anti-human

       CA; HPA006881, Sigma-Aldrich

Kaplan-

Meier,  

Log rank

High NDRG1 level - Retrospective 2006-2008 R
s

71

- Better prognosis - based on NDRG1 protein levels

0.031 - Tissue (n=116): 39Pos/77Neg 0.522 0.620 0.687 NR NR 0.614 0.011 NR NR

- IHC: Goat anti-NDRG1 

       CA; Abcam
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B.     Prognostic biomarker potential of NDRG1, NDRG2 & NDRG4
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Ref.

Kaplan-

Meier,   

Log rank,

Multi-

variate 

Cox Reg.

High NDRG1 level - Retrospective,  2008-2010 t-test and χ2, 54

- Better PFS 10.2m vs 7.8m 0.003 based on NDRG1 protein levels

0.568 (0.385-0.838) 0.004 - Tissue (n=164): 56Pos/108Neg 0.506 0.578 0.156 0.008 NR NR 0.016 0.506 NR

- Better OS 26.4m vs 21.7m 0.006

  0.555 (0.370-0.832) 0.004 - IHC: Anti-NDRG1 (NC)  

NDRG2

Kaplan-

Meier, 

Log rank,

Uni- & 

Multi-

Variate Cox 

Reg.

Low NDRG2 level   - Retrospective, 2004-2005 χ2 or Fisher’s Exact testa, 44

- Shorter DFS 27.0m vs 41.0m 0.002 based on NDRG2 mRNA levels

1.78 (1.23-2.56) 0.002 - Tissue (n=226): 70Pos/156Neg 0.206 0.429 0.604 <0.001 NR 0.160a <0.001 NR <0.001a

1.61 (1.12-2.37) 0.013

- Worse OS 35.0m vs 54.0m 0.003 - RT-PCR:

1.77 (1.20-2.62) 0.004 5’-GAGATATGCTCTTAACCACCC-3’

1.58 (1.09-2.46) 0.024 5’-GCTGCCCAATCCATCCAA-3’

NR High NDRG2 methylation 

- Higher recurrence

- Worse OS

 

0.216

0.145

- NR

- Tissue (n=27): 3U / 24M; 

3Pos/24Neg

- MSP: NR

t-test, χ2 and Fisher’s Exact test,

based on NDRG2 promoter methylation levels

58

0.472 0.145 0.022 0.450 NR 0.583 0.214 NR 0.772

NDRG4

Kaplan-

Meier Log 

rank, Uni- & 

Multi-

Variate 

Cox Reg.

High NDRG4 level     - Retrospective, hospital-based  Mann-Whitney U test or Kruskal Wallis testa, 34

- Better OS (n=272) - <0.001   training cohort,2003-2006; n=272 Based on NDRG4 protein level

- High NDRG4 & pAKT 

decreases OS

- Prospective, population based cohort, 

2004-2005; n=708

- Retrospective cohort (n=44) 1.45 (1.04-3.79) - - Tissue (n=980): 399pos/581neg 0.083 0.766 0.791a 0.001a NR 0.001 0.004 NR 0.001a

1.62 (1.08-4.21) -

- Prospective cohort  (n=100) - < 0.001  - IHC: Mouse anti-human 

1.42 (1.08-2.96) -        CA; H00065009-M01

1.57 (1.09-3.86) -        clone 2G3, Abnova

Low NDRG4 level

- Worse OS:

- Retrospective cohort (n=272) 2.18 (1.11-4.33) <0.001

2.35 (1.15-4.61) <0.001
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B.     Prognostic biomarker potential of NDRG1, NDRG2 & NDRG4

Statistics Outcome

Months (m) 

HR (95% CI)

Rates (%) P value1 P-value correlation clinic-pathologic variables

Study design 

Material

Technique2

A
ge

G
en

d
er

Tu
m

o
r 

si
te

D
if

fe
re

n
ti

at
io

n

D
u

ke
s 

st
ag

e

D
is

ta
n

t 
M

et
.

Ly
m

pn
 n

o
d

e 
M

et
.

Li
ve

r 
M

et
.

T
N

M
 s

ta
ge

Ref.

Kaplan-

Meier,   

Log rank,

Multi-

variate 

Cox Reg.

High NDRG1 level - Retrospective,  2008-2010 t-test and χ2, 54

- Better PFS 10.2m vs 7.8m 0.003 based on NDRG1 protein levels

0.568 (0.385-0.838) 0.004 - Tissue (n=164): 56Pos/108Neg 0.506 0.578 0.156 0.008 NR NR 0.016 0.506 NR

- Better OS 26.4m vs 21.7m 0.006

  0.555 (0.370-0.832) 0.004 - IHC: Anti-NDRG1 (NC)  

NDRG2

Kaplan-

Meier, 

Log rank,

Uni- & 

Multi-

Variate Cox 

Reg.

Low NDRG2 level   - Retrospective, 2004-2005 χ2 or Fisher’s Exact testa, 44

- Shorter DFS 27.0m vs 41.0m 0.002 based on NDRG2 mRNA levels

1.78 (1.23-2.56) 0.002 - Tissue (n=226): 70Pos/156Neg 0.206 0.429 0.604 <0.001 NR 0.160a <0.001 NR <0.001a

1.61 (1.12-2.37) 0.013

- Worse OS 35.0m vs 54.0m 0.003 - RT-PCR:

1.77 (1.20-2.62) 0.004 5’-GAGATATGCTCTTAACCACCC-3’

1.58 (1.09-2.46) 0.024 5’-GCTGCCCAATCCATCCAA-3’

NR High NDRG2 methylation 

- Higher recurrence

- Worse OS

 

0.216

0.145

- NR

- Tissue (n=27): 3U / 24M; 

3Pos/24Neg

- MSP: NR

t-test, χ2 and Fisher’s Exact test,

based on NDRG2 promoter methylation levels

58

0.472 0.145 0.022 0.450 NR 0.583 0.214 NR 0.772

NDRG4

Kaplan-

Meier Log 

rank, Uni- & 

Multi-

Variate 

Cox Reg.

High NDRG4 level     - Retrospective, hospital-based  Mann-Whitney U test or Kruskal Wallis testa, 34

- Better OS (n=272) - <0.001   training cohort,2003-2006; n=272 Based on NDRG4 protein level

- High NDRG4 & pAKT 

decreases OS

- Prospective, population based cohort, 

2004-2005; n=708

- Retrospective cohort (n=44) 1.45 (1.04-3.79) - - Tissue (n=980): 399pos/581neg 0.083 0.766 0.791a 0.001a NR 0.001 0.004 NR 0.001a

1.62 (1.08-4.21) -

- Prospective cohort  (n=100) - < 0.001  - IHC: Mouse anti-human 

1.42 (1.08-2.96) -        CA; H00065009-M01

1.57 (1.09-3.86) -        clone 2G3, Abnova

Low NDRG4 level

- Worse OS:

- Retrospective cohort (n=272) 2.18 (1.11-4.33) <0.001

2.35 (1.15-4.61) <0.001
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B.     Prognostic biomarker potential of NDRG1, NDRG2 & NDRG4
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- Prospective cohort (n=708) 2.05 (1.12-4.35) <0.001

2.13 (1.16-4.53) <0.001 34

- Combined with pAKT decreases OS

- Retrospective cohort (n=90) 2.12 (1.14-4.16) -

2.43 (1.16-4.26) -

- Prospective cohort (n=275) - <0.001 

2.06 (1.11-4.35) -

  2.29 (1.15-4.18) -                  

Kaplan-

Meier

Log rank,

Multi-

variate 

Cox Reg.

High NDRG4 level     - Prospective, hospital-based cohort, χ2 or Fisher’s Exact testa, 51

- Better DFS - <0.001 2004-2005; n=226 based on NDRG4 mRNA level

1.98 (1.41-2.76) <0.001

1.65 (1.18-2.30) 0.003 - Tissue (n=226): 66pos/160neg 0.855 0.356 0.824 <0.001 NR 0.018a <0.001 NR <0.001a

- DFS not affected by presence 

of obesity

1.47 (0.89-2.43)

1.45 (0.87-2.42)

0.131

0.156 - RT-PCR:

- Better OS - <0.001 5’-GGAGGTTGTCTCTTTGGTCAAGGT-3’

2.05 (1.46-2.98) <0.001 5’-CTCATGACAGCAGCCACAGAAT-3’

- OS not affected by presence 

of obesity

1.64 (1.13-2.36)

1.65 (0.96-2.84)

0.008

0.070

1.35 (0.75-2.42) 0.320

Low NDRG4 level

- Presence of obesity further 

reduces DFS

- 0.017

1.65 (1.09-2.51) 0.018

1.71 (1.10-2.68) 0.018

- Presence of obesity further 

reduces  OS

- 0.020

1.66 (1.06-2.58) 0.028

1.67 (1.07-2.60) 0.023
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Ref.

- Prospective cohort (n=708) 2.05 (1.12-4.35) <0.001

2.13 (1.16-4.53) <0.001 34

- Combined with pAKT decreases OS

- Retrospective cohort (n=90) 2.12 (1.14-4.16) -

2.43 (1.16-4.26) -

- Prospective cohort (n=275) - <0.001 

2.06 (1.11-4.35) -

  2.29 (1.15-4.18) -                  

Kaplan-

Meier

Log rank,

Multi-

variate 

Cox Reg.

High NDRG4 level     - Prospective, hospital-based cohort, χ2 or Fisher’s Exact testa, 51

- Better DFS - <0.001 2004-2005; n=226 based on NDRG4 mRNA level

1.98 (1.41-2.76) <0.001

1.65 (1.18-2.30) 0.003 - Tissue (n=226): 66pos/160neg 0.855 0.356 0.824 <0.001 NR 0.018a <0.001 NR <0.001a

- DFS not affected by presence 

of obesity

1.47 (0.89-2.43)

1.45 (0.87-2.42)

0.131

0.156 - RT-PCR:

- Better OS - <0.001 5’-GGAGGTTGTCTCTTTGGTCAAGGT-3’

2.05 (1.46-2.98) <0.001 5’-CTCATGACAGCAGCCACAGAAT-3’

- OS not affected by presence 

of obesity

1.64 (1.13-2.36)

1.65 (0.96-2.84)

0.008

0.070

1.35 (0.75-2.42) 0.320

Low NDRG4 level

- Presence of obesity further 

reduces DFS

- 0.017

1.65 (1.09-2.51) 0.018

1.71 (1.10-2.68) 0.018

- Presence of obesity further 

reduces  OS

- 0.020

1.66 (1.06-2.58) 0.028

1.67 (1.07-2.60) 0.023
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C.     Predictive biomarker potential of NDRG1 

Statistics Outcome Rates (%) 

Months (m) 

HR (95% CI)

P value1 Study design 
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Technique2

P-value correlation clinic-pathologic variables Ref.
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Kaplan-

Meier

Multi-

variate 

Cox Reg.

High NDRG1 level in CRC-

patients (in vivo)

  - Retrospective, 1991-1995 χ2 or  t-testa

based on NDRG1 protein level

43

- Irinotecan resistance 6.8m vs 9.3m 0.070 - Tissue (n=131) 0.740a 0.660 0.240 NR 0.150 0.820 NR NR NR

- IHC: Rb anti-NDRG1 (NC)

Two-way 

Anova

SNK’test

Low NDRG1 level in CRC 

cells (in vitro)
    - SW480 cells Not applicable 54

- More sensitive to 

Irinotecan

IC
50

 values SW480

6.94870.3338 µM vs <0.050 - IHC: Anti-NDRG1 (NC)

5.07030.8364 µM 

Two-way 

Anova

High NDRG1 level in  CRC 

cells (in vitro)

    - HT29 & HCT116 cells Not applicable 71

- More sensitive to 

5-Fluorouracil

Inhibition rate HT29 <0.001- - IHC: Goat anti-NDRG1 

& HCT116: ± 0.5 vs 0.9 0.010 - CA; Abcam

- RT-PCR:

5’-CTCCTGCAAGAGTTTGATGTCC-3’

5’-TCATGCCGATGTCATGGTAGG-3’

1 Significant P-values < 0.05 are denoted in bold text, while borderline significant P-values ranging between 0.05 and 0.10 

are indicated in italic text. 

 
2 Only the technique used to determine the correlations is shown; RT-PCR primers are always listed as forward and 

reverse primers.

Abbrevations| AA, Advanced Adenoma; Adv. Ps, Advanced precursors; AN, adjacent normal-appearing tissue; CA, 

Commercially available; CPT-11, Irinotecan; CRC, colorectal cancer; CRN, Colorectal neoplasia; DFS, Disease free 

survival; IBD, Inflammatory bowel disease; M., Methylated; mCRC, metastatic CRC; Met., metastasis; NA., Nonadvanced; 

NC, Not commercially available; Neg, Negative NDRG staining; NN, nonadjacent normal-appearing tissue; NR, Not 

reported; ns., Not significantly; OS, Overall survival; PFS, Progression Free survival; Pos, Positive NDRG staining; Rb, 

rabbit; Reg., Regression; RRBS, Reduced representation bisulfite sequencing; SEC, sessile epithelial change; Spec., 

Specificity; SSA, Sessile serrated adenoma; SSA/P, sessile serrated adenoma/polyps; U., Unmethylated; wo., without.
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P value1 Study design 

Material

Technique2

P-value correlation clinic-pathologic variables Ref.

A
ge

G
en

d
er

Tu
m

o
r 

si
te

D
if

fe
re

n
ti

at
io

n

D
u

ke
s 

st
ag

e

D
is

ta
n

t 
M

et
.

Ly
m

pn
 n

o
d

e 
M

et
. 

Li
ve

r 
M

et
. 

T
N

M
 s

ta
ge

Kaplan-

Meier

Multi-

variate 

Cox Reg.

High NDRG1 level in CRC-

patients (in vivo)

  - Retrospective, 1991-1995 χ2 or  t-testa

based on NDRG1 protein level

43

- Irinotecan resistance 6.8m vs 9.3m 0.070 - Tissue (n=131) 0.740a 0.660 0.240 NR 0.150 0.820 NR NR NR

- IHC: Rb anti-NDRG1 (NC)

Two-way 

Anova

SNK’test

Low NDRG1 level in CRC 

cells (in vitro)
    - SW480 cells Not applicable 54

- More sensitive to 

Irinotecan

IC
50

 values SW480

6.94870.3338 µM vs <0.050 - IHC: Anti-NDRG1 (NC)

5.07030.8364 µM 

Two-way 

Anova

High NDRG1 level in  CRC 

cells (in vitro)

    - HT29 & HCT116 cells Not applicable 71

- More sensitive to 

5-Fluorouracil

Inhibition rate HT29 <0.001- - IHC: Goat anti-NDRG1 

& HCT116: ± 0.5 vs 0.9 0.010 - CA; Abcam

- RT-PCR:

5’-CTCCTGCAAGAGTTTGATGTCC-3’

5’-TCATGCCGATGTCATGGTAGG-3’

1 Significant P-values < 0.05 are denoted in bold text, while borderline significant P-values ranging between 0.05 and 0.10 

are indicated in italic text. 

 
2 Only the technique used to determine the correlations is shown; RT-PCR primers are always listed as forward and 

reverse primers.

Abbrevations| AA, Advanced Adenoma; Adv. Ps, Advanced precursors; AN, adjacent normal-appearing tissue; CA, 

Commercially available; CPT-11, Irinotecan; CRC, colorectal cancer; CRN, Colorectal neoplasia; DFS, Disease free 

survival; IBD, Inflammatory bowel disease; M., Methylated; mCRC, metastatic CRC; Met., metastasis; NA., Nonadvanced; 

NC, Not commercially available; Neg, Negative NDRG staining; NN, nonadjacent normal-appearing tissue; NR, Not 

reported; ns., Not significantly; OS, Overall survival; PFS, Progression Free survival; Pos, Positive NDRG staining; Rb, 

rabbit; Reg., Regression; RRBS, Reduced representation bisulfite sequencing; SEC, sessile epithelial change; Spec., 

Specificity; SSA, Sessile serrated adenoma; SSA/P, sessile serrated adenoma/polyps; U., Unmethylated; wo., without.
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ABSTRACT 
Background & Aims | Even though NDRG4 promoter methylation in fecal DNA represents 

a well-established early detection marker (used in Cologuard®) for colorectal cancer 

(CRC), the function of NDRG4 in the gut is unknown. We recently described that NDRG4 

specifically localizes within the enteric nervous system (ENS). While defects in the ENS 

have been implicated in life-threatening conditions, its contribution to CRC is hardly being 

studied, despite the recognition that nerves can trigger tumorigenesis. Hence, we aimed to 

investigate the role of the enteric neuronal protein NDRG4 in colorectal carcinogenesis.

Methods | Mice genetically 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 were further 

analyzed by immunohistochemistry. In addition, a co-culture model of primary murine 

ENS cells and intestinal epithelial organoids (IEOs) was established to study the influence 

of enteric neuronal NDRG4 on the intestinal epithelium. IEO growth was microscopically 

monitored. Transcriptome analysis was performed using RNA sequencing on HCT116 cells 

stably transfected with an empty or NDRG4-expressing vector and validated on primary 

ENS cultures (wild-type or knockout for NDRG4) using RT-PCR.

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 the growth of IEOs. Finally, NDRG4 

expression positively correlates with the expression of genes of the vesicle trafficking 

machinery.

Conclusion | Loss of NDRG4 accelerates intestinal tumor and IEO growth, and negatively 

affects the expression of genes of the vesicle trafficking machinery. Moreover, this study 

provides the first evidence that NDRG4, a protein specifically expressed in the ENS is 

involved in the pathogenesis of CRC. 
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INTRODUCTION
The N-Myc downstream-regulated gene 4 (NDRG4) is one of the four members (NDRG1-4) of 

the differentiation-related NDRG family. The encoded proteins of this family share about 

52-65% sequence similarity1-3. Although the NDRG family members are highly related, 

the few amino acid differences in the N- and C-terminal region, and their differential 

expression patterns, cause the NDRGs to have a wide variety of functions1-3. Several studies 

have highlighted the involvement of the NDRG family in neurological and developmental 

disorders, stress, and carcinogenesis, through modulation of key biological processes like 

cellular proliferation, differentiation, migration and invasion4. 

We have identified NDRG4 promoter methylation as a promising early detection marker 

for colorectal cancer (CRC)5, which has been independently validated by other research 

groups6-13. Currently, NDRG4 is one of the markers incorporated in the FDA-approved 

Cologuard®  stool DNA test (Exact Sciences, Madison, USA), which is used for CRC 

screening in the USA8. 

Recently, we established that NDRG4 is specifically expressed in neurons of the 

enteric nervous system (ENS)14, the principal driver for a functional and homeostatic 

gastrointestinal (GI) tract by controlling gut motility, mucosal permeability, blood flow 

and cellular communication15-21. The importance of the ENS is emphasized by the various 

GI-diseases, like enteric neuropathies (e.g. Hirschsprung disease) and inflammatory 

conditions, that arise through abnormal ENS development or when ENS functions (e.g. 

altered activity or neurotransmitter release) are affected15, 18, 22-25. However, the role of the 

ENS during CRC is not well-studied26, even with perineural invasion and neoneurogenesis 

being increasingly recognized as important drivers of carcinogenesis27-34.

This raised the question whether NDRG4, a specific enteric neuronal protein14, can 

contribute to colorectal carcinogenesis. To answer this question we used two well-

established mouse models of CRC35-37 and a co-culture model of primary ENS cells and 

intestinal epithelial organoids (IEOs). We report that NDRG4, a protein specifically 

expressed in the ENS, is able to repress intestinal tumor growth and IEO expansion by 

modulating the expression of (synaptic) vesicle trafficking-related genes and the release 

of soluble factors. Together these data further fuel the current discussion regarding the 

role of the ENS in gastrointestinal carcinogenesis. 
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MATERIALS & METHODS
Mice

NDRG4 wild-type (NDRG4+/+), heterozygous (NDRG4+/-) and homozygous knockout 

(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)38. VillinCre mice on the C57BL/6J genetic background were kindly provided 

by Prof. Köhler (Maastricht University, Maastricht, The Netherlands). APCMin/+ mice, also 

on a C57BL/6J background, were purchased from the Jackson Laboratory (Bar Harbor, 

USA). Prior to experiments, all mice were characterized by genotyping PCR, as previously 

described14, 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/+, NDRG4+/--APCMin/+ and NDRG4-/--APCMin/+ mice (constitutional knockout model) or 

(ii) NDRG4fl/fl-APCMin/+ and NDRG4fl/fl-VillinCre-APCMin/+ mice (epithelial-specific knockout 

model). In addition, NDRG4+/+ and NDRG4-/- mice (6-8 weeks of age) were injected 

intraperitoneally (i.p.) with the mutagen azoxymethane (AOM, A5486; Sigma-Aldrich) 

dissolved in sterile phosphate-buffered saline (10µg/g bodyweight) once a week for 6 

consecutive weeks36, 37. Early development of adenomas was monitored in both models by 

the presence of blood in the stool and anus prolapses. When APCMin/+ mice were six months 

of age, or ten weeks after the final AOM injection, mice were sacrificed and tissues 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 

(10×magnification) with a micrometer ocular.

Cell culture 

Human colorectal cancer cell line HCT116 (LGC, Teddington, UK) was cultured as 

previously described5. Prior to utilization, 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, CRC cells were 

stably transfected with the pCMV6-empty vector (PS100001; Origene, Rockville, USA) 
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to generate control cells or with the pCMV6-NDRG4.1 (Human NDRG4 transcript 

variant 1, RC221058; Origene) to create NDRG4-overexpressing cells, as previously 

described5.

Primary (3D-) cultures 

Primary ENS cell cultures were prepared from the intestine of NDRG4+/+ and NDRG4-/- mice 

as previously described, with minor modifications39. 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*6H
2
O, NaH

2
PO

4
*1H

2
O, 

NaHCO
3
 anh., glucose and CaCl

2
*2H

2
O; 95% O

2
/5.0% CO

2
; 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 (5.0% 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 (31331-028, 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% O
2
/5.0% CO

2
). 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% O
2
/5.0% CO

2
) 

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; Thermo Fisher 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 five 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 (100×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 (custom-design by Dr. Ir. J. Cleutjens). Proliferation was assessed 

by counting the newly formed buds per IEO (two 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). At the end of the experiment, all 

cells were harvested.

Immunohistochemistry

Paraffin sections (4µm) of entire Swiss rolls were stained with hematoxylin and eosin 

(H&E) or subjected to immunohistochemistry as previously described14, 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). 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 1.0% 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).
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Morphometric analysis and intestinal histopathology 

The number of positively stained epithelial cells per crypt was counted in three microscopic 

views (200×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 

(100×magnification) using the Leica QWIN V3 software. In addition, intestinal tumors in 

the experimental models of CRC were evaluated for their aggressive behavior using the 

semi-quantitative assessment of mean nuclear β-catenin score, according to Chung et al40 

and Wong et al41. 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). 

Immunofluorescence

Immunofluorescence staining for NDRG4 and HuC/D were performed on primary ENS 

cell cultures as previously described42, using the following primary antibodies: rabbit 

anti-NDRG4 (1:100; Cell Signaling) and human anti-HuC/HuD (1:2000; Gift from Dr. 

V. Lennon), and secondary antibodies: donkey anti-rabbit Alexa488 (1:1000, A21206; 

Thermofisher Scientific) and donkey anti-human Alexa594 (1:1000; Molecular Probes, 

Invitrogen) diluted in blocking solution (4% donkey serum in PBS-0.5%Triton-X).

 

Western blotting

Protein isolation and western blot analysis was done as previously described14 using the 

following antibodies: rabbit anti-human NDRG4 (1:1000; #9039; Cell Signaling), and 

mouse anti-eIF4E (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 and human colorectal cancer 

cells 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, 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 samples 

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). 
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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: 10min at 95°C, 40 cycles of 15sec at 95°C and 

45sec at 60°C, followed by 1min at 95°C, 5sec at 65°C and 95°C. The PCR reaction (total 

of 12µl) contained 24ng cDNA, 1×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 ΔC
t
 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. 

Statistical analysis 

Experimental mouse 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-/- or NDRG4+/-) group 

with the wild-type (NDRG4+/+) group using IBM SPSS Statistics 25. Group differences 

regarding the number of mice developing polyps were assessed with a Chi-square test 

and differences concerning the number of intestinal organoids evolving to a nonviable 

structure were evaluated with logistic regression. Data are represented as mean ± SEM 

or log10 transformed, and considered statistically significant at p<0.05. 
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RESULTS
Characterization of the NDRG4-/- mouse

To identify any abnormalities caused by loss of NDRG4, NDRG4-/- mice were thoroughly 

characterized. NDRG4-/- mice are born normally with expected Mendelian frequencies and 

both male and female mice are fertile. Homozygous knockdown of NDRG4 results in a 

growth retardation as observed by a statistically significant reduction in body weight at 

both six and twelve months of age (Figure 1A, P=0.034 and P=0.013, respectively). Further 

characterization of the NDRG4+/+ and NDRG4-/- mice38 was done by in-depth examination of 

all organs by an experienced animal pathologist. Every organ size was proportional to the 

body dimensions and no gross abnormalities were observed in six-month and one-year-old 

NDRG4-/- mice (n=12) compared to NDRG4+/+ mice (n=6). 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 both 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 was observed 

as well as a comparable proliferation rate (Ki67; P=0.591). While the length of both 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 statistically significantly reduced 

compared to that of NDRG4+/+ mice (Figure 1C; n=7, P=0.014).

Deletion of NDRG4 enhances intestinal adenoma growth 

The influence of NDRG4 on CRC was studied using (i) a genetic model in which 

NDRG4+/+, NDRG4+/-  and NDRG4-/- mice are crossed with APCMin/+  mice35 and (ii) a 

chemical model where NDRG4+/+, NDRG4+/-  and NDRG4-/- mice are treated with 

azoxymethane (AOM)36, 37. In both models, NDRG4-/- and NDRG4+/- mice are similar to 

NDRG4+/+ mice with respect to their physical appearance and body weight (Figure 2A-B, 

PAPC
Min/+=0.802, P

AOM
=0.262; and PAPC

Min/+ =0.503, P
AOM

=0.591). Neither the homozygous 

nor the heterozygous deletion of NDRG4 altered the number of adenomas that formed 

in the small intestine of the APCMin/+ mice (Figure 2C, P=0.666; P=0.482) nor in the colon 

of the AOM-treated mice (Figure 2D, P=0.782; P=0.571). However, the adenomas in 

the small intestine of NDRG4-/--APCMin/+ mice were statistically significantly enlarged 

compared to those of NDRG4+/+-APCMin/+  mice (Figure 2E, P=0.008). Similarly, colonic 

adenomas of AOM-treated NDRG4-/- mice tend to be enlarged compared to colonic 

adenomas of 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 
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mean nuclear β-catenin immunoreactivity, than adenomas of NDRG4+/+-APCMin/+ and 

AOM-treated NDRG4+/+ mice, respectively (Figure 2G, PAPC
Min/+=0.060; Figure 2H, P

AOM 

=0.085). Interestingly, 25% (1/4) and 60% (3/5) of AOM-treated NDRG4+/- and NDRG4-/-  

mice developed small intestinal adenomas, while AOM treatment normally does not 

induce small intestinal adenoma formation36, which was confirmed in the NDRG4+/+ 

mouse model (n=3; P=0.090 for NDRG4+/+ vs. NDRG4-/-). 

To ensure that the above-described effects were not mediated by very low/

undetectable levels of NDRG4 in the intestinal epithelium, we applied a conditional 

mouse model with an epithelial-specific knockout of NDRG4: i.e. NDRG4fl/fl-VillinCre 

mice crossed with APCMin/+  mice. Using this model we observed that NDRG4fl/fl-

VillinCre-APCMin/+ and NDRG4fl/fl-APCMin/+ mice have a comparable body weight (Figure 

2I, P=0.717) and formed an equal number of adenomas in their small intestine, as 

observed in the other models (Figure 2J, P=0.730). However, 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, suggesting that the observed effects are 

caused by loss of non-epithelial NDRG4.

FIGURE 1 | Characterization NDRG4-/- mice. |A| At six and twelve months of age, NDRG4-/- mice have 

a slightly, yet significantly reduced bodyweight compared to NDRG4+/+ mice. |B| Microscopic views of 

NDRG4+/+ and NDRG4-/- murine intestinal sections (200×magnification). 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, as measured in five 100×microscopic views per mouse, is significantly decreased 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 growth in NDRG4-/- mice crossed with APCmin/+ mice (A,C,E,G) or 

treated with azoxymethane (AOM-treated; B,D,F,H), but not after epithelial loss of NDRG4 (I-L). |A-B| 

NDRG4+/+ and NDRG4-/- mice are characterized by 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 adenomas (E) and enlarged colonic adenomas (F). |G-H| Adenomas in the intestinal tract of 

NDRG4-/- mice have a higher nuclear β-catenin content than intestinal adenomas of NDRG4+/+ mice. 

Figure 2 | Continued |I-L| In contrast, NDRG4fl/fl -APCMin/+ and NDRG4fl/fl-VillinCre-APCMin/+ mice are similar 

in size (I), develop an equal number of adenomas (J), with an equivalent diameter (K) and mean nuclear 

β-catenin content (L). 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 growth in NDRG4-/- mice crossed with APCmin/+ mice (A,C,E,G) or 

treated with azoxymethane (AOM-treated; B,D,F,H), but not after epithelial loss of NDRG4 (I-L). |A-B| 

NDRG4+/+ and NDRG4-/- mice are characterized by 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 adenomas (E) and enlarged colonic adenomas (F). |G-H| Adenomas in the intestinal tract of 

NDRG4-/- mice have a higher nuclear β-catenin content than intestinal adenomas of NDRG4+/+ mice. 

Figure 2 | Continued |I-L| In contrast, NDRG4fl/fl -APCMin/+ and NDRG4fl/fl-VillinCre-APCMin/+ mice are similar 

in size (I), develop an equal number of adenomas (J), with an equivalent diameter (K) and mean nuclear 

β-catenin content (L). All data are presented as mean ±SEM with P-values determined using a two-tailed, 

unpaired t-test.
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Medium derived from NDRG4-/- ENS cultures enhances IEO growth 

An indirect co-culture system using primary ENS cultures and IEOs was established to 

investigate whether the ENS is able to communicate with the intestinal epithelium, via 

the release of soluble factors. Therefore, medium derived from NDRG4-/- and NDRG4+/+ 

ENS cultures was added onto IEOs 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 

solely in enteric neurons (HuC/D positive cells) was confirmed by immunofluorescence 

double staining on NDRG4-/- and NDRG4+/+ ENS cultures (Figure 3C). Interestingly, IEOs 

grown for 5 days under the influence of NDRG4+/+ and NDRG4-/- ENS culture medium 

display characteristic growth differences. Compared to stimulation with NDRG4+/+ ENS-

derived culture medium, medium from NDRG4-/- ENS cultures significantly enhanced the 

relative IEO growth rate and the formation of crypt buds per IEOs (Figure 3D, P=0.040 

and Figure 3E, P=0.014). Thus, even though IEOs exposed to NDRG4+/+ and NDRG4-/- ENS 

culture medium evolved through all developmental stages of intestinal organoid growth 

(Figure 3F)43-45, IEOs grown with NDRG4-/- ENS culture medium expand more rapidly than 

those stimulated with NDRG4+/+ ENS culture medium. This is reflected in Figure 3G, by 

the significantly enhanced number of IEOs grown under the influence of NDRG4-/- ENS 

culture medium developing into a nonviable structure at day 5 (Left, D5 black colored 

bar; 9.92%), compared to those exposed to NDRG4+/+ ENS culture medium (Right, D5 

black colored bar; 2.68%; P=0.034). Together these data suggest that absence of NDRG4 

in ENS cultures affects the composition of the ENS-derived soluble fraction, thereby 

affecting the growth of the intestinal epithelium.

Figure 3 | Medium derived from NDRG4-/- ENS-cultures boosts IEO development. |A-C| Relative 

NDRG4 mRNA (A) and NDRG4 protein expression by Western blotting (B) and immunofluorescence (C) 

confirms absence of NDRG4 in enteric neurons of NDRG4-/- mice. EIF4E is used as a loading control (B). 

Blue, dapi; Red, HuC/D; Green, NDRG4; scale bar, 50µm (C). |D-E| Compared to NDRG4+/+ ENS-derived 

culture medium, addition of NDRG4-/- ENS-derived culture medium enhances the relative growth of IEOs 

(D) and accelerates the formation of new buds per IEO in the course of five days (E). |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. 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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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. 

This analysis 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 (Figure 4A). 

FIGURE 4 | Pathway analysis reveals the effect of NDRG4 on vesicle trafficking. |A| RNA sequencing 

on CRC cells overexpressing NDRG4 shows the differential expression of 124 genes, with 46 genes being 

statistically significantly affected (37.1%) compared to control-transfected cells. Based on gene ontology, 

ten genes are related to vesicles (21.7%), with six out of these ten genes (60.0%) having functional roles 

in vesicular trafficking, e.g. Rab11b, Lamp3, Scg2.
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NDRG4+/+ mice show the non-significantly decreased expression of 12/13 genes related to synaptic 

vesicle trafficking in NDRG4-/- cultures: e.g. Vamp2, Rabac1, Rab3a, Cadps, and Caly. Represented data 

(mean ±SEM) are log10 transformed and statistically analyzed using the Mann-Whitney U test. 

To assess biological validity, the NDRG4+/+ and NDRG4-/- ENS cell cultures used in the 

co-culture model (n=3), 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 (Figure 4B). ENS cultures deficient for 

NDRG4 are characterized by reduced levels of twelve out of thirteen vesicle trafficking-

related 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. Hence, NDRG4 modulates the expression of genes involved in 

the (synaptic) vesicle-trafficking machinery.
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DISCUSSION
Despite the univocal recognition of NDRG4 promoter methylation as an important 

biomarker for the early detection of CRC6-13, little is known about the functional role 

of NDRG4 during colorectal carcinogenesis. We described that NDRG4 is specifically 

expressed in the ENS14, alluding towards a correlation between the ENS and the 

pathogenesis of CRC. Furthermore, we recently hypothesized that this can be mediated 

via the ability of the ENS to communicate with intestinal (non-) epithelial cells through the 

secretion of various soluble factors and hormones26. Several papers define the nervous 

system as an important tumor microenvironmental determinant in the progression of 

prostate30, 31, breast46, pancreatic34, gastric32, 33 and colorectal29 cancer. 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 an independent prognostic factor for the outcome and survival of CRC-patients27, 47-51. 

Hence, this study aimed to elucidate whether the specific enteric neuronal protein NDRG4 

can contribute to the pathogenesis of CRC. 

In agreement with previous studies38,  52 we here report that NDRG4-/- mice have a 

normal lifespan despite a statistically significant growth retardation at both six and 

twelve months of age. In contrast to the observations of Qu et al38, we did not detect 

any spleen and foregut abnormalities. Nevertheless, 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 layer53. Thus, further investigation is needed to study if colonic 

motility is affected in NDRG4-/- mice. 

Owing to its accurate CRC biomarker performance6-13, we further examined the role 

of NDRG4 during colorectal carcinogenesis. In both well-established mouse models 

of CRC; i.e. the APCMin/+ model35 and the AOM-treatment model36, the spontaneous 

development of small and large intestinal tumors, respectively, was not altered by 

deletion of NDRG4. However, NDRG4 ablation enhanced tumor progression, as 

adenomas grown in the intestines of NDRG4-/- mice were larger and acquired a more 

aggressive phenotype with a higher nuclear β-catenin content, suggesting that loss of 

NDRG4 stimulates the epithelial-mesenchymal transition (EMT). It has been described 

that NDRG1 and NDRG2 both suppress the epithelial to mesenchymal transition by 

maintaining β-catenin at the membrane, thereby preventing its nuclear localization 

and repressing proliferation and differentiation4. Given the sequence homology, it is 
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therefore likely that in the absence of NDRG4, β-catenin can freely translocate from 

the membrane towards the nucleus, thereby activating its downstream targets and 

inducing cell proliferation and the early stages of colorectal carcinogenesis.  

Furthermore, our data revealed that an altered level of NDRG4 affects the expression 

of several important genes involved in different aspects of vesicle trafficking: e.g. vesicle 

formation: Rabac1, vesicle docking and fusion: Vamp2, Rab3a, Stxbp1, and exocytotic 

release: Syt1, Nsf, Caly, which is in line with two recent publications by Benesh et al54 

and Fontenas et al55. Most likely due to the low number of enteric neurons in our ENS 

cultures, we did not observe a statistically significant association between NDRG4 and 

vesicle transport-associated genes, despite the sharp reduction in gene expression upon 

deletion of NDRG4. While knockdown of Ndrg4 in zebrafish has been associated with a 

sharp reduction in Snap25 expression, we only detected a minor change, which is most likely 

attributed to the low normal Snap25 expression in mice compared to zebrafish (0.8-7.0 vs. 

194 transcripts per million, resp.)56, 57. Nevertheless, genes like Syt1, Vamp2, Rab3a, Stxbp1, 

Cadps and Caly have been shown to play a crucial role in the synaptic vesicle cycle58-61 

via which enteric neurons releases important neurotransmitters (e.g. Achetylcholine, 

Serotonin) and peptides (e.g. Vasoactive intestinal peptide, Substance P) to communicate 

with other intestinal cells in order to maintain intestinal homeostasis15. Consequently, 

results presented here strengthen our previously postulated hypothesis that enteric 

neurons can influence colorectal carcinogenesis26, as NDRG4 may regulate intracellular 

vesicle trafficking, thereby possibly altering the production and/or release of key enteric 

neurotransmitters/peptides that target the intestinal epithelium. 

To further explore if the intestinal epithelium is differentially affected by secreted factors 

produced by enteric neurons with or without NDRG4, medium derived from primary ENS 

cell cultures of NDRG4+/+ and NDRG4-/- mice was added to IEOs. Exposure to both culture 

media induced similar phenotypic changes in IEO cultures. However, compared to IEOs 

grown under influence of NDRG4+/+ ENS culture medium, exposure to NDRG4-/- ENS-

derived culture medium enhanced the proliferation and growth of IEOs, as noted by their 

higher relative growth rate and increased formation of new crypt buds per IEO. In line with 

our mouse data, these in vitro results suggest that the absence of NDRG4, via an altered 

secretion of soluble factors, augments proliferative capabilities of intestinal stem cells, 

thereby probably rendering the intestinal epithelium more prone to the development of 

CRC. However, the borderline significant effect of NDRG4 on CRC progression in our in vivo 

models indicates that loss of NDRG4 is not the main driver for the intestinal tumorigenic 

process. Nevertheless, as we demonstrate that NDRG4 can suppress colorectal 

carcinogenesis, our study is the first to show that the enteric neuronal protein NDRG4 

can impact the intestinal epithelium in vitro and CRC in vivo. Moreover, we postulate that 
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upon loss of NDRG4 the production and/or secretion of neurotrophic factors/hormones 

might be impaired, thereby altering the intercellular communication and increasing the 

vulnerability of the epithelium to colorectal carcinogenesis. Further studies are of critical 

importance to clarify the precise modifications that occur: e.g. reduced secretion of growth-

limiting factors or increased secretion of growth-promoting factors, in order to improve 

current understandings of colorectal carcinogenesis and to identify novel targets for the 

successful detection and treatment of CRC.

Altogether, our data pinpoint towards the ENS, and possibly NDRG4, as an interesting 

component of the tumor microenvironment that can potentially be targeted alone or 

in combination with currently used therapeutic strategies (e.g. chemotherapy)32 to 

successfully treat CRC. 
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SUPPLEMENTAL  MATERIALS
SUPPLEMENTAL TABLE 1 | Primer sequences and annealing temperatures for genotyping PCR

Target Forward primer Reverse primer Annealing temp. 

NDRG4+/-

NDRG4 4HLOX1 TAGGCAGGGGCAGGTGGGTTTGT 60°C

NDRG4 4HLOX2 GGCGTCTCGATGTCATGTTCCTGT 60°C

NDRG4 4H776   GCTCCCACTCCAATGCCAATC 60°C

NDRG4fl/fl

NDRG4 4HLOX1 TAGGCAGGGGCAGGTGGGTTTGT 58°C

NDRG4 4HLOX2 GGCGTCTCGATGTCATGTTCCTGT 58°C

Villin-Cre

Villin-Cre GTGTGGGACAGAGAACAAACC ACATCTTCAGGTTCTGCGGG 62°C

Wild-type CAAATGTTGCTTGTCTGGTG GTCAGTCGAGTGCACAGTTT 62°C

APCMin/+

APC wild-type GCCATCCCTTCACGTTAG 53°C

APC common TTCCACTTTGGCATAAGGC 53°C

APC mutant TTCTGAGAAAGACAGAAGTTA 53°C
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SUPPLEMENTAL TABLE 2 | Primer sequences and annealing temperatures for quantitative Real-Time PCR analysis

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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To date, colorectal cancer (CRC) is still one of the most common lethal malignancies in the 

world. The global CRC burden varies widely by region, but can be considered as a marker of 

adaptations to the “Western lifestyle”, where a progressively aging population and the more 

frequently diagnosed pathology in adults aged < 50 years are responsible for the increasing 

incidence rates1-9. Only 30% of CRC-patients is diagnosed early due to lack of CRC-specific 

clinical symptoms in the initial phases of disease, and clinical outcomes and drug responses 

can highly vary between patients having tumors in a similar tumor (TNM) stage, reflecting 

the molecular heterogeneity of CRC10-12. Nevertheless, CRC usually represents a well-

treatable disease when diagnosed at an early stage13. This emphasizes the need to develop 

tools for the efficient identification of asymptomatic early-stage CRC. Despite successful 

implementation of several screenings programs using a first-line fecal immunochemical test 

(FIT) in different countries, including The Netherlands and Belgium, the FIT lacks specificity 

for high-risk adenomas and CRC14, which has driven the development of biomarker tests 

in bodily fluids. In particular DNA methylation markers represent powerful and prominent 

biomarkers for the early detection of CRC15. However, most still lack clinical translatability 

mainly because of low reproducibility rates caused by the insufficient standardization of 

study designs, lack of validated biological agents (e.g. antibodies) and correct reference 

material (e.g. authenticated cell lines)16-19.

Nevertheless, in 2009, Melotte et al20 have successfully discovered a DNA methylation 

marker: N-Myc Downstream-Regulated Gene 4 (NDRG4), which is nowadays used in the 

United States as part of the Cologuard®, an FDA-approved multi-target stool DNA test 

for the early detection of CRC14. At the time of its discovery as CRC biomarker, NDRG4 

was almost exclusively studied in the central nervous system (CNS) and heart21-30 and 

knowledge regarding its functional importance in the gut was scarce. 

A decade ago, our group published that NDRG4 is expressed in epithelial cells in the 

healthy gut, with decreasing levels of expression in its transitioning to CRC20. While 

Chu et al31 independently observed a similar expression pattern in the intestinal tract 

using the same antibody, our further studies showed that this antibody (Clone 2G3, 

H00065009-M01; Abnova) was not specific towards the NDRG4 protein (CHAPTER 2). 

Importantly, besides this antibody, 28 commercial suppliers offer another 262 

antibodies targeting NDRG4, of which a respective 216 and 125 antibodies presumably 

target human or mouse NDRG4 (CiteAb). Unfortunately, none of these antibodies 

have been sufficiently validated: i.e. most vendors do provide proof concerning the 

selectivity of their antibodies (i.e. presence of a protein using immunohistochemistry 

or band of the expected size in Western Blotting), but inadequately characterize them 

based on the “hard” specificity criteria as defined by Pradidarsheep et al32, i.e. the 

absence of reactivity in tissues genetically deficient for the protein or correspondence 
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between in situ mRNA hybridization and immunostainings. In CHAPTER 2 we assessed 

the biological validity of the most commonly used anti-NDRG4 antibody from Abnova 

(Clone 2G3, H00065009-M01)20, 31, 33-38 and the more recently marketed Cell Signaling 

anti-NDRG4 antibody (#9039)39, 40. The reactivity of these antibodies was thoroughly 

examined using human tissues and tissues from mice wild-type or genetically deficient 

for NDRG4 (NDRG4+/+ versus NDRG4 knockout, NDRG4-/-). In-depth investigation by 

Western Blotting and immunohistochemistry on tissues derived from NDRG4+/+ and 

NDRG4-/- mice revealed that the Abnova antibody is a selective but non-specific anti-

NDRG4 antibody. In contrast, the Cell Signaling antibody selectively and specifically 

identifies NDRG4, as indicated by the recognition of its three defined protein isoforms, 

the complete absence of reactivity in NDRG4-/- tissues and the correspondence between 

mRNA and protein expression patterns. Notably, upon evaluating the validity of two 

other often used commercial anti-NDRG4 antibodies (HPA015313; Sigma-Aldrich41, 42 

and sc-130099; Santa Cruz43), we also observed insufficient specificity towards 

NDRG4. Nevertheless, several research results generated with either one of these 

non-validated commercial anti-NDRG4 antibodies are still being published, because, 

in spite of lacking specificity, selective anti-NDRG4 reactivity is observed in a certain 

type of assay (e.g. Western Blotting or IHC). Thus, these data demonstrate that the 

use of non-validated antibodies can also be a major cause of irreproducible research 

results19. It is therefore extremely important to carefully consider these results and to 

explore their reliability using a specific anti-NDRG4 antibody (Cell Signaling, #9039). 

To summarize, we underpin the urgent need for (i) antibody suppliers to perform better 

quality controls, (ii) researchers to implement adequate control experiments and (iii) 

for reviewers/editors to critically assess research results obtained using not fully 

characterized antibodies.

The availability of the specific anti-NDRG4 antibody gave us the opportunity to investigate 

the exact localization of NDRG4 in the murine and human body, with a focus on the 

gastrointestinal (GI) tract (CHAPTER 2). Remarkably, while in 2006 already NDRG4 was 

listed as one of the significantly down-regulated genes in the aganglionic bowel of Retk-/k- 

mice and Hirschsprung patients44, 45, we were the first to show the specific expression of 

NDRG4 in the intrinsic nervous system of the gut, i.e. the enteric nervous system (ENS), 

but not in intestinal epithelial cells20, 31, 37. More specifically, NDRG4 is expressed in (i) the 

cytoplasm of cell bodies in ganglia positioned in the submucosal and myenteric plexus, (ii) 

nerve fiber bundles connecting the ganglia and in (iii) nerve fibers innervating the inner 

and outer muscularis, muscularis mucosae and mucosae. Moreover, similar as in the central 

and peripheral nervous system, NDRG4 explicitly labeled enteric neurons, as it always co-

localized with the pan-neuronal marker HuC/D, but never with the glial cell marker GFAP46. 

This unexpected but exciting innovative observation that NDRG4, an important biomarker 
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for CRC, is specifically expressed in the ENS, in combination with the previously identified 

tumor and metastatic suppressor role of NDRG4 in CRC cell lines in vitro20, 31, raised the 

question whether NDRG4, via the ENS, could contribute to colorectal carcinogenesis. 

Over the past couple of years, it has been increasingly acknowledged that cancer 

development and progression not solely arises from the accumulation of (epi-) genetic 

events, but is also driven by factors in the tumor microenvironment (TME). Besides the 

identification of immune cells as important actors in cancer, research into the contribution 

of nerve cells to carcinogenesis (e.g. neoneurogenesis or perineural invasion) is nowadays 

growing. Remarkably, despite the first clue already being published in 199647, research into 

the role of the ENS as such in CRC is still in its infancy. 

The ENS, “our second brain”, is the intrinsic functional neuroglial circuitry of the 

gastrointestinal tract48-56. Neurons and glial cells are in close collaboration and will, 

depending on the luminal stimuli, transmit suitable communication, via the release of 

various messenger molecules like neurotransmitters, (neuro-) peptides and hormones57-59, 

to the desired intestinal cell(s) (i.e. epithelial cells, stem cells, smooth muscle cells 

(SMCs), interstitial cells of Cajal (ICCs) sensory and motor nerves, neuroendocrine and 

immunological cells) to ensure successful GI-functioning. To gain understanding in how 

the ENS could possibly impact colorectal carcinogenesis, we first summarized current 

knowledge regarding this topic in CHAPTER 3. A couple of landmark papers revealed the 

importance of nerves in prostate60, 61 and skin62 cancers and even in cancers of the digestive 

tract: i.e. pancreatic63, 64, liver65 and gastric66, 67 cancer. Moreover, the nerve-derived release 

of several neuromodulators like nerve-growth factor (NGF) has been shown to significantly 

contribute to the pathogenesis of different cancers, e.g. gastic cancer66, 68. As a consequence, 

we suggest the potential of the ENS to impact CRC due to its (in-) direct communication 

(release of messenger molecules) with the intestinal epithelium (CHAPTER 3; Figure 4). In 

addition, recent research further strengthened the link between the ENS and CRC owing 

to the observation that tumor epithelial cells strongly adhere to enteric neurons and follow 

their trajectory thereby guiding tumor cell migration and perineural invasion69. 

Because of these insights we next studied, in CHAPTER 5, whether the specific enteric 

neuronal protein NDRG4 is able to affect CRC development and/or progression. This 

question was assessed using a set of in vivo and in vitro experimental setups. For the 

generation of two murine models of CRC, NDRG4+/+ and NDRG4-/- mice were subjected 

to either one of two well-established protocols: i.e. treatment with the carcinogen 

azoxymethane (AOM, chemical-induced model70) or crossing with APCmin/+ mice (genetic 

model71). Although neither model revealed the differential development of intestinal 

adenomas in the absence of NDRG4, both models exposed a potential role for NDRG4 in 
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intestinal tumor progression. Indeed, NDRG4-/- and NDRG4+/+ mice are characterized by a 

similar number of intestinal adenomas, yet adenomas developed in the gut of NDRG4-/- mice 

are enlarged and characterized by a higher mean nuclear β-catenin content (CHAPTER 5). 

Based on the findings summarized in CHAPTER 4, we speculate that NDRG4, similar to 

NDRG172-75 and NDRG276-81, might inhibit the epithelial-to-mesenchymal transition (EMT) 

by maintaining β-catenin at the plasma membrane and thus preventing its translocation into 

the nucleus (CHAPTER 4, Figure 3B). Notably, the presence of activated nuclear β-catenin/

TCF in the absence of NDRG4 can trigger tumor development via the activation of the 

matrix metalloproteinase (MMP)7, which, in contrast to other MMPs, not only contributes 

to tumor migration and invasion but already to tumor growth82-86. Even though these 

mechanism may account for the enhanced aggressiveness features of intestinal adenomas, 

we have to keep in mind that these mechanisms have been described in non-neuronal cells 

and it is not identified whether this also occurs in neuronal cells and in neuronal-epithelial 

communication. With the ENS structure and neurochemistry highly resembling that of the 

CNS, one might question if we can learn from the aetiopathogenesis of nervous system 

tumors. Unfortunately, it is hard to deduce information from these tumor types as these 

originate from neural-related stem cells or immature neural progenitors87-89, whereas CRC 

arises through the abnormal growth of epithelial stem cells, supported by tumor-promoting 

signals from cells in their (tumor) microenvironment, including nerve cells90-96.

Emanating from the fact that enteric neurons regulate GI-functions via the secretion of 

messenger molecules57-59 and recent findings describing the involvement of NDRG4 in 

vesicle trafficking29,  36, we hypothesized that NDRG4 contributes to CRC by affecting 

the release of messengers that target and determine the response of intestinal epithelial 

cells. Consequently, in CHAPTER 5, we investigated this route of communication using an 

indirect in vitro setup of primary ENS cultures and intestinal epithelial organoids (IEOs). 

With this indirect co-culture system we observed that compared to IEOs cultured with 

medium of NDRG4+/+ ENS cells, IEOs grown with medium of NDRG4-/- ENS cultures showed 

an increased growth rate. Since the IEOs have only been influenced by addition of ENS-

derived culture medium, we can deduce that the absence of NDRG4 has an impact on 

either (i) the quantity, (ii) the type and/or (iii) the composition of the factors secreted by 

the primary ENS cultures. Interestingly, in pancreatic cancer, it has been described that 

neuronal cells secrete the neuropeptides NGF and GDNF which are able to enhance 

the metastatic capacity of tumor cells by activation of MMP2 and MMP9 activity, 

respectively97, 98. With the knowledge that the brain of NDRG4 knockout mice expresses 

unaltered levels of both NGF and GDNF27, it can be speculated that these levels are 

also unaltered in the ENS of NDRG4-/- mice, leading to MMP2/9 activation and enhanced 

(intestinal) tumor progression86. Similarly, GDNF can also modulate the expression of β1-

integrins on (intestinal) epithelial cells, which induces an adhesive switch (i.e. altered ECM 
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adhesion) that promotes their invasion99, 100. In addition, the PI3-AKT signaling pathway 

may also be activated by GDNF, thereby further enhancing the proliferative/migratory 

capacity of tumor cells101, 102. 

Together, these data suggest that NDRG4 and the ENS may be novel players in the 

pathogenesis of CRC. Future studies are essential to unravel (i) which exact component 

of the vesicle trafficking route plays the key role in these processes, (ii) which secreted 

factors are accountable for the increased proliferation rate of the intestinal epithelium, 

upon knockdown of NDRG4 and (iii) whether the ENS (NDRG4) communicates directly or 

indirectly with the intestinal epithelium.

It is therefore necessary that we first validate the findings described in CHAPTER 5 using 

ENS-specific (CRC) models. For this purpose, we will cross NDRG4fl/fl with Wnt1Cre/+ mice to 

generate mice with or without an ENS-specific knockdown of NDRG4103-105, so that it is fair 

to claim rather than just suggest that the enhanced CRC progression is effectively caused by 

loss of enteric neuronal NDRG4. Moreover, genetic mouse models with an hyperinnervated 

(e.g. NSE-noggin mice106, 107) or hypoinnervated (e.g. Hand2fl/fl-Wnt1Cre/+ mice108) bowel will 

also be used to explore these questions beyond the study of NDRG4: i.e. do altered levels of 

intrinsic innervation affect the pathogenic course of CRC? Moreover, with the knowledge 

that a plethora of neurons with diverse functions exist, it would be interesting to further 

explore whether certain neuronal subtypes more strongly influence the pathogenesis 

of CRC. Finally, for in-depth investigation of the underlying molecular mechanism (i-iii), 

different state-of-the-art intestinal organoid (IO) models have to be enrolled in upcoming 

studies. 

The ability to isolate pluripotent stem cells (PSCs) from every single organ and to culture 

these in a dish in two or three dimensions provides us with exciting tools to study questions 

related to organ (patho-) physiology109-112. As described in CHAPTER 5, we were able to 

build a murine IEO model (miniaturized gut) which mimics the intestinal landscape (crypt-

villus structure), multilineage differentiation and physiology of the GI-tract113-115. Notably, 

considering that our IEOs were only made up of epithelial and some mesenchymal cells, but 

do not comprise other intestinal cell types (e.g. nerve or immune cells), we also generated 

primary 2D ENS-cultures isolated from NDRG4+/+ and NDRG4-/- mice. As discussed above, 

both models were indirectly combined to study whether NDRG4 impacts the intestinal 

epithelium by its involvement in the release of messenger molecules. 

For future research it will be of great interest to build a (human) IO structure containing 

a functional ENS and to expand this model with several other cell types in order to closely 

mimic the physiological microenvironment in vitro. So far, we were not yet able to define the 
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exact culture conditions to combine murine primary ENS-cultures with IEOs in one dish as 

opposed to Workman et al, who did succeed in building a human IO structure containing a 

functional ENS. This is attributed to the fact that Workman et al116 created NCC and IOs 

from the same pool of PSCs cultured under fairly similar conditions, whereas our stem 

cells were either derived from the murine myenteric plexus or the intestinal epithelium/

mucosa and required different culture conditions. Since the IO+ENS model designed by 

Workman et al116 harbors an unique opportunity to study the direct influence of the ENS on 

the epithelial layer and to provide insight into the neuronal-epithelial interaction, It will be 

a great asset to set up this technique and to further extend it to a CRC organoid model in 

vitro. Nevertheless, it is important to realize that this model still misses important cells and 

signals of the (tumor) microenvironment. In fact, Workman et al116 already observed that 

their most mature and complex IO+ENS model was only generated upon their implantation 

in the kidney capsule of immunodeficient mice, and Neal et al117 observed that in vitro cancer 

cultures required artificial support, suggesting the requisite of environmental influences 

for integrant growth and functionality of this mini-intestine. It is therefore necessary to 

expand current (human) IO models to an epithelial structure, not only with a functional 

ENS, but also with endothelial, smooth muscle and immune cells, fibroblasts, and even 

bacteria, so that the entire complexity and functionality of the GI-tract will be successfully 

mimicked in a dish or on a chip (e.g. Intestine Chip)116, 118-124. Once we have established these 

advanced IO models, the creation of such IO structures from both healthy and CRC tissue 

samples118, 125, 126 will help us to delineate the pathophysiological mechanisms and the role 

of ENS in CRC initiation and progression. Interestingly, the generation of these ground-

breaking models from individual patients will enable close mimicking of patient-specific 

tumor landscapes harboring specific molecular and cellular alterations, whereby these IO 

models can be used as an “upgraded” platform to test various cancer drugs/treatments, 

taking into account the role of the TME. Moreover, it opens up a new research area to 

potential clinical applications, as the neuronal-glial-epithelial unit can be an important 

source of novel biomarkers for disease progression and/or response to treatment. 

In addition to its proposed connection with colorectal carcinogenesis, the importance of 

the ENS is underpinned by the wide range of so-called enteric neuropathies, in 30% of the 

Western population, that arise following a failure in one or more of its roles. Depending on 

when, where or how a defect in the ENS occurs, different enteric neuropathies will arise: 

i.e. (i) congenital/developmental neuropathies (e.g. Hirschsprung disease or hypertrophic 

pyloric stenosis), (ii) sporadic and acquired neuropathies (e.g. Chagas disease, irritable bowel 

syndrome or pathogen-induced diarrhea), (iii) iatrogenic or drug-induced neuropathies (e.g. 

ischemic neuropathy or opioid-induced constipation), and (iv) neuropathies associated 

with, or secondary to other disease conditions (e.g. diabetic gastroparesis or enteric 

neuropathy of Parkinson disease)). Even though each of these conditions can manifest 
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itself in varying degrees of severity, a tiny aganglionic bowel segment can already have 

life-threatening consequences, as in the case of Hirschsprung or Chagas disease50, 127-129.

Consequently, we aimed to uncover whether NDRG4 plays a role in the development 

and functioning of the ENS in CHAPTER 6. This was pursued in vivo using a transgenic 

zebrafish model with fluorescently labeled enteric neurons: i.e. Tg(-8.3phox2b:kaede) 

zebrafish130. In recent years, zebrafish embryos/larvae have emerged as an attractive model 

to study mechanisms associated with ENS development/functioning as it allows the use 

of forward and reverse genetic approaches combined with the live-visualization of ENS 

development131. Furthermore, despite the simplified structure of their intestinal tract (e.g. 

absence stomach) and their ENS (i.e. exclusive vagal NCCs origin, enteric neurons are not 

clumped into ganglia and absence submucosal plexus), the genes and signaling pathways 

involved in ENS development/functioning are almost identical to those in mammalians131-133. 

The impact of ndrg4 knockdown on ENS development and function was examined in Tg(-

8.3phox2b:kaede) zebrafish embryos using a (i) morpholino (MO) and (ii) CRISPR-Cas9 

knockdown strategy. It has been recognized that MOs often induce non-specific side-

effects, which can be circumvented by the introduction of a loss-of-function mutation in 

the ndrg4 gene using CRISPR-Cas9 technology134, 135. Upon using antisense ndrg4-MOs, 

a 34% reduction in the number of enteric neurons and significant heart defects29, 30 were 

observed. Although Fontenas et al29 previously reported these heart deficits in ndrg4 

morphant and mutant zebrafish, our homozygous knockdown (ndrg4-/-) zebrafish did 

not show any signs of heart deficits. This may be attributed to the fact that (i) we used 

another zebrafish lineage (i.e. 8.3phox2b:kaede ) for our experimental protocols compared 

to Fontenas et al (i.e. Foxd3:GFP, Sox10:mRFP and HuC:GFP) or (ii) because other mutations 

may occur in time using CRISPR-Cas9 technology136. However, up to date CRISPR-Cas9 

technology is still described as a more specific and safer technique than the MO injections.

In agreement with the antisense ndrg4-MO data, our ndrg4-/- zebrafish were still 

characterized by significantly less enteric neurons compared to wild-type zebrafish (11.8% 

reduction). Based on the role of ndrg4 in the trafficking of specific vesicles that recycle 

β1-integrins and components of the extracellular matrix (ECM; e.g. fibronectin)36, 137, 138, 

in combination with the Hirschpsprung-like phenotype in mice with ENCCs deficient for 

β1-integrins139, 140, we proposed that the defective recycling of β1-integrins and ECM 

molecules upon loss of ndrg4 accounts for insufficient gut colonization and an incomplete 

neural circuitry. To study this hypothesis, we will (i) closely monitor the VAMP3-positive 

vesicle distribution and β1-integrin clustering in enteric neurons and along their axonal 

projections in ndrg4+/+ and ndrg4-/- zebrafish, and (ii) assess the composition of the ECM, 

focusing on fibronectin and vitronectin139-141. 
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In view of the potential serious consequences accompanying tiny defects in the ENS, we 

examined whether this reduction in enteric neuron number in ndrg4-/- zebrafish would affect 

the ENS-derived coordination of GI-functions, with the focus on GI-motility. The impact on 

intestinal motility was limited, with only a significantly shorter travel distance of peristaltic 

waves in the distal gut of ndrg4-/- zebrafish. To understand the mechanisms behind this 

effect, we propose(d) three different theories. (i) Although (a) defect(s) in one of the primary 

effectors driving motility: e.g. SMCs, seems less likely with only distal peristalsis being 

affected, we aim to elucidate the exact effects of ndrg4 knockdown on SMCs. Therefore, 

we are currently crossing ndrg4+/+ and ndrg4-/- zebrafish with transgenic zebrafish that carry 

fluorescently labeled SMCs (e.g. Tg(acta2:mCherry)ca8 zebrafish142) to examine whether the 

absence of ndrg4 affects the development, number and morphology of SMCs. (ii) Based 

on the “inverse correlation” between nNOS and NDRG4-positive neurons seen in the 

murine gut (CHAPTER 2), it can be debated that in the absence of ndrg4, the zebrafish gut is 

characterized by an increased number of nNOS expressing neurons, i.e. inhibitory neurons 

responsible for SMC relaxation, thereby limiting the peristaltic muscle tone, leading to 

colonic dysmotility143-148. (iii) The final and most likely explanation comprises inadequate 

signaling of enteric neurons to SMCs in the absence of ndrg4. Future studies investigating 

the composition and functioning of the neural network are needed to explore which of the 

above-described theories can be held accountable for the reduction in neuronal number 

and suboptimal motility upon knockdown of ndrg4. 

To conclude, this thesis (i) identified a role for the enteric neuronal protein NDRG4 in 

colorectal carcinogenesis, (ii) debated about the ENS as a novel player in the pathogenesis 

of CRC and (iii) pinpointed towards a contribution for NDRG4 to enteric neuropathies. 

Together these findings open new perspectives for the development of potential clinical 

applications, as the ENS seems to represent another interesting source of novel biomarkers 

or therapeutic targets.
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Globally, colorectal cancer (CRC) still represents one of the most common forms of cancer 

with about half of all CRC-patients dying from their disease. As described in CHAPTER 1, 

this is largely attributed to the lack of effective treatment options for CRC-patients. The 

main reason for this is that CRC is a complex and heterogeneous disease, and is influenced 

by the tumor microenvironment (TME). 

When CRC is detected in an early stage, 5-year survival rates significantly increase to about 

90%. Currently, the early detection of CRC is still challenging due to the absence of clinical 

symptoms in these initial phases. With the implementation of national screening programs, 

using e.g. the fecal immunochemical test (FIT), more CRCs are nowadays detected before 

the occurrence of a metastatic and less-well treatable disease. Nevertheless, given the 

suboptimal sensitivity of the FIT, as blood in stool doesn’t necessarily indicates the presence 

of CRC, other non-invasive techniques detecting CRC-specific alterations: i.e. biomarkers; 

in particular DNA methylation, in bodily fluids are on the rise. 

Despite the extremely low clinical translatability of most biomarkers (<1.0%), the DNA 

methylation marker discovered by Melotte et al: N-Myc Downstream-Regulated Gene 

4 (NDRG4), was successfully incorporated into the Cologuard®, an FDA-approved multi-

target stool DNA test, which is used in the United States for the early detection of CRC. 

Since knowledge regarding the expression and functions of NDRG4 in the gut is lacking, 

the AIM of this thesis was to explore the functional importance of NDRG4 within the 

development and functioning of the gastrointestinal (GI) tract and during colorectal 

carcinogenesis. 

Prior to elucidate its functions in the GI-tract, we first specified NDRG4’s exact localization 

within the body and specifically within the GI-tract (CHAPTER 2). Upon selection of a 

selective and specific antibody targeting NDRG4 (Cell Signaling, #9039), we observed 

NDRG4 expression in neurons (i.e. nerve cells) of the central and peripheral nervous system 

as previously described. Surprisingly, though in line with two publications describing down-

regulation of NDRG4 in the aganglionic bowel, we uncovered its specific expression within 

neurons and nerve fibers of the gut’s intrinsic nervous system: i.e. enteric nervous system 

(ENS) in both mouse and human. Although we were not yet able to link the biomarker 

performance of NDRG4 in CRC with its ENS-specific expression, this discovery raised the 

question whether the ENS may contribute to CRC development/progression.

This question was addressed in CHAPTER 3, where we first reviewed the importance of the 

ENS in the GI-tract. Uniquely in the periphery, the GI-tract harbors a “brain of its own”: the 

ENS, a functional neuroglial circuitry that is essential for successful GI-functioning and our 

survival. Neurons and glial cells work in close collaboration and will, depending on the luminal 
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stimuli, transmit proper communication, via the release of messenger molecules (packed 

in membranous vesicles), to the desired intestinal cell(s). Each neuron, either excitatory 

(acetylcholine; Ach) or inhibitory (nitric oxide, NO), produces various secondary messengers, 

e.g. serotonine (5-HT), Substance P, vasointestinal active polypeptide (VIP), calcitonin gene-

related peptide (CGRP) and NPY, that determine cellular performance upon reaching their 

primary effector cells. Remarkably, despite the importance of the ENS in GI-homeostasis 

and the first clue regarding its involvement in CRC in 1996, research linking the ENS to 

CRC has been neglected so far, even with increasing evidence pinpointing towards a role 

for (nerve) cells/signals in the TME to CRC. Nonetheless, after summarizing the findings 

that several messengers like nerve-growth factor  (NGF) released by (enteric) neurons can 

affect epithelial proliferation and contribute to CRC, we have put forward the hypothesis that 

the ENS can affect CRC due to its (in-) direct communication with the intestinal epithelium.

Subsequently, in CHAPTER 4, 5 and 6, we further explored the functions of NDRG4 within 

the developing and cancerous gut. 

In CHAPTER 4 we combined literature and in silico data and revealed that despite their 

distinct expression pattern, the NDRGs - except for NDRG3 – have been described as 

diagnostic (NDRG4), prognostic (NDRG1, 2 and 4) or predictive (NDRG1) biomarkers for 

CRC. In addition, we recognized the involvement of the NDRG family in vesicle trafficking 

as (i) NDRG4 has been linked to VAMP-3 positive vesicles and SNAP-25, (ii) NDRG1, 2 

and 3 interact with a protein involved in exocytosis: PRA1 and (iii) NDRG3 cooperates 

with CPLX1 to regulate synaptic vesicle exocytosis. Moreover, NDRG1, 2 and 4 have 

tumor suppressive functions in CRC, mainly by inhibiting proliferative and EMT-signaling 

pathways. 

Because the above-described effects have only been defined in (tumor) epithelial cells, 

we sought to clarify the role of enteric neuronal NDRG4 to colorectal carcinogenesis 

in CHAPTER 5. Using two well-established mouse models for CRC (APCmin/+ and 

azoxymethane-treatment model), we found that NDRG4 has an influence on colorectal 

tumorigenesis, as intestinal adenomas grown in the absence of NDRG4 are characterized by 

an enlarged diameter and higher nuclear β-catenin content. Further, in line with previously 

published data, we found that knockdown of NDRG4 is associated with a disturbance in 

intracellular vesicle trafficking. Moreover, by means of an indirect co-culture system with 

primary ENS cells and intestinal epithelial organoids, we observed that knockdown of 

NDRG4, via the altered secretion of soluble factors, enhances the proliferation rate of 

intestinal epithelial cells. Together these data highlight the potential of NDRG4/ENS as 

important factors of the TME and suggest that it is worthwhile to further examine the ENS 

in the pathogenesis of CRC. 
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Finally, in CHAPTER 6, we studied whether NDRG4 affects ENS development and intestinal 

motility by means of a zebrafish (Danio Rerio) model expressing the fluorescent kaede 

protein in enteric neurons. We observed that knockdown of ndrg4 was associated with a 

significant reduction in the number of enteric neurons in the distal intestine, which may be 

attributed to defective β1-integrin clustering at the cell surface or disturbed deposition 

of extracellular matrix molecules. The shorter travel distance of peristaltic waves in the 

absence of ndrg4 is most likely caused by inadequate signaling to smooth muscle cells. 

However, further research is needed to elucidate whether these mechanisms are indeed 

the driving forces of the above-described alterations. 

The impact of the findings described in this thesis are summarized and discussed in 

CHAPTER 7. This thesis revealed that NDRG4, one of the most accurate early detection 

markers for CRC, is specifically expressed in the ENS and showed that NDRG4 and the ENS 

may be novel players in colorectal carcinogenesis. Moreover, it pinpoints towards a role 

for NDRG4 in the regulation of ENS development and intestinal motility. After critically 

discussing the shortcomings of some of our experimental setups, we have suggested further 

steps and improved study designs to validate and elaborate on the findings described here. 

Altogether this thesis debates about the importance of NDRG4 in intestinal diseases and 

further fuels the discussion about the contribution of the ENS to CRC and the possibility 

to find neural-derived targets for successful screening and/or the development of patient-

specific therapies. 
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Wereldwijd is dikke darmkanker nog steeds een van de meest voorkomende vormen van 

kanker waarbij ongeveer de helft van alle dikke darmkankerpatiënten sterft aan hun ziekte. 

Zoals besproken in HOOFDSTUK 1 wordt dit voornamelijk toegeschreven aan het feit dat 

dikke darmkanker nog steeds niet geheel succesvol te behandelen is. De reden hiervoor is 

dat deze tumoren zeer complex en heterogeen zijn, en ook sterk beïnvloed worden door 

de tumor micro-omgeving. Dit alles maakt dat de doeltreffendheid van behandelingen en 

overlevingskansen sterk kunnen variëren, zelfs tussen patiënten met tumoren in eenzelfde 

stadium. Echter, wanneer dikke darmkanker in een vroeg stadium wordt gedetecteerd, 

stijgen de 5-jaar overlevingskansen aanzienlijk, tot ongeveer 90%. Momenteel is de vroege 

detectie van dikke darmkanker nog steeds zeer moeilijk door de afwezigheid van klinische 

symptomen in de initiële ziektefasen. Dankzij de nationale bevolkingsonderzoeken naar 

dikke darmkanker, die o.a. gebruik maken van een test die bloed opspoort in de ontlasting 

(de ‘fecal immunochemical test’ (FIT)), worden vandaag de dag meer dikke darmkankers 

gedetecteerd alvorens deze zijn uitgezaaid/in een verder gevorderd stadium zitten en 

dus minder goed behandelbaar zijn. Niettemin is de FIT niet optimaal aangezien bloed in 

de ontlasting niet altijd duidt op de aanwezigheid van dikke darmkanker. Daarom zijn het 

onderzoek en de ontwikkeling van meer specifieke en niet-invasieve technieken die (dikke) 

darmkanker kunnen aantonen in lichaamsvloeistoffen, zoals biomarkers (voornamelijk 

DNA methylatie), sterk in opmars. 

Ondanks de beperkte klinische translatie van de meest ontdekte biomarkers (<1.0%), werd 

de DNA methylatie biomarker ontdekt door Melotte et al: N-Myc Downstream-regulated 

Gene 4 (NDRG4) succesvol geïncorporeerd in de Cologuard®, een FDA-goedgekeurde 

multi-target ontlastings-DNA test, die in Amerika gebruikt wordt voor de vroege detectie 

van CRC. Gezien de uiterst beperkte kennis over de expressie en functies van NDRG4 in 

het maagdarmkanaal, was het belangrijkste DOEL van dit proefschrift om de functie van 

NDRG4 in de ontwikkeling en functioneren van het maagdarmkanaal en gedurende dikke 

darmkanker te onderzoeken.

Voordat we de functies in het maagdarmkanaal konden ophelderen, moesten we eerst 

bepalen in welke cellen NDRG4 zich bevindt in het lichaam en voornamelijk binnen het 

maagdarmkanaal (HOOFDSTUK 2). Nadat we een selectief én specifiek antilichaam 

tegen NDRG4 hadden gevonden (Cell Signaling, #9039), observeerden we de specifieke 

aanwezigheid van NDRG4 in neuronen (zenuwcellen) van het centraal en perifeer 

zenuwstelsel, zoals voorheen beschreven. Verrassend, maar in overeenkomst met twee 

publicaties die verlaagde NDRG4 niveaus beschreven in de aganglionaire darm, ontdekten 

we de specifieke aanwezigheid van NDRG4 in zenuwcellen en zenuwvezels van het 

intrinsieke zenuwstelsel van het maagdarmkanaal: ‘het enterisch zenuwstelsel’ (ENS), 

bij zowel muizen als mensen. Hoewel we de accurate biomarker prestaties van NDRG4 
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in dikke darmkanker nog niet kunnen linken met zijn ENS-specifieke expressie, leidde 

deze ontdekking wel tot de vraag of het ENS mogelijk kan bijdragen aan de ontwikkeling/

progressie van dikke darmkanker. 

Deze vraag werd verder behandeld in HOOFDSTUK 3, waarin we eerst het belang van het 

ENS in het maagdarmkanaal hebben samengevat. Het maagdarmkanaal is het enige orgaan 

in de periferie dat “een eigen brein” heeft, namelijk het ENS. Dit is een functioneel neuroglial 

circuit dat onmisbaar is voor het succesvol functioneren van het maagdarmkanaal. Neuronen 

en glial cellen werken nauw samen en zullen afhankelijk van de luminale stimulus geschikte 

signalen, in de vorm van boodschappermoleculen (verpakt in een membraneus blaasje), 

verzenden naar de gewenste darmcel(len). Elk neuron, exciterend (acetylcholine; Ach) of 

inhiberend (nitric oxide; NO), produceert verschillende secundaire boodschappers zoals 

serotonine (5-HT), Substance P, vasointestinal active polypeptide (VIP), calcitonin gene-

related peptide (CGRP) en NPY, die de cellulaire prestaties van hun primaire effectorcellen 

bepalen. Opmerkelijk, gezien het belang van het ENS in de homeostase van de darm en de 

eerste aanwijzing over zijn betrokkenheid in darmkanker in 1996, werd het onderzoek 

naar dit onderwerp niet voortgezet, zelfs ondanks toenemend bewijs dat (zenuw-) cellen/

signalen in de tumor micro-omgeving bijdragen aan (dikke) darm carcinogenese. Niettemin 

hebben we, na de opheldering dat boodschappermoleculen zoals ‘nerve-growth factor’ 

(NGF) darmcelgroei en (dikke) darmkanker kunnen beïnvloeden, de hypothese naar voren 

gebracht dat het ENS een invloed kan hebben op (dikke) darmkanker vanwege zijn (in-) 

directe communicatie met het darmepitheel. 

Vervolgens gingen we in HOOFDSTUK 4, 5 en 6 verder opzoek naar de functies die 

NDRG4 vervult in de ontwikkeling van de darm maar ook gedurende darmkanker. 

In HOOFDSTUK 4 combineerden we hiervoor literatuur en in silico data en toonden aan 

dat, ondanks hun verschillende expressie patroon, elk NDRG familielid – behalve NDRG3 

– beschreven wordt als een diagnostische (NDRG4), prognostische (NDRG1, 2 en 4) en 

predictieve (NDRG1) biomarker voor CRC. Daarnaast beschreven we ook dat de NDRG 

familieleden betrokken zijn bij het transport van blaasjes aangezien (i) NDRG4 gelinkt werd 

aan VAMP-3 positieve blaasjes en SNAP-25, (ii) NDRG1, 2 en 3 interageren met een eiwit 

betrokken in exocytose: PRA1 en (iii) NDRG3 samenwerkt met CPLX1 om synaptische 

exocytose te reguleren. Bovendien hebben NDRG1, 2 en 4 tumor onderdrukkende functies 

in dikke darmkanker, voornamelijk door het remmen van proliferatie en de epitheliale naar 

mesenchymale transitie (EMT). 
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Daar de hierboven beschreven effecten alleen aangetoond werden in (tumor) epitheel 

cellen, probeerden we de rol van enterisch neuronaal NDRG4 in darmkanker te bepalen in 

HOOFDSTUK 5. Door gebruik te maken van twee alom-bekende muismodellen voor CRC 

(APCmin/+ en azoxymethane behandelingsmodel) vonden we dat NDRG4 een invloed heeft 

op de pathogenese van (dikke) darmkanker. Darmpoliepen die groeiden in afwezigheid van 

NDRG4 waren gekenmerkt door een vergrootte diameter en een verhoogde kerncontent 

van β-catenine. Ook zagen we, in overeenkomst met een voorgaande studie, dat 

knockdown van NDRG4 geassocieerd is met de verstoring van het intracellulaire transport 

van blaasjes. Aan de hand van een indirect co-culture model van primaire ENS cellen en 

3D darmepitheelorganoïden vonden we dat knockdown van NDRG4, via de veranderde 

uitscheiding van boodschappermoleculen, de groeisnelheid van darmcellen verhoogt. 

Samen tonen deze data het potentieel van NDRG4/ENS als een belangrijke factor in de 

omgeving van de tumor en benadrukken ze de noodzaak om de rol van het ENS in CRC 

verder te onderzoeken. 

Tot slot onderzochten we in HOOFDSTUK 6 of NDRG4 de ontwikkeling van het ENS 

en darmmotiliteit beïnvloedt aan de hand van een zebravis model (Danio Rerio) dat het 

fluorescente kaede-eiwit in enterische neuronen tot expressie brengt. We zagen dat 

knockdown van ndrg4 geassocieerd was met een significante vermindering van het 

aantal enterische neuronen in de distale darm, hetgeen mogelijks kan toegeschreven 

worden aan een defecte β1-integrin clustering ter hoogte van het celoppervlak of een 

verstoorde afzetting van extracellulaire matrixmoleculen. Vervolgens observeerden we 

dat peristaltische golven over een kortere afstand voortbewogen in afwezigheid van ndrg4, 

hetgeen hoogstwaarschijnlijk veroorzaakt wordt door ontoereikende signalering naar 

spiercellen. Er is echter verder onderzoek nodig om te bestuderen of deze mechanismen 

effectief aan de basis liggen van deze veranderingen. 

Het belang van de bevindingen beschreven in dit proefschrift werden samengevat en 

bediscussieerd in HOOFDSTUK 7. Dit proefschrift onthulde dat NDRG4, één van de meest 

accurate vroege detectie markers voor dikke darmkanker, specifiek tot expressie komt 

in het ENS en toonde aan dat NDRG4 en het ENS mogelijk een belangrijke rol hebben 

in de ontwikkeling van (dikke) darmkanker. Bovendien wijst het erop dat NDRG4 een rol 

speelt in de ontwikkeling van het ENS en darmmotiliteit. Na het kritisch bespreken van de 

tekortkomingen van enkele van onze experimentele opstellingen, stellen we verbeterde 

studieontwerpen voor om de hier-beschreven bevindingen te valideren en verder uit te 

diepen. Al met al voedt dit proefschrift de discussie over de bijdrage van het ENS aan (dikke) 

damkanker en de mogelijkheid om zenuwcel (-afgeleide) targets te vinden voor succesvolle 

screening of voor de ontwikkeling van patiënt-specifieke behandelingen. 
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With an incidence of 10.2% of all cancers, colorectal cancer (CRC) ranks as the third most 

frequently diagnosed cancer, worldwide. The large extent of the global CRC burden is 

caused by the socioeconomic development/”Western lifestyle” adaptations, the aging 

population and the more frequently diagnosed condition in adults < 50 years. CRC 

incidence rates vary widely but tend to rise uniformly with an increasing income/human 

development index(HDI), while mortality rates are less variable because of a lower average 

mortality in developed regions.1-6

The newly accepted point-of-view that the tumor landscape is not just a simple cluster of 

tumor cells, but a complex tissue of tumor cells together with (non-) cellular components 

of the tumor microenvironment (TME)7-11, has changed current perspectives on the 

classification of and treatment options for colorectal tumors. This has already led to 

great advancements in CRC treatments with the development of immunotherapy (e.g. 

Nivolumab, Atezolizumab or Ipilimumab). Nevertheless, the successful treatment of 

CRC-patients remains challenging due to (i) varying treatment efficacy depending on 

tumor-specific molecular features, (ii) the occurrence of severe side-effects (e.g. diarrhea, 

vomiting, ulceration) and (iii) the hindrance by drug resistance development2, 12. 

For the development of effective therapies with minimal toxicities, it is important to 

realize that different components within the TME may affect its pathogenesis. Besides 

the beneficial effects of targeting immune cells to treat CRC, another promising target 

of the TME comprises nerve cells, as recent advances have underscored the inevitable 

contribution of the nervous system and their neural-associated factors to (colorectal) 

carcinogenesis (summarized in CHAPTER 3)13. Moreover, owing to the discovery that 

NDRG4, one of the most accurate biomarkers for CRC, is specifically expressed within 

neurons of the enteric nervous system: “our brain in the gut”, we have opened up the 

discussion concerning the contribution of the gut’s intrinsic nervous system to colorectal 

carcinogenesis (CHAPTER 2). Even though caution is warranted, as ENS-derived 

messenger molecules are indispensable to preserve physiological (intestinal) functions14, 15, 

ENS-targeted delivery of pharmacological agents may be favorable in the management 

of CRC. In fact, despite uncertainty whether differences in endogenous neuromodulator 

production is enough to affect CRC and whether antineurogenic therapies, e.g. targeting 

NGF, are as effective for CRC as for gastric cancer16, both mechanisms seem highly likely 

since several studies agree on a differential neurotransmitter expression profile in the ENS 

in CRC compared to in healthy intestinal tissues17-21. Moreover, targeting enteric nerves 

and their fiber projections harbors great potential as (i) surgical and pharmacological 

denervation suppresses prostate22, gastric16, 23 and pancreatic24-26 cancer development, 

(ii) patients with a megacolon, caused by decreased intrinsic innervation (comparable 

with Chagas disease), have a lower risk for developing CRC27, (iii) intrinsic denervation 
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of the colon has protective effects already early in the development stages of colorectal 

carcinomas28, 29 and because (iv) Duchalais et al30 recently revealed that tumor epithelial 

cells have a preferential tendency to adhere to enteric neurons, thereby promoting 

perineural invasion. Finally, with the appreciation that not only CRC itself, but also the 

applied chemotherapy may induce severe gastrointestinal (GI) side effects that impact a 

patient’s prognosis and quality of life, the ENS is emerging as a player in chemotherapy-

induced GI-dysfunctions31-33. For example, in vivo studies comprising mice and rats have 

shown that Oxaliplatin34-36 and Cisplatin37 treatment disturb colonic motility, most likely 

by reducing the number of enteric neurons (and/or glial cells). Similarly, human myenteric 

neurons are functionally and structurally different in the colon of non-treated CRC-patients 

compared to those receiving chemotherapy33. Consequently, the ENS may represent a 

possible therapeutic target to alleviate chemotherapy-induced GI-dysfunctions.31, 33-41 

Unfortunately, the development of these innovative therapeutic strategies is still in its 

infancy and current treatments only reduce CRC mortality with 12%, whereby CRC still 

accounts for 881 000 cancer-related deaths each year1. To further reduce the global 

social and economic burden of CRC, effective measures for the early detection of CRC 

and prevention of disease progression are urgently needed, as this will lead to effective 

treatment options, a better prognosis and a significant reduction in mortality. The 

successful implementation of screening programs in e.g. the USA (Cologuard®–NDRG4) 

and in different European countries (Fecal immunochemical test, FIT) partially explain the 

reduced mortality rates in developed areas. However, given that a positive FIT may also be 

indicative for benign conditions, the usage of biomarkers in bodily fluids, i.e. tumor-specific 

alterations in e.g. blood or stool, represents a more appealing strategy.

Interestingly, the differential expression of ENS-derived molecules (e.g. Substance P, 

neuropeptide Y) may represent a useful biomarker for the identification of CRC-patients 

or to discriminate non-responding from responding CRC-patients13. In accordance, 

NDRG4 expression negatively correlates with metastasis and TNM staging (CHAPTER 

4)42. In addition, it is suggested that differences in morphology/number of (enteric) nerve 

cells can serve as (prognostic) biomarkers. In fact, the presence of perineural invasion and 

neoneurogenesis is, despite limited evidence supporting CRC metastasis through enteric 

nerves30 and ambiguity concerning nerve fiber sprouting from the ENS, associated with a 

poorer prognosis and reduced survival rate of CRC-patients (CHAPTER 3)11, 43-49. 

Together, these findings define the ENS (and its molecules) as an interesting, yet so-far 

neglected, target of the TME in colorectal carcinogenesis, which is supported by the booming 

interest in the contribution of nerve cells to different cancer types.11, 14, 16, 22, 23, 25, 30, 43-52 
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Finally, this thesis may also have some implications for the so-called intestinal/enteric 

neuropathies as it shows an association between the absence of ndrg4 and a reduced 

number of distal enteric neurons and suboptimal motility (CHAPTER 6). Whereas 

the newest sequencing technologies have been able to identify a large number of the 

genetic factors associated with enteric neuropathies, their etiology is still not completely 

understood. However, it seems that enteric neuropathies share a common biological 

basis53, 54. Brosens et al53 therefore proposed a seesaw model to explain the development 

of enteric neuropathies, where deficits in neuronal number/composition represents the 

common denominator, which can be affected by (epi-) genetic and environmental factors. 

The rearranged during transfection (RET) gene appears to be the fulcrum in neuropathies 

characterized by a numerical loss of neurons. Nevertheless, the reduced number of 

enteric neurons in the absence of ndrg4 implies that NDRG4 might represent (i) another 

denominator, which may also induce neuropathies (for which the genetic causes are 

unknown), or (ii) is an (epi-) genetic factor that shifts the seesaw to abnormal development, 

resulting in hypoganglionosis.

Importantly, the onset and severity of enteric neuropathies can highly vary depending 

on when, where and how a deficit occurs, and pathological features are not necessarily 

readily associated with clinical consequences55-59. It is therefore uncertain whether the 

seesaw model is actually able to explain the etiology of enteric neuropathies whose 

phenotypic features are rather diverse than clearly disease-specific, thereby indicating 

the need to further study these disorders53. Interestingly, NDRG4 mRNA expression 

is significantly reduced in the aganglionic bowel of Retk-/k- mice and Hirschsprung 

patients60, 61. It seems highly likely that this is attributed to the reduced number of enteric 

neurons, yet functional consequences of loss of NDRG4 have not been investigated in 

this condition. Nonetheless, the discovery that absence of ndrg4 mildly affects ENS 

development and functioning, suggest its contribution to enteric neuropathies with 

more subtle consequences. In addition, it may explain the presence of some phenotypic 

abnormalities that have not been associated with the identified “driver” genes for a 

certain neuropathy. Consequently, my research is another step in the understanding of 

the underlying mechanisms attributing to enteric neuropathies. Furthermore, it points 

out that future studies should investigate enteric neuronal genes/proteins, as this will 

provide new insights into the pathogenesis of a broad range of enteric neuropathies, 

which will improve current health care strategies. 

Altogether, the knowledge acquired in this thesis is expected to have an impact on current 

screening/treatment strategies for intestinal disorders. The discovery of the specific 

expression of NDRG4 in the ENS pinpoints to a role for NDRG4 in ENS development 

and consequently in enteric neuropathies. In addition, the identification of the ENS as a 
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novel TME determinant in the pathogenesis of CRC, provides a potential new target and/

or biomarker unit, which will improve the clinical management of CRC and the patient’s 

quality of life. Moreover, because the ENS is located along the entire GI-tract, this newly 

identified target/biomarker unit may also be of importance for the successful care of other 

GI-cancers and/or (developmental/inflammatory) GI-related disorders.
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dit GE-WEL-DIG avontuur, wilt het zeggen dat het dan tóch gaat gebeuren… Eindelijk ☺
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😉

Beste Dr. Melotte, lieve Veerle! 
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boeiend avontuur zou beginnen met u! Zalig, van biomarker naar muizen, organoids en 

zebravissen; van de ene ontdekking naar de andere! Sh*t seg, wat heb ik veel kunnen 

leren! Dankzij ons enthousiasme sloegen we ons overal doorheen en wisten we vele 

mensen te overtuigen en te verbazen. Merci voor alle kansen die je mij hebt gegeven!! 

Merci da ge mij altijd op sleeptouw nam, dat ik mocht helpen beurzen schrijven, dat 

je me altijd hielp deadlines te halen en dat ik mijn data op verschillende congressen 

mocht gaan presenteren, hier of aan de andere kant van de oceaan ☺. Merci, om altijd 

zo gedreven, enthousiast en uitbundig te zijn, maar bovenal, omdat ik altijd wist wat ik 

aan je had!! Ik ben super happy dat we ook in de toekomst nog dezelfde paden zullen 

bewandelen en hoop dat we nog veel interessante dingen zullen ontdekken! Op naar 

de volgende memorabele momenten en spannende hoofdstukken ;)) Merci!!

Prof. dr. Hofstra, beste Robert!

Hoe fijn (en wat een eer ☺) dat ik u nog heb mogen toevoegen aan mijn promotieteam! 

Vanaf onze eerste ontmoeting wist je mijn enthousiasme en Belgische zelve enorm te 

appreciëren. Ne dikke merci voor alle steun (al dan niet wetenschappelijk), je kritische blik, 

inspirerende en motiverende woorden, de leuke discussies, de goei etentjes ;), het geloof 

in de uitdagende onderzoekslijn, én al het vertrouwen dat je in me hebt. Daarnaast wil ik je 

ook superhard bedanken dat ik met de zebravisjes mocht komen werken in uw lab! Ik heb 

enorm genoten van mijn tijd in Rotterdam én ben super blij dat we het vissenhoofdstuk 
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samen hebben kunnen realiseren. Super dat ik dankzij mijn Kootstra Talent Fellowship nog 

verschillende experimenten in samenwerking met u en uwe groep zal mogen uitvoeren! Ik 

kijk er nu al superhard naar uit!

Dear assessment committee: Prof. dr. Ad Masclee, Dr. Nadege Bondurand, Prof. dr. Riccardo 

Fodde, Dr. Kasper Rouschop and Prof. dr. Alexander Sack, thank you for taking the time to 

read and critically evaluate my thesis! Dear corona members, thank you for your willingness 

to read my thesis and to be part of my defense committee.

Dear co-authors, without your input and pleasant collaborations I wouldn’t have been 

able to tackle the scientific hurdles I faced and to finish the articles within my thesis. 

Een speciaal woord van dank aan enkele coauteurs. Beste Prof. dr. Vanden Berghe, 

beste Pieter, bedankt dat je de tijd hebt genomen om te helpen met het imagen van 

NDRG4 in het ENS. Mede dankzij de hulp van u en uwe groep (Merci Werend, Mickey en 

Anneleen!) heb ik mijn eerste stappen in het neurogastroveld kunnen zetten. Dear Prof. 

dr. Threadgill, dear David, it was such a pleasure to meet you at the start of my PhD at the 

Jackson Laboratory in Bar Harbor! I’m so grateful for all your input, advice and guidance 

with several of my mouse experiments! Thank you so much! Bedankt Prof. dr. Bart Rutten 

en Hellen Steinbusch voor jullie hulp bij het visualizeren en begrijpen van de NDRG4 

expressie in de hersenen. Dear Prof. dr. Scott Baldwin, Dr. Xianghu Qu and Prof. dr. Keith 

Sharkey, thank you for the nice collaborations and discussions. Dear Prof. Dr. Thapar and 

Dr. McCann, Dear Nikhil and Conor, thank you for your keen contributions and our always 

pleasant meetings! Kim S, Jij had de moeilijke taak om me wat statistische kwaliteiten bij 

te brengen én te overtuigen dat SPSS effectief goed werkt. ’t Is u best goed gelukt… SPSS 

wordt vaak gebruikt (al is dat wel met de nodige struggels van tijd ;)). Daarnaast wil ik je 

ook bedanken voor je interesse en totaal-andere-kijk op mijn experimenten! Alexander, 

wat ‘n geluk dat jij er elke keer in slaagde om van ingewikkelde/ellenlange lijsten, leuke 

en overzichtelijke figuren te maken! Bedankt voor de leuke discussies en fijne babbels! 

Marjolein, wat was het fijn om met jou samen te werken! We vulden mekaar goed 

aan: ik de kleuringen, jij (en Marion) de urenlange beoordelingen; aan NDRG4 coupes 

geen gebrek ;). Merci voor de hulp, steun en leuke momenten! Marion, wat hebben wij 

heerlijke tijden beleefd: achter de microscoop, op congres/winkelend/fietsend in het 

ietwat koude San Francisco en in het veel-te-kleine (maar oh zo gezellige) kamertje om 

een muizenproef te eindigen (Je bent een kanjer
 
😉). Je interesse, oprechtheid, humor 

en geweldige dansmoves zorgen dat het altijd supergezellig met je is! Je bent écht een 

geweldig mens! Merci voor alles!!
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Lieve collega’s, bedankt voor de gezellige tijden in en naast het lab, de hilarische “we-

lachen-met-je-want-wat-voor-iets-stoms-heb-je-nu-weer-gedaan-Nathalie” & de “Amai-

wij-praten-Belgisch-á-la-Nathalie” momentjes ☺☺. 

Karin ‘mama-AIO’, bedankt voor je wijze raad en om luidkeels mee te zingen met de (foute) 

hitlijsten op het lab! Joep, ook al werd je omsingeld door een gigantische stapel platen, je 

stond altijd klaar om te helpen, te brainstormen of ff te babbelen. Ik hoop dat we onze fijne 

samenwerking kunnen behouden en mekaar nog vaak zullen tegenkomen! Muriel, wat 

heb ik genoten van de gezellige tijd met u men lieve roomie! Je bent een prachtig persoon! 

Merci om met me te lachen, te huilen, computer troubles te tackelen, vele frangipannekes/

muffins te verorberen en samen met Sophie de tapas restaurants leeg te eten
 
😉. Muriel en 

Sophie, bedankt voor alle memorabele momenten, ‘Epi(c)girls’! 

Sophieke, wat een geweldige tijden hebben wij beleefd tijdens onze PhD periode! Bedankt 

om lief en leed met me te delen, samen het lab onveilig te maken (godzijdank voor de 

Belgische chocoladebroodjes in ’t weekend :D) en voor de goeie frangipane/koffie breaks. 

Bedankt voor je luisterend oor, motiverende woorden en je vrolijkheid! Ik kan altijd op je 

rekenen! Met u aan men zijde als paranimf ga ik zeker (alleja, hopelijk toch;)) de rust kunnen 

bewaren & komt alles goed! 

Dear “Epigenetics” colleagues, thank you for the exchange of thoughts, the interest in my 

research and the lovely breaks (with(out) pie/ice cream). It’s about time to decide on our 

novel/better appropriate group name… Lindsay, Zheng, Glenn and Tim, thank you for the 

support and companionable moments, and for the “shitty” talks Lindsay ;), especially when we 

were sitting together in our big pathology room! Wishing you guys and all “junior” fellow-aio’s: 

Simone, Maartje, Musa, Kim L and Selena, the best of luck with the thesis & next challenges! 

Daarnaast verdient het “ENS-clubje”: Glenn, Simone, Maartje, Musa, Edith, Jaleesa, 

Kim W, Werend & Veerle, een speciaal woordje van dank! Thanks for the advice, critical 

comments, help with my experiments (al dan niet samen in 1 flow he Simone & Jaleesa;)), 

the inspiring meetings and funny moments ☺. You are not yet rid of me ;) Op naar leuke 

vervolgexperimenten en geweldige avonturen! Veel succes allemaal!!

Merci aan alle technicians; voor alles wat jullie me geleerd hebben en voor alle hulp 

gedurende mijn kleine, grote, onbekende, maar altijd “exciting” experimenten; ‘mijn 

labhelden’! Peter (Nee, ben je ni vergeten ☺), wat een goedlachse, immer-blijgezinde en 

altijd helpende hand was je! Bedankt! Edith, je leerde me de ins-en-outs van de celkweek, 

tips en tricks voor immuno’s en stak nog maar al te graag de handen uit de mouwen tijdens 

je laatste maanden om me te helpen met de functionele cel assays, die we opnieuw én 
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opnieuw én opnieuw moesten doen ☺. Dikke Merci! Kim W, samen met de andere 2 

ervaren lui, heb je me hennig goed opgevangen toen ik in ‘t lab arriveerde en Veerle met 

zwangerschapsverlof ging! Menige kleuringen, qRT-PCRs, ISHes, genotyperingen, … heb ik 

dankzij uw hulp uiteindelijk tot een goed einde gebracht. Dankzij het mysterie van de Ki67 

kleuring (1 of 2 bakjes in de microgolf voor succesvolle antigenretrieval, halleluja)zal ik nooit 

vergeten dat het kleinste detail een wereld van verschil kan maken;)! Ook een dikke dank-u-

wel voor de speelfun met je kleine man Robertje; wat een zalige sjoebidoebidoe-momenten 

☺. Jaleesa, super bedankt voor de geweldige en gezellige momenten: met zen 2 in één 

flow voor onze (co-) culture experimenten en achter de microscoop met onze veel te dicht 

gezaaide organoids! Merci!! Nikkie, bedankt voor je luisterend oor en helpende handen! 
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ik zijn je dankbaar voor je uitgebreide hulp bij mijne vele, uiteenlopende vragen! Barry, leuk 

dat ik je niet alleen aan het begin, maar ook aan het einde van men PhD weer tegenkwam! 

Merci voor de hulp met allerlei experimentele sequencing/cloning-struggels. Gregorio, 

bedankt voor de hulp met wat MIMing en de “Italiaanse temperament uitwisselingen” ☺.

Kathleen, je bent op papier slechts een deeltje “van ons”, maar voor mij ben je van onschatbare 

waarde! Ook als wist je na een hele dag samen FIT-samples uitzoeken even niet meer wie ik 

was
 
😉, tóch was jij gedurende heel dit avontuur mijn rots in de branding! Je stond altijd voor 

me klaar: niet alleen om weer eens 20 (of misschien 30 of toch eerder 50 coupes, oeps) te 

snijden (bedankt voor uw engelengeduld he), maar ook om steeds naar me te luisteren en 

me te depanneren (letterlijk)! Merci om chocolade en vreugde met me te delen, samen te 

swingen (in “thee-winkel” ☺) én natuurlijk voor al je knuffels! Men Kathleentje, één ding is 

zeker, met jou naast me als paranimf zal ik er zeker en vast stylish uitzien, hihi :))

Verder wil ik alle stafleden van de pathologie en fijne collega’s van de diagnostiek bedanken 

voor hun advies en kritische blik op mijn onderzoeksprojecten en de helpende handen. 

Jack, mercikes voor alle hulp (inclusief plagerijen ☺) met mijn vele microscoop/ LeicaQwin-
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grateful that you convinced Veerle with all the kind and encouraging words and your believe 

in my scientific capabilities. Ook aan iedereen van de CPV, merci! Richard en Saskia, bedankt 

voor jullie geduld en hulp met alle paperassen! Nadine en Angeli, bedankt om me telkens 
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😉). Zalig 
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for all the help, your kindness and warmth every time I was in Rotterdam! Rajendra and 
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in Australia ☺)! Aan al mijn teamies, familie en vriendjes, bedankt voor elk (ont)spannend 

(basket)moment! 



|  Etcetera

| 244  
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of minder gezellig was, of naar huis wilde om een deadline te halen. Maar bovenal ne dikke 

merci omdat jullie altijd aan me denken en me extra soigneren als “Hotel mama & papa” in 

congé is, haha
  
😉!! Ik wens jullie alle geluk in jullie aankomende avonturen 🍀
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al je passie – moet werken voor datgene wat je echt wilt bereiken in je leven! Ik apprecieer 

het zo ongelooflijk hard dat jullie – ondanks dat het soms (alle vaak, oké ja eigenlijk bijna 
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