
 

 

 University of Groningen

Role of VEGFA, CXCR4 and VHL mutation in tumour behaviour
Kruizinga, Roeliene

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2014

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Kruizinga, R. (2014). Role of VEGFA, CXCR4 and VHL mutation in tumour behaviour. [Thesis fully internal
(DIV), University of Groningen]. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://research.rug.nl/en/publications/85c6a90a-25c5-496b-91a9-925c95f02f67


Role of VEGFA, CXCR4  
and VHL mutation  

in tumour behaviour 

     Roeliene C. Kruizinga



Kruizinga, R.C.  
Role of VEGFA, CXCR4 and VHL mutation in tumour behaviour 
Thesis, University of Groningen, The Netherlands

ISBN (hardcopy): 978-90-367-6876-4 
ISBN (electronic version): 978-90-367-6875-7

© Roeliene C. Kruizinga, Amsterdam, The Netherlands, 2013

All rights reserved. No part of this thesis may be reproduced, stored in a retrieval system, or 
transmitted in any form or by any means, without prior permission of the author.

Cover design:  R.C. Kruizinga, C.J.J. van Zeijl  
Lay-out:  www.persoonlijkproefschrift.nl 
Printed by:  Ipskamp Drukkers, Enschede, The Netherlands

Printing of this thesis was financially supported by: University of Groningen, Graduate School of 
Medical Sciences  (UMCG), Stichting werkgroep Interne Oncologie, the Endocrinology Fund, as 
part of the Ubbo Emmius Fund.



 

 

Role of VEGFA, CXCR4 and VHL 
mutation in tumour behaviour

 
Proefschrift  

ter verkrijging van de graad van doctor aan de 
Rijksuniversiteit Groningen 

op gezag van de 
rector magnificus prof. dr. E. Sterken 

en volgens besluit van het College voor Promoties. 
 

De openbare verdediging zal plaatsvinden op  
 

maandag 28 april 2014 om 16.15 uur
 
 

door  
 

Roeliene Catherien Kruizinga
 

geboren op 7 augustus 1986 
te Groningen



Promotores 
Prof dr. T.P. Links 
Prof dr. E.G.E. De Vries  
 
Copromotor 
Dr. A.M.E. Walenkamp  
 
Beoordelingscommissie 
Prof. dr. C.J.M. Lips 
Prof. dr. H.M.W. Verheul 
Prof. dr. E. Vellenga



Paranimfen:     
Jennifer C. Boer 
Nicolaas G.J. Schouten





CONTENTS

Chapter 1  General introduction 9

Chapter 2 Role of chemokines and their receptors in cancer 15
 Curr Pharm Des 2009;15:3396-416. 

Chapter 3 A review on CXCR4/CXCL12 axis in oncology:  55
 no place to hide  
 Eur J Cancer 2013 Jan;49(1):219-30

Chapter 4 Vascular endothelial growth factor A isoform mRNA  77
 expression in paediatric acute myeloid leukaemia
 Pediatr Blood Cancer 2011;56:294-7 

Chapter 5 Overexpression of CXCR4, CXCL12 and VEGF-A  87
 in VHL-related and  Sporadic Haemangioblastomas.  
 Submitted 

Chapter 6 Calculating optimal surveillance for detection  103
 of von Hippel-Lindau related manifestations  
 Endocrine Related Cancer 2013 oct 16 epub

Chapter 7 Pregnancy-related haemangioblastoma progression  121 
 and complications in von Hippel-Lindau disease   
 Neurology 2012 Aug 21;79(8):793-6.

Chapter 8 Summary, Discussion and Future perspectives 131

Chapter 9 Nederlandse samenvatting 139 
 Dankwoord 145
 Lijst van publicaties 147





Chapter1
General introduction



10

1

GENERAL iNTROduCTiON

Von Hippel Lindau (VHL) disease is an autosomal dominant syndrome leading to the onset of 
benign and malignant tumours in multiple organs. The cause of this disease is loss-of-function of 
the VHL tumour suppressor gene (1). With an incidence of 1 in 36,000 to 85,000 newborns, VHL 
is a rare disease (2). The morbidity associated with VHL-related manifestations is high. Mortality 
in VHL is most often due to the vascularised haemangioblastoma, with permeable vessels causing 
oedema and obstructive hydrocephalus and due to the metastasising renal cell carcinoma (1, 
3). The vascularised nature of the VHL-related manifestations is a hallmark of the disease and 
directly linked to the absence of normal VHL protein (4-9) (see Fig. 1). A defect or absent VHL 
protein causes an accumulation of hypoxia inducible factor (HIF). HIF will, if not degraded by VHL 
protein, lead to downstream signalling with transcription of vascular endothelial growth factor 
(VEGF-A) and chemokine receptor 4 (CXCR4). VEGF-A is a potent angiogenesis initiating factor and 
is highly expressed in most tumours (10, 11). CXCR4 is a G-protein coupled chemokine receptor. 
The pivotal role of CXCR4 and its ligand (CXCL12) in the proliferation of tumour cells, induction 
of angiogenesis, invasive tumour growth and metastasis formation is well known. In both a 
preclinical breast cancer mouse model as well as in breast cancer patients the CXCR4/CXCL12 axis 
plays a critical role in the determination of the metastatic destination of tumour cells. Neutralising 
CXCL12 with antibodies blocking CXCL12 interaction with CXCR4, inhibited metastasis formation in 
a  human tumour bearing  mouse model (12).

VHL-mutation carriers can be grouped according phenotypic appearance of disease. The exact 
relation between genotype and VHL phenotype is as yet unclear (13). The VHL phenotypes are 
distinguished by their risk of development of pheochromocytomas and renal cell carcinomas. 
Phenotype 2a and 2b include VHL-mutation carriers with risk to develop all VHL-related 
manifestation with for 2a a low risk and 2b a high risk of development of renal cell carcinoma. 
Phenotype 2c includes carriers with only pheochromocytomas. Phenotype 1 carriers do not 
develop pheochromocytomas but harbour a risk to develop all other VHL-related manifestations 
(14). VHL surveillance guidelines do not differentiate between phenotypes. Because of the yet 
unpredictable clinical behaviour of VHL-disease and the in potential life threatening consequences, 
intensive and lifelong surveillance is recommended. 
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Figure 1 | VHL-dependent HIFalpha pathway 

Under normoxic condition pVHL binds to HIFalpha, which causes subsequently ubiquination of the HIFalpha 
subunit, followed by proteasomal degradation. Under hypoxic conditions the pVHL can no longer bind to 
HIFalpha. This leads to downstream transcription of a.o. VEGFA, CXCR4, CXCL12 by activation of the hormone 
response element (HRE) within the promoter after binding of HIFalpha to its beta subunit. In case of a VHL 
gene mutation (or hypermethylation of the VHL gene promotor) the pVHL does not work properly causing 
HIFalpha binding to HIFbeta and downstream signaling under all condition (normoxic and hypoxic). This figure 
was created with Servier Medical Art.

Aim of the thesis
The aim of this thesis is to elucidate clinical features and shed more light on the behaviour of VHL-
disease. In addition, the role of CXCR4 in VHL-disease and VEGFA in AML is studied. 

Outline of the thesis
In VHL-disease a congenital mutation in the VHL-gene leads to a defect VHL protein resulting in 
enhanced transcription of a.o. VEGF-A and chemokine receptor CXCR4. Several in vitro and in 
vivo models have revealed the key role of the chemokine receptor CXCR4 and its ligand CXCL12 
in tumour biology. High levels of CXCL12 protein stimulate proliferation and migration of CXCR4-
expressing cancer cells. In Chapter 2 we aimed to provide an overview of the structure, activation 
and downstream signaling pathways and the function of different chemokines and their receptors 
in cancer and non-cancer setting. Knowledge of the function of the CXCR4/CXCL12 axis under 
physiological circumstances supports insight in the consequences of the upregulation of this 
axis in VHL-disease. In Chapter 3 we aimed to provide an overview of the role of CXCR4 and its 
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ligand CXCL12 with a special focus on drugs targeting this axis to improve treatment results. In this 
chapter we also summarize preclinical studies of breast cancer, glioblastoma and neuroblastoma 
involving CXCR4. These studies show that recruited CXCR4-positive monocytes in the tumour 
release amongst others VEGF-A. These monocytes together with the bone marrow derived 
endothelial and pericyte progenitors will induce new vessel formation. Excessive vessel formation 
is also one of the hallmarks of VHL-disease. 

The VEGF-A family can be subdivided in multiple isoforms, named after the amino acid length of 
the corresponding protein of each VEGF-A isoform. Earlier studies have correlated total VEGF-A 
to worse prognosis in paediatric AML samples (15, 16). The distinct characteristics of an isoform 
are decisive for the pattern of angiogenesis (the freely diffusible isoform VEGF121, intermediate 
diffusible VEGF165 and extra cellular matrix bound VEGF189 and VEGF206) which might be 
important for disease outcome and response to therapy. Therefore, in Chapter 4 the expression 
of different isoforms of VEGF-A in relation to clinicopatholologic characteristics and outcome 
and the co-expression of these isoforms was analysed. We determined the VEGF121, VEGF145, 
VEGF148, VEGF165, VEGF183, and VEGF189 mRNA expression levels in paediatric AML patients. In 
this study samples of 30 children obtained at time of AML diagnosis were included. After isolation 
of mRNA from purified AML cells and preparation of cDNA, an qRT-PCR was performed. Statistical 
analyses were used to compare expression levels and outcome, clinicopathologic characteristics 
and correlations amongst different isoforms. 

Central nervous system haemangioblastomas are vascularised tumours occurring both in 
patients with von Hippel-Lindau disease as well as sporadically. Biallelic inactivation of the 
VHL-gene has been found in 62-66% of VHL-disease related haemangioblastomas. In sporadic 
haemangioblastomas somatic inactivation and biallelic inactivation of the VHL-gene is found in 
20-50% and 0-13% of cases respectively. The downstream consequences of a likely difference in 
molecular pathways between VHL-related and sporadic haemangioblastoma are as yet unclear. 
Our main objective in Chapter 5 was to study the effect of a VHL-mutation on downstream 
VEGF-A, CXCR4 and CXCL12 protein expression in VHL-related and sporadic haemangioblastomas 
and correlate the expression levels to preoperative size of the lesions. Of all patients operated 
in the UMC Groningen for haemangioblastomas during the years 1995-2010 the available 
freshly frozen tissue was collected. In total 33 surgical specimens derived from 27 patients were 
retrieved, of which 11 patients were diagnosed with VHL-disease and 16 patients with sporadic 
haemangioblastoma. Immunohistochemical analysis of 33 haemangioblastoma specimens was 
performed for haematoxyline and eosin (H&E), VEGF-A, CXCR4 and CXCL12 expression and 
compared with normal surrounding brain tissue. Thereafter the protein expression levels in VHL-
related haemangioblastomas were compared to those in sporadic haemangioblastomas and 
correlated to the tumour and associated cyst size, and the VHL-gene and methylation status.  
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Currently VHL-mutation carriers undergo frequent surveillance for the detection of new VHL-
related manifestations. The age to start and interval for surveillance is based on expert opinion. 
If estimations of the probabilities of developing VHL-related manifestations at various ages could 
be made, evidence-based decisions can be made on the age to start surveillance and surveillance 
intervals. In Chapter 6 we describe a retrospective analysis on the age of which a VHL-mutation 
carrier was detected with the first VHL-related manifestation. We analysed in 82 VHL-mutation 
carriers the cumulative proportion of carriers diagnosed with a manifestation during life. Using 
Poisson distribution models we calculated the time to detection of first manifestation and time to 
detection of subsequent manifestations. From these calculations we defined an age to start and 
interval for surveillance with a 5% detection probability.     

 VHL-related cerebellar haemangioblastomas are reported to oscillate between periods of growth 
and stability, but triggers for growth of these tumours are unknown. In addition, several case 
reports show that pregnancy or delivery in patients with VHL-disease can be complicated by 
progression of CNS haemangioblastoma or pheochromocytoma with consequences for maternal 
and neonatal outcome. Therefore, in Chapter 7 we studied in 29 VHL-mutation carriers the 
influence of pregnancy on the progression of VHL-related haemangioblastoma and the pregnancy 
related complication rate.  We used medical charts and imaging reports from the VHL disease 
expertise centers in the Netherlands to retrospectively assess progression of haemangioblastomas 
before, during, and after pregnancy. 

In Chapter 8 the main findings of this thesis are summarized and followed by a general discussion 
and future perspectives.  
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AbSTRACT

Metastases are the cause of 90% of human cancer deaths. The current treatment of cancer with 
chemo,- and/or radiotherapy is based on cell death by DNA damage neglecting the fact that cancer 
cell invasion into surrounding tissues and metastasizing are fundamental features of neoplasms 
and the major reason for treatment failure.

Metastasis is the result of several sequential steps and represents a highly organized, non-
random, and organ-selective process. A number of in vitro and in vivo models show that tumour 
cells use chemokine-mediated mechanisms during this metastasizing process, comparable to 
those observed in the regulation of leukocyte trafficking. Furthermore, chemokines modulate 
tumour behaviour such as the regulation of tumour-associated angiogenesis, activation of host 
tumour-specific immunological responses, and direct stimulation of tumour cell proliferation in 
an autocrine fashion.

These findings may lead to new drugs that target chemokines or their receptors and will likely be 
of great additional value for treatment of cancer patients.
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1. InTROduCTIOn

Chemokines are small chemotactic cytokines which are characterized by their ability to induce 
directional migration of cells towards a gradient of chemokines (chemotaxis) by binding to a 
chemokine receptor. Invading pathogens such as Staphylococcus aureus bacteria can induce the 
secretion of chemo attractants resulting in a tissue gradient and direct leukocyte migration to 
the site of infection and inflammation. Interestingly recently striking similarities between this 
leukocyte trafficking and tumour cell migration revealed that they are both critically regulated by 
chemokines and their receptors (1). Also during organogenesis, directional migration is guided by 
chemokines and is important for the proper positioning of traveling progenitor cells that express 
chemokine receptors. Tumour cells turn out to express also functional chemokine receptors to 
sustain proliferation, angiogenesis, and survival and to promote organ-specific localization of 
distant metastases (2-4). This is of interest as current treatment of cancer with chemo,- and or 
radiotherapy is largely based on cell death by DNA damage neglecting the fact that invasion into 
surrounding tissue and metastasizing are fundamental features of neoplasms and the major 
reason for treatment failure.

The aim of this review is to provide an overview of the structure, activation and downstream 
signaling pathways and the function during development, infection and immunity of different 
chemokines and their receptors. Furthermore, we describe the chemokine-mediated mechanisms 
employed to modulate tumour cell behaviour. Finally, first interesting attempts to exploit this new 
area of anticancer treatment for anticancer treatment are addressed.

2. CHEMOKInEs And THEIR RECEPTORs

2.1. GPCR structure and Ligand
G protein-coupled receptors (GPCRs) comprise a large protein family of transmembrane receptors 
that sense extracellular molecules and activate inside signal transduction pathways leading to 
cellular responses. GPCRs in general are seven-transmembrane receptors with seven helical 
membrane-spanning regions connected by six extramembrane loops (5). The N-terminus and the 
adjacent three loops are the extracellular domain, while the C-terminus and three remaining loops 
extend intracellular. Specific GPCRs possess the ability to bind a variety of specific ligands such as 
chemokines, light-sensitive compounds, odors, pheromones, hormones, and neurotransmitters. 
The ligand binding region of the GPCRs varies per type of stimulus. Lipidderived stimuli (e.g. LTB4 and 
PAF) and small peptides (e.g. fMLP) primarily activate GPCRs through the transmembrane regions 
(6-8). A two-step binding model has been proposed for larger protein stimuli like chemokines. 
Chemokines bind the N-terminus of the chemokine receptors, which is necessary for proper 
receptor activation (9, 10). The GPCRs sensitive to chemokines are called chemokine receptors.
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2.2. GPCR Activation by Chemokines
Chemokines are a large family of small proteins of 8 to 12 kDa that attract a variety of effector 
cells (see Table 1). Chemokines have a low sequence homology but all show conserved structural 
homology (see Table 2). They are divided in four groups based on the number and relative 
position of their cysteine residues (see Fig. 1) (9, 11). The two large families of chemokines are the 
CXC- and CCchemokines, whereas the CX3C- and the XC-chemokines represent the two smaller 
families of chemokines. The CXC chemokines are subdivided into two subfamilies, based on the 
presence or absence of a Glu-Leu-Arg (ELR) sequence preceeding the first cysteine residue. ELR+ 
chemokines preferentially attract neutrophils, whereas ELR- chemokines act on lymphocytes. The 
CC chemokines are involved in the attraction of various cell types, e.g. monocytes, eosinophils, 
and lymphocytes.

Cells expressing chemokine receptors have the ability to migrate towards a chemokine gradient 
(see Fig. 2). Interaction with these receptors results in the transduction of a signal and thus the 
activation of effector cells. Chemokine binding by GPCRs varies from highly specific to highly 
promiscuous. Until now, 7 receptors are known for CXC chemokines (CXCR1-7), 11 receptors for 
CC chemokines (CCR1-11), and one for CX3CL (CX3CR1) and XCL1 (XCR1). Chemokines not only 
bind to CXCR, but they also interact with glycosaminoglycans (GAGs) through distinct sites. These 
GAGs are long unbranched polysaccharides consisting of a repeating disaccharide unit and allow 
presentation of chemokines by endothelial cells or extra cellular matrix (ECM). Thereby, they 
create a chemotactic gradient that directs leukocyte as well as tumour cell transmigration through 
the endothelial layer towards the underlying tissue (see Fig. 3).

2.3. GPCR signaling
Upon ligand binding, GPCRs are activated and the signal is transduced to enable effector functions 
(12) (see Fig. 4). GPCRs are coupled to heterotrimeric G proteins that are associated with their 
intracellular loops. Ligand binding induces exchange of GDP for GTP by the Gα-subunit, resulting in 
Gβγ-subunit dissociation. The Gβγ-subunit in its turn activates the phosphatidylinositol-3-kinase 
(PI3K) and phospholipase C (PLC) leading to the activation of the mitogen-activated protein kinases 
(MAPK) pathway and accumulation of inositol trisphosphate and diacylglycerol in the cytoplasm, 
respectively. These products induce mobilization of calcium from intracellular stores and protein 
kinase C (PKC) activation which drive downstream cell signaling. The Gα-subunit also transduces 
the signal by interacting with adenyl cyclase, which is responsible for the synthesis of cyclic-
AMP from ATP. This results in changes in the cellular responses and gene expression. Generally, 
activation of the signaling pathways leads to actin polymerization, which is responsible for cell 
shape change and chemotaxis. Effector cells can degranulate and secrete oxygen radicals crucial 
for killing of pathogens. Importantly, chemokine signaling induces the expression and activation 
of integrins on the leukocyte cell surface, allowing for firm adhesion of the leukocytes during 
extravasation from the blood vessel to infected tissues. In parallel with their role in controlling cell 
migration during immune responses, chemokines and their receptors have been implicated in the 
cancer metastatic process by directing the migration of tumour cells.
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3. CHEMOKInE FunCTIOn

3.1. development
3.1.1. Pre-Implantation Embryo
Recent years, accumulating data has shown that chemokines play important roles during the 
first stages of embryonic development. For an embryo to develop, the conceptus has to implant 
into the endometrium. The implantation stage can be subdivided into three distinct phases: 
apposition, adherence and invasion, and accumulation of leukocytes. During apposition, the 
blastocyst approximates the endometrium where the conceptus and maternal cells communicate 
by the release of soluble factors such as chemokines and growth factors. Subsequently, the 
conceptus adheres to the endometrium and invades through the epithelial basement membrane 
and the decidualized stroma in order to attain its blood supply from the maternal vasculature (13). 
The accumulation of leukocytes in the endometrium, predominantly macrophages and uterine 
natural killer (uNK) cells, are particularly important for creating a permissive environment for the 
embryo during the periimplantation phase (14). These leukocytes release multiple soluble factors 
including chemokines and create a unique immunological environment that provides protective 
immunity, maternal tolerance and regulates the invasion of fetal cells (15). In the endometrium, 
macrophages comprise approximately 20% of the leukocyte population and are accumulated in 
regions of decidualization and trophoblast invasion (16). uNK cell numbers increase in the mid-
luteal postovulatory phase in the menstrual cycle and amass around maternal spiral arterioles 
where these play important roles in shaping the spiral arterioles and in decidualization (17, 
18). The leukocyte accumulation in the endometrium is tightly regulated and likely driven by 
chemokines. Decidualized stroma cells produce chemokines, such as CCL7, CCL21, CCL22, CCL4 
and CX3CL1, all strong attractants for uNK cells that express receptors for these ligands (19, 
20). Furthermore, decidual chemokines are key factors for the positioning of leukocytes around 
maternal spiral arterioles (21-24). Various chemokines and chemokine receptors are also present 
in the trophoblast during endometrium invasion, suggesting a contribution for chemokines in 
this process (23, 25-27). Disturbances in cytokine production have been detected in women who 
are infertile or who experience recurrent miscarriages (28). These findings illustrate the general 
importance of chemokines and their broad range of actions ranging from embryonic development 
to carcinogenesis.

3.1.2. Hematopoiesis
In mammals, primitive hematopoietic stem cells (HSC) are present in the yolk sack. They travel 
into the fetal liver and at the end of the second trimester the HSC move from the liver towards the 
bone marrow tissue (29). Mice deficient in CXCL12 or CXCR4 have a defective B-cell lymphopoiesis 
and impaired bone-marrow myelopoiesis (30, 31). Interestingly, myeloid development in the 
fetal liver of these mice remains largely unaffected, suggesting that chemoattractants other than 
CXCL12 contribute to the migration of HPCs during this developmental period. At the end of the 
second trimester bone marrow release of CXCL12 is highly increased and attracts CXCR4 bearing 
HPCs. The CXCL12/CXCR4 system remains active during adult hematopoiesis. In the clinic the 
mobilization of HPCs, used for transplantation in haematological disease, is stimulated by G-CSF 
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which reduces CXCL12 levels and increases CXCR4 expression in the bone marrow (32). In addition, 
CXCL12 promotes myeloid progenitor cell (MPC) survival. These findings are corroborated by the 
fact that transgenic mice endogenously expressing SDF-1/CXCL12 in all tissues have an enhanced 
MPC proliferation in the marrow and spleen and live longer after growth factor withdrawal (33, 
34). In contrast to CXCL12, the effects on migration and survival/proliferation of a number of CC 
and CXC chemokines, including CCL3, CXCL5 and CXCL8, display myelosuppressive effects (35).

 3.1.3. Chemokine Expression During Brain Development
Embryonic development comprises the generation of progenitor cells that subsequently migrate 
to their target location and finally differentiate into organotypic tissues. Studies regarding 
brain and spinal cord development have mostly been focused on the functions of CXCR4 and 
its ligand CXCL12. In the mouse nervous system CXCR4 expression starts from embryonic day 
(E)8.5 and remains present until adulthood. Early during development CXCR4 is accumulated in 
neural epithelium in an anterior to posterior wave (36). In the spinal cord and hindbrain, CXCR4 
expression is evident at E10.5 and is localized in cells innervating muscle and viscera, with highest 
CXCR4 transcript levels in the dorsal root ganglia and ventral mantle layers of the spinal cord. In 
midbrain and forebrain structures expression of CXCR4 is most prominent between the midbrain/
hindbrain border. During the formation of the cerebellum CXCR4 transcripts are detected starting 
with a wide expression pattern at E11.5 and the expression is later confined to cells in the 
external granular layer (31). At around E14.5 both CXCL12 and CXCR4 appear in the developing 
hypothalamus, thalamus and in cells at the border surrounding the olfactory bulb (36). Later at 
E15.5, CXCL12 and CXCR4 transcripts are also present in the neo-cortex, the hippocampus and in 
the meninges and expression levels are sustained into the adult central nervous system (CNS).  
Notably, CXCR4 and its ligand CXCL12 show a complementary expression pattern in both the 
developmental prenatal and perinatal to adult period emphasizing their putative role in migration, 
proliferation and survival (31, 37-40).

3.1.4. Chemokines and Neuronal Migration
The meninges covering the developing neocortex release CXCL12, which acts as a chemoattractive 
cue for the CXCR4 expressing Cajal-Retzius (CR) cells and regulates their tangential migration in a 
paracrine manner (41-42). These CR cells, a transient population of neurons, which are located in 
the marginal zone adjacent to the meninges, largely regulate cortical layer formation by secreting 
the glycoprotein reelin. This protein maintains radial glia cells acting as a physical scaffold that 
allows newborn neurons to migrate the long distance from the ventricular zones towards the pial 
surface (43, 44). Cortical projection neurons or pyramidal cells migrate into the neocortex from 
two important proliferative zones termed the ventricular zone (VZ), containing dividing cells at 
the ventricular surface, and the sub-ventricular zone (SVZ) that contains neuronal progenitor cells 
(45). Pyramidal cell progenitors migrate according to an inside-out sequence: meaning that the 
most recently generated neurons migrate towards the pial surface through previously established 
layers of cells (46).

Accordingly, neurons in layer II are generated at a later time period than layer IV and V neurons. 
Because of the CXCR4 expression by CR cells and CXCL12 release in the neocortex, it was proposed 
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that CXCL12/CXCR4 contribute to the proper lamination pattern of the cortex early in cortical 
development. Although smaller in sheer numbers, the second neuronal population inhabiting the 
cortex are the GABAergic interneurons that give local input to pyramidal cells as well as other 
interneurons. In developing embryos immunolabeling for GABA in combination with fluorescence 
dye labeling of cultured telencephali identified streams of migrating GABAergic cells undergoing 
long distance tangential migration to reach their final position in specific cortical layers (47, 48). In 
the mouse, GABAergic interneurons originate in the subpallial telencephalon starting from around 
E12 and follow precise migration pathways towards the cortex (49). The first indication that CXCR4 
is involved in migration of cortical interneurons was demonstrated by in situ hybridization studies 
in CXCR4 and CXCL12 knockout mice. In these mice the developing cortex showed a disturbed 
localization of neurons expressing the enzyme glutamic acid decarboxylase, a specific marker for 
GABA producing cells. In addition, CXCR4 is expressed in migrating GABAergic precursors which 
are attracted towards a gradient of CXCL12 (42, 50). CXCL12 is expressed by proliferating pyramidal 
cell precursors and not in an autocrine manner by tangentially migrating interneurons (51).

The timing of exit from the migratory streams is accompanied by a loss of responsiveness to CXCL12 
as chemoattractant (52). In cortical areas with a reduced interneuron density the development of 
a functional cortical circuitry and the inhibitory tone regulated by GABAergic cells was altered. 
CXCL12 is also expressed by the meninges surrounding the dentate gyrus (DG) of the hippocampus 
during its early development (37, 38). A mixture of proliferative and post-mitotic dentate granule 
cells initially migrates from the dentate neuroepithelium towards the DG anlage and determine the 
morphology of the primary dentate gyrus and hilus. CXCR-/- mice have ectopically located DG cells 
near the ventricular zone, adjacent to the fimbria or in the migratory stream towards the dentate 
anlage. Furthermore, explant assays revealed that CXCL12 directly regulates DG cell migration 
(37). The DG of the hippocampus is an important site of adult neurogenesis and the expression 
of CXCR4 and CXCL12 is continued until adulthood. This raises the possibility of a continuing role 
in the maintenance of adult-born granule neurons. Similar to the neocortex and the DG, the 
development of the cerebellum relies on CXCR4/CXCL12 signaling pathways. Granule cell precur 
sors originate from the upper rhombic limb and migrate tangentially to form the external granular 
layer. Here, the granule cells proliferate extensively and subsequently migrate towards the internal 
granular layer (53). CXCR4 is expressed by granule cell progenitors that are attracted to CXCL12 
released by the meningeal cells (40). In CXCR4-/- mice the gross anatomical development of the 
cerebellum is unaltered, however the laminar structure is aberrant. Clusters of granule cells are 
positioned ectopically underneath the Purkinje cell layer or are intermingled with Purkinje cells 
(31). Similar developmental deficits were observed in CXCL12-/- mice (39). The above processes 
and the role of CXCR4/CXCL12 in particular in these could have important implications for various 
neurodevelopmental disorders.

3.1.5. Chemokines and Axon Guidance
Neuronal circuitries are formed by neurons that sprout elongating axons and dendrites with at 
their tips a highly motile structure called the growth cone. Growth cones are densely loaded with 
cell surface receptors that interpret the presence of guidance cues through alterations in the actin 
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cytoskeleton and thereby induce an attractive or repellent response (54). By this means axons and 
dendrites are steered towards their appropriate locations (55). The effects of CXCR4/CXCL12 on 
neuronal migration and the common molecular mechanisms shared between migration and axon 
guidance raises the possibility of a role for chemokines in axon guidance (56). Xiang et al. were 
first to demonstrate that growth cones of cerebellar neurons could be steered by a gradient of 
chemokines, including CXCL12 (57). The establishment of an in vitro gradient of CXCL12 induced an 
attractive or repellent response dependent on the differential activity of the PKC and IP3 pathways. 
Their findings were later corroborated in cultured neurons derived from the hippocampus and the 
cerebellar granule layer (58, 59). 

Moreover, motor neurons that extend axons out of the neural tube to innervate their target 
muscle express axonal CXCR4 and are attracted towards CXCL12 released by mesenchymal cells 
surrounding the ventral neural tube (60). The effects of CXCL12/CXCR4 signaling are dependent 
on Rho-GTPase activation. At low concentrations CXCL12 promotes axon elongation, however 
at higher concentrations Rho/ROCK activity repressed axonal growth (58). CXCR4 also elicits an 
increase in intracellular Ca2+ and activation of MAPK, two pathways known to influence axon 
guidance (61, 62).

3.1.6. Other Chemokines in Neuronal Development
Increasing evidence suggests that other chemokines also play an important role in nervous system 
development. CXCR2 and its ligand CXCL6 are expressed in the developing rat midbrain (63). 
CXCR2 mRNA is expressed at the onset of dopaminergic neurogenesis and peaks at E13.5 with 
the birth of DA neurons. The CXCR2 ligand CXCL6 was first detected at E11.5 and was present 
until postnatal day (P)1. In vitro CXCL1, CXCL6 and CXCL8 regulate via CXCR2 the proliferation 
of dopaminergic progenitors, neurogenesis and the differentiation of precursor cells into ventral 
midbrain dopaminergic neurons. Besides neurons, the nervous system depends on supporting cell 
types such as oligodendrocytes which myelinate axons in each region of the developing CNS. In the 
spinal cord, oligodendrocyte precursors cells (OPCs) migrate the long distance from the ventricular 
zone to white matter where they reach their final destination. Although most chemokines act 
as chemoattractants in the developing CNS, the migration of immature OPCs was found to be 
inhibited by the CXCL1/CXCR2 axis (64). CXCL1 reduces the number of cells in the dorsal spinal 
cord and in CXCR2-/- mice have less differentiated oligodendrocytes with an altered distribution. 

3.1.7. Chemokines in other Organs Systems
Chemokines are also involved in cardiovascular development. Starting as a common outflow 
tract, the formation of the septum establishes separate aortic and pulmonic outflow racts. The 
aortopulmonary septum further fuses with inferior muscular portion of the ventricular septum. 
In situ analysis has shown that the aortopulmonary cardiac septum expresses CXCR4, while the 
ventricular muscle and outflow tract express CXCL12 (36). This matches findings in CXCL12-/- 
and CXCR4-/- embryos, which display a cardiac ventricular septum defect (30, 31). In addition to 
cardiac development, CXCR4 is critical for the vascularization of the gastrointestinal tract. Areas 
of vascularization correlate with high CXCL12 expression and CXCR4 transcripts are present in 
the endothelium of developing blood vessels during embryogenesis (36). In CXCR4-/- mice the 



23

2

major blood vessels such as the aorta, vena cava, carotid artery and jugular vein are present, 
but mesenteric vascular branching is aberrant leading to hemorrhages or congestion of the small 
intestines (65). It is clear that chemokines contribute to the pathogenesis of renal disease and in 
particular renal inflammation (66). However, data regarding the functions of chemokines during 
kidney development is still scarce. CXCR3, CX3CR1 and its ligand fractalkine, and CXCR4 and its 
ligand CXCL12 are present in different renal compartments with diverging temporal expression 
during kidney development (67). These tightly regulated spatially and temporally expression 
patterns and the knowledge that these chemokine affect adhesion, proliferation and have vascular 
effects suggest their involvement in embryonic renal development.

3.2. Infection and Immunity
For successful infection of the host, invading pathogens first need to cross the mucosal surfaces 
and the skin. Upon subsequent entrance of host tissue by the pathogen, the acute inflammatory 
response of the innate immune system is initiated. Neutrophils and macrophages are the main initial 
effector cells of the innate immune system that can clear the invading pathogen by phagocytosis. 
These cells are attracted to the site of infection through sensing of chemotactic factor gradients. 
Chemoattractants are secreted by activated host cells and released as activated complement 
components upon recognition of evolutionary conserved structures presented by pathogens. The 
secreted chemoattractants form a gradient in the tissue, thereby directing phagocyte migration 
to the site of infection and inflammation. Well-known chemoattractants for phagocytes are host-
derived platelet activating factor (PAF), leukotriene B4 (LTB4), complement fragment C5a, and 
chemokines such as CXCL8 (also known as interleukin (IL)-8). Bacterial-derived products also 
serve as effective chemoattractants. These include formyl peptides such as N-formyl-methionyl-
leucyl-phenylalanine (fMLP). All these chemoattractants activate phagocytes by binding to GPCRs. 
Activation through GPCRs not only directs phagocyte chemotaxis but also primes and activates the 
cells for effector functions such as phagocytosis.

Chemoattractants and GPCRs thus play an essential role in directing the innate immune defense 
against invading pathogens. It is therefore not surprising that pathogens have evolved a large 
variety of strategies to evade activation of phagocytes by chemoattractants. Several of these 
bacterial proteins were identified; CHIPS (68), staphylococcal complement inhibitor (SCIN) and 
its homologues (69, 70), FPRL1 inhibitory protein (FLIPr) (71), staphylococcal superantigenlike 5 
(SSL5) (72, 73) and staphylococcal superantigen-like 10 (SSL10) (74).

3.3. Cancer and the Chemokine network
3.3.1. CXCR4- CXCL12
CXCR4 is the most widely expressed chemokine receptor in many different haematological 
and solid cancers (75) and has been associated with metastases and poor prognosis (76-80). 
Metastasizing is the result of several sequential steps and represents a highly organized, non-
random and organselective process. Increasing evidence suggests a pivotal role of CXCL12 
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and its receptor CXCR4 in this process (1). CXCR4 is highly expressed in human primary breast 
cancer cells and metastases. CXCL12 exhibits peak expression levels in organs representing the 
first destination of breast cancer metastasis. In vivo, neutralizing the interactions of CXCL12/
CXCR4 impairs metastasis of chemotactic and invasive responses (81). CXCR4 is also involved in 
metastasizing of prostate cancer cells to the bone marrow (4) and colon cancer cells to the liver 
(82). In glioblastomas (GBM) and neuroblastomas CXCR4 is expressed and CXCL12 is produced, 
creating autocrine loops. In these tumours the expression of CXCR4-CXCL12 correlates positively 
with tumour cell proliferation (83-86) and in neuroblastomas particularly there is a positive 
correlation between increased expression of CXCR4-CXCL12 and tumour progression and 
metastasis (84). In GBM cells, increased CXCR4 expression was related with increasing tumour 
grades (86, 87). In addition, CXCL12 provides survival signals to CXCR4 expressing glioma cells (88). 
This growth enhancing ability can be explained by downstream induction of phosphorylation and 
activation of extracellular signal-regulated kinases 1/2 and Akt (89). Studies performed with acute 
or chronic lymphoproliferative disorders have shown that CXCR4 is up-regulated in many B and T 
cell malignancies (90, 91). Cutaneous Tlymphoma cells express a functionally active CXCR4 and 
CXCL12 is abundantly produced in the skin, which represents the main destination of lymphoma 
cell spreading (92). Furthermore, anti-CXCR4 antibodies abrogated tumour growth in the majority 
of non-Hodgkin’s lymphoma xenograft bearing mice (93). Recent studies show that CXCR4 is 
essential for homing and maintenance of HSC in distinct stromal cell niches within the marrow 
(94). Chemotactic responsiveness of hematopoietic stem cells is restricted to CXCL12, which is 
constitutively secreted by marrow stromal cells. CXCR4 expression levels have a major prognostic 
impact in acute myeloid leukaemia. There is growing in vitro and in vivo evidence that CXCR4 
expression by leukaemia cells allows for homing and retention within the marrow. Thus, leukaemia 
cells appear to utilize CXCR4 to access niches that are normally restricted to progenitor cells, and 
thereby reside in a microenvironment that favors their growth and survival (94).

For a long time CXCR4 was thought to be the sole receptor for CXCL12. However, an additional 
CXCL12- binding chemokine receptor, CXCR7, was identified (95). Despite its high affinity for 
CXCL12, the role of CXCR7 in chemotaxis is still a matter of debate. Although one study claims 
that CXCR7 is involved in chemotaxis (96), more recent data indicate that CXCR7 lacks intrinsic 
chemotactic activity towards its ligand CXCL12 (97-99). Since the disclosure of CXCR4 as a co-
receptor for human immunodeficiency virus (HIV), various CXCR4 antagonists have been made, 
including the Horseshoe crab protein polyphemusin II and its analogues (100-103) the small 
molecule heterocyclic bicyclam AMD3100 (104) and the monocyclam AMD3465 (105). AMD3100 
was originally developed as a CXCR4 inhibitor with anti-HIV-1 activity but was withdrawn from 
phase 2 clinical trial primarily because of lack of antiviral effect and the occurrence of unexplained 
cardiotoxicity. AMD3100 development was continued for hematopoietic stem cell mobilization 
for which it is recently approved by the FDA to enhance mobilization of stem cells for autologous 
transplantation in non-Hodgkin lymphoma and multiple myeloma patients. In addition it is studied 
preclinically for its role as anticancer agent and for the treatment of autoimmune disease (see 
Table 3).
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3.3.2. CXCR3- CXCL9, CXCL10, CXCL11 & CXCR3B - CXCL4
The chemokine receptor, CXCR3 has three ligands namely CXCL9, CXCL10, and CXCL11. It is 
expressed in various haematological (106) and solid cancers (107, 108) including prostate (109) and 
renal cell carcinoma (RCC) (110). Moreover in RCC patients, high CXCR3 expression in the tumours 
was an independent predictor of improved disease-free survival (DSF) following nephrectomy 
for localized disease (110). CXCR3 expression in human colon carcinoma cell lines has been 
associated with tumour cell migration, with CXCL10 being found in the preferred metastatic sites 
of colorectal cancer (CRC) (111). Several CXCR3 ligands are chemoattractants for malignant B-cells 
(112), melanoma cells (113), and mucosa associated lymphoid tissue (MALT) cells (114). In general 
the CXCR3/CXCR3 ligand axis plays an important role in mediating type 1 cytokine-dependent 
cellmediated immunity. In a murine RCC model, administration of systemic IL-2 induced CXCR3 
expression on circulating mononuclear cells. However, IL-2 impaired the CXCR3 ligand chemotactic 
gradient from plasma to tumour by increasing CXCR3 ligand plasma levels. The antitumour effect 
of systemic IL-2 was CXCR3-dependent, as IL-2 failed to inhibit tumour growth and angiogenesis in 
CXCR3-/- mice. Mice treated with a combination of systemic IL-2 and an intratumourally injected 
CXCR3 ligand (CXCL9) showed greater reduction in tumour growth and angiogenesis, increased 
tumour necrosis, and increased tumour infiltration of CXCR3+ mononuclear cells, compared with 
either IL-2 or CXCL9 alone (115). So a combined strategy of systemic IL- 2 with intratumourally 
injected CXCR3 ligand is probably more efficacious than either strategy alone for reduction of 
tumour-associated angiogenesis and augmenting tumourassociated immunity, the concept of 
immunoangiostasis. In 20 metastatic clear cell RCC patients the kinetics of CXCR3 expression 
in circulating mononuclear cells and expression of all its ligands in plasma has been evaluated 
during high dose IL-2 therapy (116). Two patients had a complete tumour response. At baseline, 
no differences were present between CXCR3 expression in peripheral blood mononuclear cells 
(PBMC) in these RCC patients versus healthy controls. During treatment, PBMC CXCR3 expression 
increased, as did its ligands. CXCR3 expression rose in each subset, CD4, CD8, and NK cells, in 
response to high dose IL-2. Although this trend is seen in all 20 patients receiving treatment, the 
extent of CXCR3 expression varied between subjects, reflecting the variability in responses to high 
dose IL-2 therapy. The induction of CXCR3 expression by PBMC was most pronounced in a patient 
who experienced a complete tumour response. Therefore, the authors conclude that the CXCR3/
CXCR3 ligand biologic axis may be an important biomarker in clear cell RCC patients who are 
undergoing high dose IL-2 therapy (116). CXCL4, also known as platelet factor 4, is released from 
alpha-granules of activated platelets and has a high binding affinity for CXCR3-B, a splice variant 
of CXCR3 (117, 118). CXCR3-B is an independent factor for extensive tumour necrosis pattern in 
RCC (119). Changes in CXCL4 were detected in early growth of human liposarcoma, mammary 
adenocarcinoma, and osteosarcoma in mice. Moreover, CXCL4 was able to predict the presence 
of a microscopic, nonangiogenic (dormant) human tumour in mice and circulates predominantly 
in platelets early in the disease process (120). It is hypothesized that CXCL4 expression 
counterbalances vascular endothelial growth factor (VEGF) and basic fibroblast growth factor 
(bFGF) signaling pathways and therefore keeps tumours in a dormant stage by downregulating 
angiogenesis (121, 122). Suyama et al. postulated that up-regulated CXCR3 ligands in RCC tissue, 
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produced by tumour vessels, may interact with CXCR3 expressed in tumour cells, with migratory 
activities leading to RCC progression. In RCCs, CXCL9, CXCL11 and their receptor, CXCR3, are 
expressed (123). CXCR3 is expressed by tumour cells and infiltrating leukocytes. Furthermore, 
CXCR3 ligands expressions are much higher both at the mRNA and the protein level than in normal 
kidney tissue. CXCL11 is present in pericytes and vascular smooth muscle cells in tumour vessels, 
CXCL9 in tumour endothelial cells and in infiltrating leukocytes. In CRC patients CXCL10 expression 
was found in the primary tumour and in the preferred metastatic sites of CRC. CXCL10 up-regulates 
the secretion of matrix metalloproteinase-9 (MMP9) by CRC cells and promotes the adhesion of 
(metastatic) CRC cells to laminin in vitro. Migration in response to CXCL10 could in vitro only be 
shown for the cell lines derived from the metastases. Therefore it is suggested that CXCL10 has 
an interstitial motility and adherence activity in CRC cells that have reached their metastatic loci 
(111). Inhibition of CXCR3 expression in a murine melanoma model resulted in fewer metastases 
to lymph nodes. This lowered CXCR3 expression was accomplished by construction of B16F10 
cells transduced with a CXCR3 antisense RNA vector. Thereafter the metastatic potential of these 
cells after subcutaneously inoculations in mice was studied and compared with mice inoculated 
with the empty vectortransduced cells. Additional pretreatment of mice with complete Freund’s 
adjuvant increases the levels of CXCL9 and CXCL10 in the draining lymph nodes, which causes a 
pronounced increase in metastatic frequency of B16F10 cells to the lymph nodes with much larger 
foci. The specificity of this finding was underscored by the following findings. This stimulation of 
lymph nodes metastasis by the complete Freund’s adjuvant preinjection was significantly lower in 
the CXCR3 antisense transfectant inoculated clones or when the mice were treated with specific 
CXCL9 and CXCL10 antibodies (113). In a murine metastatic mammary cancer model, systemic 
administration of AMG487, a potent and selective orally bioavailable CXCR3 antagonist, inhibited 
development of lung metastases while local tumour growth was not affected (108). A total of nine 
healthy Caucasian male volunteers were enrolled into a randomized, double-blind, multipledose, 
two-period crossover study to evaluate the pharmacokinetics after multiple oral dosing of AMG 
487 (124). AMG 487 exhibited linear pharmacokinetics on both day 1 and 7 at the 25-mg dose with 
dose- and time-dependent kinetics at the two higher doses.

3.3.3. CCR5- CCL3, CCL3L1, CCL4, CCL5, CCL6, CCL8, CCL12
CCR5 is expressed both in haematologic malignancies (125-128) and in solid tumours (129-131), 
and is associated with cancer metastasis (128, 129, 131, 132) and poor prognosis in gastric cancer. 
Following gastrectomy, patients with CCR5 expression in their tumour had a 5-year survival rate 
of 54%, compared to 19% in patients without this CCR5 expression (133). Furthermore, a 10-
year disease free of 75% was observed in primary breast cancer patients with CCR5 expression 
in their tumour as compared to 55% in those without functional CCR5 expression (134). In 
vitro, CCL5 secretion by Reed–Sternberg and Hodgkin lymphoma cells (together H-RS) induces 
a chemotactic response of human CD4+ T lymphocytes and eosinophils. The production of CCL5 
by H-RS cells, leads to autocrine signaling plus the possible production of CCL5 by T-cells. This 
can lead to more stimulation of the CCR5 on H-RS cells and therefore can contribute to H-RS cell 
proliferation. Furthermore, anti-CCL5 monoclonal antibodies inhibit in vitro basal proliferation of 
Hodgkin lymphoma-derived cell lines and recombinant CCR5 ligands increase their clonogenic 
growth (135). In a patient with CRC an accumulation of CCR5 expressing T cells was detected along 
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the invasive margin of the primary tumour. Its ligand CCL5, which is also secreted by activated 
platelets, was localized within the infiltrating CD8+ T cells (130, 136). Earlier studies showed that 
the number of intraepithelial CD8+ T cells in CRC was an independent favorable prognostic factor 
for patient survival. The T-cells infiltrating the tumour may be involved in antitumour immunity 
and thus lead to survival advantage. The CCL5, released by the infiltrating T-cells is possibly 
directly involved in anti-tumour immunity by enhancing the levels of antigen-specific Th1- and 
cytotoxic T-lymphocyte responses, by upregulating the lysis of target cells, and costimulatory 
functions of antigen presenting cells (137, 138). Several CCR5 ligands interact with the tumour 
microenvironment. Human breast cancer cell-derived CCL5 promotes macrophage migration 
to tumour sites and MMP-9 production by tumour-associated macrophages (139, 140). In a 
RCC murine model CCL3 was detected in infiltrating cells and in tumour cells, together with an 
infiltration of leukocytes expressing CCR5. In CCL3 or CCR5 gene deficient mice there are markedly 
less metastatic foci in the lung, and analysis revealed that both bone marrow- and nonbone 
marrow-derived cells contributed to metastasis formation. In accordance with these results CCL3- 
and CCR5-deficient mice showed a reduction in intratumoural accumulation of macrophages, 
granulocytes, and fibroblasts (141). The same authors demonstrate that CCR5 expression by 
pulmonary mesenchymal cells promotes migration of mesenchymal cells to CCL4 in vitro and 
increases pulmonary metastasis in vivo in a murine melanoma model by induction of MMP9 in the 
host lung (132, 142). This leads to the conclusion that the CCL3-CCR5 axis regulates intratumoural 
trafficking of MMP-9-expressing leukocytes and hepatocyte growth factor-expressing fibroblasts, 
thereby increasing the incidence of metastatic foci in the lung of mice. CCR5 antagonist TAK-
779 inhibited cell proliferation and migration of a prostate cancer cell line in vitro (131), and 
neutralizing anti-CCL5 monoclonal antibodies inhibited in Hodgkin lymphoma-derived cell lines 
basal proliferation (135). Human pancreatic adenocarcinoma tumours produce increased levels 
of CCL3-5 compared to normal pancreatic tissue. Tregs (CD4+CD25+Foxp3+regulatory T cells) 
found within this tumour microenvironment express CCR5. These Tregs are important because 
tumours evade immune destruction by actively inducing immune tolerance by the recruitment of 
Treg. Reducing CCL5 levels with shRNA (by transducing a tumour cell line with a lentiviral vector 
producing short hairpin (sh)RNA), and inhibiting CCR5 signaling with systemic administration of 
TAK-770 resulted in a murine pancreatic adenocarcinoma model in disruption of CCR5- dependent 
chemotaxis and decreased migration of Treg to tumours and eventually to smaller tumours than in 
control mice (143). CCR5 is the co-receptor for the most commonly transmitted HIV-1 strains (144). 
Various drugs have been developed to target the CCR5 receptor including maraviroc (145), E-913 
(146), SCH-C (147), TAK-779 (148), and vicriviroc (149). A recent study describes an allogeneic 
stem-cell transplantation in a HIV infected patient with acute myeloid leukaemia. As transplant 
served stem cells from an HLAmatched, unrelated donor who was screened for homozygosity for 
the CCR5 delta32 deletion. The patient experienced a complete remission of the AML, and the 
patient’s peripheral blood monocytes changed from a heterozygous to a homozygous genotype 
for CCR5 delta32 allele. The highly active anti-retroviral therapy (HAART) was discontinued for 
more than 20 months, and HIV-1 virus RNA or proviral DNA could not be detected in peripheral 
blood, bone marrow, or rectal mucosa (150). This illustrates that CCR5 plays a prominent role in 
HIV infection and possibly in AML progression.
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3.3.4. CCR7- CCL19, CCL21
CCR7 has as ligands CCL19 and CCL21. Expression of CCR7 is an independent prognostic factor for 
metastatic non small lung cancer (151) and gastric carcinoma (152) and associated with shorter 
overall survival (OS) in cervical cancer (153). Cancer cells may well exploit similar mechanisms to 
access the lymphatics as compared to T-cells. CCR7 is known for its role in homing of T cells to the 
lymph nodes (154). One of the CCR7 ligands, CCL21, is expressed in the high endothelial venules 
of lymph nodes, and is necessary for homing of CCR7 positive T cells into the lymph nodes (155). 
Indeed, the incidence of lymph node metastases correlated with the presence of CCR7 on tissue 
sections of human cancers including breast cancer (156) and melanoma (157, 158) as well as CRC 
(159), head and neck (160), prostate (161), non-small lung (151), esophageal squamous cell (162), 
and gastric (152, 163) cancers. Melanoma cell lines express more CCR7 than normal primary 
melanocytes (81). There is a strong correlation between CCR7 mRNA expression in melanoma 
cell lines and CCL21 induced cell migration. Furthermore, CCR7 expression in primary melanomas 
correlated positively with Breslow thickness. CCL21 mRNA expression measured in sentinel lymph 
nodes biopsies of 55 melanoma patients correlated inversely with Breslow thickness. The authors 
conclude that enhanced CCL21 expression in tumour-draining lymph nodes could selectively recruit 
CCR7 positive metastatic melanoma cells (157). In lymph node samples of breast cancer patients, 
both CCR7 ligands CCL19 and CCL21 show abundant expression. CCL21 exhibits peak levels of 
expression in organs representing the first destinations of breast cancer metastases like liver, lung 
and bone tissue. In breast cancer cells, signaling through CCR7 mediated actin polymerization 
and pseudopodia formation, which leads to chemotactic and invasive responses of the CCR7 
expressing cells towards ligands expressing organs. In 63% of patients who underwent a resection 
for non small cell lung cancer mRNA of CCR7 was present in the tumour (151). In contrast, in 
none of the adjacent normal lung tissues CCR7 expression was detected. CCR7 mRNA expression 
is associated with lymph node metastasis, tumour stage, lymphatic invasion, CCR7 protein and 
CXCR4 protein expression. Moreover, multivariate analysis showed that CCR7 mRNA expression 
is an independent predictor of lymph node metastasis. A correlation between expression of CCR7 
and lymph node metastasis was also found in cervical cancer (153). In normal cervical tissues, no 
CCR7 was expressed. In tumour specimen of 174 patients with the International Federation of 
Gynecology and Obstetrics (FIGO) stages IB–IIB cervical cancers, 59% stained positive for CCR7. 
The CCR7 expression is higher in squamous cell carcinomas as compared to the adenocarcinomas. 
Furthermore, CCR7 is increased in larger tumours, in case of deep stromal invasion, vaginal 
invasion, lymph–vascular space involvement, and in tumours from patients with lymph node 
metastasis. Multivariate analysis revealed that CCR7 expression is, like in non small lung cancer, 
an independent predictive factor for pelvic lymph node metastasis. DFS and OS rates of patients 
with enhanced CCR7 expression (estimated 5-years DFS 79.4%, OS 81.8%) are lower as compared 
to patients demonstrating no CCR7 expression (estimated 5-year DFS 95.4%, OS 96.1%). Like in 
cervical cancer, expression of both CXCR4 and CCR7 is an independent unfavorable prognostic 
factor for OS in patients with esophageal squamous carcinoma (162). In these patients, treated 
with curative surgery, high CCR7 tumour expression correlated with presence of lymph node 
metastasis, tumour depth, stage of disease and poor survival, with estimated 5-years OS rates 



29

2

of 35% for patients with high CCR7 and 70 % for those with low CCR7 expression. In an elegant 
study by Shield et al. a mechanism for CCR7-mediated tumour cell chemotaxis to lymphatics 
was elucidated. They showed that tumour cells, in addition to sensing chemotactic gradients 
of CCL21/19 in lymphatics, also generate autologous gradients of CCR7 ligands by secreting 
the ligands into the ECM under the influence of slow interstitial flow. This mechanism uses the 
drainage function of lymphatics to direct tumour cells in a chemotactic manner toward lymphatic 
vessels serving the tumour, thus promoting tumour cell migration towards functional lymphatics 
(164). Human CCR7 mAb are used in vitro to block migration of human CLL cells in response to 
CCL19. Moreover the CCR7 antibodies mediate a potent, complement dependent cytotoxicity 
against CLL cells while sparing normal T lymphocytes from the same patient (165). In a metastatic 
CCR7 cDNA transduced melanoma mouse model the expression of CCR7 promotes the metastasis 
of melanoma cells to regional lymph nodes. This process is completely blocked by neutralizing 
anti-CCL21 antibodies but is not affected by control IgG (158). These results suggest that blocking 
CCR7 plays an important role in prevention of metastasis.

3.3.5.  CXCR1 – CXCL6, CXCL7, CXCL8 & CXCR2 – CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL7, CXCL8
CXCR1 and 2 are expressed in glioblastoma multiforme (GBM) (166), in prostate cancers (167), 
and in RCC (CXCR2) (168). In breast cancer cell lines CXCR2 expression is lower compared to the 
tissue of origin (81). Various studies demonstrate the expression of CXCR1/2 ligands. CXCL8 was 
found in 38% of GBMs (166), in prostate cancers (167), head and neck squamous cell carcinomas 
(169), and non small cell lung cancers (170-172). In the last tumour type CXCL5 was also present. 
In addition to CXCL8 and CXCL5, CXCL1 and CXCL3 were detected in tumours and plasma from 
patients with metastatic RCC (168). CXCL6 was expressed in small cell lung cancer tissue and in 
non small cell lung cancer cell lines (173). The expression of CXCL8, which is together with CXCL1, 
CXCL5 and CXCL7 also secreted by activated platelets (136), is directly correlated with poor survival 
in non small cell lung cancer (174-178) and ovarian cancer (179). Moreover, elevated CXCL8 
expression level is positively associated with cancer progression in prostate cancer (180, 181), 
bladder cancer (182), ovarian cancer (183) and melanoma patients (184, 185). The aggressiveness 
of malignant melanoma is attributed, in part, to the expression of CXCL8 and its receptors CXCR1 
and CXCR2. Analysis of CXCR2 and CXCL8 in human melanomas shows that CXCR2 is expressed 
predominantly by higher grade melanomas and melanoma metastases (186). Enhanced CXCR2 
expression is also correlated with tumour progression in GBM (166). In experimental models of 
human non small cell lung cancer tumourigenesis, CXCL5 expression is directly correlated with 
tumour growth, tumour-derived angiogenesis, and metastatic potential (173). Furthermore, 
CXCL8 correlates with the angiogenesis, tumourigenicity, and metastatic potential of many solid 
cancers in xenograft and orthotopic in vivo models (181, 187-190). CXCL8 secreted by tumour 
cells, induces the differentiation and activation of osteoclasts, supporting the finding of the 
characteristic osteolytic metastasis of breast cancer cells that have disseminated to the bone 
(191). Moreover, in CXCR2 knockout mice with metastatic RCC the potential to metastasize to 
the lungs is decreased (168). Cancer stem cells (CSC) express CXCL8. In various breast cancer cell 
lines (BrCa-MZ-01, MDA-MB-453, SUM159, MCF7, S68) qRT-PCR showed an increase of CXCR1 in 
cancer cells which are displaying stem cell properties. Furthermore, treating four breast cancer 
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cell lines with recombinant human CXCL8 did increase the formation of primary and secondary 
tumour spheres in a dose-dependent manner. This means that CXCL8 promotes CSC self-renewal 
(192). Interestingly, CXCL8 expression and secretion can be induced by chemotherapeutics such as 
5-fluorouracil, doxorubicin, dacarbazine, paclitaxel in various cancer cell lines (193-195). Moreover 
chemotherapeutic agents also induce transcriptional regulation of CXCR1/2 genes and increase 
the level of CXCL8 signaling by the prostate cancer cell lines (196). By using liposome-encapsulated 
small interfering RNA (siRNA) as a treatment within ovarian tumour xenografts to suppress CXCL8 
expression Merritt et al. showed growth retardation, reduced microvessel density, and an increased 
response to the docetaxel (197, 198). Several successful treatment interventions have been 
described. Many small molecule inhibitors of CXCR1/2 signaling with appropriate pharmacokinetic 
properties, and therefore suitable for preclinical animal models, are now emerging (199-204). 
Treatment of nude mice with ABX-CXCL8, a human IgG2 monoclonal antibody neutralizing human 
CXCL8 signaling, reduces growth of tumours in nude mice injected with human melanoma cell 
lines (187). Anti-CXCL8 neutralizing antibody also decreases cell proliferation in two non small 
cell lung cancer cell lines H460 and MOR/P (205). In SCID mice anti-CXCL1 antibodies inhibit the 
tumourigenesis and tumour-related angiogenesis of a CXCL1- producing prostate cancer cell line, 
Du145 (206).

3.3.6. Other Chemokine Receptors and their Ligands
CCR1 - CCL3, CCL3L1, CCL5, CCL9/CCL10, CCL14-16 

CCR2 - CCL2, CCL7-8, CCL12-13

CCR3 - CCL5, 6, CCL11, CCL15-16, CCL23-24, CCL26

CCR4 - CCL17, CCL22, CCR6 - CCL20, CCR8 - CCL1

CCR9 - CCL25, CCR10 - CCL27-28, XCR1- XCL1-2

CX3CR1 - CX3CL1, CXCR5 - CXCL13, CXCR6 - CXCL16

CXCR4 and CCR7 are likely to be the most important chemokine receptors in many cancers, while 
other chemokine receptors may participate in the metastasizing of specific cancers. For example, 
CCR3 is expressed in CD30+ cutaneous lymphomas, and its ligand CCL11 is often expressed in 
tumour-associated skin lesions (206, 208). In peripheral blood samples of patients with CLL, B 
cells express high levels of functional CXCR5. Stimulation of CLL cells with CXCL13 induces actin 
polymerization, CXCR5 endocytosis, chemotaxis, and prolonged activation of p44/42 MAPK.  
Anti-CXCR5 antibodies, pertussis toxin, and wortmannin (a fungal metabolite obtained from 
Penicillium fumiculosum that specifically inhibits PI-3K, MAPK, and myosin lightchain kinase), 
inhibit chemotaxis to CXCL13, demonstrating the importance of Gi proteins and PI3 kinases for 
CXCR5 signaling (75, 209). Purified follicular lymphoma cells, express CX3CR1 in contrast to non-
malignant B cell populations (210). CXCR5 was found to be expressed in 21 of 24 gliomas, while 
its ligand CXCL13 was only shown in 4 of 25 samples. The expression of the ligands occurred more 
frequently in GBM (WHO grade IV) then in lower grades astrocytomas (WHO grade I-III), which 
indicates a role for CXCR5 in glioma progression (166). The expression of chemokine receptors in 
cancer cells mirrors the expression of these receptors in their normal counterparts. For example, 
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CCR8 mRNA expression can be found both in normal breast epithelial cells and in breast cancer 
cells, but to a higher level in the tumour cells (81). Also, CXCL13 is overexpressed in breast cancer 
cell lines, in primary breast cancers and in the peripheral blood of breast cancer patients. Moreover, 
serum CXCL13 levels in patients with metastatic disease are elevated as compared with controls 
and disease-free patients (211). In contrast to the CXCR5 ligand CXCL13, levels of CXCR5 are low in 
malignant and healthy breast tissues, and surface expression could not be detected in vitro (211). 
CXCR6 en CXCL16 were elucidated in all of 170 human primary breast carcinomas and at similar 
levels in all of 8 human breast cancer cell lines (212). Surprisingly, suppression of CXCR6 as well as 
CXCL16 leads to enhanced proliferation in vitro as well as in vivo, indicating that their interaction 
inhibits proliferation. It is remarkable that both CXCR6 and CXCL16 are expressed by all breast 
cancers, because one would expect that cells that loose either one acquire a growth advantage and 
would be expected to be selected during tumour progression. This suggests an unknown important 
role for the CXCR6/CXCL16 axis in tumour formation. Proteases, possibly macrophage derived, 
might convert inhibitory transmembrane CXCL16 into the stimulatory chemokine. A complex 
chemokine/chemokine receptor network in ovarian cancer ascites was reported by Milliken et 
al. (213). In cell isolates of this ascites mRNA for the CC chemokines CCL2, -3, -4, -5, -8, and -22 
and for CC chemokine receptors CCR1, -2a, -2b, -3, -4, -5, and -8 was detected. The corresponding 
proteins were also detected in the ascitic fluid. However, no correlation between chemokine/
chemokine receptor levels and infiltrating leukocytes could be detected. Of all these chemokines 
both CCL3 and CCL7 are also secreted by activated platelets (136). Monocyte chemoattractant 
protein 1 (CCL2) is a prominent regulator of prostate cancer growth and metastasis. In an animal 
model using VCaP cells, anti-CCL2 treatment suppresses tumour growth in bone. The decreased 
tumour burden in the bone is associated with less bone resorption and microvessel density in the 
bone lesions was reduced by 70% in anti-CCL2-treated animals with bone lesions (214). These 
data suggest that a destructive cascade is driven by tumour cell-derived, induction of CCL2, which 
facilitates tumour growth via enhanced osteoclastic and endothelial cell activity in bone marrow. 
Taken together, CCL2 mediates the interaction between tumour-derived factors and host-derived 
chemokines acting in cooperation to promote skeletal metastasis. CX3CR1 is present in human 
prostate cancer cell lines, whereas human bone marrow endothelial cells and differentiated 
osteoblasts expressed its ligand CX3CL1. The adhesion of prostate cancer cells to human bone 
marrow endothelial cells in flow conditions can be reduced by a neutralizing CX3CL1 antibody 
(215). CCR6 and CCL20 expression were studied in 80 prostate cancers of various grades and 
stages. Expression levels of CCR6 were associated with clinical and pathologic features of more 
advanced and aggressive prostate cancer (216). Enhanced expression of CXCL16 and CXCR6 was 
notified in primary RCC tissue and in RCC cell lines (217). High levels of CXCL16 expression in RCCs 
correlate with better survival of patients, and CXCL16 correlates inversely with tumour stage. In 
vitro inhibition of CXCL16 in RCC, achieved by siRNA constructs and with anti-CXCL16 antibodies, 
increases the migration of RCC cells (217). In esophageal carcinoma, CCL2 expression is positively 
correlated with the level of macrophage infiltration, tumour angiogenesis, and depth of tumour 
invasion (218). These results indicate that tumour-infiltrating macrophages may facilitate tumour 
growth and progression. CCL2 is secreted by neoplastic ducts from surgical pancreatic carcinoma 
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samples. In an in vitro pancreatic carcinoma model inflammatory cytokines such as IFNγ, TNFα, 
and IL-1β increase CCL2 expression. After resection of the tumour patients with high serum CCL2 
levels have a better survival compared to patients with lower CCL2 levels. Serum CCL2 levels are 
positively correlated with intratumoural macrophage infiltration and inversely correlated with 
tumour cell proliferative activity. Interestingly, pancreatic cancer cells do not express functional 
receptors for CCL2 (208, 219). CCL11 and CCL2 expression was higher in biopsies of resected 
colorectal hepatic metastases as compared to nonneoplastic adjacent liver. Immunohistochemical 
staining indicates that carcinoembryonic antigen-positive tumour cells stain strongly for CCL11. In 
vitro studies confirmed that several CRC lines produce CCL11. Jurkat T-cells, engineered to express 
the receptor for CCL11 (CCR3), effectively migrate in response to CCL11 protein (220). In addition 
CCR6 expression in primary CRC is independently associated with the presence of liver metastases 
(221). Finally, some chemokine receptors have never been found in tumour cells, including 
receptors such as XCR1, which have a very restricted expression (75).

3.3.7. Formylated Peptide Receptor
The formylated peptide receptor (FPR) also belongs to the family of GPC seven-transmembrane 
receptors and was originally identified in phagocytic leukocytes, which mediated cell chemotaxis 
and activation in response to the bacterial chemotactic peptide fMLP. The capacity of growth and 
invasion of astrocytomas is correlated with the expression of cell surface receptors that sense the 
signals present in the tumour microenvironment. High grade human astrocytoma cells express 
functional FPR and by responding to potential agonist(s) released by necrotic tumour cells, FPR 
promotes the directional migration, survival, and production of angiogenic VEGF by tumour cells 
(222, 223). FPR is a GPCR, originally identified in phagocytic leukocytes, which mediates cell 
chemotaxis and activation in response to the bacterial chemotactic peptide fMLP. During the past 
few years, a number of novel and host-derived chemotactic agonists of FPR have been identified 
in addition to fMLP, including formyl peptides potentially released by mitochondria of ruptured 
cells (224), annexin I produced by activated epithelia (225), and a neutrophil granule protein, 
cathepsin G (226). Agonist binding to FPR elicits a cascade of signal transduction pathways that 
involve PI3K, MAPK, and the transcription factor nuclear factor-B (227), which are linked with 
tumour-promoting functions like proliferation and migration. Functional FPR has been detected 
in cells of nonhematopoietic origin, such as lung epithelial cells (228) and hepatocytes (229). 
Depletion of FPR by siRNA markedly reduces the tumourigenicity of the astrocytoma cells in 
immunodeficient mice (230). Tumour nodules formed by U-87 cells transfected with FPR siRNA 
appeared later, and the corresponding tumours grow slower than those formed by wild-type U-87 
cells or by mock-transfected cells. By day 42 after implantation, all mice implanted with wild-
type or mock-transfected U-87 cells had died or had to be sacrificed because of large necrotic 
tumours. In contrast, all mice bearing tumours formed by FPR siRNA-transfected U-87 cells 
survived over 72 days after implantation. fMLP induces EGFR phosphorylation at tyrosine residue 
(Tyr) 992, but not residues 846, 1068, or 1173, in astrocytoma cells, whereas all these residues 
were phosphorylated after only EGF treatment. The FPR agonist-induced EGFR phosphorylation 
in tumour cells is dependent on the presence of FPR as well as Gi proteins, and is controlled by 
Src tyrosine kinase. The transactivation of EGFR contributes to the biological function of FPR in 
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astrocytoma cells because inhibition of EGFR phosphorylation significantly reduced FPR agonist-
induced tumour cell migration and proliferation. Furthermore, depletion of both FPR and EGFR by 
short interference RNA abolished the tumourigenesis of the astrocytoma cells. This study indicates 
that the astrocytomapromoting activity of FPR is mediated in part by transactivation of EGFR and 
the cross-talk between two receptors exacerbates the malignant phenotype of tumour cells and 
targeting both receptors may yield superior therapeutic effects compared with targeting either 
one receptor.

4. COnCLusIOns

Chemokines are small cytokines that have the ability to induce migration of cells expressing 
chemokine receptors. When chemokines bind their GPCR downstream signaling induces actin 
polymerization and eventually cell shape change and chemotaxis. The important role of these 
chemotactic cytokines starts in embryonic development. During infection chemokines induce 
migration of leukocytes and activate integrins on the leukocyte surface. The last decade studies 
provide evidence for an important role of chemokines in the oncology field. Chemokines and their 
receptors are influencing the growth of primary tumours and the development of metastases and 
expression was sometimes found to be directly correlated to survival of patients. The mechanisms 
by which the different chemokines and their receptors modulate tumour cell behaviour are cell 
proliferation, angiogenesis, local invasion and metastasis. Chemokines do not only induce recep-
tor signaling but also interact with the microenvironment of tumours. Manipulation of chemok-
ines and their receptors could become important to incorporate into new anticancer strategies.
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AIDS = Acquired immunodeficiency syndrome

AP = Aortapulmonary

bFGF = Basic fibroblast growth factor

BM = Bone marrow

CLL = Chronic lymphocytic leukaemia

CML = Chronic myelogenous leukaemia

CNS = Central nervous system

CR = Cajal Retzius

CRC = Colorectal carcinoma

CSC = Cancer stem cell

DFS = Disease free survival

DG = Dentate gyrus

ECM = Extra cellular matrix

fMLP = N-formyl-methionyl-leucyl-phenylala-
nine

FPR = Formylated peptide receptor

GAG = Glycosaminoglycan

GBM = Glioblastoma multiforme

GPCR = G-protein coupled receptor

HAART = Highly active anti-retroviral therapy

HIV = Human immunodeficiency virus

HPC = Hematopoietic progenitor cell

H-RS = Hodgkin and Reed Sternberg

HSC = Hematopoietic stem cell

ICSBP = Interferon consensus sequence 

binding protein

IFN = Interferon

IL-2 = Interleukin 2

LTB4 = Leukotriene B4

MALT = Mucosa associated lymphoid tissue

MAPK = Mitogen-activated protein kinases

MMP = Matrix metalloproteinase

MPC = Myeloid progenitor cell

NB = Neuroblastoma

NK-cell = Natural killer cell

OPC = Oligodendrocyte precursor cell

OS = Overall survival

PAK = Platelet activating factor

PBMC = Peripheral blood mononuclear cell

PCA = Prostate cancer

PDAC = Pancreatic ductal adenocarcinoma

PI3K = Phosphatidylinositol 3-kinase

PKC = Protein kinase C

PLC = Phospholipase C

RCC = Renal cell carcinoma

SCID = Severe combined immunodeficiency

shRNA = Small hairpin RNA

siRNA = Short interference RNA

SLL = Small lymphocytic lymphoma

SMZL = Splenic marginal zone lymphoma

(S)VZ = (sub) ventricular zone

TNF = Tumour necrosis factor

VEGF = Vascular endothelial growth factor

Abbreviations
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Table 1 | The systemic and original chemokine nomenclature 

systemic name Original name

CXCL1 GROα  growth related oncogene α

CXCL2 GROβ  growth related oncogene β

CXCL3 GROγ  growth related oncogene γ

CXCL4 PF-4  platelet factor 4

CXCL5 ENA-78 epithelial cell derived neutrophil activating factor 78

CXCL6 GCP-2 granulocyte chemoattractant protein 2

CXCL7 NAP-2 neutrophil activating protein 2

CXCL8 IL-8 interleukin 8

CXCL9 MIG monokine induced by interferon-γ

CXCL10 IP-10 γ interferon inducible protein 10

CXCL11 I-TAC interferon inducible T cell α-chemoattractant

CXCL12 SDF-1α/β stromal cell derived factor 1

CXCL13 BCA-1-B cell avtivating chemokine 1

CXCL14 BRAK breast and kidney chemokine

CXCL15 Lungkine

CXCL16 SR-PSOX scavenger receptor that binds phosphatidyserine and oxidized lipoprotein

CCL1 I-309

CCL2 MCP-1 monocyte chemoattractant protein 1

CCL3 MIP-1α macrophage inflammatory protein 1α

CCL3L1 LD-78β

CCL4 MIP-1β macrophage inflammatory protein 1β

CCL5 RANTES regulated on activation, normally T cell expressed and secreted 

CCL6 C10

CCL7 MCP-3 monocyte chemoattractant protein 3

CCL8 MCP-2 monocyte chemoattractant protein 2

CCL9/10 MIP-1γ macrophage inflammatory protein 1γ

CCL11 Eotaxin

CCL12 MCP-5 monocyte chemoattractant protein 5

CCL13 MCP-4 monocyte chemoattractant protein 4

CCL14 HCC-1 hemofiltrate CC chemokine

CCL15 Lkn-1 leukotactin 1 / HCC-2 hemofiltrate CC chemokine

CCL16
LEC liver expressed chemokine / HCC-4 hemofiltrate 
CC chemokine 

CCL17 TARC thymus and activation regulated chemokine

CCL18 PARC pulmonary and activation regulated chemokine

CCL19 ELC Epstein-Barr virus induced receptor ligand chemokine

CCL20
LARC liver and activation regulated chemokine / MIP-3α 
macrophage inflammatory protein 3α
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systemic name Original name

CCL21 SLC secondary lymphoid tissue chemokine

CCL22 MDC macrophage derived chemokine

CCL23 MPIF-1 myeloid progenitor inhibitory factor 1

CCL24 MPIF-2 myeloid progenitor inhibitory factor 2 / Eotaxin-2

CCL25 TECK thymus expressed chemokine

CCL26 Eotaxin-3

CCL27 Eskine / CTACK cutaneous T cell-attracting chemokine 

CCL28 MEC mucosa-associated epithelial chemokine

XCL1 Lymphotactin-α

XCL2 Lymphotactin-β / SCM-1β single C motif-1β

CX3CL1 Fractalkine

Table 2 | An overview of the chemokine subfamilies

Family structure Receptor Ligand

CXC (α)
NH2--C-X-C− 
2 disulphide bridges

CXCR1 CXCL6-8

CXCR2 CXCL1-3, CXCL5-8

CXCR3 CXCL9-11

CXCR4 CXCL12

CXCR5 CXCL13

CXCR6 CXCL16

CXCR7 CXCL12

CC (β)
NH2--C-C−
 2 disulphide bridges

CCR1 CCL3, CCL3L1, CCL5, CCL9-10, CCL14-16

CCR2 CCL2, CCL7-8, CCL12-13

CCR3 CCL5-6, CCL11, CCL15-16, CCL23-24, CCL26

CCR4 CCL17, CCL22

CCR5 CCL3-4, CCL3L1, CCL5-6, CCL8, CCL12

CCR6 CCL20

CCR7 CCL19, CCL21

CCR8 CCL1

CCR9 CCL25

CCR10 CCL27-28

C / XC (γ)
NH2--C−
 1 disulphide bridge

XCR1 XCL1-2

CX3C (δ)
NH2--C-X-X-X− 
2 disulphide bridges 
Mucin like stalk

CX3CR1 CX3CL1

Table 1 continued
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Table 3 | Chemokine (receptor) agonists and antagonists

drug name
Mechanism 
of Action

Indication
study 
phase

SB656933 CXCR2 COPD, cystic fibrosis, ulcerative colitis 1, 2

SCH527123 CXCR2 asthma, COPD, psoriasis 2

Reparixin CXCL8
ischemia-reperfusion injury   after kidney/lung 
transplantation

2

MDX-1100 CXCL10 ulcerative colitis 1, 2

TG-0054 CXCR4 stem cell mobilization 1

AMD3100 CXCR4 stem cell mobilization in  haematologic malignancies 1, 2, 3

AMD3100 CXCR4 Fanconi anemia 1, 2

AMD3100 CXCR4 stem cell mobilization 1, 2

AMD3100 CXCR4
lymphoma, Non-Hodgkin lymphoma (stem cell 
mobilization)

1, 2

AMD3100 CXCR4 relapsed or refractory acute myeloid leukaemia 1, 2

AMD(11)070 CXCR4 human immunodeficiency virus 1, 2

SP01A CXCR4,  CCR5 human immunodeficiency virus 1, 2

SH T 04268H (ZK811752) CCR1 endometriosis 2

MLN1202 CCR2 atherosclerosis 2

BMS-741672 CCR2 Diabetes Mellitus, neuropathic pain 2

OPL-CCL2-LPM CCL2 IgA nephropathy, proteinuria 1

TPI ASM8 CCR3 asthma 2

KW-0761 CCR4 Peripheral/cutaneous T-Cell  Lymphoma/ leukaemia 1, 2

Vicriviroc  (Sch-D) CCR5 human immunodeficiency virus 1, 2, 3

Maraviroc CCR5 human immunodeficiency virus 2, 3, 4

PF-00232798 CCR5 human immunodeficiency virus 2

GSK706769 CCR5 human immunodeficiency virus 1

PRO140 CCR5 human immunodeficiency virus (1), 2

GW873140 CCR5 human immunodeficiency virus 2

INCB009471 CCR5 human immunodeficiency virus 2

ZFN modified 
T-cells

CCR5 human immunodeficiency virus 1

CCR5mAb004 CCR5 human immunodeficiency virus 1

DC pulsed with pp65 RNA CCR7 glioblastoma, citomegalovirus 1

DC/apo-Nec CCR7 melanoma 1

Autologous DC-
adenovirus

CCL21 metastatic melanoma 1

CCL21 vaccine CCL21 lung cancer 1
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Figure 1 | Structure of chemokine classes

An overview of the four subfamilies of chemokines and their (chemical)structure

Figure 2 | Chemokine induced chemotaxis

Cells expressing a chemokine receptor migrate along a chemokine gradient.
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Figure 3 |Cell migration and extravasation

A schematic overview of molecules involved in cell migration and extravasation.
Figures were produced using Servier Medical Art.
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Figure 4 |GPCR signaling

Downstream signaling pathway of GPCRs
Figures were produced using Servier Medical
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AbSTRACT

Classical chemotherapeutic anti-cancer treatments induce cell death through DNA damage by 
taking advantage of the proliferative behaviour of cancer cells. The more recent approach of 
targeted therapy (usually protein-targeted) has led to many treatments that are currently available 
or are under development, all of which are designed to strike at the critical driving forces of cancer 
cells. The interaction of the cancer cells with their microenvironment is one of these fundamental 
features of neoplasms that could be targeted in such cancer treatments. Haematological and solid 
tumour cells interact with their microenvironment through membrane chemokine receptors and 
their corresponding ligands, which are expressed in the tumour microenvironment. Important 
representatives of this system are the chemokine ligand CXCL12 and its receptor chemokine 
receptor 4 (CXCR4). This interaction can be disrupted by CXCR4 antagonists, and this concept is 
being used clinically to harvest haematopoietic stem/progenitor cells from bone marrow. CXCR4 
and CXCL12 also have roles in tumour growth and metastasis, and more recently their roles in 
cancer cell-tumour microenvironment interaction and angiogenesis have been studied. Our review 
focuses on these roles and summarises strategies for treating cancer by disrupting this interaction 
with special emphasis on the CXCR4/CXCL12 axis. Finally, we discuss ongoing clinical trials with 
several classes of CXCR4 inhibitors, and their potential additive value for patients with a (therapy 
resistant) malignancy by sensitising cancer cells to conventional therapy.



57

3

1. InTROduCTIOn

The growing appreciation of the role of the microenvironment in driving the cancer cell biology 
has improved the understanding of oncologic disease and accelerated the identification of new 
therapeutic targets. The chemokine receptor 4 (CXCR4) and its chemokine ligand 12 (CXCL12) are 
two key factors in the cross-talking between cancer cells and their microenvironment, what makes 
them promising targets for cancer therapy. In this review, we summarise the role of CXCR4 and 
CXCL12 in tumour growth, metastasis, angiogenesis, and cancer cell-microenvironment interaction. 
Furthermore, we discuss the potential benefits of targeting CXCR4 with specific inhibitors to 
disrupt CXCR4-dependent tumour-stroma interactions. The relevance of CXCR4 inhibition in the 
clinical setting is discussed, including past and ongoing clinical trials with several classes of CXCR4 
inhibitors that could sensitise cancer cells for therapy.

2. THE CXCR4/CXCL12 AXIs

Chemokine receptors form a large family of proteins that mediate chemotaxis of cells towards 
a gradient of chemokines. CXCR4 is a G-protein coupled chemokine receptor, encoded on 
chromosome 2 (1). The receptor has a seven-transmembrane structure with seven helical regions 
connected by six extramembrane loops (2). CXCR4 exerts its biological effect by binding its ligand 
CXCL12 (3, 4), activating the downstream protein kinase B (AKT)/mitogen-activated protein 
kinases (MAPK) signalling pathway, leading to alteration of gene expression, actin polymerisation, 
cell skeleton rearrangement and cell migration (see Fig. 1). During embryonic development, 
CXCR4 is expressed on progenitor cells, allowing the migration from their place of origin to their 
final destination where they will differentiate into organs and tissues. CXCR4/CXCL12 deficient 
mice show a lethal phenotype, confirming the critical importance of CXCR4/CXCL12 in embryonic 
development (5). Phagocytic cells from the innate immune system, such as neutrophils and 
macrophages, express CXCR4. That allows them to migrate along a gradient of CXCL12 present at 
the site of inflammation (6, 7). In the late 1990s, CXCR4 expressed on CD4+ T-cells was discovered 
to serve as a co-entry receptor for human immunodeficiency virus HIV-1 (8). The role of CXCR4 in 
several physiological and pathological circumstances is summarised in (see Table 1.).

3. CXCR4/CXCL12 In CAnCER BIOLOGy

3.1. Role of CXCR4/CXCL12 in tumour growth and metastasis
A decade ago, researchers demonstrated the overexpression – relative to normal breast tissue – 
of CXCR4 by human breast cancer cell lines and primary and metastatic breast tumours (9) (See 
Fig. 2). Today, CXCR4 overexpression is known in more than 20 human tumour types, including 
ovarian (10), prostate (11), oesophageal (12), melanoma (13), neuroblastoma (14), and renal cell 
carcinoma (15). Furthermore, the tumour growth-stimulating role of CXCR4 was confirmed by 
showing that CXCR4 antagonists inhibit tumour growth in multiple experimental 
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orthotopic (16-18), subcutaneous human xenograft (19, 20) and transgenic (21) mouse models. In 
a transgenic breast cancer mouse model, treatment with the CXCR4 inhibition CTCE-9908 resulted 
in a 56% reduction in primary tumour growth rate compared to controls receiving scrambled 
protein. Moreover, this coincided with a 42% reduction in vascular endothelial growth factor 
(VEGF) protein expression and 30% reduction in p-AKT/AKT expression (21).

Preclinical pancreatic (22), thyroid (19), melanoma (23), prostate (11), and colon cancer (24) models 
revealed that directed metastasis of cancer cells is mediated by CXCR4 activation and migration of 
cancer cells towards CXCL12 expressing organs. For example, bone marrow, liver, lungs and lymph 
nodes exhibit peak expression levels of CXCL12 mRNA and represent the most common organs for 
homing of breast cancer metastasis (9). Experimental metastatic mouse models provided evidence 
that targeting CXCR4 impairs the spread of cancer cells and development of metastasis in breast 
cancer (9, 17, 18, 21), colon cancer (24), and prostate cancer (20), hepatocellular carcinoma (25), 
osteosarcoma and melanoma (13). Taken together, these data indicate that CXCR4 plays a decisive 
role in tumour growth and metastasis (see Fig. 3a). However, to fully comprehend the role of 
CXCR4 in progression of cancer to metastatic disease, better models such as transgenic mice, 
reflecting the natural course of the disease, are urgently needed.

In several retrospective studies, CXCR4 protein expression was investigated for its relationship 
with prognosis in several human tumour types (26, 27). In 71 primary cutaneous melanoma 
specimens, CXCR4 expression was correlated in multivariate analysis to an unfavourable 
prognosis, as compared to CXCR4 negative subjects. Median disease-free and overall survival 
was 22 and 35 months, respectively (hazard ratio (HR) relapse 2.5, 95% confidence interval 
(CI) 1.2–6.1, and HR death 3.1, 95% CI 1.1–7.2) (26). Moreover, multivariate analysis of pre-
treatment specimens from 52 patients with metastatic prostate cancer who underwent surgical or 
medical castration plus hormonal therapy with diethylstilbestrol diphosphate or chlormadinone 
acetate showed a correlation between high CXCR4 expression and poor cancer specific survival  
(p = 0.0329, 95% CI 0.284–0.948) (28). In a retrospective study in 75 colorectal cancer patients 
that underwent partial hepatectomy with curative intent, CXCR4 expression correlated 
independently with 5-year disease-specific survival (DSS). In a multivariate analysis of this study, 
immunohistochemistry of hepatic metastasis specimens showed an association between CXCR4 
expression and DSS (HR 3.6, 95% CI 1.4–9.1) and recurrence free survival (HR 2.2, 95% CI 1.2–
4.2). The 5-year estimated DSS for all patients was 57%. For patients with positive (defined as 
cytoplasmic and/or nuclear staining and >10% positive tumour cells) and negative CXCR4 tumour 
expression, DSS was 44 and 77%, respectively (p = 0.005). Fifteen out of 17 patients with recurrent 
disease showed CXCR4 expression (p = 0.01). However the CXCR4 positive cohort consisted of 
significantly more males. When stratified by gender, the correlation between survival and CXCR4 
expression was not longer significant (27). Therefore, currently there are not sufficient data 
available to conclude that CXCR4 expression in melanoma, prostate and colorectal tumours is a 
prognostic factor.
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3.2. Role of CXCR4/CXCL12 in tumour cell-microenvironment interactions
An increasing number of preclinical cancer studies underscore the importance of the 
microenvironment in tumourigenic potential of epithelial cells (29-31). The tumour 
microenvironment consists of resident non-cancerous cells (stromal fibroblasts, endothelial cells 
and immune cells), connective tissue and extracellular matrix, altogether supporting tumour 
structure, angiogenesis and growth (31). High levels of CXCL12 expressed by cancer cells and 
tumour-associated stromal cells directly stimulated the proliferation and invasiveness of breast 
cancer cells in an autocrine and paracrine manner (32). Moreover, in mouse models of human 
breast cancer (32), and prostate cancer (31), high CXCL12 levels in the tumour attract CXCR4-
positive inflammatory, vascular and stromal cells into the tumour mass, where they will eventually 
support the tumour growth by secreting growth factors, cytokines, chemokines and pro-angiogenic 
factors. CXCL12 is physiologically mainly expressed by mesenchymal stromal cells in various 
organs and tissues, such as the liver, lungs, lymphatic tissues and bone marrow (33). Preclinical 
mouse models of human multiple myeloma (MM), acute lymphocytic leukaemia (ALL), chronic 
lymphocytic leukaemia (CLL) and non-Hodgkin (NH) B-cell and T-cell lymphoma have shown that 
CXCR4 positive cancer cells can be recruited to CXCL12-rich mesenchymal stroma niches. This 
recruitment of CXCR4 positive cancer cells mimics the homing of normal stem cells to the bone 
marrow (33, 34) (see Fig. 3b). As initially shown in an acute promyelocytic leukaemia (APL) mouse 
model, cancer cells homed to bone marrow reside in a microenvironment that protects them in 
a CXCR4-dependent manner from chemotherapy (35). Several mechanisms are postulated to be 
involved in the CXCL12-mediated survival of tumour cells in the stroma niche. As shown in an 
APL xenograft mouse model and in patient-derived APL cell lines, the protective effect of stromal 
cells is at least partially conferred by phosphorylation of phosphatidylinositol 3-kinase (PI3K)/AKT 
kinases and MAPK/extracellular signal-regulated kinases (ERK) (36). Moreover, CXCR4/CXCL12 
mediated invasion of tumour cells in the stromal layer allows their direct attachment to stromal 
cells. Activated adhesion molecules, such as αγβ3 integrins, as shown on human PC3 prostate 
cancer cells, provided malignant cells with pro-survival signalling in vitro (37). This is thought 
to lead to adhesion-mediated drug resistance (33, 38). Finally, the CXCR4-positive tumour cells 
that lodged in the stromal microenvironment are exposed to pro-survival, niche-specific soluble 
factors (33, 38). For instance, in a murine model of Burkitt’s lymphoma, genotoxic chemotherapy 
induced a secretory phenotype in thymic stromal cells, leading to the release of interleukin (IL-6) 
and metalloproteinase inhibitor Timp-1 in the thymic microenvironment. In vitro, the presence 
of both factors increased lymphoma cell survival after doxorubicin treatment. In vivo, IL-6 and 
Timp-1 expression was associated with senescence of tumour cells, promoting their survival after 
chemotherapy treatment in the thymus (39). Acquisition of a quiescent phenotype is thought 
to be a feature that allows cancer cells to avoid chemotherapeutic toxicity (40, 41). In addition 
to IL-6 and Timp-1, the presence of the ligand Jagged-1, expressed in the bone marrow niche by 
stromal cells, also provides cancer cells with a survival advantage. In lymphoma and myeloma 
cell lines that express the receptor Notch-1, the binding of Jagged-1 led to upregulation of  
p21Cip1/WAF1, cell cycle arrest and resistance to apoptosis induced by melphalan (40). The above 
findings indicate that CXCR4/CXCL12 signalling events present in the bone marrow niche can, 
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directly or indirectly, contribute to resistance to chemotherapy in leukaemia (42) and solid 
tumours (39). Since the CXCL12-CXCR4 interaction is considered crucial for attracting tumour cells 
to the bone marrow niche, CXCR4 inhibitors have been explored as chemosensitising agents in 
the field of leukaemia treatment (21, 35, 43, 44). In a murine APL model, soluble stroma-derived 
CXCL12 and direct contact with stromal cells both protected leukaemic cells from cytarabine 
and anthracycline chemotherapy. In this model, treatment with the CXCR4 inhibitor AMD3100 
resulted in mobilisation of APL cells from the bone marrow micro-environment and increased 
tumour cell death from chemotherapy (35). This study indicates the potential of the AMD3100 
as a chemosensitising agent. In a BALB/c mouse model with intravenously injected human acute 
myeloid leukaemia (AML) cells, treatment of mice with the CXCR4 antagonist AMD3465 mobilised 
AML cells from the bone marrow. The disrupted AML cells were therefore more susceptible to 
apoptosis induction by cytarabine (36). Functional inhibition of CXCR4 was measured in patient-
derived AML cells in vitro and showed suppression of prosurvival PI3K/AKT kinases and MAPK 
pathways (36). 

Most results on chemosensitisation by CXCR4 inhibition have been obtained in haematological 
mouse models. Therefore the findings in these models might not directly be applicable to the 
situation of solid tumours. Nonetheless, there is growing evidence that CXCR4-positive solid 
tumour cells, analogous to leukaemic cells, also interfere with the microenvironment that favours 
their survival during anti-cancer therapy (21, 45-48). In the presence of stromal cells, small cell 
lung cancer (SCLC) cells were resistant to etoposide-induced apoptosis in vitro. The SCLC cell 
adhesion to fibronectin and collagen was ultimately proven in adhesion assays to be mediated by 
CXCR4/CXCL12 interaction. This protection was abrogated by a synthetic peptide TN14003 that 
binds CXCR4 and inhibits its receptor function (48).

In a PyMT transgenic mouse model with human breast cancer, researchers studied a combination 
treatment consisting of the CXCL12 analogue CTCE-9908 with docetaxel or with anti-VEGF 
receptor antibody treatment. The results showed a stronger inhibition of primary tumour 
growth in mice treated with combination therapy (correlating all results to tumour volumes of  
non-treated controls): CTCE-9908 combined with docetaxel led to a tumour volume reduction 
of 38%, and when combined with anti-VEGF receptor antibody, a tumour volume reduction of 
48% was reported. In comparison, in mice treated with docetaxel alone there was only a 19% 
reduction, and a 39% reduction with anti-VEGF receptor antibody alone (21). In an in vivo lung  
metastatic mouse model of human melanoma, the CXCR4 antagonist T22 sensitised melanoma 
cells for immune-augmenting low dose cyclophosphamide and anti-CTLA4 monoclonal antibody 
therapy, resulting in 70 and 50% fewer lung metastases, respectively, when compared to 
cyclophosphamide and anti-CTLA4 monoclonal antibody alone (45). In conclusion, numerous 
preclinical studies support the usage of CXCR4 antagonists in solid tumours for sensitising tumour 
cells to current chemotherapeutic therapies by disrupting CXCR4-dependent tumour-stroma 
interactions (35, 36, 43).
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3.3. CXCR4/CXCL12 in vasculogenesis and angiogenesis
In tumour cells, VEGF and CXCR4 constitute a positive feedback loop, suggesting that CXCR4 
can promote tumour angiogenesis (49). Indeed, high-dose CXCR4 inhibitor CTCE-9908  
(50 mg/kg subcutaneously, 5 days per week) in a breast cancer transgenic mouse model lowered VEGF 
tumour levels by 42% and inhibited tumour growth by 45%, even as a single agent (21). More-over, 
hypoxia induces upregulation of CXCL12 in glioblastoma cells, leading to the recruitment of CXCR4-
positive bone marrow derived monocytes to the tumour, as shown in an orthotopic glioblastoma 
mouse model. Preclinical studies involving breast cancer, glioblastoma and neuroblastoma showed 
that recruited CXCR4-positive monocytes stimulate the formation of new tumour blood vessels  
(50-52) (see Fig. 3c). These monocytes lodge in the perivascular area and release angiogenic 
factors such as angiopoietin and VEGF-A, followed by the recruitment of bone marrow derived 
endothelial and pericyte progenitors, which ultimately form the actual vasculature (50). CXCL12, 
both alone and in combination with VEGF-A (but not VEGF-A alone), is a crucial factor regulating 
tumour vasculature under hypoxic conditions. This was shown by polymerase chain reaction (PCR) 
analysis of vasculogenic and non-vasculogenic mouse and human gliomas in mice (53). Platelet 
derived growth factor D (PDGF-D) is a microenvironmental factor that plays a role in vasculogene-
sis of tumours by cross-talking with CXCR4. In a mouse breast cancer model, PDGF-D induced 
maturation and stabilisation of vessels by increasing pericyte coverage (54, 55). Moreover, 
overexpression of PDGF-D in breast cancer cells implanted orthotopically in mice resulted in a 
higher proliferation, less apoptosis and an increased expression of CXCR4 at mRNA (6-fold) and 
protein levels in breast cancer cells. This all coincided with a doubling of tumour growth and an 
almost 5-fold increase in the number of lymph node metastasis. Bioluminescent analyses of lymph 
nodes showed that anti-CXCR4 treatment with AMD3100 decreased metastases in mice with 
PDGF-D overexpressing tumours (55).

3.4. CXCR4 and CXCL12 induction by anti-cancer treatment
Invasive tumour growth induced by anti-angiogenic treatments such as sunitinib and bevacizumab 
is an intriguing phenomenon observed in preclinical in vivo studies (56-58). Interestingly, recent 
publications have reported upregulation of CXCR4 and CXCL12 occurring after certain types of 
anticancer therapy, particularly after anti-angiogenic treatment targeting the VEGF/VEGFR pathway 
(59, 60). The effect of the anti-VEGF-A antibody bevacizumab on expression of CXCR4 and CXCL12 
was studied in rectal cancer patients. Gene expression profiles in the tumour cells and tumour-
associated macrophages were studied in biopsies before monotherapy with bevacizumab and 
12 days after treatment. It was shown that anti-VEGF-A treatment with bevacizumab upregulated 
CXCL12 and CXCR4 mRNA expression in tumour cells (61, 62). As shown in a study of 53 rectal 
cancer patients undergoing preoperative chemoradiotherapy, high baseline expression of CXCR4 
and CXCL12 mRNA in primary rectal cancer was associated with distant recurrence and poor 
prognosis (62). It was therefore postulated that CXCR4 inhibition might improve patient outcome. 
This concept was studied in an intracranial glioblastoma mouse model, where local irradiation 
of the tumours resulted in hypoxia and CXCR4 and CXCL12 upregulation in the glioma cells and 
enhanced the vasculogenesis of the tumours. Combination therapy consisting of irradiation and 
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CXCR4 inhibition with AMD3100 decreased vasculogenesis and abrogated tumour recurrence 
within the 100-day follow-up period (59).

Chemotherapy can also lead to specific enrichment of CXCR4-expressing chemoresistant tumour 
cells, as shown in an orthotopic metastatic melanoma model (46). Even though the treatment 
with dacarbazine reduced primary tumour size in these mice, lymph node and lung related 
metastases were not attenuated. Moreover, dacarbazine treatment increased the percentage of 
CD133+/CXCR4+ cells in the tumour by 5–7 times. In contrast, although dacarbazine combined 
with AMD3100 was not more potent in inhibiting primary tumour growth, it blocked the lodging 
of CD133+/CXCR4+ melanoma cells in lymph nodes by 62% and in lungs by 49%, compared to the 
vehicle treatment (46).

Furthermore, in non-tumour bearing mice, chemotherapeutic drugs such as paclitaxel and 
docetaxel can induce mobilisation of bone marrow-derived endothelial progenitor cells. In mice 
bearing subcutaneous Lewis lung carcinoma, the mobilised bone marrow-derived endothelial 
progenitor cells homed to the tumours (60). The researchers suggested that this mechanism 
promotes angiogenesis and tumour cell repopulation after paclitaxel treatment (60). Systemic 
induction of CXCL12 is largely responsible for this acute mobilisation of progenitor cells. In a 
melanoma mouse model, treatment with paclitaxel-based chemotherapy resulted in the release 
of CXCL12 from platelets into the serum 4 h post-treatment. These elevated serum CXCL12 levels 
were associated with homing of circulating endothelial progenitors to the tumour and enhanced 
tumour vascularisation. Combined treatment with paclitaxel and anti-CXCL12 antibodies 
neutralised CXCL12 serum levels, and the induction of circulating endothelial progenitor cells was 
blocked within 24 h post-treatment. Interestingly, the same effect was also observed in patients. 
The number of circulating endothelial progenitor cells and the serum CXCL12 levels in 12 patients 
treated with paclitaxel-based therapy were both raised, compared to 18 patients who received 
gemcitabine, doxorubicin-, or cisplatin-based therapies (60).

In conclusion, these data demonstrate that treatment with VEGF/VEGFR targeting agents, 
radiotherapy or taxanes can upregulate CXCR4 and CXCL12 in several tumour types, resulting 
in enhanced invasive and metastatic tumour growth. In addition, enhanced serum CXCL12  
post-treatment levels lead to recruitment of haematopoietic progenitor cells to the tumour, 
followed by augmented tumour vascularisation.

4. CLInICAL EXPERIEnCE WITH CXCR4 InHIBITIOn

The first clinical trials with CXCR4 inhibitor, AMD3100 were designed for treatment of human 
immunodeficiency virus (HIV). Interestingly, a rapid increased amount of white blood cells within 
6–9 h after the AMD3100 injection was observed in the phase I clinical trials in healthy volunteers 
(63). This finding led to the discovery that AMD3100 mobilises CD34+ human haematopoietic 
stem and progenitor cells from the bone marrow to peripheral blood (64). Finally, AMD3100 
(Mozobil, plerixafor) was approved by Food and Drug Administration (FDA) as a mobiliser of 
haematopoietic CD34+ cells from the bone marrow to the circulation. AMD3100 combined with 
granulocyte-colony stimulating factor (G-CSF) is superior to G-CSF alone in mobilising CD34+ cells. 
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It is approved for use in NH lymphoma and MM patients in combination with G-CSF to mobilise 
haematopoietic stem cell (HSC) to the peripheral blood for apheresis and subsequent autologous 
transplantation (65).

Multiple preclinical studies in mouse models of leukaemia (35, 36, 43) have provided proof of 
concept for the greater benefits of combining CXCR4 inhibition with conventional chemotherapy 
relative to chemotherapy treatment alone. Therefore, in a first clinical trial, escalating doses 
of plerixafor were combined with intensive chemotherapy treatment in heavily pre-treated 
relapse AML patients (66). In this phase I dose escalation study, at the two lowest dose levels  
(80 and 160 μg/kg), 1 of 3 patients achieved a complete remission. The CXCR4 inhibitor was 
well tolerated without hyperleukocytosis or significant delays in neutrophil recovery (median 
30 days, range 24–40). In a consecutive phase II study, 46 relapsed AML patients were treated 
with CXCR4 inhibition 4 h prior to mitoxantrone, etoposide and cytarabine chemotherapy, with 
overall complete remission rate of 46% (95% CI 30.9–61.0%), resulting in 1-year overall and relapse 
free survival of 37 and 42.9%, respectively. A twofold mobilisation in leukaemic blasts into the 
peripheral circulation was found. Although no definitive conclusions can be drawn from this small 
group, these results encourage further investigation of chemosensitising properties of plerixafor 
in cancer therapy (67).

Plerixafor was also recently shown to be safe in combination with rituximab in phase I dose 
escalation study in patients with CLL. Seventeen patients were treated with rituximab intravenously 
3 times a week for 4 weeks (100 mg flat dose at day 1 and 375 mg/m2 on following days) combined 
with 0.08, 0.16, 0.24 or 0.32 mg/kg plerixafor subcutaneously prior to rituximab starting at day 8. 
Plerixafor injections induced mobilisation of CLL cells to peripheral blood as measured on day 8 
(3.8-fold) and day 26 (1.5-fold). Out of 14 evaluable patients, five showed partial response, three 
patients had stable disease and six had progressive disease. Grade 1 adverse effects, including 
diarrhoea, vomiting, nausea, appetite loss, headache, hypoaesthesia and paraesthesia were 
observed in five patients, whereas treatment-emergent serious adverse effects unrelated to 
plerixafor were observed in two patients. No maximum tolerated dose of plerixafor was achieved 
(68). 

Studies performed until now in AML and CLL demonstrate that combined therapy of plerixafor 
with conventional chemotherapy is safe and does not affect haematological recovery. However, 
the profit of combination treatment still needs to be proven in further clinical trials.

Another inhibitor of CXCR4/CXCL12 pathway, the CXCL12 peptide analogue CTCE-9908 
(Chemokine Therapeutics Corp. Vancouver, Canada), was recently tested in phase I/II clinical trials 
as monotreatment in solid tumours. These studies were based on results derived from mouse 
models of osteosarcoma and melanoma, where CTCE-9908 reduced the number of metastases 
(13). In a phase I study in patients with advanced solid cancers, CTCE-9908 was well tolerated, and 
5 of 25 patients experienced stable disease (69). In July 2005, the FDA assigned orphan drug status 
to this drug for the treatment of osteosarcoma. Several other CXCR4 antagonists that are currently 
being investigated in phase I/II trials (see Table 2).
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5. COnCLusIOns

The interaction of cancer cells with their microenvironment, which protects the malignant cells 
from genotoxic stresses such as chemotherapy, is an attractive target to improve anti-cancer 
treatment. CXCR4 and CXCL12, which are expressed on both tumour and tumour surrounding 
cells, play an important role in the communication of cancer cells with their microenvironment. 
CXCR4 antagonists are potentially interesting drugs for sensitising tumour cells to chemotherapy. 
Further studies are warrant in order to determine whether disruption of the interaction of solid 
cancer cells with their microenvironment can increase the efficacy of conventional therapies.
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Process Mechanism of action

Physiological functions

Immunity Leucocyte trafficking to the inflammation site

Embryo implantation Blastocyst psitioning in maternal endometrium

Embryogenesis Embryonic stem cell migration and positioning

Haematopoiesis Homing of haematopoietic stem/progenitor cells to the bone 
marrow

Brain development Proliferation and directed migration of normal and  
progenitor neural cells

Neoangiogenesis Recruitment of bone marrow-derived progenitor cells to the 
site of vasculature formation

Immune/autoimmune diseases

HIV infection Co-entry receptor for human immunodeficiency virus HIV-1

Ischaemia/wound healing Recruitment of vasculature-supporting bone marrow- 
derived progenitor cells to ischaemic site

Systemic lupus erythematosus Autoimmune leucocyte trafficking

Idiopathic pulmonary fibrosis (IPF) Recruitment of bone marrow-derived progenitor cells  
(fibrocytes) to the lungs

Rheumatoid arthritis Recruitment of activated T-cells towards inflammation site

Allergic airway disease Accumulation of inflammatory leucocyted in the lungs

Oncology

Primary tumour growth Paracrine and/or autocrine stimulation of tumour cell  
proliferation

Metastasis Trafficking tumour cells to the arget organs/tissues

Soluble-factor mediated drug resistance Trafficking tumour cells to niches rich in pro-survival factors

Tumour invasiveness Increased expression of metalloproteinases, migration into 
surrounding tissues

Angiogenesis VEGF/VEGFR upregulation

Vasculogenesis Recruitment of vasculature-supporting bone marrow-derived 
progenitor cells to the tumour site

Cns diseases

Brain injury Neural stem cell migration after injury

Multiple Sclerosis (MS) CXCR4-mediated leucocyte accumulation in brain tissue

Stroke Infiltration of activated monocytes to the areas of ischaemic 
injury

HIV-associated encephalopathy Co-entry receptor for HIV-1 infection of microglia

Table 1 | Summary of physiological and pathological functions of chemokine receptor 4 (CXCR4) (5-8)
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drug name
Mechanism 
of Action

Indication
study 
phase

Clinicaltrials.gov 
number

Heart and vessel disease

AMD3100 CXCR4 
inhibitor

renal impairment patients 1 NCT00445302

  EPC mobilisation for diabetic 
foot ulcer

1 NCT01353937

ACRX-100 SDF1a ischemic heart failure 1 NCT01082094

Vildagliptin cleaving 
SDF1

DM; progenitor cell and 
endothelial function 

1, 2 NCT00936234

  DM; autologous bone marrow 
transplantation

2, 3 NCT01065298

Immune deficiency

TG-0054 CXCR4 
inhibitor

healthy people 1 NCT00822341

AMD(11)070 CXCR4 
inhibitor

Human immunodeficiency virus 1, 2 NCT00361101
NCT00089466 
NCT00063804

AMD3100 CXCR4 
inhibitor

neutropenia (myelokathexis or 
WHIMS) 

1 NCT01058993

   SCID in children (HSCT) 2 NCT01182675

Hematology not malignant

AMD3100 CXCR4 
inhibitor

fanconi anemia; PBC 
mobilisation

1, 2 NCT00479115 
NCT01331018

  Β thalassemia major; stem cell 
mobilisation

1 NCT01206075

Hematology malignant

MDX-1338/BMS-
936564

CXCR4 
inhibitor

Acute myeloid leukaemia 1 NCT01120457 
NCT0135965

NOX-A12 l-RNA to 
SDF1a 

dosage test healthy patient for 
HSCT 

1 NCT00976378  
NCT01194934

BKT-140 CXCR4 
inhibitor

Multiple myeloma stem cell 
mobilisation

1, 2 NCT01010880

AMD3100 CXCR4 
inhibitor

stem cell mobilisation from 
healthy donors for HSCT

1, 2 NCT00075335 
NCT00082329 
NCT00322127 
NCT01076270 
NCT01158118

  post myeloablative allogeneic 
transplantation 

1, 2 NCT01026987 
NCT01280955

  chemosensitisation in 
haematological disorders

1, 2 NCT00906945 
NCT01319864

Table 2 | Clinical trials with chemokine receptor 4 (CXCR4)/chemokine ligand (CXCL12) pathway inhibitors 
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drug name
Mechanism 
of Action

Indication
study 
phase

Clinicaltrials.gov 
number

  PHANTASTIC trial; no chemo for 
SCT in lymphoma

1 NCT01186224

  in hematolic malignancy for 
HSCT

1, 2 NCT00733824  
NCT00241358 
NCT01164345

   2; 3 NCT00665314 
NCT00396266 
NCT00322842 
NCT00396201 
NCT00103662 
NCT00322491 
NCT00103610 
NCT00322387

   4 NCT01164475

  long term follow up of 
AMD3100 in haematologic 
malignancy

 NCT00476294; 
NCT00741780; 
NCT00741325

  clinical and economic impact of 
upfront in SCT

4 NCT01339572

AMD3100 
+lenalidomide

CXCR4 
inhibitor

multiple myeloma for SCT 2, 3 NCT00998049; 
NCT01301963

AMD3100 
+chemotherapy

CXCR4 
inhibitor

time alteration/ timing of 
AMD3100 

2 NCT01149863

  acute myeloid leukaemia/ 
myeloproliferative disorder; 
AML18 trial

1, 2 NCT01095757
NCT01074060
NCT 01236144

  lymphoma  after PBCSCT  
genetically engineered 
lymphocyte therapy 

1, 2 NCT01318317

AMD3100+ MEC CXCR4 
inhibitor

acute myeloid leukaemia 1, 2 NCT00512252 
NCT01027923

AMD3100 + BFT CXCR4 
inhibitor

acute myeloid leukaemia, 
myelodysplastic syndrome, 
chronic myeloid leukaemia

1, 2 NCT00822770

AMD3100 + Cyt and 
Dauno

CXCR4 
inhibitor

newly acute myeloid leukaemia 1 NCT00990054

AMD3100 + 
vinorelbine

CXCR4 
inhibitor

myeloma/ leukaemia 2 NCT01220375

AMD3100 + 
azacitidine

CXCR4 
inhibitor

myelodysplastic syndrome 1 NCT01065129

AMD3100 + sorafenib CXCR4 
inhibitor

acute myeloid leukaemia 
patients with FLT3 mutations.

1 NCT00943943

Table 2 Continued
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drug name
Mechanism 
of Action

Indication
study 
phase

Clinicaltrials.gov 
number

AMD3100 + retux CXCR4 
inhibitor

 chronic lymphoid leukaemia 
and small lymphocytic 
leukaemia; lymphoma

1, 2 NCT00694590 
NCT01097057

  non-Hodgkin lymphoma/ 
multiple myeloma;  previous 
failed HSCT

1, 2 NCT00444912 
NCT00396331

AMD3100 + 
bortezomib

CXCR4 
inhibitor

relapsed multiple myeloma 1, 2 NCT00903968

solid tumours

MSX-122 CXCR4 
inhibitor

refractory metastatic or locally 
advances solid tumours

1 NCT00591682

AMD3100 CXCR4 
inhibitor

with bevacizumab in 
glioblastoma

1 NCT01339039

  Ewing sarcoma, neuroblastoma, 
brain tumours

1, 2 NCT01288573

Abbreviations: EPC, epithelial progenitor cell; DM, diabetes mellitus; (H)SCT, (haematopoietic) stem cell 
transplantation; PBC, peripheral blood cell; SCID, severe combined immunodeficiency; WHIMS, warts, 
hypogammaglobulinaemia, infections and myelokathexis syndrome.

Table 2 Continued
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Figure 1 | Chemokine receptor 4 (CXCR4) signalling pathway in a cancer cell 

Biological effects of chemokine ligand (CXCL12) are mediated by activation of CXCR4, coupled to 
G-protein. Upon ligand binding, the Gα-subunit of the G-protein exchanges guanosine diphosphate 
(GDP) for guanosine triphosphate (GTP) and then dissociates. Subsequently, the GαQ-subunit 
activates phospholipase C (PLC). This leads to conversion of phosphatidylinositol 4,5-bisphosphate 
(PIP2) into diacylglicerol (DAG) and inositol triphosphate (IP3) and calcium release, followed 
by protein kinase C (PKC) activation and phosphorylation of target proteins. In parallel, Gαἱ and  
Gβγ-subunits activate phosphatidylinositol 3-kinase (PI3K), which leads to AKT pathway 
activation. At the same time, Gβγ-subunit induces Ras protein kinase activation and subsequent  
mitogen-activated protein kinase (MAPK) signalling, including phosphorylation of extracellular signal-regulated 
kinase (ERK)1/2.
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Figure 2 | Timeline summarising the most important discoveries on chemokine receptor 4  
(CXCR4)/chemokine ligand (CXCL12) axis (5, 8, 9, 35, 63, 67, 69, 71, 73, 75; see mentioned references for 
further information).
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Figure 3 | Multiple functions of chemokine receptor 4 (CXCR4)/chemokine ligand (CXCL12) axis in tumour 
biology 

A. CXCR4/CXCL12 axis plays a critical role in regulation of primary tumour growth and metastasis  
(9, 16). Tumour associated stromal cells constitutively express CXCL12 (32). This paracrine signalling stimulates 
the proliferation and survival of CXCR4-positive tumour cells. Moreover, CXCR4-expressing tumour cells migrate 
along the CXCL12 gradient to distant organs showing peak levels of CXCL12 expression, eventually leading to 
metastases. B. Tumour cells utilise CXCR4 to access the CXCL12-rich bone marrow microenvironment that 
favours their growth and survival. High levels of CXCL12 secretion by bone marrow stromal cells are essential 
for homing of CXCR4-expressing tumour cells. CXCR4 antagonists can inhibit the cross-talk between tumour 
and stromal cells and mobilise cancer cells from this protective microenvironment, making them more sensitive 
to conventional drugs (standard chemotherapy) (3, 33, 70). C. High expression of CXCL12 by tumour cells 
and tumour-associated stromal cells forms a local gradient of the chemokine in the tumour region. CXCR4-
expressing bone marrow derived progenitor cells are thus recruited to the tumour, where they contribute to 
the process of vasculogenesis by supporting newly formed blood vessels and by releasing other pro-angiogenic 
factors (38, 50, 51).
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AbSTRACT

In AML high VEGFA protein expression correlates with poor overall and relapse-free survival 
(OS/RFS). To date, the relevance of the various VEGFA isoforms is unclear. We determined 
VEGF121, VEGF145, VEGF148, VEGF165, VEGF183, and VEGF189 mRNA expression in 
paediatric AML samples and investigated the relation between VEGFA isoform expression 
and clinicopatholologic characteristics and outcome. A significant co-expression of VEGF121, 
VEGF165, VEGF183, and VEGF189 isoforms was apparent (mean rho = 0.716, P < 0.0001).  
This co-expression justifies measuring a single VEGFA isoform (e.g., 121, 165, 183, and 189) as 
representative expression of all VEGFA isoforms in future studies designed to determine the 
prognostic importance of VEGFA isoforms. 
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iNTROduCTiON

A higher VEGFA protein level measured in primary AML blasts correlated with worse relapse-free 
and/or overall survival in paediatric as well as adult AML (1, 2). In various malignancies, and also in 
AML, VEGFA is known for its role in the formation of new vessels, that is, angiogenesis (3). VEGFA 
stimulates angiogenesis by endothelial cell proliferation and migration (4-7). In AML an autocrine 
loop has been elucidated in which VEGFA induces AML cell survival, proliferation, and protection 
against apoptosis via VEGFR signalling (8-10). The biological significance of VEGFA depends on the 
content and ratio of the different isoforms. VEGFA isoforms are generated as a result of alternative 
splicing from the VEGFA gene, consisting of 121, 145, 148, 165, 183, 189, or 206 amino acids 
long (11, 12). VEGFA isoforms bind to the extra cellular matrix with different strength, from freely 
diffusible VEGF121 till strong binding VEGF189 and VEGF206. The level of binding affinity depends 
on the presence or absence of two heparin binding places on the isoform (13). In paediatric AML, 
the expression profile of VEGFA isoforms has not been evaluated. The objective of this study 
was to determine the expression of various VEGFA mRNA isoforms in primary paediatric AML 
blasts. Secondly, we evaluated the relation between expression of different VEGFA isoforms and 
clinicopathologic characteristics and outcome of paediatric patients with AML.

METHOdS

Patient samples
This study was approved by the local ethical committee. Informed consent was obtained and 
consecutive AML samples collected between 1997 and 2006 were included (n = 30) (see Table 
1). All paediatric patients with AML have been treated according to subsequent Dutch Childhood 
Oncology Group (DCOG) ANLL 97 protocol combined Ara-C, intrathecal methotrexate/Ara-C, 
and etoposide with daunorubicin or mitoxantrone, identical to the United Kingdom Medical 
Research Council AML 12 trial (14). The patients in this study were newly diagnosed with AML 
and the diagnosis was established according to WHO criteria. Samples were collected at the time 
of diagnosis. All subjects provided written informed consent. Cytogenetic risk group distinction 
(favorable, intermediate, and unfavorable) is according to current DCOG protocols (15). Favorable 
cytogenetic risk is defined as: t(15;17), t(8;21), inv16, t(16;16); unfavorable cytogenetic risk:  
−5/del(5q), −7/del(7q), inv3/t(3;3), and complex karyotype; intermediate cytogenetic is defined as 
normal karyotype and all other cytogenetic abnormalities.

Isolation of AML Cells, RnA Extraction, and RT-PCR
AML cells were isolated as described previously (1, 16). RNA was isolated using the RNeasy 
Plus Mini Kit (Qiagen Benelux B.V., Venlo, Netherlands) and the Absolutely RNA Miniprep Kit 
(Stratagene Europe, Amsterdam, Netherlands). cDNAs were prepared as described previously (1). 
Primers were designed using Clone manager®.
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Primers used for the PCR’s (F = forward, R = reverse):  
VEGF121 F: GCGGATCAAACCTCACCAAG, R: TCGGCTTGTCACATTTTTCTTG;  
VEGF145 F: GAATGCAGACCAAAGAAAGATAGAG, R: TCGGCTTGTCACATACGCTCC;  
VEGF148 F: GACAAGAAAATCCCTGTGG, R: TCGGCTTGTCACATCTTGCAAC;  
VEGF165 F: GACAAGAAAATCCCTGTGG, R: TCAAGCTGCCTCGCCTTGCAACG;  
VEGF183 F: GAGATGAGCTTCCTACAGCAC, R: GGCCCACAGGGACGGGATTT; and  
VEGF189 F: GAGATGAGCTTCCTACAGCAC, R: CACAGGGAACGCTCCAGGAC.

qRT-PCR was performed on a MyIQ I cycler with IQ-5 software. β2-microglubulin expression was 
used as a housekeeping gene. All experiments were performed in duplo. Of eight patients there 
was not sufficient material to perform analysis of all isoforms (VEGF148 n = 1 patient, VEGF121 
n = 2, VEGF145 and VEGF165 n = 4, and VEGF183 n = 8 patients).

STATiSTiCS

Statistical analyses were performed with SPSS software, release 16.0 (SPSS, Inc., Chicago, IL). 
Actuarial probabilities of overall survival, with death from any cause, as well as relapse-free survival, 
time from complete remission to relapse or death, were estimated according to the Kaplan–
Meier, logrank, and cox regression method. For quantitative parameters, overall differences in 
isoform expression were evaluated using a Kruskal–Wallis test (or Mann–Whitney U-test in case 
of two groups) for the variables such as gender and cytogenetic risk profile. Correlations between 
isoform expression and age at diagnosis and white blood cell (WBC) count were calculated with 
the Spearman rank correlation coefficient (ρ). Correlations amongst different VEGFA isoforms 
were evaluated using Spearman ranks correlation coefficient. The mean correlation coefficient 
was calculated using Fisher’s z-transformation. All tests were two-tailed, and a P-value of <0.05 
was considered statistically significant.

 
RESuLTS

The VEGFA mRNA isoforms VEGF121 (n = 28), VEGF165 (n = 26), and VEGF189 (n = 30) were 
expressed in all AML patient samples. The VEGFA isoform VEGF183 was expressed in blasts of 
19/22 patients. In contrast VEGF145 and VEGF148 were expressed in a minority of AML patients 
(n = 2 and n = 8, respectively) (see Fig. 1). Off note, these AMLs do not belong to a specific 
cytogenetic risk group, nor have other characteristics in common.

None of the VEGFA isoforms showed a correlation with gender, age at diagnosis, WBC count as 
well as cytogenetic risk profile. Furthermore, no correlation was found between any of the VEGFA 
isoforms and OS as well as RFS. VEGFA isoform 121, 165, 183, and 189 expression levels were  
co-expressed (see Fig. 1). VEGF145 and VEGF148 were not included because they are expressed in, 
respectively, only two and eight patients. 
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Each of the correlations between VEGFA isoforms tested was significant: 121–165: rho = 0.629 
(P < 0.0001), 121–183: rho = 0.772 (P < 0.0001), 121–189: rho = 0.838 (P < 0.0001), 165–183: 
rho = 0.549 (P = 0.002), 165–189 rho = 0.680 (P < 0.0001), and 183–189: rho = 0.753 (P < 0.0001). 
The calculated mean correlation coefficient was 0.716 (P < 0.0001).

diSCuSSiON

Co-expression of the VEGFA isoforms VEGF121, VEGF165, VEGF183, and VEGF189 was significant. 
VEGFA (isoforms) play(s) an important role in the process of angiogenesis and type of vessel 
patterning. Differences in vessel pattern seem to be caused by the binding affinity of VEGFA 
isoforms to the ECM (17). The large ECM-binding isoforms VEGF165 and VEGF189 provide matrix-
associated cues, possibly through establishing a VEGF gradient trail, that facilitate epithelial cell 
migration. Cues are absent with freely diffusable VEGF121 (17). This suggests an role for the 
different VEGF isoforms in the patterning of nascent vessels (13, 18). In future studies it might be 
interesting to investigate whether there is a relation between VEGFA isoform expression and bone 
marrow vascularization patterns.

Compared to VEGF121, the isoforms VEGF165 and VEGF189 (isoforms with a high binding affinity 
for the ECM) stimulated endothelial proliferation and angiogenesis more but these isoforms 
first need to be cleaved before they are biologically active. Possibly this period for cleaving is 
the reason that short VEGFA isoforms as VEGF121 may be more tumourigenic in early stages of 
tumour angiogenesis (13, 19). In addition, it could be hypothesized that ECM-binding isoforms in 
contrast to the diffusible isoforms are more strongly adherent to the stroma.

In the present study no relation was found between VEGFA mRNA isoform expression and known 
prognostic factors nor was there a relation with OS and RFS. However, as the sample size in this 
paediatric AML study was relatively small, future studies on the effect of VEGF isoforms ex-
pression on outcome in larger paediatric AML patient cohorts would be needed to generate more 
conclusive results.

Knowing VEGFA isoforms VEGF121, VEGF165, VEGF183, and VEGF189 are mutually correlated 
justifies measuring only a single VEGFA isoform as a representative for the expression of all these 
VEGFA isoforms.
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Table 1 | Characteristics of Paediatric AML Patients. 

Characteristics Total

no. of patients 30

Age at diagnosis (years) 7.2 (0-16)

Sex (m/f) 17/13

WBC (x10⁹/L) 58.9 (2.2-355.0)

Cytogenetic risk profile

favourable 10

Intermediate 9

Unfavourable 5

Unknown 6

Complete remission (no.) 29/30

Death during induction (no.) 1

Death (no.) 11

Relapse (no.) 13

3-year overall survival (no.) 18/29

Follow-up time (months) 64 (19-115)

The characteristics age at diagnosis, white blood cell count (WBC), and follow-up time are shown with medi-
an and range. Favourable, intermediate, and unfavourable cytogenetic risk profile is defined in the Method 
section. 
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Figure 1 |Distribution of VEGFA isoform mRNA expression. 

Data spread of the expression of each VEGFA isoform tested. The black horizontal line represents the median 
VEGFA mRNA isoform expression. For each isoform the number of patients tested is depicted.

Vascular Endothelial Growth Factor A isoform mRNA 
expression in pediatric acute myeloid leukemia

Pediatric Blood & Cancer
Volume 56, Issue 2, pages 294-297, 27 OCT 2010 DOI: 10.1002/pbc.22783
http://onlinelibrary.wiley.com/doi/10.1002/pbc.22783/full#fig1
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Overexpression of CXCR4, CXCL12 and VEGF-A in 
VHL related and sporadic haemangioblastomas
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AbSTRACT 

Object Central nervous system haemangioblastomas occur sporadically and in patients with von 
Hippel-Lindau (VHL) disease due to a VHL germline mutation. This mutation leads to enhanced 
transcription of chemokine receptor 4 (CXCR4), its ligand (CXCL12) and vascular endothelial growth 
factor A (VEGFA). We aimed to determine in VHL-related and sporadic haemangioblastomas 
CXCR4, CXCL12, and VEGFA protein expression and to correlate this to haemangioblastoma size 
and expression in normal surrounding tissue. 

Methods Tissues of haemangioblastomas, 16 of 11 VHL patients and 17 of 16 patients without VHL-
disease, collected during surgery, were stained with hematoxylin/eosin and immunohistochemically 
for CXCR4, CXCL12, and VEGFA expression. Largest diameter of haemangioblastoma solid nodule 
and associated cyst was measured on preoperative MRI. Haemangioblastomas DNA was analyzed 
for VHL mutations and VHL-promoter methylation.

Results Haemangioblastomas overexpress CXCR4, CXCL12, and VEGFA compared to normal 
surrounding tissue. Of the sporadic haemangioblastomas 57% harboured a VHL mutation and 
12% showed VHL promoter hypermethylation. In sporadic haemangioblastomas the mean 
percentage of CXCR4 positive stromal cells was 16%, SD 8.4, in VHL-related haemangioblastomas 
8%, SD 4.4 (P= .002). CXCL12 was expressed strongly in 75% of sporadic and in 81% of VHL-related 
haemangioblastomas. VEGFA was present in stromal haemangioblastoma cells and vascular 
endothelial cells of all haemangioblastomas. There was no relation between preoperative size and 
CXCR4 or CXCL12 expression. 

Conclusions CXCR4, CXCL12, and VEGFA were overexpressed in haemangioblastomas compared 
to normal surrounding tissue. Sporadic haemangioblastomas express more CXCR4 compared to 
VHL-related haemangioblastoma. In the majority of sporadic haemangioblastoma a VHL mutation 
was present.
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iNTROduCTiON 

Von Hippel Lindau (VHL) disease is an autosomal dominant syndrome leading to the onset of multi-
organ benign and malignant neoplasms including haemangioblastomas. Haemangioblastomas are 
highly vascularized lesions comprising 1.1%-2.4% of central nervous system (CNS) neoplasms. Their 
principal components are haemangioblastoma stromal cells with a low mitotic index and capillaries 
formed by normal endothelial cells with activated pericyte coverage. Approximately a third of 
haemangioblastomas is related to VHL-disease (1). However, this might be an underestimation as 
not all cases are screened for germ-line VHL- mutations. 

The characteristic vascularized appearance of haemangioblastomas in VHL-disease patients is 
thought to be caused by the VHL-mutation leading to defective or absent VHL protein (pVHL). 
Improper functioning pVHL fails to degrade hypoxia inducible factor-1α (HIF-1α) thereby resulting 
in increased transcription of proteins such as vascular endothelial growth factor (VEGF-A), platelet-
derived growth factor and transforming growth factor α (2-4). 

Several in vitro and in vivo models have revealed a key role of chemokine receptor 4 (CXCR4) and 
its ligand CXCL12 in the cross-talking between cancer cells and their microenvironment (5, 6). 
CXCR4 is downregulated by the VHL protein and upregulated by HIF-1α. CXCR4 and CXCL12 are 
coexpressed in CNS haemangioblastoma and in renal clear cell carcinoma (7). Large tumours have 
more risk on hypoxic conditions. Increased hypoxia leads to higher CXCR4 expression via HIF-1α. 
Loss-of-function of the VHL gene is responsible for the upregulation of the expression CXCR4, 
its ligand CXLC12, and vascular endothelial growth factor (VEGFA). This is particularly interesting 
as these microenvironmental factors are increasingly recognized and established as novel drug 
targets (8). 

Therefore, the aim of this study was to investigate in VHL-related and sporadic haemangioblastomas 
CXCR4, CXCL12, and VEGF-A protein expression and to correlate this to size as measured by MRI 
before surgery. In order to verify the contribution of somatic VHL mutations of haemangioblastomas 
we analysed VHL mutations and promoter methylation in the tumour tissue.

MATERiALS ANd METHOdS

Patients
Frozen tissues were retrieved from the tissue bank at the Department of Pathology of the 
University Medical Center Groningen. Patients without a germline mutation were defined as 
sporadic haemangioblastoma case. All patients apart from one, who refused screening for 
germline VHL- mutation, were routinely tested for mutations. Haemangioblastoma tissues were 
numerically tagged according to a national coding system. Patient files were used to retrieve data 
on gender and age. Lesion size of both solid nodule and associated cyst size were based on MRI 
scan made shortly before surgery and on written surgery reports. The largest diameter in mm 
was used and surface area in mm2 was then calculated. Solid tumour size was defined by the 
diameter of only the solid nodule and cyst size by only the cystic part. Total size was defined by 
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largest diameter of both solid and cystic part together. All data was stored in an computerized 
anonymous database. Patient identity was protected by unique codes. The Medical Ethical Review 
Board declared that based on Dutch law no further approval for use of residual tissue for analysis, 
including DNA analysis, was needed. 

Immunohistochemistry
Cryosections (4 μm) were morphologically defined as haemangioblastoma by hematoxylin 
and eosin (H&E) staining. For CXCR4, CXCL12, and VEGF-A staining, the fixation procedure was 
followed by endogenous peroxidase blockage by 1% hydrogen peroxidase. CXCR4 was stained in 
dilution 1:500 (polyclonal rabbit #ab2074, Abcam, Cambridge, UK) and CXCL12 in dilution 1:60 
(monoclonal mouse #MAB350, R&D Systems, Abingdon, UK). VEGF-A staining was performed 
using the avidin-biotin complex method (avidin-biotin blocking kit, Vector Laboratories, 
Peterborough, UK) with anti-VEGF-A as primary antibody in dilution 1:50 (polyclonal rabbit #sc-
152, Santa Cruz, Heidelberg, Germany). All secondary and tertiary goat anti rabbit horse radish 
peroxidase (HRP), rabbit anti goat HRP and rabbit anti mouse HRP, secondary swine anti rabbit 
biotinylated, streptavidin peroxidase antibodies were obtained from Dako (Glostrup, Denmark). 
Frozen sections of glioblastoma (WHO grade 4) served as positive controls for CXCR4 and VEGF-A. 
Cytospins of renal cell carcinoma cells (RCC786) served as the positive controls for CXCL12. For 
negative controls, the primary antibodies were omitted. 

Normal surrounding brain tissue was verified by morphology on H&E staining. CXCR4 quantitative 
evaluation was performed by counting the percentage of positive cells in 5 high power fields (400x 
magnification) per haemangioblastoma slide. CXCL12 semi quantitative evaluation was performed 
in 5 high power fields (400x magnification) per slide: defined as negative, positive (>1% positive 
cells) or strongly positive (>50 % positive cells or high intensity). VEGF-A was evaluated by describing 
morphology of tissue (normal brain tissue, vascular endothelium and stromal haemangioblastoma 
cells) in relation to positive cells. Evaluation and quantification was performed by two independent 
observers blinded to the diagnosis, using NDP software (Hamamatsu, Almere, the Netherlands) 
after scanning slides with a Hamamatsu scanner (Hamamatsu). 

dnA isolation  
For DNA isolation frozen haemangioblastoma scrapings (10 times 10 μm) were collected from 
all 33 haemangioblastomas. Also 2 male and 2 female samples of normal tissue were collected. 
DNA was extracted using dissolving buffer (4 M guanidine thiocyanate-buffer, DNase free water, 
96% ethanol) and further digested in Tris EDTA (TE)-buffer (10 mM Tris/HCl, pH=7.5, 1 mM EDTA 
with proteinase K and sodium dodecyl sulfate 10%). Standard salt extraction and isopropanol 
precipitation was used for high molecular DNA and dissolved in 150 µl TE-buffer. For quality 
control, genomic DNA was amplified in a multiplex PCR according to the BIOMED-2 protocol (9). 
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sequencing and multiplex ligation-dependent probe amplification (MLPA)
Germline mutations were defined by inherited mutations in VHL or inherited loss of the whole 
gene as found in loss of heterozygosity (LOH) analysis. Exons 1, 2 and 3 of VHL and their flanking 
sequences were amplified by PCR. PCR products were purified and subjected to sequence analysis 
using an ABI 3730 automated DNA sequencer (Applied Biosystems, Life Technologies Corporation, 
CA, USA). To detect genomic deletions involving single or multiple exons of VHL, an MLPA-assay 
(MRC-Holland SALSA MLPA P016 VHL probe mix, Amsterdam, the Netherlands) was performed 
according to the manufacturer’s instructions. For the interpretation of sequence alterations, the 
Alamut (Interactive Biosoftware, Rouen, France) decision-support software package was used.  
 
Methylation specific PCR (MsP)
MSP was performed after bisulphate treatment on denaturated genomic DNA. Bisulphate 
treatment was performed with the EZ DNA methylation kit according the manufacturer’s protocol 
(Zymogen, BaseClear, Leiden, the Netherlands). For PCR 15 ng of bisulphate treated DNA was used. 
The β-actin gene served as an internal reference. Primer pair sequences are listed in supplementary 
table (designed with Methyl Primer Express v1.0, Invitrogen). PCR products were visualized on a 
2.5% agarose gel. A sample was considered positive (methylated or hypermethylated) when a PCR 
product of the right size was visible after 40 cycles of PCR. Leukocyte DNA collected from anonymous 
healthy volunteers and in vitro CpG methylated DNA with SssI (CpG) methyltransferase (New 
England Biolabs Inc., Beverly, MA, USA) were used as negative and positive control, respectively.  

statistical analysis
Statistical analysis was done using Kruskal-Wallis test, linear regression and Spearman rank 
correlation. P values of <.05 were considered significant.

RESuLTS 

Thirty-three specimens of 27 patients operated between 1995 and 2010 for central nervous 
system haemangioblastoma were analyzed. Sixteen specimens were from 11 VHL-disease patients 
(seven with 1, three with 2 and one patient with 3 specimens) and 17 specimens from 16 sporadic 
cases (15 with 1 and one with 2 specimens) (see Table 1). 

In 27 specimens sufficient DNA was available to perform mutation analysis (see Table 2). In 76.9% 
of cases (10 out of 13) of VHL-related haemangioblastomas only the germline mutation was found, 
in 15.4% (2 out of 13) two mutations were present (second hit) and in one case 3 mutations 
were found. In the sporadic haemangioblastomas, 57% (8 out of 14) were mutated. In two out of 
27 haemangioblastomas specimens the VHL promoter was hypermethylated, both were sporadic 
haemangioblastoma cases (see Fig. 1).  



92

5

CXCR4, CXCL12 and VEGF-A expression
All haemangioblastoma cells, excluding endothelial cells, showed CXCR4 expression (n = 29, as 
4 slides were not evaluable). In the 16 sporadic haemangioblastomas the mean percentage of 
CXCR4 positive cells per specimen (16%, range 1-38%) was higher as compared to the 13 VHL-
related haemangioblastomas (8%, range 3-19%; P = .002) (see Fig. 2). In the 15 available normal 
surrounding brain tissue samples no CXCR4 expression was observed. 

Thirty two samples were evaluable for CXCL12 expression. Sporadic and VHL-related haemangio-
blastomas had the same level of CXCL12 expression, with strong expression in 75% (12 out of 16) 
of sporadic haemangioblastomas and in 81% (13 out of 16) of VHL-related haemangioblastoma 
cells. The normal tissue showed no (n = 12) or in a few cases (n = 3) some expression of CXCL12. 
VEGF-A was equally expressed higher than normal in sporadic and VHL-related haemangioblasto-
mas, and present in stromal haemangioblastoma cells and vascular endothelial cells. 

Correlation between CXCR4 expression and clinical variables
Sporadic haemangioblastomas and associated cyst size did not differ from VHL-related 
haemangioblastomas (VHL related; median solid tumour size 547.5 mm2, median total size  
1316.3 mm2 and sporadic; median solid tumour size 235.75 mm2;, and median total size  
545.88 mm2) (P=.09 for both, see Fig. 3). The tumour and associated cyst size was not correlated 
to the CXCR4 expression level (95% confidence interval 298.8; 700.1 mm2 rho = 0.39, P= .069 for 
tumour nodule and 95% confidence interval 763.7; 1295.5 mm2 rho = 0.095, P = .644 for total 
size) (see Fig. 3).

diSCuSSiON

This study shows that CXCR4, CXCL12, and VEGF-A are all overexpressed in stromal haemangio-
blastoma cells compared to normal surrounding brain tissue. CXCL12 and VEGF-A expression was 
similar in sporadic and VHL- related cases. However, CXCR4 expression in haemangioblastoma cells 
was higher in sporadic cases as compared to VHL-related haemangioblastomas. 

This is the first study in which expression of CXCR4, CXCL12, and VEGF-A is compared in both 
sporadic and VHL associated haemangioblastoma patients. The finding that CXCR4 expression was 
higher in sporadic haemangioblastoma cells is striking as in VHL-disease a germline mutation in VHL 
leads to a defect VHL protein which results in enhanced transcription of CXCR4, its ligand CXCL12 
as well as VEGF-A (7). We expected VHL-patients to have a higher CXCR4 expression than sporadic 
haemangioblastoma patients. Therefore, we hypothesized that the size of haemangioblastomas 
at the time of surgery might explain the observed difference in CXCR4 expression and analyzed 
MRIs for haemangioblastoma size. In addition, sporadic haemangioblastomas are usually solitary 
as compared to multiple lesions in VHL-related disease,  present at older age and predominately 
as cerebellar lesions as compared to the approximately 50% of haemangioblastomas in the spinal 
cord in VHL patients (10).
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We did not find a significant difference in preoperative size of VHL-related and sporadic 
haemangioblastomas and associated cysts. This means that the work-up according to VHL 
surveillance guidelines which includes biennial MRI for haemangioblastomas (11-14) does not 
result in a difference in timing of neurosurgical intervention for sporadic as compared to VHL 
associated lesions. However, the median sporadic haemangioblastoma was twice the size of VHL-
related haemangioblastoma. The insignificance of the difference between these groups might be 
caused by the small group size. 

We also determined the genetic background of haemangioblastomas of both VHL-related and 
sporadic cases. The onset of lesion formation in VHL-disease occurs when the inherited germline 
mutation is accompanied by a second hit, e.g. a mutation in the normal allele. Previous studies 
reported inactivation of both alleles of VHL in 62-66% of VHL-disease related haemangioblastoma 
(15, 16). Also in sporadic haemangioblastomas VHL inactivation others reported 20-50% of cases 
one allele was inactivated and in 0-13% both VHL alleles (15, 17-22). Our data show that in all VHL-
related and in the majority of sporadic haemangioblastomas a mutation, LOH or hypermethylation 
of the VHL was present. In addition no difference in CXCR4 expression between patients with and 
without a VHL-mutation was found and thus could not explain the observed difference in CXCR4 
expression in VHL and sporadic haemangioblastomas. 

We and others also found CXCR4 overexpressed in haemangioblastoma cells compared to 
normal surrounding brain tissue (7). The difference in CXCR4 expression between these two cell 
types might be caused by their difference in origin, the haemangioblastoma cell is a mesoderm-
derived, embryologically arrested hemangioblast (22). As the CXCR4 expression is limited to 
haemangioblastoma tissue, this potentially creates opportunities for treatment with drugs 
specifically targeting CXCR4 expressing cells. The CXCR4 inhibitor AMD3100, is FDA approved for 
use in patients with non-Hodgkin’s lymphoma and multiple myeloma. It is registered to be used 
as stem cell mobilizer is tested as investigational agent as anticancer drug for other cancers (23). 
We also found VEGF-A overexpressed in stromal haemangioblastoma cells compared to normal 
surrounding brain tissue. Bevacizumab, an anti-VEGF-A monoclonal antibody, has been extensively 
investigated in several settings, ranging from single agent treatment to combined modality 
approaches in both recurrent and newly diagnosed malignancies (24). Information from preclinical 
experiments suggests that the combination of AMD3100 and bevacizumab may help prevent the 
growth of certain tumours like gliomas (25, 26). A phase I study of the CXCR4 inhibitor plerixafor 
and bevacizumab is ongoing for patients with recurrent high-grade gliomas (NCT01339039). This 
combination could be potentially of high interest for both VHL related and sporadic patients with 
haemangioblastoma.
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CONCLuSiON 

CXCR4, CXCL12, and VEGF-A were all overexpressed in haemangioblastomas compared to normal 
surrounding tissue. Sporadic haemangioblastomas express more CXCR4 compared to VHL-related 
haemangioblastoma. The difference in CXCR4 expression was not explained by size, or VHL 
mutation and/or hypermethylation. CXCR4 expression in haemangioblastoma tissue potentially 
creates treatment opportunities with drugs specifically targeting CXCR4 expressing cells.
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Table 1 | Characteristics of haemangioblastoma patients and their tissues

Characteristic No of 
tissues (%)

no of patients 
(%)

Age at time of surgery  
in years (range)

Sex

   Male 21 (64%) 17 47 (13-62)

   Female 12 (36%) 10 41 (14-65)

VHL-mutation carriers 16 (48%) 11 (41%) 46 (26-65)

c.259_260-insA p.Val87Aspfs*45 1 (6%)

c.-89-?_c297+?del. p.(?) 7 (44%)

c.341-59_341-14del  p.(?) 1 (6%)

c.462A>C  p.Pro154Pro 1 (6%)

c.500G>A  p.Arg167Gln 3 (19%)

c.463+2T>C p.(?) 1 (6%)

c.490C>T  p.Gln164* 2 (13%)

Sporadic 17 (52%) 16 (59%) 44 (13-62)

Abbreviation: No; number.

Table 2 | Occurrence of VHL- mutations in the haemangioblastoma (HB) specimens 

Characteristic VHL-related HB 

Percentage (number)

sporadic HB

Percentage (number)

Two normal alleles - 43 (6/14) 

One mutation 76.9 (10/13) 14.3 (2/14)

Two mutations 15.4 (2/13) 7.1 (1/14)

LOH 0 21.4 (3/14)

One mutation & LOH 0 14.3 (2/14)

Three mutations 7.7 (1/13) 0

Abbreviation: LOH; loss of heterozygosity, HB; haemangioblastoma. 
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Figure 1 | All VHL methylation specific PCR (MSP) products, 33 haemangioblastoma tissues (numbered  
1 – 17 sporadic cases, 18 – 33 VHL related cases) and controls (in vitro CpG methylated DNA with Sssl CpG 
methyltransferase (IV), leukocyte and water), on agarose gel.

From each sample the first lane is the methylated DNA  and the second lane the unmethylated DNA. 
Haemangioblastoma derived DNA sample 7 and 15 (black boxes) show methylation of the VHL-promoter, 
both these samples were derived from sporadic haemangioblastoma patients. Experiments were performed 
in triplicate.
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Figure 2 | (A) Representative pictures of H&E (left) and CXCR4 immunohistochemistry (40x magnification) 
on sporadic (middle) and VHL-disease related (right) haemangioblastoma specimens. (B, C) Box plots of 
percentage of CXCR4 positive cells (B) and CXCL12 staining intensity (C) per field of view in sporadic and VHL-
disease related haemangioblastoma specimens. * P < .05. The bars represent the range.

H&E CXCR4 Sporadic CXCR4 VHL disease

 * 

A

b C
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Figure 3 | (A) Boxplots of size in mm2 of solid tumour (left), cyst (middle) and largest total diameter (right) of 
the sporadic and VHL-disease related haemangioblastoma specimens, measured on pre-operative MRI images. 
The bars represent the range. (B) The correlation between the solid tumour (left), cyst (middle) and total (right) 
haemangioblastoma size in mm2 and the percentage of CXCR4 positive cells per field of view measured by 

CXCR4 immunohistochemistry.
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supplementary Table 1 | Results from mutation, LOH and methylation analysis, VHL; von Hippel Lindau.

Patient  
sample

Mutation LOH Hyper- 
methylation

Overall dnA 
status

sporadic

1 c.227_220del ; p.Phe76del Normal No Somatic

2 Normal Normal No

3 Normal Normal No

4 c.233A>G ; p.Asn78Ser VHL-gene No 2 Somatic

5 Normal VHL-gene Yes Somatic

6 Normal Normal No

7 Normal Normal No

8  -  - Yes Somatic

9 c.208_237dup ; p.Glu70_Arg79dup 
c.233A>G ; p.Asn78Ser

Normal No 2 Somatic

10  -  - No

11 Normal Normal No

12 c.317delG ; p.Gly106Alafs*53 VHL-gene No 2 Somatic

13 c.499C>T ; p.Arg167Trp Normal No Somatic

14  -  - No

15 Normal Normal No

16.1 Normal VHL-gene No Somatic

16.2 Normal VHL-gene No Somatic

VHL

1 c.500G>A ; p.Arg167Gln Normal No Germline 

2 c.341-59_341-14del ; p.?  
c.408del ; p.Phe136Leufs*23

VHL-gene No Germline and  
2 somatic

3 c.462A>C ; p.Pro154Pro  Normal No Germline 

4 Normal VHL-gene 
C3ORF10-gene

No Germline 

5  -  - No

6 Normal VHL-gene 
C3ORF10-gene 

No Germline 

7 c.259_260insA ; p.Val87Aspfs*45 Normal No Germline 

8.1 Normal VHL-gene 
C3ORF10-gene 

No Germline 

8.2 - - No

9.1 c.292C>A ; p.Tyr98* 
c.500G>A ; p.Arg167Gln

Normal No Germline and 
somatic 

9.2 c.500G>A ; p.Arg167Gln Normal No Germline 
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Patient  
sample

Mutation LOH Hyper- 
methylation

Overall dnA 
status

10.1 c.490C>T  ; p.Gln164* Normal No Germline 

10.2 c.490C>T ; p.Gln164* Normal No Germline 

11.1 c.463+3A>C ; p.? VHL-gene 
C3ORF10-gene

No Germline and 
somatic 

11.2  -  - No

11.3 Normal VHL-gene 
C3ORF10-gene

No Germline

supplementary Table 2 | Sequence (5’to 3’) primers VHL. 

Forward Primer Reverse Primer

Methylated GTAGTTTCGTTTCGCGTTC TTCAAAACCGTACTCTTCGA

Unmethylated GTATGTAGTTTTGTTTTGTGTTT CTTCAAAACCATACTCTTCAA

supplementary table 1 continued
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von Hippel-Lindau related manifestations
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AbSTRACT

von Hippel–Lindau (VHL) mutation carriers develop benign and malignant tumours, requiring 
regular surveillance. The aim of this study was to calculate the optimal organ-specific age to initiate 
surveillance and optimal intervals to detect initial and subsequent VHL-related manifestations. In 
this study, we compare these results with the current VHL surveillance guidelines. We collected data 
from 82 VHL mutation carriers in the Dutch VHL surveillance program. The cumulative proportion 
of carriers diagnosed with a first VHL-related manifestation was estimated by the Kaplan–Meier 
method. The Poisson distribution model was used to calculate average time to detection of the 
first VHL-related manifestation and subsequent manifestations. We used this to calculate the 
optimal organ-specific age to initiate surveillance and the surveillance interval that results in a 
detection probability of 5%. The calculated organ-specific ages to initiate surveillance were 0 years 
(birth) for adrenal glands, 7 years for the retina, 14 years for the cerebellum, 15 years for the spinal 
cord, 16 years for pancreas, and 18 years for the kidneys. The calculated surveillance intervals 
were 4 years for the adrenal glands, biennially for the retina and pancreas, and annually for the 
cerebellum, spinal cord, and kidneys. Compared to current VHL guidelines, the calculated starting 
age of surveillance was 6 years later for the retina and 5 years earlier for adrenal glands. The 
surveillance intervals were two times longer for the retina and four times longer for the adrenal 
glands. To attain a 5% detection probability rate per organ, our mathematical model indicates that 
several modifications of current VHL surveillance guidelines should be considered.
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iNTROduCTiON

von Hippel–Lindau (VHL) disease is an autosomal dominant disorder caused by a germline mutation 
in the VHL gene (1). The estimated incidence of VHL disease is between one in 36 000 and one in 
85 000 newborns, with a penetrance rate of almost 100% by age 75 years (2). In 2008, 109 living 
VHL mutation carriers older than 15 years with VHL disease were identified in The Netherlands (3).  
VHL disease leads to the development of multiple vascularized lesions in the CNS. These CNS 
lesions include haemangioblastomas in the cerebellum, spinal cord, brain stem, nerve root, and 
supratentorial region; retinal angiomas; and endolymphatic sac tumours (ELST). Visceral features 
of VHL disease include renal cysts and renal cell cancers (RCC), pheochromocytomas, pancreatic 
cysts, and pancreatic neuroendocrine tumours (pNET), as well as epididymal and broad ligament 
cystadenomas (1, 4).

VHL phenotypes are classified into two types based on clinical appearance: type 1 and type 2 (2a, 2b, 
and 2c). Type 1 includes all typical VHL-related manifestations except pheochromocytomas. Type 
2a and 2b exhibit the full VHL-related manifestation spectrum with low (2a) and high (2b) risk for 
RCC, while type 2c carriers develop only pheochromocytoma (5). The exact relationship between 
genotype and phenotype is still unknown (6). Currently, the same surveillance schedules are 
used for all VHL phenotypes. Based on the occurrence of manifestations and their consequences, 
all VHL mutation carriers and first-degree relatives with unknown VHL gene status are offered 
surveillance consisting of regular follow-up visits for each organ involved in VHL disease. Work-up 
according to the Danish, US, and Dutch VHL surveillance guidelines includes biennial MRI for CNS, 
MRI/CT/ultrasound scans for visceral organs, and yearly ophthalmologist consultation (1-3, 7, 8). 
VHL surveillance according to the current Danish and US guidelines reduces VHL-related morbidity 
and mortality (2, 9, 10). However, the age to start surveillance and the surveillance interval are 
based on limited evidence (2, 4, 7). If the probabilities of developing VHL-related manifestations 
at various ages could be estimated, this would enable evidence-based decisions to be made on 
the age to start VHL surveillance and on the subsequent surveillance intervals. The aims of our 
study were, therefore, to calculate the organ-specific age to start surveillance, to calculate the 
surveillance intervals for detecting the first and subsequent VHL-related manifestations, and to 
compare these calculations with current VHL surveillance guidelines (2, 4, 7, 8).

We based our approach on Knudson’s ‘second-hit’ hypothesis, which is supported by evidence 
that VHL-related RCC and haemangioblastomas occur as a consequence of a mutation in the one 
healthy VHL gene (9, 10). Predictive Poisson distribution models can then be used to express the 
probability of the detection of a VHL-related manifestation over time (11). The linear regression 
of this Poisson distribution model can provide a calculated average number of years between a 
first hit and detection of the first VHL-related manifestation (δ) and an average number of years 
between two subsequent hits (time between hits, TBH).
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SubjECTS ANd METHOdS 

study population 
Eligible individuals for this analysis were VHL mutation carriers who underwent VHL 
surveillance between 1972 and 2012 at two VHL expertise centers in The Netherlands: the 
University Medical Center Groningen and the University Medical Center Utrecht. A VHL 
mutation carrier was defined as an individual with a genetically confirmed VHL mutation 
or clinical VHL disease characterized by two or more CNS haemangioblastomas or a CNS 
haemangioblastoma(s) and visceral lesion(s) or by one typical VHL-related manifestation 
and a first-degree relative with genetically or clinically confirmed VHL disease (4). 
Surveillance of VHL mutation carriers was performed according to the standard VHL surveillance 
guidelines in The Netherlands (www.stoet.nl, VHL working group), including the following 
surveillance measures. VHL mutation carriers have undergone yearly abdominal ultrasound 
surveillance at the UMCU since 1985 and at the UMCG since 1990. Biannual surveillance for 
VHL-related spinal cord lesions began at both centers between 1991 and 1994. Since 2001, VHL 
mutation carriers have undergone a biennial MRI scan of the cerebellum and spinal cord, an annual 
ophthalmologist consultation. Since 2010 an abdominal MRI scan or an ultrasound scan has been 
performed in alternate years. Surveillance intervals were irrespective of detection of new lesions. 
If a lesion was found to increase in size, then imaging frequency was increased to 6-month intervals 
until stable disease was ascertained. If the carriers developed symptoms, interim surveillance 
examinations or specific imaging was performed. Surveillance for pheochromocytomas was 
performed annually by means of plasma and/or urinary concentrations of metanephrines 
(metanephrine and normetanephrine) (12).

data collection procedures
We collected clinical data on VHL mutation carriers, covering the period 1959–2012, from 
electronic and written patient records. A computerized registration database is used to store 
data obtained from standard VHL surveillance; we retrieved all relevant data from this database 
and transferred those into a separate, anonymous database. The identity of the individuals was 
protected by unique codes, which were known only by two dedicated data managers. In case of 
uncertainties with respect to follow-up data, the larger databases could only be checked by the 
data manager, thereby assuring the protection of individual identity. Therefore, according to Dutch 
Medical Research Involving Human Subjects Act, no further Institutional Review Board approval 
was required. 

Information on genealogy and on the affected family members of the carriers in the study was 
derived from reports of the Department of Clinical Genetics. Information obtained directly 
from individual patient records included date of birth, sex, the inherited or de novo mutation, 
and the organ-specific date of diagnosis of the first VHL-related manifestation (defined as organ 
involvement). When biochemical or clinical diagnosis of the manifestation preceded a diagnosis 
based on imaging reports, these data were used if confirmed during surveillance by ultrasound, 
CT, or MRI scan. The following manifestations were included: cerebral haemangioblastomas, spinal 
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cord haemangioblastomas, retinal haemangioblastomas, RCC and renal cysts, pheochromocytoma, 
and pNETs and pancreatic cysts. Renal and pancreatic involvement was defined by its first 
manifestation, irrespective of pathological diagnosis (tumour or cyst). Data on the onset of renal 
and pancreatic manifestations of individuals born before 1965 and undergoing surveillance at 
the UMCG were not included because this group did not undergo abdominal surveillance until 
1990. Otherwise, it would have appeared that a delay in detection of VHL-related manifestations 
had occurred, causing bias in this retrospective study. For additional analysis of the effect of VHL 
phenotype on the age of onset of VHL-related manifestations, the VHL mutation carriers were 
grouped according to VHL phenotype (type 1: all manifestations except pheochromocytoma; type 
2a/b: full spectrum; and type 2c: pheochromocytoma only). Group assignment was based on the 
relevant literature and on the occurrence of a spectrum of VHL-related manifestations in their 
kindred or in their own history (13) (see Table 1). Kindreds developing only pheochromocytoma 
were regarded as type 2c (1 family). De novo VHL mutation carriers or VHL mutation carriers having 
a family history with diagnosis of pheochromocytoma and other VHL-related manifestations were 
defined as phenotype 2a/b. Carriers without diagnosis of pheochromocytoma in their personal or 
family history were defined as VHL phenotype 1 (13).

statistical analysis
The aim of our study was not to test a hypothesis but to calculate Poisson parameters for time to 
detection of the first and subsequent VHL-related manifestations. Consequently, power analysis 
could not be performed. To indicate the precision of the calculations, we have shown the S.E..

Carriers of VHL phenotype 1 were excluded from all analyses for pheochromocytoma onset, as 
pheochromocytomas are not part of this phenotype. Carriers of VHL phenotype 2c were included 
for analyses of pheochromocytoma only, as this is their only manifestation.

The cumulative proportion of VHL mutation carriers during the entire life span with regard to 
age at time of detection of the first VHL-related manifestation was calculated by Kaplan–
Meier method. Linear regression analysis of natural logarithm of 1-cumulative proportion  
(ln(1-cumulative proportion)) vs this age was carried out to estimate the average incidence κ (the 
hit rate) of tumour formation from the regression coefficient (=-κ). The average time between two 
subsequent hits (TBH) with its S.E. was derived from the inverse of κ and its S.E. (see Table 2). The 
average time between a first hit and detection of first VHL-related manifestation (delay=δ) was 
assessed from the intercept of the ln(1-cumulative proportion) with the age axis. The S.E. of δ was 
defined by the S.E. around the regression line divided by the regression coefficient κ. Cumulative 
proportions below the 5% level were excluded from the regression analysis because of the sloping 
edge caused by the variance of the delay. The cumulative proportions above age 65 years were 
also excluded from this analysis to prevent bias caused by mortality of patients.

The optimal age to start surveillance for each organ was calculated from the time to detection of 
the first manifestation (δ) - 2 S.E., the lower end of the 95% CI of the estimated mean delay. So a 
safe lower boundary was established with a negligible risk of a first manifestation below this age of 
starting surveillance. The age of detection of the first VHL-related manifestation in VHL phenotype 
1 carriers and in those with phenotype 2a/b were compared with log-rank tests.
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The optimal surveillance interval for the detection of subsequent VHL-related manifestations was 
calculated for the 5, 10, and 20% proportion level of the TBH, defining the detection probability 
level roughly. Finally, the optimal VHL surveillance was defined by the 5% detection proportion to 
create a safe interval with a negligible risk to overlook a new manifestation.

The optimal age to stop surveillance in suspected carriers without known DNA status was defined 
as a probability of future development of a first VHL-related manifestation of <5% as calculated 
by the cumulative proportions of each organ. We added the cumulative proportions of retina, 
cerebellum, spinal cord, pancreas, and kidney manifestations during the entire life span to 
assess the number of affected organs per VHL mutation carrier. For this analysis, the carriers of 
phenotype 1 and 2a/b VHL disease were included. Adrenal gland manifestations were excluded 
from this analysis to guarantee that the maximum number of affected organs was comparable in 
both groups. The probability levels were calculated for two subgroups based on VHL phenotypes. 
Two-sided P values <0.05 were designated as statistically significant.

Comparison with VHL surveillance guidelines
The calculated age to start surveillance was compared with the currently advised starting age 
as defined by the Danish, Dutch, and US VHL surveillance guidelines (2, 3, 7, 8). In addition, our 
calculated intervals for 5% detection probability were compared with the advised screening 
frequency in these same VHL surveillance guidelines.

RESuLTS

study population
We used data from 82 VHL mutation carriers in our study (see Fig. 1), which is the majority of the 
109 identified Dutch VHL mutation carriers. One male VHL mutation carrier was excluded from the 
analysis because he declined to undergo VHL surveillance. Characteristics of VHL mutation carriers 
(41 males and 41 females) are shown in Table 1. They were born between 1923 and 2004 and 
belonged to 26 kindreds with VHL gene mutations covering all three exons of the VHL gene. One 
kindred consisted of 23 family members, the others of 1–15 members. The mean follow-up time 
was 17 years (range 0–45 years). In the entire group, seven VHL mutation carriers died, of which 
six died due to VHL-related manifestations.

Cumulative proportions and time to first and subsequent manifestations
At the age of 70 years, 63% of the VHL mutation carriers were diagnosed with pheochromocytoma, 
73% with retinal angiomas, 77% with pancreas manifestations, 83% with spinal cord 
haemangioblastomas, 94% with cerebellar haemangioblastoma (see Fig. 2A), and 99% with kidney 
manifestations (see Supplementary Figure 1, see section on supplementary data given at the end 
of this article).

A linear relationship between ln(1-cumulative proportion) and age at first detection was found for 
all VHL-related manifestations (see Fig. 2B and Supplementary Figure 1). The time between the 
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first hit and the detection of first VHL-related manifestation ranged from 5.2 years for the adrenal 
glands (S.E. 4.42) to 23.6 years for the kidneys (S.E. 2.71) (see Table 2). The age at detection of the 
first kidney manifestation differed between VHL mutation carriers with phenotype 1 and carriers 
with phenotype 2a/b (P=0.028, Supplementary Table 1, see section on supplementary data given 
at the end of this article). The TBH ranged from 11.4 years for the kidneys (S.E. 1.14) to 73.3 years 
for the adrenal glands (S.E. 11.00).

Optimal surveillance for the detection of new VHL-related manifestations
The optimal age to start VHL surveillance ranged from 0 years for the adrenal glands to 18 years 
for the kidneys (see Table 2). The optimal VHL surveillance interval ranged from 0.57 years for the 
kidneys to 3.66 years for the adrenal glands (see Table 2). Compared to current VHL surveillance 
guidelines in Denmark, The Netherlands, and the USA (2, 3, 7, 8), the calculated age to start 
surveillance was 6 years later for the retina, but 5 years earlier for the adrenal gland. Moreover, 
the calculated surveillance intervals were two times longer for the retina (2 years) and four times 
as long for the adrenal gland (4 years).

Probability of future development of VHL-related manifestation
According to the total cumulative proportion, four organs on average were affected at the age of 
60 years in VHL mutation carriers of phenotypes 1 and 2a/b (see Fig. 3). We calculated the age 
after which the probability offuture development of a first VHL-related manifestation was <5% 
(see Fig. 4). For VHL phenotypes 1 and 2a/b, we calculated that the probability of developing a first 
cerebral or spinal cord haemangioblastoma, retinal angioma, kidney cyst or tumour, or pancreatic 
cyst or tumour was <5% after the age of 34 years. For VHL phenotype 2c, the lifelong probability 
of developing a first pheochromocytoma was above 5% (see Fig. 4).

diSCuSSiON

This is the first study that has used Knudson’s second-hit hypothesis in VHL mutation carriers 
to calculate time to detection of the first and subsequent VHL-related manifestations. This 
mathematical model provides a rationale to define the age to start surveillance and subsequent 
surveillance intervals, at an acceptable detection probability rate per organ. Compared to current 
Danish, Dutch, and US VHL surveillance guidelines, our calculations showed several deviations for 
the starting and stopping age of surveillance for various organs (2, 3, 7, 8).

Surveillance guidelines in VHL will not be influenced by the specific inherited mutation as the 
second hit is random and is the depending factor in tumour onset. Surveillance guidelines in 
hereditary breast cancer and colon cancer and follow-up guidelines for melanoma are based on 
the probability levels of detecting a tumour at each surveillance visit (13-17). These probability 
levels allow the definition of an acceptable percentage of new tumours that are missed 
during a defined interval. The surveillance interval is based on the consequences for a patient 
of a missed diagnosis, and by the sensitivity and specificity of the diagnostic method used. 
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Therefore, we also used a pre-set detection probability level for calculating VHL surveillance 
intervals: the optimal VHL surveillance interval was set at 5% detection probability. This level 
is comparable to the detection rates for surveillance in breast and colon cancers (14, 16-18). 
Obviously, all calculated starting ages depend on the sensitivity of the detection methods used; 
more sensitive techniques could change our calculated age to start surveillance (19-21).

Due to the substantial deviations from current guidelines in our calculations of the age to start 
surveillance and the subsequent surveillance intervals, we believe that the VHL surveillance 
guidelines should be adapted, especially for pheochromocytoma and retinal manifestations (2, 
3, 7, 8). The current surveillance guidelines recommend to start screening at 1 year of age for 
the retina, 5 years for the adrenal gland, and 16 years for the kidneys, pancreas, cerebellum, and 
spinal cord while our analyses support starting at 7 years of age for the retina and at birth for the 
adrenal gland. More recently, a recommendation for regular ELST surveillance was added to the 
VHL surveillance guidelines in the USA (8). These ELST guidelines have not yet been incorporated 
into the VHL surveillance guidelines for The Netherlands.Therefore, the onset of ELST was not part 
of our study.

A substantial deviation from current VHL surveillance guidelines concerns our calculated age for 
starting retinal surveillance in VHL mutation carriers: at the age of 7 years, which is 6 years later 
than in the guidelines. Our findings are in line with the sparse literature on the onset of VHL-
related retinal angiomas, where detection before the age of 7 years is rarely reported (22).

According to our calculations, screening for pheochromocytomas should start at birth. Case 
reports have been published that describe symptomatic pheochromocytomas before the 
age of 5 years (23, 24). All these findings support the current hypothesis that symptomatic 
bilateral pheochromocytoma can actually develop in utero (24, 25). Moreover, screening for 
pheochromocytomas using blood and urine analysis is patient friendly, sensitive, and relatively 
cheap (19, 20, 25).

Current VHL guidelines advise lifelong surveillance for all VHL-related manifestations. In our 
study, we also calculated the age after which probability of future development of a first VHL-
related manifestation is <5%. This could be used as the age to stop surveillance. This is especially 
of interest for the first-degree relatives of VHL mutation carriers with unknown VHL gene status 
who are receiving full VHL surveillance and for carriers with unknown phenotype. Additionally, 
many carriers of type 2c VHL disease would benefit from a defined age to safely stop retinal, 
cerebellar, spinal cord, kidney, and pancreatic surveillance. Our calculated age to stop surveillance 
for individuals at risk for VHL phenotype 1 or 2a/b is 34 years. Individuals at risk for VHL phenotype 
2c require lifelong surveillance for pheochromocytoma. We observed that after 34 years of 
age, the probability of detecting a first VHL-related manifestation is <5%, e.g., at the age of 34 
years, more than 95% of VHL patients has developed one or more VHL-related manifestations, 
suggesting that loss of heterozygosity (LOH) occurs at a young age, after which tumours grow 
and become detectable. The young age of pheochromocytoma onset indicates the oncogenic 
dominant function of the VHL gene (26). Causes of LOH of the VHL gene can be either mutation or 
methylation of the second allele (27-31).  Moreover, recent studies have shown that mutations or 
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methylation of other vulnerable (flanking) genes also affect the VHL phenotype (32, 33). If future 
research can shed light on the genotype–phenotype correlation, then an international analysis 
of a large cohort could establish more individualized surveillance guidelines. Current surveillance 
schedules are the same for all VHL phenotypes. Reducing the surveillance for RCC in VHL mutation 
carriers with a low risk for RCC was recently suggested (34).

In our study, we focused on defining the probability of detecting organ involvement instead of 
malignancy. In general, the therapeutic consequences of diagnosing a malignant tumour differ 
from the consequences of diagnosing a cyst (35-37). However, in organs such as the kidney, 
complex cysts in VHL-related disease can be difficult to distinguish from solid malignancies. 
Moreover, transition from cysts to carcinoma can occur (38-40).

We conclude that the age to start surveillance for VHL-related manifestations should be revised. 
Based on our calculations, several modifications of current VHL surveillance guidelines can be 
recommended. Most importantly, surveillance for pheochromocytoma should start at a very young 
age (in the first year of life), and ophthalmologist consultations for retinal angioma screening should 
be postponed until the age of 7 years. Further prospective studies are necessary, especially in other 
geographical populations, before incorporating our findings into guidelines and clinical practice.  

Funding: This research was supported by the Jan Kornelis de Cock Stichting, and a UEF-JSM Talent grant.



112

6

1. Lonser RR, Glenn GM, Walther M, Chew 
EY, Libutti SK, Linehan WM, Oldfield 
EH. von Hippel–Lindau disease. Lancet 
2003;361:2059–2067.

2. Poulsen ML, Budtz-Jorgensen E, Bisgaard ML. 
Surveillance in von Hippel–Lindau disease 
(vHL). Clinical Genetics 2010;77:49–59. 

3. Lammens CR, Aaronson NK, Hes FJ, et al. 
Compliance with periodic surveillance for 
von-Hippel–Lindau disease. Genetics in 
Medicine 2011;13:519–527. 

4. Maher ER, Neumann HP, Richard S. von 
Hippel–Lindau disease: a clinical and 
scientific review. European Journal of Human 
Genetics 2011;19:617–623. 

5. Maher ER, Webster AR, Richards FM, 
Green JS, Crossey PA, Payne SJ, Moore AT. 
Phenotypic expression in von Hippel–Lindau 
disease: correlations with germline VHL 
gene mutations. Journal of Medical Genetics 
1996;33:328–332. 

6. Rechsteiner MP, von Teichman A, Nowicka 
A, Sulser T, Schraml P, Moch H. VHL gene 
mutations and their effects on hypoxia 
inducible factor HIFa: identification of 
potential driver and passenger mutations. 
Cancer Research 2011;71:5500–5511. 

7. Hes FJ, van der Luijt RB. von Hippel–Lindau 
disease: protocols for diagnosis and 
periodical clinical monitoring. National 
von Hippel–Lindau disease working group. 
Nederlands Tijdschrift Voor Geneeskunde 
2000;144:505–509.

8. VHL Family Alliance. The VHL Handbook, 
What you need to know about VHL. 2012, 
4th edn, pp 46–51. 

9. Maher ER, Yates JR, Harries R, Benjamin C, 
Harris R, Moore AT,  Ferguson-Smith MA. 
Clinical features and natural history of von 
Hippel–Lindau disease. Quarterly Journal of 
Medicine 1990a;77:1151–1163.

10. Maher ER, Yates JR, Ferguson-Smith MA. 
Statistical analysis of the two stage mutation 
model in von Hippel–Lindau disease, and 
in sporadic cerebellar haemangioblastoma 
and renal cell carcinoma. Journal of Medical 
Genetics 1990b;27:311–314. 

11. Knudson AG. Two genetic hits (more or 
less) to cancer. Nature Reviews. Cancer 
2001;1:157–162. 

12. de Jong WH, Graham KS, van der Molen JC, et 
al. Plasma free metanephrine measurement 
using automated online solid-phase 
extraction HPLC tandem mass spectrometry. 
Clinical Chemistry 2007;53:1684–1693. 

13. Nordstrom-O’Brien M, van der Luijt RB, 
van Rooijen E, et al. Genetic analysis of von 
Hippel–Lindau disease. Human Mutation 
2010;31:521–537. 

14. Lieberman DA, Weiss DG, Bond JH, Ahnen DJ, 
Garewal H,  Chejfec G. Use of colonoscopy 
to screen asymptomatic adults for colorectal 
cancer. Veterans Affairs Cooperative Study 
Group 380. New England Journal of Medicine 
2000;343:162–168. 

15. Turner RM, Bell KJ, Morton RL, et al. 
Optimizing the frequency of follow-up visits 
for patients treated for localized primary 
cutaneous melanoma. Journal of Clinical 
Oncology 2011;29:4641–4646. 

16. U.S. Preventive Services Task Force. 
Screening for breast cancer: U.S. preventive 
services task force recommendation 
statement. Annals of Internal Medicine 
2009;151:716–726. 

17. Pox CP, Altenhofen L, Brenner H, Theilmeier 
A, Von Stillfried D,  Schmiegel W. Efficacy of a 
nationwide screening colonoscopy program 
for colorectal cancer. Gastroenterology 
2012;142:1460–1467.e2.

18. Hendrick RE, Helvie MA  United States 
Preventive Services Task Force screening 
mammography recommendations: 
science ignored. AJR. American Journal of 
Roentgenology 2011;196:W112–116.

19. Eisenhofer G, Lenders JW, Timmers H, et al. 
Measurements of plasma methoxytyramine, 
normetanephrine, and metanephrine as 
discriminators of different hereditary forms 
of pheochromocytoma. Clinical Chemistry 
2011a;57:411–420. 

REFERENCES



113

6

20. Eisenhofer G, Timmers HJ, Lenders JW, et 
al. Age at diagnosis of pheochromocytoma 
differs according to catecholamine 
phenotype and tumour location. Journal 
of Clinical Endocrinology and Metabolism 
2011b;96:375–384. 

21. Timmers HJ, Chen CC, Carrasquillo JA, et al. 
Staging and functional characterization of 
pheochromocytoma and paraganglioma by 
18F- fluorodeoxyglucose (18F-FDG) positron 
emission tomography. Journal of the National 
Cancer Institute 2012;104:700–708. 

22. Singh AD, Nouri M, Shields CL, Shields JA, 
Smith AF. Retinal capillary hemangioma: 
a comparison of sporadic cases and cases 
associated with von Hippel–Lindau disease. 
Ophthalmology 2001;108:1907–1911. 

23. Abbott MA, Nathanson KL, Nightingale 
S, Maher ER, Greenstein RM. The von 
Hippel–Lindau (VHL) germline mutation 
V84L manifests as early-onset bilateral 
pheochromocytoma. American Journal of 
Medical Genetics. Part A, 2006;140:685–690. 

24. Sovinz P, Urban C, Uhrig S, et al. 
Pheochromocytoma in a 2.75-year-old-girl 
with a germline von Hippel–Lindau mutation 
Q164R. American Journal of Medical 
Genetics. Part A, 2010;152A:1752–1755.

25. Weise M, Merke DP, Pacak K, Walther 
MM, Eisenhofer G. Utility of plasma 
free metanephrines for detecting 
childhood pheochromocytoma. Journal 
of Clinical Endocrinology and Metabolism 
2002;87:1955–1960.

26. Hes FJ, Hoppener JW, Lips CJ. 
Pheochromocytoma in von Hippel–Lindau 
disease. Journal of Clinical Endocrinology and 
Metabolism 2003;88:969–974. 

27. Crossey PA, Richards FM, Foster K, et al. 
Identification of intragenic mutations in 
the von Hippel–Lindau disease tumour 
suppressor gene and correlation with disease 
phenotype. Human Molecular Genetics 
1994;3:1303–1308. 

28. Herman JG, Latif F, Weng Y, et al. Silencing 
of the VHL tumour-suppressor gene by 
DNA methylation in renal carcinoma. PNAS 
1994;91:9700–9704.

29. Prowse AH, Webster AR, Richards FM, et al. 
Somatic inactivation of the VHL gene in von 
Hippel–Lindau disease tumours. American 
Journal of Human Genetics 1997;60: 
765–771. 

30. Glasker S, Bender BU, Apel TW, van 
Velthoven V, Mulligan LM, Zentner J, 
Neumann HP. Reconsideration of biallelic 
inactivation of the VHL tumour suppressor 
gene in haemangioblastomas of the central 
nervous system. Journal of Neurology, 
Neurosurgery, and Psychiatry 2001;70: 
644–648.

31. Kim WY, Kaelin WG. Role of VHL gene 
mutation in human  cancer. Journal of Clinical 
Oncology 2004;22:4991–5004. 

32. Gijtenbeek JM, Jacobs B, Sprenger SH, 
et al. Analysis of von Hippel–Lindau 
mutations with comparative genomic 
hybridization in sporadic and hereditary 
haemangioblastomas: possible genetic 
heterogeneity. Journal of Neurosurgery 
2002;97:977–982.

33. Martinez A, Fullwood P, Kondo K, Kishida 
T, Yao M, Maher ER, Latif F. Role of 
chromosome 3p12–p21 tumour suppressor 
genes in clear cell renal cell carcinoma: 
analysis of VHL dependent and VHL 
independent pathways of tumourigenesis. 
Molecular Pathology 2000;53:137–144. 

34. Nielsen SM, Rubinstein WS, Thull DL, et 
al. Genotype–phenotype correlations of 
pheochromocytoma in two large von Hippel–
Lindau (VHL) type 2A kindreds with different 
missense mutations. American Journal of 
Medical Genetics. Part A 2011;155A: 
168–173.

35. Marcos HB, Libutti SK, Alexander HR, et al. 
Neuroendocrine tumours of the pancreas 
in von Hippel–Lindau disease: spectrum of 
appearances at CT and MR imaging with 
histopathologic comparison. Radiology 
2002;225:751–758. 



114

6

36. Charlesworth M, Verbeke CS, Falk GA, Walsh 
M, Smith AM, Morris-Stiff G. Pancreatic 
lesions in von Hippel–Lindau disease? A 
systematic review and meta-synthesis of the 
literature Journal of Gastrointestinal Surgery 
2012;16:1422–1428. 

37. Schietke RE, Hackenbeck T, Tran M, et al. 
Renal tubular HIF-2a expression requires VHL 
inactivation and causes fibrosis and cysts. 
PLoS ONE 2012;7:e31034. 

38. Choyke PL, Glenn GM, Walther MM, et al. 
The natural history of renal lesions in von 
Hippel–Lindau disease: a serial CT study 
in 28 patients. AJR. American Journal of 
Roentgenology 1992;159:1229–1234.

39. Poston CD, Jaffe GS, Lubensky IA, Solomon 
D, Zbar B, Linehan WM, Walther MM. 
Characterization of the renal pathology 
of a familial form of renal cell carcinoma 
associated with von Hippel–Lindau disease: 
clinical and molecular genetic implications. 
Journal of Urology 1995;153:22–26. 

40. Jilg CA, Neumann HP, Glasker S, Schafer 
O, Ardelt PU, Schwardt M, Schultze-
Seemann W. growth kinetics in von Hippel–
Lindauassociated renal cell carcinoma. 
Urologia Internationalis 2012;88:71–78.



115

6

Table 1 | Characteristics of VHL Mutation Carriers

Characteristic no.(%) VHL- 
type 

Mean age (years)  
at last Fu with 
range

VHL-related manifestations

sex

Male 41 (50%)

Female 41 (50%)

Mutation

c.208G>A 1 (1%) 1 20 HBr

c.-213- ?_463+?del 4 (5%) 1 45 (38-48) HBr, HBc, HBsc, RCC, PNET, Cr, Cp

c.241C>T 2 (2%) 2a/b 47 (34-59) HBr, HBc,HBsc, RCC, PNET, Pheo, Cr

c.259_260-insA 1 (1%) 1 42 HBr, HBc,HBsc, RCC, Cr, Cp

c.277G>A 2 (2%) 2a/b 48 (35-60) HBr, HBsc, Pheo, Cr, Cp

c89c297+ 25 (30%) 1 40 (17-70) HBr, HBc,HBsc, RCC, PNET, Cr, Cp

c.340+1G>A 1 (1%) 1 32 HBr, HBc, HBsc, RCC, Cr, Cp

c.341-59_341-14del 2 (2%) 2a/b 52 (33-67) HBr, HBc, RCC, Pheo, Cr, Cp

c.358A>G 1 (1%) 1 15 HBsc

c.407T>C 1 (1%) 1 41 HBc, HBsc, RCC, Cr, Cp

c.462A>C 1 (1%) 2a/b 71 HBc, Pheo. Cr

c.467A>G 7 (9%) 2c 45 (7-88) Pheo, Cr (1x)

c.497T>C 1 (1%) 2a/b 27 PNET, Pheo

c.499C>T 1 (1%) 2a/b 43 HBr, HBsc, RCC, Pheo, Cr

c.500G>A 11 (13%) 2a/b 45 (21-65) HBr, HBc,HBsc, RCC,pNET, Pheo, Cr, Cp

c.509T>A 15 (18%) 2a/b 45 (16-71) HBr, HBc,HBsc, RCC, pNET, Pheo, Cr, Cp

c.565delG 1 (1%) 1 30 HBc, Cr

c.573+2T>C 1 (1%) 1 31 HBr, HBc, HBsc, RCC, Cr

235 (CAG-TAG) 1 (1%) 1 63 HBr, HBc, HBsc, RCC, Cr

Rearrangement SB 1 (1%) 1 25 HBr, HBc, HBsc, Cr, Cp

Unknown 1 (1%) 1 44 HBr, HBc, HBsc, RCC, Cr, Cp

Nothing found 1 (1%) 1 40 HBr, HBc, Cr

VHL-phenotype:

phenotype 1 40 (49%)

phenotype 2a/b 35 (43%)

phenotype 2c 7 (9%)

death (till Aug 2012) 7 (9%)

Mean Fu in years 
with range 

                                        17 (0-45)

Abbreviations: SB, Southern blot; HBr, retinal haemangioblastoma; HBc, cerebellar haemangioblastoma; HBsc, 
spinal cord haemangioblastoma; RCC, renal cell cancer; pNET, pancreatic neuroendocrine tumour; Pheo, 
pheochromocytoma; Cr, renal cyst; Cp, pancreatic cyst; FU, follow up.
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Table 2 |  Time-to-detection of first and subsequent VHL-related manifestations with calculated  age to start 
surveillance and surveillance interval in VHL mutation carriers. 

Calculated time between hit and detection of first manifestation (δ) with SE, time between hits (TBH) with 
SE. Estimated optimal age to start surveillance for detecting the first VHL-related manifestation (δ – 2SE), 
and surveillance intervals for respectively  5%, 10% or 20% probability for detecting subsequent VHL-related 
manifestations.

VHL manifestation δ (years) sE of δ TBH (years) SE of TbH
starting 

Age (years)
Interval (years)

5% 10% 20%

Adrenal gland 5.2 4.42 73.3 11.00 0 3.66 7.33 14.65

Retina 12.4 2.83 39.4 4.64 6.76 1.97 3.94 7.88

Spinal cord 20.8 2.78 26.3 4.45 15.2 1.31 2.63 5.25

Pancreas 18.2 1.20 33.6 4.07  15.8 1.68 3.36 6.72

Cerebellum 18.1 2.25 21.1 1.78  13.60 1.06 2.11 4.23

Kidney 23.6 2.71 11.4 1.14 18.2 0.57 1.14 2.29

 
supplementary Table 1 | Log-rank Test 
Log-rank test comparing age of first detection of a VHL-related manifestation in VHL mutation carriers of 
phenotype 1 with carriers of phenotype 2a/b.

Organ P value

Retinal Haemangioblastoma     .282

Cerebellar Haemangioblastoma      .520

Spinal Cord Haemangioblastoma      .502

Renal Cyst or Carcinoma      .028

Pancreatic Cyst or Tumour      .200

Renal + Pancreas                                                                     .020 (OR .62, 95%CI .41;.93)
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Figure 1 | CONSORT-diagram
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Figure 2 | The cumulative proportion (CumProp) of VHL mutation carriers during entire lifespan at the time 
of first cerebellar manifestation, estimated by the Kaplan-Meier method (A); and (B) the natural logarithm of 
1-cumulative proportion (ln(1-CumProp)). The onset is shown for the studied VHL mutation carriers (black line) 
and corresponding Poisson distribution model (grey line). 
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Figure 3 | Number of organs (retina, cerebellum, spinal cord, pancreas and kidneys) affected per  
VHL mutation carrier during the entire life span. The onset is shown for the studied VHL mutation carriers 
(black line) and corresponding Poisson distribution model (grey line). 
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Figure 4 | Probability of future development of a first VHL-related manifestation of the spectrum of VHL 
phenotype 1 and 2a/b (black dashed line), and of VHL phenotype 2c (grey line) during the entire life span.
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supplementary Figure 1 | The cumulative proportion (CumProp) of VHL mutation carriers during entire life 
span at time of first manifestation, estimated by the Kaplan-Meier method (A); and (B) the natural logarithm 
of 1-cumulative proportion (ln(1-CumProp)). The onset is shown for the studied VHL mutation carriers (black 
line) and corresponding Poisson distribution model (grey line).

A b



Chapter

Roeliene C. Kruizinga*1, Carlijn Frantzen*2, sophie J. van Asselt2, 
Bernard A. Zonnenberg3, Jacques W.M. Lenders4, Wouter W. de 
Herder5, Annemiek M.E. Walenkamp1, Rachel H. Giles6, Frederik J. 
Hes7, Wim J. sluiter8, Marielle G. van Pampus9, and Thera P Links2 
* These authors contributed equally

1Department of Medical Oncology, 2Department of Endocrinology, 8Department 
of Pathology, University Medical Center Groningen, Groningen, The Netherlands, 
3Department of Internal Medicine, 6Department of Nephrology, University 
Medical Center Utrecht, Utrecht, The Netherlands, 4Division of General Internal 
Medicine, Radboud University Nijmegen Medical Center, Nijmegen, The 
Netherlands, 4Department of Medicine III, Carl Gustav Carus University Medical 
Center, Dresden, Germany, 5Department of Endocrinology, Erasmus Medical 
Center, Rotterdam, The Netherlands, Department of Clinical Genetics, Leiden 
University Medical Center, Leiden, The Netherlands, 9Department of Gynaecology 
and Obstetrics, Onze Lieve Vrouwe Gasthuis Amsterdam, Amsterdam, The 
Netherlands.

Neurology 2012 Aug 21;79(8):793-6.

7
Pregnancy-related haemangioblastoma 
progression and complications in 
von Hippel-Lindau disease



122

7

AbSTRACT

Objective: We studied the reciprocal effect of pregnancy and von Hippel-Lindau (VHL) disease 
by analyzing the influence of pregnancy on VHL disease-related lesions and VHL disease on  
pregnancy outcome.

Methods: Medical charts and imaging reports from the VHL disease expertise centers in the 
Netherlands were used to retrospectively assess lesion progression score before and after 
pregnancy and to obtain data on pregnancy outcome and VHL disease-related lesions. The 
Friedman test was used for analysis (p ≤ 0.05). Twenty-nine patients were studied (48 pregnancies, 
49 newborns). 

Results: The progression score of cerebellar haemangioblastomas significantly changed between 
the single MRI scan before and the 2 scans after pregnancy (p = 0.049) (n = 12). Fetal mortality rate 
was 2% (n = 1) caused by maternal pheochromocytoma. Maternal VHL disease-related complica-
tions occurred in 17% (n = 8) of all pregnancies. In 4 patients, a life-threatening situation emerged: 
hydrocephalus due to cerebellar haemangioblastoma (n = 2) and pheochromocytoma (n = 2). 

Conclusions: Pregnancy in patients with VHL disease induces cerebellar haemangioblastoma 
progression and causes a high VHL disease-related pregnancy complication rate. We recommend 
intensified surveillance of patients with VHL disease, especially of cerebellar haemangioblastomas 
during preconception care and pregnancy. 

GLOssARy: RCC= renal cell carcinoma; VHL= Von Hippel-Lindau
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iNTROduCTiON 

Von Hippel-Lindau (VHL) disease is inheritable and associated with the development of multiple 
well-vascularized tumours throughout life. The onset of disease occurs at a mean age of 26 years 
(range 1–70 years) (1). Haemangioblastomas are frequently found during adolescence, developing 
in the retina, cerebellum, spinal cord, supratentorial region, and brainstem. In the visceral organs, 
pheochromocytomas, renal cell carcinoma (RCC) and renal cysts, pancreatic islet cell tumours, and 
cysts occur (1). International guidelines recommend intensive surveillance to detect tumours in 
an early stage (1). Although triggers for VHL disease tumour progression are unknown, cerebellar 
haemangioblastomas are reported to oscillate between periods of growth and stability (2). 
In addition, several case studies show that pregnancy or delivery in patients with VHL disease 
can be complicated by CNS haemangioblastoma or pheochromocytoma with consequences for 
maternal and neonatal outcome (3-6). One retrospective study based on a questionnaire from 
30 patients with VHL disease described a 5% self-reported VHL-related maternal morbidity (7). 
Progression of VHL lesions during pregnancy could be explained by several factors. A rise in venous 
pressure by increased circulating blood volume and compression of the vena cava inferior to the 
growing uterus could be responsible for growth of haemangioblastomas. In addition, estrogen-
induced endothelial proliferation is thought to stimulate stromal haemangioblastoma cell growth, 
and progesterone may increase venous distensibility. Placental-derived angiogenic factors might 
add to haemangioblastoma growth because proangiogenic factors are present in the maternal 
circulation (8). 

We aimed to study the reciprocal effect of pregnancy and VHL disease by analyzing the influence 
of pregnancy on VHL disease-related lesions and of VHL disease on pregnancy outcome. 

METHOdS 

subjects
We retrospectively studied 29 of 31 women with VHL disease who were receiving surveillance in 
VHL disease expertise centers in the Netherlands. The surveillance includes funduscopy, MRI of the 
spinal cord and cerebellum, CT scan or ultrasound of the abdomen, and determination of plasma 
and urine levels of metanephrines (1). Diagnosis of VHL disease was based on clinical criteria 
or confirmed by germline mutation testing. Clinical criteria were met by either a positive family 
history of VHL disease with a personal history of at least one CNS haemangioblastoma, a case of 
RCC, or one pheochromocytoma or a personal history of 2 or more CNS haemangioblastomas or 
one CNS haemangioblastoma with a VHL disease-associated visceral lesion (1, 9).

Measurements
The influence of VHL disease on pregnancy-related outcome and the influence of pregnancy on VHL 
disease activity were scored using the following parameters: 1) VHL disease-related complaints, 
number of VHL disease-related interventions, and size and number of individual VHL lesions; and 
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2) pregnancy-related fetal and maternal mortality and morbidity, VHL disease-associated and VHL 
disease-unrelated (e.g., pregnancy-related hypertensive disorders). 

Data concerning VHL lesions leading to interventions or complaints before, during, and after 
pregnancy of all patients were extracted from medical records and completed by telephone 
interview or during outpatient clinic visits. Data on all interventions performed within 4 years before 
and 4 years after pregnancy were collected. The severity of complaints before, during, and after 
pregnancy was subjectively scored as follows: 1 (no complaints), 2 (stable), 3 (progressive), and 4 
(loss of function). Imaging reports (MRI scan, CT scan, ultrasound, or funduscopy), available for 15 
pregnancies, were used to assess the effect of pregnancy on individual lesions in the cerebellum, 
spinal cord, retina, kidney, and pancreas. One or 2 measurements before and 1 or 2 measurements 
after pregnancy were collected with a maximum time span ranging from 4 years before the last 
menstruation until 4 years after delivery. Organ involvement was scored with a lesion progression 
score as follows: 1 (no lesions), 2 (stable), 3 (progression in number or size), or 4 (progression in 
number >2 or >2 cm in size, for retinal lesions threatened vision). The score 5 was noted when 
CNS and retinal lesions caused a life-threatening situation or blindness. Pheochromocytomas were 
scored as absent or present. In this design, patients served as their own control. 

standard protocol approvals, registrations, and patient consents
Patient identity was protected by unique patient identifiers; codes were known only to 2 database 
managers. According to Dutch law no further institutional review board approval was required. All 
subjects provided written informed consent to participate in the study. 

statistical analysis
Statistical analysis was performed by the Friedman test (p ≤ 0.05). 

RESuLTS

All 31 patients with VHL disease with at least one delivery known in the VHL disease centers were 
approached between April and September 2010. Two patients were excluded for personal and 
cognitive reasons, resulting in 29 patients and 48 pregnancies with 49 newborns (see Table 1.). The 
women delivered between 1966 and 2010; 60% delivered after 1990. 

Maternal VHL disease-related complications occurred in 17% (n = 8) of all pregnancies (see Table 2); 
in half of the women VHL disease was diagnosed before their pregnancy. In those 8 pregnancies, 10 
VHL lesions led to new or increased complaints or intervention: haemangioblastoma cerebellum 
(n = 2) and spinal cord (n = 1), pheochromocytoma (n = 2), RCC (n = 1), and retinal angioma  
(n = 4, 3 of which with major impaired vision loss/ablation). In 4 patients, a life-threatening 
situation emerged: cerebellar haemangioblastoma (n = 2) and pheochromocytoma (n = 2) (see 
Fig. 1.), resulting in 1 fetal death and 2 premature deliveries by cesarean section. All VHL disease 
complications occurred during a first pregnancy; 7 of these 8 patients did not pursue another 
pregnancy. Of the patients without a VHL disease complication, 67% had another pregnancy. The 
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severity of VHL disease-related patient complaints during pregnancy (n = 48) was significantly 
increased (p = 0.005). VHL disease interventions during pregnancy (n = 7) and in the first year after 
delivery (n = 8) were more frequent than those in the 4 years before pregnancy (average n = 3). 

Imaging-based progression scores of VHL disease-related lesions showed in the cerebellum a 
significant change of progression in the period between 1 MRI scan before and 2 MRI scans after 
pregnancy (p = 0.049). An increase in the progression score in the first measurement early after 
pregnancy has been measured at a mean of 6.4 months after delivery and can be considered 
as an effect of pregnancy. A decrease in progression score was found in the second MRI scan 
after pregnancy 1 year later (mean 18.7 months after delivery). In other organs, no significant 
progression of lesions was found. 

Maternal mortality rate was 0%; fetal death occurred in one patient (2%) at a gestational age of 32 
weeks, caused by maternal hypertension from pheochromocytoma. Maternal pregnancy-related 
complications occurred in 15% of pregnancies (n = 7); pregnancy-related hypertensive disorders 
were seen in 12.5% of patients (n = 6), and one patient has intrahepatic cholestasis of pregnancy. 

diSCuSSiON

Increased activity of VHL disease, in particular of cerebellar haemangioblastomas, was observed 
in pregnancy. In 17% of patients, VHL disease-related complications were observed; VHL disease 
was diagnosed in only half of the patients before pregnancy. Four of 8 complicated pregnancies 
resulted in a life-threatening situation for mother and child (with one fetal death). Previously a 
VHL disease-related morbidity during pregnancy of 5.4% was found (7). However, these data were 
derived from a written questionnaire sent to patients randomly. In our study, data were derived 
from medical reports, and all mothers with the diagnosis of VHL disease in the Dutch VHL disease 
expertise centers were evaluated. 

Our result of cerebellar haemangioblastoma progression during pregnancy is in line with preliminary 
data showing a significantly higher complication rate for haemangioblastomas in patients with VHL 
disease with at least one pregnancy (10). Possible explanations are the hormonal (growth factors 
and estrogen) and hemodynamic changes occurring during pregnancy, adding to the preexisting 
increased vascular endothelial growth factor expression (a direct downstream effect of biallelic 
VHL gene inactivation) (8). Therefore, a direct relationship between pregnancy and progression of 
cerebellar haemangioblastomas is likely. VHL disease-related lesions in other organs showed no 
significant change in progression score after pregnancy. This finding may be explained by the few 
patients with specific lesions and the age at onset of other VHL disease manifestations. In addition, 
the retrospective setting and the small sample size limit this study. However, larger series in this 
rare disease are difficult to achieve. 

Our results show growth of VHL cerebellar haemangioblastomas during pregnancy and a high VHL 
disease complication rate during pregnancy. Intensified surveillance of patients with VHL disease 
is recommended in a specialized medical center during preconception care and pregnancy. We 
recommend MRI of the cerebellum at 4 months of gestation and before delivery. 
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Table 1 | Demographics of the patients and pregnancies

Characteristic Value

Patients with VHL disease, n 29

Pregnancies, n 56

Vital pregnancies (>24 weeks), n 48

Age at first pregnancy, y, mean (SD) 26,9 (5,5) 

VHL disease known during first pregnancy (n=29), n(%)  

Positive 12 (41)

Negative 17 (59)

VHL disease known during pregnancy, n(%)  

Positive 20 (42)

Negative 28 (58)

Age at  diagnosis for those known to have VHL disease during first pregnancy, y 22

Clinical VHL disease manifestations before first pregnancy (n=29), n(%)  

CNS  

Angioma retina 7 (24)

Haemangioblastoma cerebellum 7 (24)

Haemangioblastoma spinal cord 2 (7)

Visceral lesions  

Pheochromocytoma 2 (7)

Renal cysts 3 (10)

Renal cell carcinoma 2 (7)

Pancreatic cysts 4 (14)

Pancreatic neuroendocrine tumour 0 (0)

Abbreviations: n; number, y; years of age, SD; standard deviation, CNS; central nervous system.
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Table 2 | VHL- disease complication during pregnancy

Patient

VHL disease 
known during 
pregnancy 
(yes/no)

Lesion Complaints Intervention 

1 No Bilateral 
pheochromocytoma 
(revealed after delivery)

None Bilateral adrenalectomy 
(6 months after delivery)

2 No Bilateral 
pheochromocytoma

Nausea, headache, 
sweating, abdominal 
pain

Caesarean section 
combined with  
adrenalectomy  
(28 weeks gestation)

3 Yes Cerebellar 
haemangioblastoma and 
hydrocephalus 

Headache, vomiting, 
vertigo, balance 
disturbance, diplopia

Caesarean section 
combined with craniotomy 
(35 weeks gestation)

  Retinal angioma None Eye laser treatment 
(22 weeks gestation)

4 No Cerebellar 
haemangioblastoma and 
hydrocephalus

Headache, vomiting; 
later on balance 
disturbance, speech 
disorder, muscle 
weakness

Craniotomy 
(1 week after delivery)

5 Yes Spinal cord 
haemangioblastoma 

Radiating lower back 
pain

Resection 
haemangioblastoma  
(6 months after delivery)

6 Yes Renal cell carcinoma None Partial nephrectomy right 
sided 
(20 weeks gestation)

  Ablatio retinae Vision loss to 10% Victrectomy 
(10 weeks gestation)

7 No Ablatio retinae - papillary 
angioma (known before 
pregnancy)

Visual field loss None

8 Yes Ablatio retinae - 
angioma (known before 
pregnancy)

Total vision loss None
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Figure 1 | MRI cerebellum, cerebellar haemangioblastoma, and hydrocephalus complicating pregnancy. 

(A, B) Lesion on the right side of the cerebellum 3 months beforse pregnancy, during a routine VHL disease 
screening, measuring 0.5 cm (with gadolinium). (C) The same lesion at 32 weeks of gestation on the 
right side of the cerebellum, measuring a central component of 2.7 cm with a cystic component of 4 cm  
(see Table 2., patient 3).
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suMMARy

Von Hippel Lindau (VHL) disease is an autosomal dominant disorder with an estimated incidence 
of 1 in 36,000 to 85,000 newborns. The cause of this disease is a germline mutation in the VHL 
tumour suppressor gene leading to improperly functioning of the VHL protein. This loss-of-
function of the VHL protein in VHL-disease causes via HIF1a increased downstream transcription 
of vascular endothelial growth factor (VEGF-A), and chemokine receptor 4 (CXCR4). As a result VHL 
disease patients develop vascularised tumours. Three VHL phenotypes are distinguished by their 
risk to develop pheochromocytoma and renal cell carcinoma: type 1 no  pheochromocytoma; type 
2, risk to develop all VHL-related manifestations and type 2a  low risk and 2b high risk to develop 
renal cell carcinoma; type 2c, solitary pheochromocytoma. The penetrance rate of this disease is 
approaching 100% by 75 years of age. Because of the (yet) unpredictable clinical and biological 
behaviour of VHL-disease and the potential life threatening manifestations, intensive and lifelong 
surveillance of VHL-mutation carriers is recommended. In this thesis we aimed to elucidate clinical 
features and shed more light on the behaviour of VHL-disease. In addition, the role of CXCR4 in 
VHL-disease and VEGFA in AML is studied. 

Following an introduction and outline of the thesis in Chapter 1, Chapter 2 comprises a literature 
review on the role of chemokines and their receptors in cancer. Metastatic cancer is the result 
of several sequential steps and represents a highly organised, non-random and organ-selective 
process. A number of in vitro and in vivo models show that tumour cells use chemokine-mediated 
mechanisms during the metastasis process comparable to the regulation of leukocyte trafficking. 
Furthermore, chemokines modulate tumour behaviour such as the regulation of tumour-
associated angiogenesis, activation of host tumour-specific immunological responses, and direct 
autocrine stimulation of tumour cell proliferation. We reviewed clinical trials with new drugs 
targeting chemokines or their receptors. Chapter 2 underscores the likely additional value of new 
drugs targeting chemokines and their receptors, especially the CXCR4/CXCL12 axis, for treatment 
of cancer patients. 

In Chapter 3 the role of CXCR4 and CXCL12 in cancer cell-tumour microenvironment interaction 
is reviewed. The growing appreciation of the role of the microenvironment in driving the cancer 
cell biology has improved the understanding of cancer and accelerated the identification of new 
therapeutic targets. CXCR4 and CXCL12 are two key factors in the cross-talking between cancer 
cells and their microenvironment, what makes them promising targets for cancer therapy. In 
this review, we discussed the potential benefits of targeting CXCR4 with specific inhibitors to 
disrupt CXCR4-dependent tumour-stroma interactions for the sensitisation of cancer cells for  
conventional therapy.   

In AML the CXCR4/CXCL12 axis is important for the apoptosis and mobilization of the leukemic 
cancer cells. In the AML blasts another downstream target of VHL protein, VEGF-A, correlates 
at high protein expression levels with poor relapse-free and overall survival. The biological 
significance of VEGF-A, known for its role in angiogenesis, depends on the content and ratio 
of the different VEGF-A isoforms. In Chapter 4 we determined the VEGF-A isoforms VEGF121, 
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VEGF145, VEGF148, VEGF165, VEGF183, and VEGF189 mRNA expression in 30 paediatric AML 
samples by quantitative RT-PCR. Thereafter the VEGF-A isoform expression levels were correlated 
to gender, age at diagnosis, white blood count, cytogenetic risk profile, and outcome. The size of 
the patient samples precluded measuring mRNA expression of all depicted VEGF-A isoforms in all 
patients. The VEGF-A isoforms VEGF121, VEGF165, and VEGF189 were expressed in all samples. 
The VEGF-A isoform VEGF183 was expressed in blasts of 19/22 patients. VEGF145 and VEGF148 
were expressed in only 2 and 8 patients, respectively. None of the VEGF-A isoforms showed a 
correlation with clinico-pathological outcome or overall and progression free survival. A significant 
co-expression of VEGF-121, VEGF165, VEGF-183, and VEGF189 isoforms was apparent (mean 
rho = 0.716, p<0.0001). This means that measuring mRNA levels from a single VEGF-A isoform is 
representative for mRNA expression levels of all VEGF-A isoforms. 

As previously described, mutations in the VHL-gene lead often to altered or repressed 
transcription of this gene. Promoter hypermethylation of a gene is a pathway for the repression 
of gene transcription. Therefore, hypermethylation of the VHL-gene promoter can have the 
same downstream consequences as mutations in the VHL-gene. To study the effect of a VHL-
gene mutation or hypermethylation of the VHL promoter on downstream protein expression in 
haemangioblastoma, we compared in Chapter 5 VEGF-A, CXCR4 and CXCL12 protein expression 
levels in VHL-related haemangioblastomas to those in sporadic haemangioblastomas. In total 
33 freshly frozen haemangioblastoma specimens, derived from 27 patients were collected, 
16 of patients with VHL-disease and 17 from patients without VHL disease were collected. 
Immunohistochemical analyses were performed for H&E, VEGF-A, CXCR4 and CXCL12. From 
all tumour tissues DNA was isolated to analyse the VHL-gene mutation and methylation 
status. Areas of normal surrounding brain tissue, as defined by morphologic appearance, were 
apparent in 15 haemangioblastomas. We found that CXCR4, CXCL12, and VEGFA were higher 
expressed in haemangioblastoma tissue compared to normal surrounding tissue. In sporadic 
haemangioblastomas the mean percentage of CXCR4 positive cells per specimen (16%, SD 8.4) 
was higher than in VHL-related haemangioblastomas (8%, SD 4.4, p=0.002). This difference 
was not explained by a age at time of surgery or solid nodule and associated cyst size. CXCL12 
was strongly expressed in 75% of sporadic haemangioblastomas and in 81% of VHL-related 
haemangioblastomas. VEGF-A was present in stromal haemangioblastoma cells and vascular 
endothelial cells of all VHL-related and sporadic haemangioblastomas. VHL-gene promoter 
hypermethylation was present in two sporadic haemangioblastomas and VHL-gene mutations in 
57% of sporadic haemangioblastomas. The VHL-gene status showed no correlation with  CXCR4 
expression levels in the haemangioblastoma specimens.

In Chapter 6 the age of onset of the main VHL-related manifestations, including haemangioblastomas, 
in 82 VHL-mutation carriers is described. Moreover we aimed to define an organ specific age to 
start and interval in surveillance with a 5% detection probability to detect the first and subsequent 
VHL-related manifestations and to compare these calculations with current VHL-surveillance 
guidelines. We found that the calculated age to start surveillance was at birth for adrenal glands, 
7 years for retina, 14 years for cerebellum, 15 years for spinal cord, 16 years for pancreas, and 18 
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years for kidneys. The calculated surveillance intervals were 4 years for adrenal glands, biennially 
for retina and pancreas, and annually for cerebellum, spinal cord and kidney. Compared to current 
VHL-guidelines, our calculated starting age of is 6 years later for retina, and 5 years earlier for 
adrenal gland. The calculated screening intervals were for retina 2x longer and for adrenal glands 
4x longer than currently advised. 

In Chapter 7 we studied haemangioblastoma progression in VHL-mutation carriers in the context 
of pregnancy. Using medical charts and imaging reports from 12 VHL-mutation carriers we 
assessed the progression of haemangioblastomas before, during, and after pregnancy and in 
27 VHL-mutation carriers we analysed pregnancy outcome. The progression score of cerebellar 
haemangioblastomas was significantly changed between the single MRI prior to and the two after 
pregnancy (p= 0.049). Foetal mortality rate was 2% (n=1) caused by a pheochromocytoma in the 
mother. Maternal VHL-related complications occurred in 17% (n=8) of all pregnancies. In four 
patients a life-threatening situation emerged: hydrocephalus due to cerebellar haemangioblastoma 
(n=2) and pheochromocytoma (n=2). This suggests that pregnancy in VHL might induce cerebellar 
haemangioblastoma progression. Therefore we recommend during pregnancy to increase 
surveillance of VHL patients especially of cerebellar haemangioblastomas.

diSCuSSiON ANd FuTuRE pERSpECTiVES 

The need for surveillance in VHL is obvious as these patients can develop multiple benign lesions 
and malignant carcinomas throughout their lives but guidelines on the age to start and stop and 
intervals for screening are not evidence-based. Cancer-related surveillance guidelines in general are 
based on the detection of new lesions and the monitoring of growth of lesions, thereby supporting 
treatment decisions. International collaboration and surveillance guidelines are a first necessity 
to achieve optimal care of VHL-patients. This will enable to compose a large data base and thus 
comparison of long term follow-up data of all VHL-disease related manifestations from a large 
series of VHL patients. The differences of VHL-related manifestations like differences in growth 
pace and organ manifestations, will have to be further elucidated in order to identify risk factors 
that predict behaviour of the manifestations in the individual patient. Such large data base might 
also give more insight on the  weight of risk factors. It would be of interest to study in such a large 
cohort  genetic and epigenetic risk factors and the influence of other factors such as pregnancy.

Identifying the growth pace of a VHL-related manifestation in the individual patient might improve 
the decisions on timing of intervention that preferably are performed at times of high risk on 
symptoms in localized disease and low risk on complications. Previously, four studies  two on 
respectively 19 and 160 haemangioblastoma patients and two on 64 and 16 renal cell carcinoma 
patients, analysed  tumour growth (1-4). They showed stuttering growth of haemangioblastoma 
and continuous growth of renal cell carcinoma. We showed that the onset of VHL-related 
manifestations is according Poisson distribution models, representing the second hit theory. The 
first hit, mutation in VHL, is inherited and the acquired random second hit gives rise to VHL-related 
manifestations. Better understanding of the onset of these manifestations supports standardising 
guidelines. Ultimately, incorporation of standardised screening of VHL mutation carriers could lead 
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to potential better understanding of development and growth of all VHL-related manifestations. 
This insight will support the best timing and way of treatment. 

In solid tumours RECIST criteria validated with a large warehouse of over 6000 patients are used 
to evaluate tumour response to treatment. However, the definition of growth of VHL-related 
manifestations is not validated or standardised. Using existing tools such as RECIST should enable 
the acquisition of criteria to assess VHL-related tumour growth. These data can be collected and 
form a warehouse. This would allow to determine the optimal criteria for tumour growth in VHL. 

Currently there are ongoing trials in VHL patients with amongst others bevacizumab (anti-
VEGFA), and the anti-FGFR tyrosine kinase inhibitor dovitinib therapy. The commonly used 
β-blocker propanolol showed promising results, significant regression of size in 94% of patients 
and diminished colour (p<.001),  in a small study in 55 infants with haemangiomas (5). This 
finding deserves additional testing of propranolol effect on VHL-related manifestations. In a pilot 
study 15 VHL patients were treated with sunitinib (a multi tyrosine kinase inhibitor of VEGF-R, 
PDGF-R and c-KIT) and monitored for the effects on clear cell renal cell carcinoma (ccRCC), retinal 
angioma, haemangioblastoma, and pancreatic neuroendocrine tumour (pNET) (6). In total 22 
haemangioblastoma, 7 retinal lesions, 18 ccRCC, and 5 pNET lesions were analysed. Stable disease 
occurred for the retinal lesions,  pNETs and 20/22 haemangioblastomas while 2 haemangioblastoma 
lesions progressed. However, in 6 out of 18ccRCC lesions a partial response according to RECIST  
was observed. The FDA already approved sunitinib for treatment of ccRCC and pNET (7). This 
illustrated that sunitinib can delay progression of some of the VHL-related manifestations.  
Insight in the microenvironment of VHL lesions might give access to other novel drug targets. 
Inactivation of VHL does not correlate with poor prognosis in ccRCC, but CXCR4 mRNA expression, 
one out of many of the HIF downstream target genes, does correlate with risk on metastasis in 
ccRCC (8). As HIF is degraded via VHL protein, measuring CXCR4 expression might be of importance 
in VHL patients to predict risk of metastasis of ccRCC. Immunohistochemical expression of CXCR4 
can only be measured on resected ccRCC tissue. Recently CXCR4 tracers were developed for use in 
PET-imaging (9). Potentially these tracers might be used in VHL patient to analyse CXCR4 expression 
levels. As shown in this thesis CXCR4 expression is found in haemangioblastoma tissue and not in 
surrounding normal brain tissue. Others showed strong upregulation of CXCR4 in ccRCC tissue 
(10). Therefore, the CXCR4 expression can potentially be used to distinguish normal brain tissue 
from haemangioblastoma tissue and also ccRCC tissue from surrounding normal tissue. Moreover, 
by demarcating normal tissue from tumour tissue, CXCR4 receptor could serve as drug target. 

VHL phenotypes differ in the type of manifestations that occur. These phenotypes  are presumably 
existing because of the mutation specific effect on HIF inactivation. More recent research 
suggests that HIF2α might more important in the tumour formation process compared to HIF1α, 
especially for pheochromocytomas and paragangliomas (11, 12). More insight in the causative 
effect of specific VHL-mutations might identify either HIF1 or HIF2, as the most interesting target 
for therapy. High protein expression of HIF2α and PDGFRβ in ccRCC samples of patients treated 
with sunitinib was associated with better objective treatment response and stable disease as 
defined by RECIST. Moreover, high VEGFA protein expression in these tumours was associated 
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with shorter, and high HIF2α protein expression with longer overall survival time (13). Drug 
combinations including compounds targeting degradation of HIF might be further explored in 
VHL patients. Moreover, combining agents targeting VEGFA and CXCR4, both downstream of 
the VHL/HIF pathway, might be of interest in case of VHL-related manifestations. In AML high 
CXCR4 and VEGFA expression are predictors of poor prognosis (14, 15). Trials in AML patients and 
glioblastoma patients with anti-CXCR4 and anti-VEGFA agents to chemosensitise cancer cells and 
prevent angiogenesis respectively, are ongoing. The efficacy of this combination therapy in VHL 
patients deserves further testing. Additionally, also therapies inhibiting VEGFA and HIF1α might in 
VHL patients increase progression free intervals (16). Mutations in flanking genes associated with 
angiogenic, proliferative and migration pathways in VHL-related ccRCC and pancreatic tumours 
and single-nucleotide polymorphisms (SNPs) such as in MET in ccRCC are largely contributing to 
more aggressive tumour behaviour (17). Family members with the same germline mutation, can 
have different growth patterns of the various lesions. A recent study revealed that the VHL-HIF 
axis influenced the histone methylation and in this way upregulated CXCR4 levels (8). Therefore, 
genomic studies in VHL-disease should not only focus on the genetic mutations in a VHL patient 
but also on a patients’ gene methylation profile. 

In addition other factors like pregnancy might alter the natural course of disease progression. 
We have shown that pregnancy seems to induce haemangioblastoma progression. However, 
conflicting results are found on the effect of pregnancy on haemangioblastoma progression as 
some suggest no effect (18). Progression during pregnancy could be explained by an increased 
level of plasma circulating VEGFA during pregnancy (19). CXCR4 is upregulated in pregnancy due 
to its role in the maternal/fetal interface and angiogenesis (20, 21). VEGFA and CXCR4 are known 
factors causing increased angiogenesis and tumour cell proliferation respectively. Also mechanical 
compression of the uterus and increased circulating volume potentially stimulates growth of VHL-
disease related manifestations. More research is needed to clarify the consequences of pregnancy 
on VHL-related manifestations.

Altogether, insight in the best time to start with treatment intervention starts with incorporating 
international surveillance guidelines, followed by analysis of VHL-disease progression during life 
in large cohorts. The search for targeted therapies in VHL-patients adjusted to their risk profile 
can be encouraged by defining risk factors based on genetic and epigenetic profiles. Using the 
expertise and results found in other monogenetic diseases will contribute in this search for optimal 
treatment of VHL-patients.
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NEdERLANdSE SAMENVATTiNG

De ziekte van Von Hippel Lindau (VHL) is een kankersyndroom dat dominant overerft. Patiënten 
met deze ziekte krijgen zowel goedaardige als kwaadaardige tumoren in verschillende organen. De 
oorzaak van de ziekte is een weeffout in het VHL-gen (1). VHL ziekte is een zeldzame ziekte, 1 op 
de 36000 tot 85000 nieuwgeborenen heeft deze ziekte (2). De gevolgen van deze ziekte voor de 
drager van een weeffout in het VHL-gen zijn groot (3). 

Alle tumoren die VHL-patiënten ontwikkelen zijn sterk doorbloed. Dit is een direct gevolg van 
het niet goed werkende VHL-eiwit (4-9). Een normaal VHL eiwit  breekt het teveel aan “hypoxia 
inducible factor”-α (HIFα) af. Een niet goed functionerend VHL-eiwit kan deze taak niet meer 
goed uitvoeren.  Een teveel aan HIFα zorgt op zijn beurt voor een teveel aan “vascular endothelial 
growth factor” (VEGFA) en “chemokine receptor 4” (CXCR4). VEGFA is een eiwit dat zorgt voor 
de groei van nieuwe bloedvaten, van zowel noodzakelijke bloedvaten voor het normale weefsel 
als ook voor de bloedvaten die de tumorcellen voorzien van zuurstof en voedingsstoffenkanker  
(10, 11). CXCR4 is een receptor op het celoppervlak. CXCR4 wordt geactiveerd door chemokines 
zoals CXLC12. CXCL12 is een signaalstof die cellen met CXCR4 aantrekt door aan de ontvanger, 
CXCR4, te binden. Na activering kan CXCR4  deling van kankercellen stimuleren, en meehelpen 
bij de vorming van bloedvaten en is het  betrokken bij het uitzaaien van tumorcellen naar andere 
organen. In muizen met borstkanker is aangetoond dat CXCR4/CXCL12 dermate belangrijk is 
voor het uitzaaien dat het wegvangen van CXCL12 voorkwam dat tumorcellen uitzaaiden naar 
andere organen (12). Ook in andere ziekten  zoals bijv acute myeloide leukemia (AML) speelt  
CXCR4/CXCL12 een belangrijke rol bij het verspreiden van tumorcellen door het lichaam en is 
VEGFA belangrijk bij het aanmaken van bloedvaten.

Patiënten met een VHL-genfout (mutatie) ontwikkelen niet allemaal alle tumoren. Er zijn globaal 
drie groepen VHL patiënten te onderscheiden, afhankelijk van hun risico op het ontwikkelen van 
bijniertumoren en nierkanker. Doordat de ziekte VHL soms onvoorspelbaar en levensgevaarlijk 
is moeten VHL-patiënten hun hele leven intensief gecontroleerd worden door verschillende 
soorten artsen. Uiteindelijk zal 100% van de patiënten op 75 jarige leeftijd alle bij hun VHL-groep 
voorkomende tumoren ontwikkelen.

doel van dit proefschrift
Het doel van dit proefschrift is om meer inzicht te krijgen in de klinische karakteristieken en  het 
gedrag van de ziekte VHL. Daarbij wordt de rol van CXCR4 in VHL en VEGFA in AML bestudeerd.  

In hoofdstuk 2 hebben we de literatuur samengevat over de rol van de verschillende chemokines 
(signaalstoffen) en hun receptoren (signaal ontvangers). Daarbij hebben we een overzicht gemaakt 
van medicijnen die aangrijpen op de chemokines en hun receptoren. 

Het uitzaaien van tumorcellen is een ingewikkeld proces maar het orgaan waar kankercellen naartoe 
gaan is niet willekeurig. Tumorcellen hebben, net als witte bloedcellen, chemokinereceptoren op 
hun celmembraan. Chemokines trekken cellen aan met zo’n receptor op hun oppervlak, dit geldt 
zowel voor witte bloedcellen als voor tumorcellen. Het bestuderen van dit proces kan verder 
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inzicht geven in de manier waarop tumorcellen zich in het lichaam uitzaaien. In Hoofdstuk 3 
zijn we specifiek ingegaan op de literatuur over CXCR4 en CXCL12. Dit hoofdstuk geeft o.a. een 
overzicht van laboratorium studies naar medicijnen die aangrijpen op CXCR4 in borstkanker en 
hersentumoren. De belangrijke rol van CXCR4 en CXCL12 in de interactie tussen de tumorcel en 
zijn micro-milieu wordt ook besproken. Verder wordt ingegaan op de mechanismen waarmee 
kankercellen CXCL12 uitscheiden en hoe kankercellen afweercellen gebruiken om nieuwe vaten in 
de tumor aan te leggen. Dit gebeurt middels cellen die VEGFA produceren en zo beenmergcellen 
met CXCR4 op hun oppervlak aantrekken, die de nieuwe bloedvatwand zullen gaan vormen. Door 
de belangrijke rol van CXCR4/CXCL12 in de interactie tussen tumor en omgeving zijn medicijnen 
die deze interactie verbreken erg interessant. Door deze breuk kunnen tumorcellen mogelijk 
gevoeliger worden voor chemotherapie en bestraling. 

De belangrijke rol van VEGFA bij leukemie is al langer bekend. Het is aangetoond dat VEGFA in de 
AML- cellen bij kinderen een ongunstige prognostische factor is (14, 15). De naam VEGFA omhelst 
een hele familie van verschillende subtypen VEGFA, zogenaamde isovormen. Verschillende VEGFA 
isovormen (VEGF121, VEGF145, VEGF148, VEGF165, VEGF183, VEGF189) leiden tot verschillende 
soorten netwerken van bloedvaten waarmee het expressiepatroon van isovormen belangrijk zou 
kunnen zijn voor bijvoorbeeld reactie op behandeling. In Hoofdstuk 4 hebben we daarom gekeken 
naar de expressie van de verschillende VEGFA isovormen in AML cellen van kinderen en de relatie 
met patiëntkarakteristieken (geslacht, leeftijd bij diagnose, aantal witte bloedcellen, risico groep 
gebaseerd op DNA profiel) en gevolgen voor overleving onderzocht. Van 30 kinderen hebben we 
de hoeveelheid mRNA (voorlopervorm van het eiwit) VEGFA isovormen gemeten in supernatant 
van blasten. Sommige isovormen werden in de AML cellen van (bijna) alle patiënten tot expressie 
gebracht terwijl VEGF145 en VEGF148 expressie bij bijna geen enkele patiënt werd gevonden. De 
hoeveelheid van een bepaalde isovorm was niet gerelateerd met patiënten karakteristieken of 
overleving. Wel bleek dat VEGF121, VEGF165, VEGF183 en VEGF189 vaak samen hoog of samen 
laag voorkwamen (gemiddelde rho = 0,716, p<0,0001). Daardoor is het meten van een enkele 
isovorm representatief voor de expressie van alle andere isovormen. 

Juist ook bij de ziekte VHL spelen VEGFA en CXCR4 een grote rol. Goedaardige vaatrijke 
hersentumoren (hemangioblastomen) die worden gevonden bij VHL-patiënten kunnen ook 
voorkomen bij patiënten zonder VHL ziekte (sporadisch). Een uitgeschakeld VHL-gen wordt 
vaker gevonden in VHL-ziekte gerelateerde hemangioblastoomcellen dan in sporadische 
hemangioblastoomcellen. Uitschakeling van dit gen kan gebeuren door mutatie en door 
hypermethylatie van een genpromotor. Hypermethylatie houdt in dat door een soort opkrullen van 
het DNA dit stukje DNA niet meer kan worden afgelezen. In Hoofdstuk 5 hebben we de gevolgen 
van een VHL-mutatie op de eiwit expressie van VEGFA, CXCR4 en CXCL12 in VHL-gerelateerde en 
sporadische hemangioblastomen onderzocht en deze expressie gecorreleerd aan de grootte van de 
tumor voor operatie. Weefsel, verkregen bij operatie van 33 hemangioblastomen werd onderzocht, 
Bij 15 kon  ook een stukje normaal hersenweefsel worden onderzocht. Deze 33 tumoren waren 
van 27 patiënten afkomstig  omdat sommige patienten eerder ook al voor een hemangioblastoom  
geopereerd waren, 11 patiënten met VHL ziekte (totaal 16 tumoren) en 16 patiënten zonder VHL 
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ziekte (totaal 17 tumoren). Het bleek dat zowel CXCR4, CXCL12 en VEGFA hoger tot expressie 
kwamen in het tumorweefsel vergeleken met omliggend normaal hersenweefsel. In sporadische 
hemangioblastomen werd een hogere hoeveelheid CXCR4 gevonden (16% van de cellen, SD 8,4) 
vergeleken met VHL-gerelateerde hemangioblastomen (8%, SD 4,4, p=0,002). Dit verschil kon niet 
worden verklaard door een verschil in leeftijd ten tijde van operatie of de grootte van de tumor en 
omliggende vochtcollectie. CXCL12 werd sterk tot expressie gebracht in 75% van de sporadische 
en 81% van de VHL-gerelateerde hemangioblastomen. VEGFA was aanwezig in zowel de 
stromale hemangioblastoomcellen als in de vaatwandcellen. VHL-promotor hypermethylatie was 
aanwezig in twee sporadische hemangioblastomen en VHL mutaties in 57% van de sporadische 
hemangioblastomen. De aan- of afwezigheid van een goed VHL-gen was niet gecorreleerd aan de 
hoeveelheid CXCR4 die tot expressie kwam in de tumor. 

Momenteel ondergaan patiënten met de VHL ziekte regelmatig onderzoeken voor het opsporen 
van nieuwe ziekte manifestaties. De leeftijd waarop begonnen moet worden met screening en 
met welk interval dit herhaald moet worden is niet gebaseerd op studies maar op ervaringen van 
deskundigen. Een berekening van de waarschijnlijkheid dat op een bepaalde leeftijd een specifiek 
type VHL-tumor ontstaat zou helpen om een protocol voor screening bij VHL-patiënten beter te 
onderbouwen. In Hoofdstuk 6 beschrijven we een retrospectieve studie naar de leeftijd waarop 
de orgaan specifieke VHL-tumoren voor het eerst gediagnosticeerd werden bij VHL-patiënten. 
We bestudeerden de gegevens van 82 VHL-patiënten en analyseerden welk gedeelte van deze 
groep welke tumor wanneer had ontwikkeld. Deze gegevens werden vervolgens geanalyseerd 
met behulp van Poisson verdelingsmodellen. Op basis van het model konden we berekenen op 
welke leeftijd de kans 5% was om een bepaalde tumor te ontwikkelen (leeftijd om te starten met 
screenen) en hoelang je kon wachten met een volgende scan om 5% kans te hebben dat een 
VHL-patiënt in de tussenliggende tijd nog zo’n tumor had ontwikkeld (interval tijd). De berekende 
leeftijd om te beginnen met screenen was voor bijnieren al bij de geboorte, op de leeftijd van 
7 jaar voor de ogen, 14 jaar voor de hersenen, 15 jaar voor het ruggenmerg, 16 jaar voor de 
alvleesklier en 18 jaar voor de nieren. De berekende intervallen waren 4 jaren voor de bijnieren, 
om het jaar voor de ogen en de alvleesklier en jaarlijks voor de hersenen, ruggenmerg en nieren. 
Vergeleken met de huidige richtlijn is onze berekende start leeftijd voor de ogen 6 jaar later en 
voor de bijnieren 5 jaar eerder. De berekende intervallen waren 2x langer voor de ogen en 4x 
langer voor de bijnieren. 

De snelheid en duur van groei van hemangioblastomen bij VHL-patiënten fluctueert, maar 
uitlokkende factoren voor de groei zijn niet bekend. Wel zijn er enkele patiënten beschreven 
waarbij zwangerschap of een bevalling gecompliceerd werd door snelle groei van een 
hersenhemangioblastoom of bijniertumor. In Hoofdstuk 7 hebben wij daarom retrospectief 
in 29 VHL patiënten (48 zwangerschappen, 49 nieuwgeborenen) de invloed van zwangerschap 
op de groei van hemangioblastomen bestudeerd samen met het  percentage gecompliceerde 
zwangerschappen. Bij 12 VHL-patiënten kon zowel de tumor grootte voor, tijdens als na de 
bevalling worden geanalyseerd. Het bleek dat de progressiescore (groei) significant veranderd was 
tussen een MRI voor en de twee scans na zwangerschap (p=0,049). 
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De foetale sterfte was 2% (n=1) als gevolg van een bijniertumor bij de moeder. Complicaties voor 
de moeder traden in 17% (n=8) van de zwangerschappen op. In vier patiënten ontstond een 
levensgevaarlijke situatie door hemangioblastomen en bijniertumoren. Deze studie suggereert 
dat tijdens zwangerschap bij VHL-patiënten een hemangioblastoom mogelijk sneller gaat groeien. 
We bevelen daarom aan VHL-patiënten nauw te monitoren tijdens hun zwangerschap. 
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je gedrevenheid om de zorg voor hen te verbeteren. Discussiëren met jou over formuleringen 
heeft heel veel versies van papers opgeleverd maar voelde altijd constructief en veilig. Naast 
inhoudelijke gesprekken over onderzoek wil ik je ook bedanken voor jouw beschouwende blik op 
de levenslessen die je uit een PhD traject kan halen. Dank voor je liefdevolle bijdrage aan (mijn) 
onderzoek.   

De leden van de leescommissie Prof. Dr. C.J.M. Lips, Prof. Dr E. Vellenga, Prof. Dr. H.M.W. Verheul 
wil ik bedanken voor hun tijd en energie die zij hebben gestopt in het doorlezen van dit boekwerk.

Alle papers zijn geschreven met de hulp van vele co-auteurs. Hierbij wil ik jullie allen danken voor 
de samenwerking, ik heb ze allen ervaren als leerzaam.

Zonder financiële ondersteuning is onderzoek doen onmogelijk. De Junior Scientific Masterclass, 
de Jan Kornelis de Cock Stichting, het Ubbo Emmius Fonds en de Van der Meer Boerema Stichting 
wil ik dan ook hartelijk bedanken voor de substantiële bijdrage aan de materiaalkosten. 

I want to thank all the colleagues of the laboratory. We had fun in the laboratory and in the 
rooms but we also had serious discussions during meetings. Looking back I realise how special it 
was that the environment felt so safe to ask questions and express uncertainties, something we 
accomplished all together. I always felt inspired seeing so many people being passionate about their 
research. With some of you we celebrated occasions and spent our free time together; Sinterklaas, 
Christmas, going out, birthdays, roof top drinks, Diwali, Noorderzon, Wampex, and many more, they 
are all memorable, thanks for the great times guys! Hope that many more will follow in the future. 
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Lieve Jennifer, Chica, het was voor mij vanzelfsprekend dat ik jou zou vragen als paranimf. De 
afgelopen jaren zijn we hecht geworden en ben je zelfs nog een tijdje mijn huisgenote geweest. 
Een vriendschap die we beschouwen als vanzelfsprekend maar eigenlijk heel bijzonder is. Je 
enthousiasme en relativerende kijk op het leven werken ontnuchterend op mij, je hebt mij een 
stuk rust gegeven. 

Dear Urszula, you are being missed nowadays. As you said yourself, from the very first minute 
we met (you counting behind the microscope) we were friends. During the last couple of years I 
became part of your furniture in Zwolle and my place in Groningen was an easy crash-over. We can 
talk about anything and working together all went so smooth. It felt like a privilege to be able to 
work together with a person like you that was moreover a very good friend. No matter where on 
this planet we both live, I know for sure we will stay in touch.

Lieve vrienden en familie. Zonder twijfel had ik deze promotie niet afgemaakt als jullie er niet 
waren geweest. Dank voor de momenten die afleiding gaven en de interesse in mijn bezigheden 
de afgelopen jaren. Lieve Tonnis Jan en Lisette, dank voor jullie open deur om af en toe 
samen te praten over promoveren of te beschouwen hoe de (medische) wereld er voor staat.  
Dank jullie allen voor jullie vriendschap, die geven het leven inhoud.

Lieve papa en mama. Uiteindelijk staan jullie aan de wieg van dit hele avontuur. Jullie zijn er altijd 
voor me en ik weet dat jullie dat ook altijd zullen blijven doen. De opvoeding die jullie mij en 
Tonnis Jan hebben gegeven is bijzonder. Ik kan zeggen dat ik een warm thuis heb gehad en jullie 
pijlers zijn het fundament van mijn leven geworden. Niet alleen een diepste basis bij God maar ook 
praktische handvatten voor het leven; Je bent zoals je overkomt, niet zoals je bedoelt te zijn. Heb 
een ander lief zoals je zelf. Makkelijk kunnen leren is een gift maar waar het echt in dit leven om 
draait is wat voor mens je bent voor anderen. Dank lieve papa en mama, een betere basis om een 
goed mens te worden had ik mij niet kunnen wensen. 

Lieve Klaas, door te zijn wie je bent verrijk je mijn leven, iedere dag weer. Bij jou ben ik thuis.
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